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abstract

The first detection of gravitational waves (GWs) on September 14, 2015 as well as the subse-
quent observations brought forth a new era in astronomy, which offers new insights into the
nature of the universe. Future GW observatory networks, with even higher sensitivity, will
make GW observations a routine occurrence.
Test facilities, such as the AEI 10m prototype, provide an environment for developing

novel technologies for these future detectors. The AEI 10m prototype offers a low noise envi-
ronment, ideal for performing high precision physics, such as measurements at and below the
standard quantum limit (SQL) of interferometry, a regime so far largely unexplored. At low
frequencies, seismic noise is a major limitation for ground-based GW detectors, where isola-
tion from environmental vibration is crucial. This thesis presents the performance analysis
of and improvements to the AEI 10m prototype Seismic Attenuation System (AEI-SAS).
The fundamental resonance frequencies of optic suspensions of the AEI 10m prototype

are between 0.5Hz and 30Hz, a frequency band in which efficient vibration reduction is
essential. Three individual AEI-SAS units provide vibration isolation to the three optical
tables which support the suspensions and other optical mechanics of the AEI 10m prototype.
This system decouples the payload from ground vibration in six degrees of freedom by means
of low fundamental resonance frequencies and a low active-bandwidth isolation scheme. The
scheme employs Inverted-Pendulum (IP)-legs to provide horizontal vibration attenuation and
Geometric Anti-Spring (GAS)-filters to provide vertical isolation.
Two AEI-SAS units were assembled and implemented in the AEI 10m prototype. A de-

tailed analysis of these units revealed their mechanical limitations. Internal resonances, in
particular, severely reduced their isolation performance above 8Hz. As a solution, several
design improvements, such as an additional well damped isolation stage, inertial damping
structures, a new IP-leg design, and a stiffer GAS-filter support structure were suggested
in the scope of this work. The former two improvements were implemented in the first two
AEI-SAS units. The third AEI-SAS unit employs all the improvements listed above. A re-
vised GAS-filter tuning technique further improved its high vertical isolation performance at
frequencies above 30Hz.
Performance tests of the first two AEI-SAS units now show improvement in passive iso-

lation from ground motion by a factor of about 400 in the horizontal direction at 4Hz and
in the vertical direction at 9Hz. Internal resonances limit the isolation performance above
30Hz. The amplitude of the internal resonances, however, is reduced by up to a factor of
75 by means of the inertial damping structures. The third AEI-SAS unit’s internal modes
have been stiffened to a lowest resonance frequency of 54Hz. The AEI-SAS, therefore, now
provides substantial passive isolation at all the fundamental mirror suspension resonances.
The improvement in passive performance allow the implementation of an enhanced active

low frequency isolation, since internal resonances strongly influence the control loop design.
Active isolation reduces the payload motion efficiently in the frequency band around the AEI-
SAS’s fundamental resonances. Future upgrades, such as the implementation of horizontal
low-noise table top sensors, will further enhance the active performance of all three units.
The improvements to the AEI-SAS, developed in the scope of this thesis, have potential
benefits for GW detectors and other experiments requiring low seismic noise conditions. The
studies presented here influence and guide the design of future vibration isolation systems for
high precision measurements in general and ground-based gravitational wave observatories
in particular.
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zusammenfassung

Mit der ersten Gravitationswellendetektion am 14. September 2015 und den folgenden Beob-
achtungen beginnt eine neue Ära der Astronomie, die neue Erkenntnisse über das Verständnis
des Universums verspricht. Ein Netzwerk aus noch empfindlicheren Gravitationswellenobser-
vatorien wird die Häufigkeit der Detektionen stark vergrößern.

Einrichtungen wie der AEI-10m-Prototyp bieten eine Plattform für die Entwicklung neu-
er Gravitationswellendetektortechnologien. Der AEI-10m-Prototyp ist aufgrund des extrem
niedrigen Auslenkungsrauschen hervorragend geeignet zur Durchführung von Hochpräzisi-
onsexperimenten. Hierzu zählen unter anderen die Messung und Unterbietung des bisher
unerreichten Standardquantenlimits (SQL) der Interferometrie. Die Genauigkeit von Hoch-
präzisionsexperimenten sowie von Gravitationswellendetektoren ist bei niedrigen Frequenzen
durch seismisches Rauschen limitiert. Die Vibrationsisolation dieser Experimente ist daher
essenziell. Diese Doktorarbeit beschreibt die Analyse und die Verbesserungen des seismischen
Abschwächungs-Systems (SAS) für die AEI 10m Prototyp-Einrichtung.

Die fundamentalen Resonanzen der als Mehrfachpendel aufgehängten Optiken des AEI
10m Prototyps liegen zwischen 0,5Hz und 30Hz, daher ist eine effiziente Rauschreduzierung
in diesem Frequenzband unerlässlich. Drei AEI-SAS-Einheiten isolieren die drei optischen
Tische, die die optischen Elemente des Prototypen beherbergen, durch die Kombination
ihrer niedrigen fundamentalen Resonanzen mit einer aktiven Isolation geringer Bandbreite
in allen sechs Freiheitsgraden von Bodenvibrationen. Invertierte-Pendel(IP)-Beine sorgen für
die horizontale Schwingungsabschwächung und Geometrische-Antisprungfedern(GAS)-Filter
werden für die vertikale Isolation genutzt.

Zwei im Rahmen dieser Arbeit in den AEI-10m-Prototypen eingebaute AEI-SAS-Einheiten
wurden einer detaillierten Untersuchung unterzogen, die insbesondere in dem Frequenzbe-
reich über 8Hz Limitierungen durch interne Resonanzen aufgezeigt hat. Zur Behebung
dieses Problems wurden mehrere Änderungen vorgeschlagen und umgesetzt. Hierzu ge-
hören eine zusätzliche gedämpfte Isolationsstufe, passive Schwingungsdämpfer, ein neues
IP-Bein Design und das Versteifen der GAS-Filter-Trägerstruktur. Die beiden erstgenann-
ten Verbesserungen konnten in den ersten zwei AEI-SAS-Einheiten integriert werden. Die
dritte AEI-SAS-Einheit beinhaltet alle oben genannten Verbesserungen. Zudem sorgt eine
überarbeitete GAS-Filter Justierungstechnik für eine verbesserte vertikale Isolation im Fre-
quenzbereich über 30Hz. Resultat dieser Änderungen sind eine Verbesserung der passiven
Isolation von Bodenbewegungen um einen Faktor von 400 in horizontaler Richtung bei 4Hz
und in vertikaler Richtung bei 9Hz für die ersten beiden AEI-SAS-Einheiten. Noch immer
verringern interne Resonanzen die Isolationsleistung über 30Hz. Die Amplitude der Eigenre-
sonanzen wurde jedoch durch die Schwingungsdämpfer um den Faktor von 75 reduziert. Die
internen Resonanzen des dritte AEI-SAS-Einheit wurden versteift, sodass deren niedrigste
interne Resonanzfrequenz nun 54Hz ist. Damit werden alle Grundschwingungen der Spiege-
laufhängungen erheblich von der Bodenbewegung entkoppelt. Die Verbesserung der passiven
Isolierung ermöglicht eine Verbesserung der aktiven Isolierung, da interne Resonanzen das
Regelkreisdesign stark beeinflussen.
Die aktive Isolierung reduziert effizient die Bewegung der optischen Tische im Frequenz-

band um die Grundschwingungsfrequenzen des AEI-SAS. Optimierungen wie der Einsatz
von horizontalen rauscharmen Tischsensoren werden die aktive Isolation aller drei AEI-SAS
Einheiten weiter steigern.
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Die Verbesserungen des AEI-SAS, die im Rahmen dieser Doktorarbeit entwickelt wurden,
haben das Potential, die Empfindlichkeit von Gravitationswellendetektoren und anderen Ex-
perimenten, die ein extrem niedriges Auslenkungsrauschen erfordern, weiter zu verbessern.
Die hier vorgestellten Untersuchungen werden darüber hinaus Einfluss auf die Planung und
den Bau zukünftiger Schwingungsisolationssysteme haben.

Key words: Ground-based gravitational wave detection, AEI 10m prototype, seismic
isolation

Schlagwörter: Erdgebundene Gravitationswellenmessung, AEI 10m Prototyp, Seismik-
isolation
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Part I

INTRODUCTION





1
GRAVITATIONAL WAVES

Accelerated masses emit gravitational waves (GWs), and these can be
detected directly [1]. GWs are perturbations in spacetime; their exis-
tence was postulated by Albert Einstein in 1916. They are a solution of
his field equations [2]. Approximately 100 years later, after decades of
intense research and engineering, the second half of the first sentence
of this paragraph could be stated. The first directly detected GW sig-
nal was measured by the two Advanced LIGO (Laser Interferometer
Gravitational-Wave Observatory) detectors (see section 3) on Septem-
ber 14, 2015 [1]. The signal was emitted around 1.4×109 years ago by
the inspiral of a pair of black holes that underwent a violent merger.
This introductory chapter gives an overview of the first and subsequent
GW observations, of how GWs are measured, and of their immense
scientific impact. The last section of this introduction focuses on the
first detection of a neutron star binary collapse with a GW signal and
its electromagnetic counterparts.

1.1 measuring gravitational waves

According to Einstein’s theory of general relativity, matter and energy
cause spacetime to curve. This curvature gives rise to gravitational
interaction. Accelerated masses change the gravitational field dynami-
cally and thereby induce GWs that propagate away from the source at
the speed of light. One of the basic properties of GWs is that, when
propagating through spacetime, they stretch it in one direction, while
contracting it in another. These deformations are transverse to the di-
rection of propagation and can be described as a linear combination of
a ‘cross’ and a ‘plus’ tensor polarization. By measuring the relative dis-
tance between free objects one can, therefore, observe the GW-induced
dynamic deformation of spacetime (see figure 1). The amplitude of a
GW is written as

hGW =
∆LGW
L

(1)

and is referred to as strain. Here ∆LGW is the length change between
two points in spacetime. The points are separated by the distance L.

In principle, GWs are emitted by all accelerated massive objects.
However, spacetime is very ‘stiff’, therefore detecting such signals is
extremely challenging and only possible for high-mass sources. For in-
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4 gravitational waves

Figure 1: The effect of a GW on a ring of freely falling test
masses. The figure visualizes the temporal progress of spacetime
deformations by a GW with a propagation direction transverse
to the paper surface. Here τ is the period of the GW. Two linear
independent patterns of polarizations are shown, referred to as
‘cross’ and ‘plus’ polarization. They are related to one another by
a rotation of 45◦.

stance, the GW strain caused by two stars or black holes with an equal
mass orbiting each other is [3]

|hGW | ≈ 8GMr
2Ω2

Rc4
, (2)

where G is the gravitational constant andM is the mass of each object.
The two objects orbit each other with a frequency Ω at a distance of
2r. The signal is observed at a distance R from the source.
The current ground-based GW detectors have a good sensitivity

from about 20Hz to a few hundred hertz [4]. 20Hz corresponds to an
orbital frequency of 10Hz. At this frequency, a strain of h = 10−21

is well detectable. As an example, a two-mass system in a distance of
16.5Mpc is considered (this is approximately the distance from our
solar system to the Virgo Cluster). Based on Kepler’s third law and
equation 2 it can be approximated that two objects with a mass of
approximately 3M� would radiate GWs with the corresponding ampli-
tude of h = 10−21. Such a system would have an orbital radius of only
600 km, therefore the objects would need to be extremely compact.
Only high-density stars, such as neutron stars or black holes, could
exist in such low-distance orbits.

In order to detect GW-induced spacetime perturbations, extremely
high precision measurement instruments are required. The interference
of light is an extremely sensitive technique suitable for this purpose.
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In the case of a Michelson interferometer (see figure 2), laser light is
split into two beams at a beam splitter. The two partial beams are
sent into two usually perpendicular arms. The laser light is reflected
by mirrors at the end of the arms and recombined at the beam splitter.
By measuring the power of the two returning beams interfering at the
photodetector, differential arm length changes can be monitored.

Figure 2: Simple Michelson interferometer. The principle of the
current GW observatories is based on such an optical layout. If
a ‘cross’ polarized GW propagating in the direction transverse to
the paper surface one interferometer arm stretches while the other
shrinks. This induces a variation of the optical field at the pho-
todetector. Compared to the optical layout of real GW detectors
this sketch is greatly simplified.

Equation 1 shows that the longer the arms the higher the GW-
induced differential arm length variation. In the case of the two Ad-
vanced LIGO detectors, the arms are 4 km long. Figure 1 depicts that
an angle of 90◦ between the interferometer arms is ideal to sense a GW
signal. Such a configuration is, however, insensitive to a signal which
stretches and shrinks the two arms in the same way. This is, for in-
stance, the case for a signal rotated by 45◦ with respect to the signal
that has maximal impact on the interferometer.
The figure furthermore illustrates, that the end mirrors, or test

masses, must be free falling. In the case of a ground-based detector,
this is hardly possible. Mounting the mirror on a three-dimensional
spring, however, provides a good approximation for a free test mass
far above the resonance frequency of such a mechanical harmonic oscil-
lator. Suspending the test masses has the further advantage that the
suspension system decouples the interferometer from environmental
disturbances, such as seismic motion. This thesis discusses techniques
for the isolation from environmental vibrations in detail.
In a kilometer-scale GW detector, reaching the sensitivity of h =

10−21 requires detecting a differential mirror displacement of 10−18m.
Reaching such a sensitivity is extremely challenging and requires ad-
vanced noise reduction techniques. Starting in the 1970s GW detector
technology was developed in prototype facilities such as the LIGO ad-
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vanced systems testing interferometer (LASTI) at the Massachusetts
Institute for Technology, the Caltech 40m prototype [5], the Garching
30m prototype [6] and the Glasgow 10m prototype [7]. The construc-
tion of LIGO as the first km-scale GW detector began in 1994. It took
more than 20 years until the first GWs were directly observed.
Interferometric GW detectors have very limited directional sensitiv-

ity. One detector is therefore not sufficient to obtain information about
the location of the GW source. A signal measured independently by
multiple detectors far apart helps to distinguish it from noise. At the
time of writing, four observatories have been operated simultaneously
(LIGO Livingston, LIGO Hanford, Virgo, and GEO600).

1.2 the first direct observation of gravitational
waves

After 5 years of intense upgrading of the LIGO observatories from so-
called enhanced detectors to advanced detectors, it was planned to start
the first official observation run on September 18, 2015 [8]. Four days
earlier, both LIGO detectors were fully functional but officially still be-
ing commissioned in an ‘engineering mode’, when the distance between
the suspended mirrors of the LIGO Livingston detector oscillated by
an amplitude of approximately 10−18m. About 7 milliseconds later the
same pattern was observed by the LIGO Hanford detector, which is ap-
proximately 3000 km away. This pattern turned out to be a GW event
and is referred to as GW150914.
The data recorded by the detectors was analyzed on computer clus-

ters at the Albert Einstein Institute (AEI), the Massachusetts Institute
of Technology (MIT) and the California Institute of Technology (Cal-
tech) [9]. These automated data pipelines determined the optimal fit-
ting template for the data. The signal appeared above the background
detector noise only for approximately 0.45 s, but the signal-to-noise ra-
tio of 24 and the consistency with the theoretical model, deduced from
general relativity were both high enough that a significance greater than
5.1σ could be stated. This was determined by studying the sensor be-
havior over 16 days of data, recorded before and after the signal was
measured. In the following months, instrumental and environmental
disturbances were exhaustively analyzed. These investigations showed
that the GW150914 signal was not caused by any of the regarded noise
sources [10]. As a consequence, the collaboration published the first
observation of GWs on February 11, 2016 [1].
The modeled time series, as well as the recorded signal of GW150914,

are shown in figure 3. It shows the characteristic shape of a GW signal
from a compact binary source. The sinusoidal waveform with a slowly
increasing amplitude is emitted during the inspiral phase of two massive
objects. Due to the emitted energy, the orbit of the system shrinks and
the angular velocity and thereby the GW frequency increases. The last
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phase of the inspiral sees a drastic increase of the signal amplitude. It is
followed by the collision of the two objects, called merger. During this
merger the GW amplitude peaks. The remnant object’s oscillations
emit GWs with an amplitude that decays in a relatively short time.
This last phase is referred to as a ringdown.

Figure 3: Time series of the GW signal from the GW150914
event. The left column shows the modeled and recorded H1 (LIGO
Hanford), and the right column the L1 (LIGO Livingston) data.
All data is filtered by a bandpass filter with corner frequencies of
35Hz and 350Hz. Both measured time series are compared in the
upper right figure. The H1 data is shifted by 6.9ms and inverted,
in order to compensate for the difference in signal arrival time at,
and orientation difference between, the two detectors.
The second row of the figure shows the waveform of a fitted nu-
merical relativity model, projected on each detector (solid lines);
furthermore, the 90% credible regions for two independent wave-
form reconstructions are shown in light and dark gray. Further
information about these models can be found in ref. [11], [12]
and [9].
The difference between the measured data and predicted curve is
shown in the third row.
The last row shows the spectral representation of the measured
data, illustrating that the signal frequency increases over time.
This figure is taken from ref. [1].

In order to obtain the parameters of a GW source, the measured
waveform is matched with a numerical relativity model. This model
includes variables such as the distance from the source, the correspond-
ing redshift of the signal, the masses of the system, the size of the two
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orbiting objects, the spin and the source direction. For GW150914, the
uncertainty of the latter is rather high since only the two LIGO detec-
tors were online and sensitive enough to detect the signal. The source’s
angular location is determined by the time difference between the de-
tections in the two detectors and by the angular sensitivity distribution
of the observatories. A third observatory greatly increases the accuracy
of the source localization.
The system’s masses can be constrained by their chirp mass, which

is a function of the signal’s frequency and its time derivative. The
observed frequency, however, scales with the redshift. It is a measure
of the source’s velocity and is determined by the distance the signal
traveled through spacetime. The distance between source and observer
is deduced from the amplitude of the signal and the model of the source,
as shown in the greatly simplified example in section 1.1.
The mass of the two objects involved in GW150914 was determined

to be approximately 36M� and 29M� (see table 2). From the masses
of the system and the orbital radius right before the merger, one can
conclude that the signal originated from two black holes which merged
into a remnant black hole. The mass of the remnant was estimated
to be 62M�. The energy radiated by the system is hence equivalent
to 3M�. Most of it was released in the very last cycles of the system.
The relatively high amplitude of the signal and the fact that the fre-
quency band of the waveform in the few hundred milliseconds around
the merger matched the sensitivity of Advanced LIGO, made the de-
tection possible.
The observation of GW150914 did not only confirm the theory of

general relativity. The detection furthermore proved that binary black
hole systems exist and that such systems merge within the age of the
universe. This can be seen as the inauguration of the new field of GW-
astronomy.
The LIGO-Virgo Collaboration (LVC) published the detection re-

sults on 11 February 2016. Amongst numerous recognitions of single
members of or the entire collaboration, the 2017 Nobel Prize in Physics
was awarded to Rainer Weiss, Barry Barish and Kip Thorne ‘for decisive
contributions to the LIGO detector and the observation of GWs’ [13].

1.3 follow up detections of black hole binary gw
signals

The first observational run (O1) of the Advanced LIGO detectors lasted
four months and ended on January 19, 2016. In this time period, not
only GW150914, but two more events were detected. Parameters of all
events detected so far are listed in table 2.
On October 12, 2015, a signal with a relatively low statistical signif-

icance of 1.7σ was observed. Due to the comparably low probability
(87%) of being of astrophysical origin, the signal is treated as a trig-
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ger rather than a GW event. It is referred to as LIGO-Virgo Trigger
LVT151012 [14].
A second black hole merger was observed on December 26, 2015. The

distance of the source of this event was comparable to GW150914. The
estimated masses, however of the GW151226 black holes were much
smaller; therefore the signal’s frequency right before the merger was
relatively high 450Hz and the inspiral signal was visible relatively long
in the LIGO detection band (1 second) [15].

Event Type Distance
[Mpc]

Redshift Primary
mass
[M�]

Secondary
mass
[M�]

Radiated
energy
[M�c2]

Remnant
mass
[M�]

Final
spin

GW150914 BH-BH 420+150−180 0.09+0.03
−0.04 36.2+5.2

−3.8 29.1+3.7
−4.4 3.0+0.5

−0.4 62+3.7
−3.1 0.68+0.05

−0.06

LVT151012 BH-BH 1000+500−500 0.2+0.09
−0.09 23+18−6 13+4−5 1.5+0.3

−0.4 35+14−4 0.66+0.09
−0.10

GW151226 BH-BH 440+180−190 0.09+0.03
−0.04 14.2+8.3

−3.7 7.5+2.3
−2.3 1.0+0.1

−0.2 20.8+6.1
−1.7 0.74+0.06

−0.06

GW170104 BH-BH 880+450−390 0.18+0.08
−0.07 31.2+8.4

−6.0 19.4+5.3
−5.9 2.0+0.6

−0.7 48.7+5.7
−4.6 0.64+0.09

−0.20

GW170608 BH-BH 340+140−140 0.07+0.03
−0.03 12+7−2 7+2−2 0.85+0.07

−0.17 18.0
+4.8
−0.9 0.69+0.04

−0.05

GW170814 BH-BH 540+130−210 0.11+0.03
−0.04 30.5+5.7

−3.0 25.3+2.8
−4.2 2.7+0.4

−0.3 53.2+3.2
−2.5 0.70+0.07

−0.05

GW170817 NS-NS 40+8−14 0.008+0.002
−0.003 1.36

− 1.60
1.17
− 1.36

> 0.025

Table 2: Parameters of the GW events measured so far [1, 4, 14–
18]. The masses displayed for the GW170817 event are based on
a model assuming low component spins. Such a model matches
earlier observations of binary neutron stars. The nature of the
remnant of GW170817 is still subject of discussion.

About ten months after the Advanced LIGO detectors were shut
down for maintenance and minor improvements the second observa-
tion run (O2) began on November 30, 2016. On August 1, 2017, the
Advanced Virgo detector joined O2. The systems went offline for fur-
ther improvements as scheduled on August 25, 2017. During the second
observation run, three binary black hole mergers were observed. More-
over, the first GW signal of a binary neutron star collapse was detected
a few days before O2 ended (see section 1.4).
The first event measured in O2 was GW170104. With a distance

to the source of 880+450−390MPc it is the farthest event that has been
observed so far [16].
The lightest and closest black hole merger detected with GW de-

tectors corresponds to GW170608. X-ray binaries with a similar size
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were observed optically. This allows the comparison of x-ray and GW
observations [17].
Shortly after the Advanced Virgo detector started taking scientific

data, a third binary black hole collision, called GW170814, was detected
in O2. The participation of three detectors enabled an estimation of
the polarization of the GWs. Furthermore, a far better identification
of the source’s location can be deduced from the data measured by
the LIGO-Virgo antenna network [4]. The area of the sky region was
estimated to be 60 deg2. For the two LIGO detectors alone, this region
would be about 20 times larger. This constraint on the sky location
greatly increases the chance for astronomers to detect electromagnetic
counterparts to the GWs. The first of such multi-messenger detection
is described in the following section.

1.4 first multi-messenger detection of a neutron
star binary collapse

On August 17, 2017, the LIGO-Virgo observatory network detected a
further GW signal, shortly before the end of O2 [18]. 1.7 seconds later,
a short γ-ray burst was detected independently by the Fermi and the
INTEGRAL satellites [19].
The GW170817 waveform was quite different from those detected

before. Whereas the black hole binary signals lasted for less than 2
seconds in the measurement band of the detectors, the latest event’s
waveform was visible for approximately 100 seconds. The frequency of
the signal swept from approximately 24Hz to a few hundred Hertz in
the typical chirp pattern of a compact binary collapse. The waveform
suggests that it originates from the collision of two neutron stars with
a total mass of the system of approximately 3M�. The distance from
the source was estimated to be 40+8−14Mpc (further parameters of the
event are shown in table 2).
The difference in the signal’s arrival time at the three GW detectors

allowed the localization of the source within a sky region of 28 deg2.
With this directional information, multiple telescopes detected signals
which were associated with the GW signal GW170817, even though the
estimations of this sky map took a few hours due to technical difficulties.
These electromagnetic counterparts of the GW signal were detected
in a wide frequency band, covering gamma rays, X-rays, ultraviolet,
visible, infrared and radio waves [20]. No neutrino signal consistent
with GW170817 was detected [21].

With these electromagnetic signals, the source of the event was lo-
cated in the galaxy NGC4993. The observation supports the theory
that heavy elements, such as gold and platinum, are formed when two
neutron stars merge. The merger rate deduced from the event and the
estimate of mass ejected by the collision even suggest that neutron star
mergers produce the major part of heavy elements in the universe.
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The immense scientific significance of GW170817 is reflected in the
additional information gained from the detection. This includes a new
way to determine the expansion rate of the universe, in other words, the
Hubble constant. It is estimated from the GW luminosity distance and
the recession velocity, which is the rate at which astronomical objects
move away. The recession velocity is deduced from the redshift of the
electromagnetic signal.
The result is in good agreement with excising measurements, while

being completely independent of them [22]. Further detections of similar
systems will decrease the error bars on the Hubble constant.
The multi-messenger measurement of GW170817 did not only prove

the theory of general relativity by being fully consistent with it. More-
over, it proves experimentally the connection between γ-ray burst,
transient astronomical events called kilonovae, and neutron star merg-
ers [20].
Further exciting physics, such as the investigation of the speed of

gravity and tests of the equivalence principle, can be explored by com-
paring GW signals and γ-rays emitted by the same source [19].
GW measurements as an integral part of multi-messenger astronomy

have opened a new window to learn more about the universe. Objects
such as pulsars and events such as supernovae have high potential to
be detected soon. The GW detectors’ performance will, therefore, be
further improved and new detectors will be included in the antenna net-
work within this decade. Novel techniques need to be developed and
tested in order to increase the sensitivity of the detectors and to over-
come even largely unexplored limitations such as the standard quantum
limit (SQL) of interferometry. The AEI 10m prototype, which is dis-
cussed in this thesis, will pioneer in such investigations; however, the
low frequency sensitivity of the experiments performed at the AEI 10m
prototype facility, as well as all current ground-based GW detectors,
are limited by environmental vibrations. These are for the most part
seismic motion. A substantial seismic vibration reduction is needed in
order to provide the low displacement noise environment required for
such experiments. This thesis discusses the low frequency Seismic At-
tenuation System employed in the AEI 10m prototype, the AEI-SAS.
The presented improvement techniques do not only enable high preci-
sion measurements at AEI 10m prototype, but they have the potential
to be adapted for the current GW detector’s seismic isolation systems.
The detailed analysis of the AEI-SAS and its individual components,
furthermore, influences the development and design of new vibration
isolation systems, which will increase the GW measurement band.





2
MOTIVATION AND STRUCTURE OF THIS THES I S

As motivated in section 1, further performance improvement of current
GW detectors and the developments of new observatories is required
to increase the GW detection rate. This will provide completely new
insights into the universe. These techniques are developed in test facili-
ties such as the AEI 10m prototype. It provides an extremely low noise
environment which also enables the setup of high precision experiments,
apart from testing improvements for GW detectors. An overview of the
AEI 10m prototype is given in chapter 4.

For the AEI 10m prototype as well as for ground-based GW detec-
tors environmental vibrations is the natural dominant noise source at
low frequencies. Developing techniques to mitigate the influence of this
seismic noise, therefore, is an essential task for such experiments.
The Seismic Attenuation System for the AEI 10m prototype, the

AEI-SAS, is an integral part of solving this task. It is supposed to decou-
ple numerous present and future experiments from vibrations caused
by seismic and anthropogenic ground motion, as well as from structural
acoustics. The system furthermore compensates for low frequency drifts
and provides a high position adjustment range. Its original design is pre-
sented in ref. [23] and [24]. Developing improvements for the isolation
performance allows the realization of more sensitive experiments. The
same techniques can furthermore be applied in other vibration cancella-
tion systems. An overview of such devices is given in chapter 3. Insights
gained by characterizing the AEI-SAS lead to a better design for new
isolation systems. The Advanced Virgo GW detector now employs a
suspended external injection bench which is based on the AEI-SAS
design (see section 3.6.2). System designs related to the AEI-SAS are
furthermore proposed as noise cancellations for third generation GW
detectors [25] as well as for high precision devices outside the field of
GW physics. The design of the vibration isolation system for the very
long baseline atom interferometers (VLBAI), for instance, was strongly
influenced by the experience with the AEI-SAS [26].

2.1 introduction:
why does the aei-sas need improvement

There are restrictions to the AEI-SAS on both ends of the frequency
band. At low frequencies, the passive isolation window is confined by
the AEI-SAS’s fundamental resonances. At high frequencies internal
resonances and the CoP plateaus of the Inverted Pendulum (IP)-legs
and Geometric Anti-Spring (GAS)-filters limit the passive isolation win-

13
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dow. On that account, an improved technique for the GAS-filters’ CoP
and resonance frequency tuning, internal resonance frequency shifting,
and damping, as well as the active isolation, are discussed. A good
understanding of the system and its limitations is necessary for the
development of such improvements. Part II of this work, therefore, an-
alyzes the AEI-SAS in detail.
In this introduction, the necessity and benefits of performance im-

provements are briefly discussed.

2.1.1 High frequency isolation limits:
internal resonances and CoP plateau

The AEI-SAS’s purpose is to provide low frequency vibration isolation
for the AEI 10m prototype experiments. Ideally, above a relatively low
frequency resonance the transmissibility of ground motion to payload
motion rolls of with f−2 (see section 6.1). There are two main limits
that typically let real systems deviate from the ideal passive isolation
of a harmonic oscillator at high frequencies:

• The moment of inertia of a massive spring and the correspond-
ing center of percussion effect (discussed in section 7.1.3 in more
detail) limits the isolation of AEI-SAS-like systems above about
10Hz (depending on the resonance frequency) to a constant value
(depending on the CoP tuning).

• The components and the support structure of the isolation sys-
tem are not ideally stiff but bend dynamically. The resulting os-
cillations are referred to as internal resonances. In particular, the
spring components are not ideally uni-directional but show a cer-
tain compliance in all degrees of freedom. The systems are typi-
cally designed such that internal resonances are at much higher
frequencies than the fundamental resonances of the system.

Accordingly, the isolation window of a vibration isolation system spans
in between the fundamental resonance frequencies and the internal res-
onance frequencies. Typically, low fundamental resonance frequencies
cause relatively low internal resonance frequencies1. A very simple il-
lustration is the example of a simple pendulum. The fundamental reso-
nance frequency of a pendulum is inversely proportional to the square
root of the pendulum string’s length; however, since the string material
has a finite stiffness, the vertical bounce mode frequency decreases in
the same way. Violin mode frequencies decrease with pendulum string
length as well [27]2.

1 Certainly, internal resonances can be caused by other reasons as well. For instance,
in the case of the vertical spring-box modes not only the vertical compliance of the
IP-legs but also the insufficient stiffening of the support structure causes relatively
low internal resonance frequencies (see section 11.3).

2 The same holds true for the example of an idealized IP-leg: A higher payload mass
reduces the fundamental resonance frequency (see equation 37) but also reduces the
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Hence, the design of a vibration attenuation systems needs to be
carefully adapted to the frequency window that requires isolation. In
terms of the AEI 10m prototype’s Standard Quantum Limit (SQL)
interferometer the measurement frequency window (around 200Hz) is
decoupled from ambient motion by the triple stage mirror suspension
system (see section 4.1.3). Thus, the suspension system is designed in
such a way that its fundamental resonances (including vertical bounce)
are below 30Hz and the lowest violin modes will be at approximately
1 kHz.

The AEI-SAS is, for the main part, designed to pre-isolate the mir-
ror suspensions mounted on the optical table at their fundamental reso-
nances frequencies in order to reduce their rms motion. Their resonance
frequencies range from 0.63Hz to 27.3Hz. The lowest frequency corre-
sponds to the longitudinal swing mode of the 850 g triple suspensions
(e.g. the frequency reference cavity), the highest frequency is the lowest
stage roll mode frequency of the SQL mirrors [28, 29]. The latter value
is based on a model and might differ slightly in reality.
At the lower end of the frequency band payload motion reduction

is achieved by active control. Above 3Hz the AEI-SAS’s performance
relies purely on passive isolation.
The lowest of the original design AEI-SAS internal resonances were

as low as 13Hz and 17Hz, due to the relatively low horizontal compli-
ance of the GAS-filters and the corresponding differential spring-box-
payload oscillation (discussed in section 11.2). The next highest set of
internal resonances between 30Hz and 35Hz arises from an interaction
between the low vertical stiffness of the original IP-legs and the bending
of the spring-box (discussed in section 11.3).
These internal resonances are within, or close to, the suspensions’

resonance frequency band and the amplitude of individual modes used
to be even higher than ground motion at the same frequency. Thus, the
AEI-SAS’s original design required extensive improvements in order to
serve its purpose of pre-isolating the mirror suspensions.
Low internal resonance frequencies furthermore limit the active iso-

lation abilities as they strongly influence the loop design. Unity gain
frequency and the steepness of the control filters need to be chosen,
such that no gain peaking at internal resonances occurs.
Although internal resonances cannot be eliminated completely, de-

sign changes to mitigate their harm are required. In general, there are
two options to achieve this: the first one is to dampen the modes (re-
duce their peak height), the second one is to stiffen the system (shift
them to higher frequencies), in order to widen the isolation window.
Increasing the internal resonance frequencies usually also reduces the
rms motion coupled to the payload since the ground motion decreases
with higher frequencies.

frequency of its bounce mode. The vertical stiffness of a realistic IP can nevertheless
be increased without influencing the horizontal stiffness, as described in section 13.
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Different techniques that employ both options, stiffening, and damp-
ing, were investigated theoretically and tested experimentally in the
AEI-SAS. The techniques and the resulting improvements are discussed
in chapter 11 to 15.

2.1.2 Low frequency active control

Below its eigenfrequencies, a purely passive isolation system cannot pro-
vide any vibration attenuation. It even enhances the ground motion on
and around its fundamental resonance frequency (see section 6.1). The
AEI-SAS has 6 fundamental resonances corresponding to the 6 (rigid
body) degrees of freedom. Depending on the choice of the coordinate
system the motion in the different direction is partially coupled. The
AEI-SAS’s principal axes do not coincide exactly with the Cartesian co-
ordinate system, due to imperfections in the mechanical tuning. Thus,
cross-coupling between the individual degrees of freedom reduces the
performance, particularly in the frequency band of the fundamental
resonances (see chapter 9).
Reducing the quality factor by passive viscous damping (relative to

ground) would lower the amplitude at the resonance at the cost of reduc-
ing the steepness of the transmissibility roll-off to f−1 (compare to sec-
tion 6.1). The fundamental resonances of the AEI-SAS are furthermore
strongly excited as they are in the frequency band of the microseismic
peak, a maximum of ground motion amplitude (see section 4.1.2.1).
This is a strongly motivating the suppression of the payload motion
below the ground motion, also at low frequencies.
The AEI-SAS is equipped with a set of sensors and actuators (see sec-

tion 5.2). They read out the payload motion and feed an actuation force
back to minimize this motion, originally to dampen the fundamental
modes. The sensors and actuators can however also be used to suppress
the payload motion below the ground motion at low frequencies. The
active isolation of the AEI-SAS is discussed in section 16.

2.2 thesis structure

Part I of this thesis gives an introduction to the field of GW astronomy.
It thereby motivates the necessity of GW detector improvements and
the need of vibration isolation. It furthermore gives an overview of the
vibration isolation methods used in GW detectors and emphasizes their
similarities to and differences from the AEI-SAS. The introductory part
of this thesis ends with a discussion of the AEI 10m prototype as a
testbed for GW detector improvements and a facility for high precision
experiments.

The second part (II) of this thesis describes the working principle
of the AEI-SAS. Its individual components are analyzed and a general
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introduction to passive vibration isolation is given. This part discusses
potential performance limitations and the risk of hydrogen embrittle-
ment in GAS-filter blades. It finishes with a detailed characterization
of the AEI-SAS’s performance, which is compared to other state of the
art vibration isolation systems.

Part III of this thesis discusses the development of the AEI-SAS
improvements. It introduces an enhanced method of GAS-filter tuning,
followed by an analysis of the AEI-SAS’s internal resonances. Tech-
niques for the mitigation of these parasitic modes are described and
characterized in detail. This part furthermore elucidates the AEI-SAS’s
active control strategy and reports its current status. A discussion of a
proceeding in the case of a GAS-filter failure finalizes the main part of
this thesis. The results from this work are applied to develop a draft
of a possible new isolation system design for the AEI 10m prototype.

The work of this thesis is summarized in part IV, which also gives a
brief outlook on followup work.

The low noise environment provided by the AEI-SAS enables elec-
trostatic actuation of the SQL interferometer test masses with a rather
simple capacitor design. The discussion of this system’s realization is
not directly related to the main part of this thesis and therefore sub-
ject of the appendix A. It presents a finite element simulation based
electrostatic drive (ESD) design as a preparation for the realization of
such a system.





3
VIBRATION ISOLATION FOR GRAVITATIONAL
WAVE DETECTORS

In this chapter the vibration isolation systems operating in interfero-
metric GW detectors of past and present are discussed. The detectors
treated in the following are:

• Tama 300, the former Japanese GW detector with a 300m
baseline length. It is located at the Mitaka campus of the Na-
tional Astronomical Observatory of Japan (NAOJ). Construction
started in 1995 and data was recorded between 1999 and 2004 [30].
Thereby TAMA300 was the first online interferometric GW de-
tector.

• The construction of GEO600, too, began in 1995. This 600m
baseline length GW detector is operated since 2002. It is located
in Ruthe near Hannover, Germany [31]. GEO600 is operated by
a joint Center of Gravitational Physics of AEI and Leibniz Uni-
versität Hannover, together with the universities of Glasgow and
Cardiff [32].

• The construction of the Laser Interferometer Gravitational-Wave
Observatory (LIGO) started as early as 1994. It consists of two
4 km arm length interferometric GW detectors, one located in
Hanford, Washington, one in Livingston, Louisiana. LIGO started
taking data in 2002 [33]. From the beginning it was planned to
construct first a simpler, less sensitive interferometer called initial
LIGO and than upgrade it to a much more sensitive Advanced
LIGO [34]. As the first detector of the 2nd generation to come
online Advanced LIGO was the first observatory to directly detect
a GW signal in September 2015 (see section 1.2).

• The Virgo interferometer is a 3 km arm length GW detector
located in Cascina near Pisa, Italy [35]. Its construction started
in 1996 and was finished in 2003. After a commissioning phase, the
first data was taken together with LIGO and GEO600 between
May and October 2007 [36]. In 2012 Virgo started updating the
detector to a 2nd generation GW observatory. In August 2017
Advanced Virgo joined Advanced LIGO in the second Advanced
Detector Observing Run O2 (see section 1.3).

• The Kamioka Gravitational Wave Detector (KAGRA), formerly
called the Large Scale Cryogenic Gravitational Wave Telescope
(LCGT), is a Japanese GW detector currently being constructed
in the Kamioka mine [37]. It is the first GW detector underground

19



20 vibration isolation for gravitational wave detectors

and the first with cryogenic test masses. The initial phase opera-
tion of a 3 km baseline length interferometer has been completed.
In 2018 the first cryogenic operation is expected, followed by ob-
serving runs with a full interferometer in the 2020s [38].

Further future ground-based detectors such as LIGO India [39] or the
Einstein Telescope [40] are not discussed here, since their seismic isola-
tion is either (in the case of LIGO India) identical to already existing
systems or only proposed, but not yet built and tested.
In addition to the operating vibration isolation systems the geometry

and performance of prototypes related to the AEI-SAS are summarized
in this chapter, too (without any claim to completeness).
Both passive and active systems will be discussed. Passive systems

refer to low fundamental resonance frequencies, low active bandwidth
systems, while active systems have high fundamental resonance frequen-
cies and a high active bandwidth.
The advantages and disadvantages of passive systems over active

systems are summarized by Stochino et al. [41].
A summary of the evolution of low resonance frequency vibration iso-

lation systems is given at the beginning of this chapter with a ‘family
tree’ of these devices. This will show the chronological order and de-
velopment steps. The vibration isolation systems are discussed in more
detail below.
This chapter will show, that vibration isolation systems in GW de-

tectors have many similarities. This suggests, that the studies and im-
provements of isolation limitations in the AEI-SAS could be applicable
for other systems, too, in order to improve their performance. It further-
more quotes the isolation performance of the different systems. These
numbers are more for the characterization, rather than for the com-
parison of the individual devices, since they are designed for different
purposes, e.g. pre-isolation, test mass isolation or the isolation auxiliary
systems.

3.1 low resonance frequency vibration isolation
systems family tree

This section briefly describes the evolution of low resonance frequency
vibration isolation system for GW detectors, without claiming com-
pleteness. The subject of this overview are systems which are incorpo-
rating isolation components closely related to those integrated into the
AEI-SAS. Low resonance frequency vibration isolation systems such
as the X-pendulum [42], the folded pendulum [43], the Scott-Russell
horizontal isolator [44], the torsion crank vertical isolator [45], and the
AIGO High Performance Compact Vibration Isolation System [46] are
not regarded.
Figure 4 illustrates this evolution as a family tree. The origin from

which the single drawings of the systems were taken and the year the
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isolation systems were published are listed in the following paragraph.
The evolution of this systems is summarized below.

• Horizontal IP-leg isolation stage [47] published in 1993;

• Blade springs with MAS [48] published in 1997;

• Superattenuator [49] preliminary design published in 1987 [50],
performance published in 2005;

• GAS-filter [51], feasibility study published in 1999 [52];

• LIGO-SAS [51] published in 2000 [53]

• TAMA-SAS [54], published in 2002;

• HAM-SAS [55], first results published in 2006 [56];

• AEI-SAS [57], design and preliminary results published in
2012 [23];

• EIB-SAS [58] installed at Virgo in 2011 published in 2012;

• MultiSAS [59] installed at Virgo in 2014;

• KAGRA-SAS [60] basic principle approved in 2002 [61], Instal-
lation of the suspension system at the Kamioka site ongoing at
the time of writing this thesis [38].

3.1.1 Evolution of low resonance frequency vibration isolation system

In 1993 Pinoli et al. [47] reported the performance of inverted pendu-
lums as horizontal vibration isolators. They were chosen as the horizon-
tal pre-isolation stage for Virgo’s test masses. A first multistage pendu-
lum isolation for Virgo was proposed in 1987 by Fabbro et al. [50]. The
vertical performance of the Superattenuator was improved by lowering
the blade spring filter resonance frequency with magnetic anti springs.
The results of the same were published in 1997 by Beccaria et al. [48].
A geometry close to the current Superattenuator was proposed in the
same year by Holloway [62]. The Superattenuator is described in more
detail in section 3.2.
As a passive suspension system and an alternative to LIGO’s passive

isolation stack [63] the SAS was proposed in 2000 by Bertolini et al. [53]
(for clear distinction from the other SASs this system is here referred
to as LIGO-SAS). Although similar in design to the Superattenuator,
it features GAS-filters as cascaded vertical isolation stages instead of
blade springs with MAS. A feasibility study of the GAS-filters was
published in 1999 by Bertolini et al. [52].
Even though the LIGO-SAS was discarded as an isolation system for

LIGO the design was modified and implemented in TAMA300 as the
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TAMA-SAS, introduced by Takamori et al. in 2002 [54]. More informa-
tion can be found in section 3.4.
Components of the LIGO-SAS were furthermore used to design a

vibration isolation system to support the optical benches in Advanced
LIGO’s HAM chambers. In contrast to the systems listed above, the
HAM-SAS supports the payload from below. First results of this sys-
tem were presented by Bertolini et al. in 2006 [56]. The HAM-SAS is
described in more detail in section 3.5.1.
Although not implemented in Advanced LIGO, the HAM-SAS design

was improved and adapted as pre-isolation for the AEI 10m prototype,
the AEI-SAS. The system was first mentioned in 2010 [64].
Further minor modifications led to the EIB-SAS, an out of vacuum

isolation system for Advanced Virgo’s external injection bench. The
requirements on this system are more relaxed compared to the AEI-
SAS. It was introduced in 2012 by Beker et al. [58] and is described in
more detail in section 3.6.2.
The geometry of the multiSAS is similar to the TAMA-SAS. However,

building the EIB-SAS at Nikhef allowed the multiSAS (which were
built at Nikhef, too) to benefit from this experience. First results were
published in 2013 by Beker [59]. The multiSAS is described in more
detail in section 3.6.1.
The KAGRA-SAS is the latest youngest vibration isolation system

for GW detectors. It is currently being installed at the KAGRA site [38].
Its structure resembles the Superattenuators 8 horizontal and 6 vertical
low frequency stages (an additional vertical stage is part of the cryo-
genic test mass). However, the KAGRA-SAS features components that
have proven themselves in the other systems here presented, namely
GAS-filters and short IP-legs. A difference to its predecessors is that
the KAGRA-SAS’s test mass will be cooled to cryogenic temperature in
order to reduce thermal noise. The KAGRA-SAS is described in more
detail in section 3.6.3.

3.2 virgo’s superattenuator

The first species in the family of passive isolation systems in GW de-
tectors is Virgo’s Superattenuator [50, 65]. It is basically a multi-stage
coupled harmonic oscillator, where each stage provides both horizontal
and vertical isolation.
Early prototypes led the way to the current system. The first pro-

totype was a seven-fold pendulum. Each pendulum stage consists of a
gas spring (not to be confused with the GAS-filters) for vertical isola-
tion [66]. Additional Magnetic Anti Springs (MAS) lowered the vertical
gas-spring resonance frequencies below 2.5Hz [67]. These basically con-
sist of a set of magnets fixed to a frame and a second set of magnets
mounted to the structure suspended by the spring. The polarity of the
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magnets is aligned such that repulsive force is counteracting the spring
force.
The Superattenuator design installed in Virgo is a progression of

these prototypes. It consists of a primary low frequency IP-leg isolation
stage and a cascade of six vertical filters, which provide horizontal and
vertical isolation (see figure 4). The payload is suspended from the
last filter. It consists of an upper mass (called the marionette), which
supports the interferometer mirror and a reference mass. The reference
mass acts as a reaction mass for the actuators controlling the mirror
position [65].
A first IP-leg isolation stage prototype for GW detectors was in-

vestigated by Pinoli et al. in 1993 [47]. The Superattenuator IP-leg
pre-isolation stage was then presented by Losurdo et al. [68]. These
6m high IP-legs achieves an isolation of approximately 5.6× 10−4 at
1Hz due to a horizontal resonance frequency of 30mHz. They, however,
suffer from rather low frequency internal resonances.
The vertical gas-filters of the early design were discarded in favor

of an arrangement of metal blades. These circular arranged, triangu-
lar blades are pre-bent such that they are approximately flat when
under load. Again, additional MASs were used to reduce the vertical
resonance frequencies of the system, such that the highest vertical res-
onance frequency of the Superattenuator is at approximately 2Hz [48].
A technical drawing of such a filter is part of figure 4. In order to
achieve low creep noise maraging steel was chosen for the filter blade
material [69, 70] and is used as spring material in many related systems
ever since.
For low frequency control, the Superattenuator is equipped with a

set of sensors and actuators, similar to those used in later systems like
the AEI-SAS [71].
As a result of the Superattenuator’s outstanding performance, it was

retained in the Advanced Virgo design, whereas other upgraded detec-
tors required newly designed seismic isolation [72]. Only minor design
changes to the Superattenuator were necessary [73], such as:

• Stiffening the central tube of the IP-legs by machining it from one
piece, rather than bolting multiple pieces together. The ‘mono-
lithic’ IP-legs increased its bending (‘banana’) mode frequency
from approximately 10Hz to above 20Hz.

• The installation of piezo actuators below the foundation ring
which the IP-legs are mounted on, in order to allow tilt control
of the entire isolation system.

3.3 geo 600’s vibration isolation systems

GEO600’s vibration isolation relies on a passive pre-isolation stage
and a triple suspension system. The pre-isolation stage consists of a
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rubber layer that supports an stainless steel layers. This passive stage
is mounted on top of an active piezo stage, equipped with geophones
for active control. However, the active part has not been operated
long term due to technical problems. These stacks are encapsulated
in stainless steel bellows to prevent contamination of the vacuum sys-
tem. This rather simple system provides vertical isolation of approxi-
mately 1× 10−1 and approximately 3.2× 10−2 in horizontal directions
at 50Hz [74]. A technical drawing of GEO600’s isolation system is
shown in figure 5

Figure 5: Technical drawing of GEO600’s vibration isolation sys-
tem. This figure was taken from [74].

Three of these stainless steel-rubber stacks carry each a triple sus-
pension system, which support the test masses as the lowest pendulum
stage. These optics are suspended by fibers from the penultimate mass.
The test mass, the fibers, and the penultimate mass are made from
fused silica in order to reduce suspension thermal noise. GEO600 was
the first GW detector realizing this so-called monolithic suspension [74,
75], a feature later applied in other detectors.

A model of GEO600’s vibration isolation performance is shown in
figure 10. The high frequency performance is briefly compared to the
initial LIGO vibration isolation in section 3.5.

3.4 the tama-sas

Seismic isolation for TAMA300 underwent many changes before the fi-
nal TAMA-SAS was designed and implemented. A first isolation system
installed in TAMA300 was a stack of rubber and steel plates, similar
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in design but softer than the GEO600 isolation stack [76]. It was found
to provide insufficient attenuation. Thus, it was discarded in favor of a
commercial system which itself performed unsatisfyingly. A passive sys-
tem based furthermore on a two-dimensional X pendulum was proposed
and tested by Barton et al. [77]. Unwanted low frequency internal res-
onances, cross-coupling, and a challenging resonance frequency tuning
led to replacing this system by the TAMA-SAS.
The TAMA-SAS was developed by a collaboration of Caltech and

TAMA researchers, starting in 2000. The design of the system is based
on the LIGO-SAS prototype experiments [53, 61, 78]. The goal was
to obtain a system which meets TAMA’s requirements and is more
compact and simpler than the Virgo’s Superattenuator while maintain-
ing its strong points. These are the completely passive attenuation at
high frequencies, which provides high reliability, combined with the low
frequency active control [79].
The main improvement of the TAMA-SAS over the Superattenuator

is the monolithic geometric anti-spring (MGAS)-filters [80]. They are a
progression of the GAS-filters introduced by Bertolini et al. [52]. The
principle of GAS-filters is discussed in chapter 8.
Similar to the Superattenuator the system is pre-isolated by an IP-leg

stage. It supports a cascade of two MGAS-filters, suspended in series
and providing vertical isolation. From the lower filter, the payload is sus-
pended. The payload itself is a multi-stage pendulum suspended from
four mini-GAS-filters embedded in the platform suspended from the
lower MGAS-filter. These four vertical attenuators support an interme-
diate stage for eddy-current damping of the payload motion. The test
mass and the recoil mass are hanging from this intermediate mass [81].
A technical drawing of the TAMA-SAS is shown in figure 4.

Even though the IP-legs are shorter compared to the Superattenua-
tor (2.5m) they were tuned to a horizontal resonance frequency below
100mHz. With an MGAS-filter’s resonance frequency below 500mHz
two of these have the isolation performance of three Superattenuator
filters. This enabled an isolation factor at the mirror of 1× 10−12 at a
few hertz [61]. The modeled performance of the TAMA-SAS, including
the payload, is shown in figure 10. Four SAS towers for the test-mass
mirrors were sequentially installed from 2005 to 2006 in TAMA300 [81].

3.5 ligo’s vibration isolation systems

In the initial LIGO design, seismic isolation was rather rudimentary
compared to the state of the art Advanced LIGO system. The mirrors
were suspended as a single stage pendulum which was pre-isolated by
a stack of four masses supported by rubber damped springs, similar to
the passive GEO600 pre-isolation stage. The design was published in
1996 by Giaime et al. [63]. The modeled performance of this system is
compared to other isolation systems in figure 10.
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Even though GEO600 suspends their optics from a triple suspension
the high frequency performance (in terms of test mass motion) of the
initial LIGO and the GEO600 system is very similar at high frequencies.
The reason for it is, that initial LIGO’s pre-isolation stack contributes
strongly to the high frequency isolation with attenuation factors up
to 1× 10−7 in the horizontal directions and 2.9× 10−6 in the vertical
direction at 100Hz [63].
Strong micro seismic motion and relatively high traffic noise compro-

mised the duty cycle of the Livingston detector, which led to the design
and implementation of active Hydraulic External Pre-Isolators (HEPI).
This system provides the DC-actuation range necessary to compensate
for environmental disturbances [82]. Each HEPI system supports a to-
tal mass of 6400 kg, actively pre-isolating it in 6 degrees of freedom
between 100mHz and 10Hz [83].
In 2005, a newly designed isolation system, based on the passive com-

ponents of the LIGO-SAS [53] (compare to section 3.4), was suggested
as a platform for the HAM (horizontal access module) vacuum cham-
bers [56]. However, after only 8 months of testing it was discarded in
April 2007 in favor of the active/passive HAM-ISI. The reasons given
for this decision were that

• Not all isolation requirements were met

• The active control system was not tested at that time

• Stability issues were not studied

• The interaction with suspensions to be mounted on the platform
was not tested experimentally

A longer characterization time could probably have answered those
questions [84].
Both systems, HAM-SAS and the HAM-ISI are briefly discussed in

the following subsections, since they are strongly related to the AEI-
SAS. The HAM-SAS is the direct ancestor of the AEI-SAS and the
HAM-ISI is the operating system best comparable to the AEI-SAS,
while based on a different mechanical approach. A feature common to
AEI-SAS, HAM-SAS and HAM-ISI is, that they support an approxi-
mately 1-ton optical bench from below by one isolation stage in hori-
zontal and one in the vertical direction. Furthermore, all three systems
are designed to operate in ultra high vacuum. Apart from the HEPI
a completely redesigned isolation system for Advanced LIGO replaced
the initial LIGO system. The new systems can be summarized as:

• HEPI is located externally to the vacuum system and forms the
first stage of vibration isolation.

• The next one or two stages are referred to as the Internal Seismic
Isolation (ISI) systems. They are contained within the vacuum
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Figure 6: Drawing of quadruple pendulum with quadruple reac-
tion pendulum suspended behind it.
This figure is taken from [85].

system. The test mass, beam splitter and transmission monitor
suspensions are supported by inverted optics tables which have
two in-vacuum stages, housed in the BSC chambers. All other in-
terferometer elements are supported by HAM-ISI units, discussed
in more detail below. They are basically optics tables installed
on a one-stage ISI systems, housed in smaller Horizontal Access
Modules (HAM) vacuum chambers [86].

• The optics are suspended as multi-stage pendulums from the ISI.
The number of horizontal and vertical isolation stages depends
on the requirements. The most sophisticated suspension system
supports the 40 kg test masses and their reaction masses. Four hor-
izontal and three vertical stages provide a longitudinal noise floor
better than 10−19m/

√
Hz at 10Hz1. The suspension system’s de-

sign is based on the GEO600 suspensions and was developed at
the University of Glasgow [85]. Accordingly the design resembles
the AEI 10m prototype’s SQL suspensions, particularly due to
the monolithic last pendulum stage. A drawing of the quadruple
pendulum suspension is shown in figure 6

This way the optics are isolated by up to seven stages in the hori-
zontal direction and up to six stages in the vertical direction in case of
the interferometer’s core optics. The performance of the full test mass
suspension system is shown in figure 10.

1 In Advanced LIGO the monolithic stage is not counted as a fourth vertical isolation
stage, even though the bounce mode is relatively low.
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3.5.1 The HAM-SAS

The HAM-SAS was designed as a cost-effective, simple and reliable
vibration isolation solution for the Advanced LIGO’s auxiliary optics.
The concept and first measurements of this one stage horizontal and
one stage vertical attenuator was published in 2006 by Bertolini et
al.[56].The system was proposed as a low natural resonant frequencies,
low-bandwidth control systems alternative to the high natural resonant
frequencies, high-bandwidth control systems provided by the HEPI-ISI
baseline [87].
Even though the original HAM-SAS design is purely based on passive

mechanical oscillators to fulfill the Advanced LIGO requirements it left
space to upgrade the system by active components.
The HAM-SAS’s structure resembles strongly the AEI-SAS (see fig-

ure 4). A horizontal stage, the spring-box, is supported by four IP-legs,
which are mounted on a baseplate. This baseplate interconnects the
HAM-SAS to the vacuum chamber. The spring-box, in turn, houses
four GAS-filters which are supporting the optical table [55].
In order to lower the CoP effect (see section 7.1.4) the weight of

the 448mm long legs was reduced to 300 g. Already without CoP com-
pensators an isolation plateau of approximately 1× 10−4 was achieved.
CoP compensators were included in the design but not tested [41].
Figure 7 shows the horizontal performance measured in the test lab

(gray) and the projection of the system’s transmissibility on the seismic
noise at the LIGO Livingston site (black) compared to requirements on
a HAM chamber isolation system. It shows that most of the require-
ments are achieved. Only at low frequencies (below 800mHz) and at an
amplitude peak between 10Hz and and 20Hz the horizontal payload
motion is to high. The authors argued, that this preliminary result was
achieved after very short commissioning time. Finer tuning of the filters
as well as implementation of all subsystems should make the complete
fulfillment of the requirement possible [41].
For thorough investigations of the origin of the amplitude peak be-

tween 10Hz and and 20Hz the tight schedule did not leave any time.
Preliminary tests of damping the suspected tilt correcting springs and
the corresponding wires showed a small effect on the resonance [88]2.
However, the AEI-SAS shows resonances in the same frequency band.
They could be identified as the differential, mainly horizontal oscilla-
tion of spring-box and the table top, due to the horizontal compliance
of the GAS-filters. How these modes were studied and how their effect
is mitigated is discussed in chapter 11 and 12.

2 This is the reason why the AEI-SAS does have high internal resonance frequency
blade springs functuning as tilt stabilization. They are connected by wires tuned to
170Hz to the central column (see section).
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Figure 7: HAM-SAS: Measured and predicted performance com-
pared to the requirements. The data plotted in gray shows the
HAM-SAS performance measured in the LASTI lab. The data
shown in black is the projection of the gray data to the ground
motion at the LIGO Livingston observatory
This figure is taken from [41].

3.5.2 The HAM-ISI

The HAM-ISI vibration isolation approach is different to one of the
HAM-SAS (or other SASs) in the sense that not the mechanical os-
cillator properties but active feedback provide the attenuation at low
frequencies. However, at high frequencies also this system’s vibration
decoupling relies on passive isolation.
Similar to the other systems, the HAM-ISI attenuates ground mo-

tion in six degrees of freedom by one oscillator stage in horizontal and
one in the vertical direction and it is designed compatible for the use
in ultra-high vacuum. Vertical isolation is provided by three triangular
maraging steel blade. The payload is suspended from them by three flex-
ure rods which provide horizontal isolation. All six degrees of freedom’s
fundamental resonances are tuned to frequencies between 900mHz and
1.8Hz. Due to the relatively high fundamental resonances the HEPI
pre-isolation stage is needed in order to achieve a DC dynamic range
of the order of millimeters.
The payload of the HAM-ISI mainly consists of a 2m wide hexag-

onal optical table. A drawing of the system is shown in figure 8. The
whole structure is stiffened thoroughly so that the lowest internal res-
onances of the system are at frequencies above 100Hz. However, me-
chanical resonances of the support structures above 10Hz are reported
by Matichard et al [90] and shown in figure 9.
The HAM-ISI is equipped with an arrangement of high precision

motion sensors and actuators. As in the AEI-SAS they are used to re-
duce the payload motion around and below the fundamental resonance
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Figure 8: (a)Technical drawing of the HAM-ISI. A thoroughly
stiffened hexagonal optical bench is suspended from three blade
springs by three flexure rods. The signal from inertial and dis-
placement sensors is used to actively control the suspended stage
by means of three vertical and three horizontal actuators.
This figure is taken from [89].
Figure (b) is taken from [90] and shows a schematic drawing of
the HAM-ISI.

frequencies. However, due to the higher resonance frequencies the HAM-
ISI’s control is designed for a much larger bandwidth, namely a unity
gain frequency of approximately 25Hz. The control noise is therefore ul-
timately limiting the vibration isolation performance in this frequency
band, whereas the AEI-SAS’s performance is determined by its passive
performance above about 3Hz in the vertical direction [90]. A typi-
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cal performance of the system is shown in figure 9. In section 9.1 the
AEI-SAS’s and the HAM-ISI’s performance is directly compared.

Figure 9: HAM-ISI performance. The ground motion
at the site (black) is compared to the HAM-ISI pay-
load motion. The dashed line represents the require-
ment for the system. These figures are taken from [90].

(a) x-direction motion of all 5 HAM-ISI units of one LIGO detec-
tor. The features above 10Hz are related to the mechanical
resonances of the support structures.

(b) Estimation of the vertical suspension point motion of the sus-
pensions mounted on the HAM-ISI.

The concept of the HAM-ISI was first tested at Stanford University
by Lantz et al. and the results of this technology demonstrator were
presented in 2005 [91]. It bases on a system proposed in 1997 by Newell
et al. [92].
After the HAM-ISI design was favored over the HAM-SAS one unit

was installed in 2008 in both LIGO detectors. It was used for enhanced
LIGO, the intermediate step between Initial LIGO and Advanced LIGO.
The results obtained with these two prototypes were published by Kissel
in 2010 [89]. In the following years the system was improved and 15
platforms were produced for Advanced LIGO [90].

3.6 advanced virgo’s auxiliary isolation systems

Improvements in vibration isolation was not only required for the main
optical components of the advanced GW detectors, but also for the
auxiliary optics. For Advanced Virgo, this was realized by suspending
five in vacuum optical benches, each from a so-called MultiSAS. An out
of vacuum isolation system is supporting the External Injection Bench
(EIB) and is referred to as EIB-SAS. Both systems were constructed
at Nikhef and consist of similar components, arranged in different ge-
ometries for different purposes. The EIB-SAS design started in 2010,
whereas the construction of the MultiSAS started in 2011 [93].



3.6 advanced virgo’s auxiliary isolation systems 33

3.6.1 The MultiSAS

The design of the MultiSAS is reminiscent of the TAMA-SAS (with-
out test mass). As the AEI-SAS, the MultiSAS is designed to operate
in ultrahigh vacuum. A double stage vertical attenuation, realized by
two GAS-filters, is supported by three IP-legs. Together with the two
conventional pendulum stages (where the second GAS-filter and the
bench are the pendulum masses) they provide a triple stage horizontal
attenuator. The limited space in the MiniTower vacuum chambers only
allowed for shorter IP-legs (440mm long). However, they could easily
be tuned down to about 100mHz and have the advantage of higher
internal resonances compared to the longer IP-leg designs used in the
Superattenuator, the LIGO-SAS or the TAMA-SAS.
The largest upper GAS-filter is tuned to approximately 200Hz, the

smaller lower filter is tuned to approximately 300mHz. The tilt modes
of the suspended optical bench are tuned to around 200mHz to de-
couple these modes from the horizontal pendulum modes of the chain.
This system achieves vertical ground motion suppression of more than
1× 10−5 while horizontal isolation in excess of 1× 10−7 is predicted
above 10Hz [59]. The horizontal performance is planned to be measured
by advanced horizontal accelerometers with optical readout developed
at Nikhef. They will be able to measure in the vicinity of the fm/Hz
regime from 10Hz onwards [94].
A further unique feature of the MultiSAS is a multi-channel feedback

approach using a Kalman state observer to improve the low frequency
active control [93].
As well as the other isolation systems presented here the MultiSAS’s

isolation window is limited at high frequencies by internal resonances.
Tilt and bounce modes of the upper stage on the IP-legs appear above
50Hz [59] (compare to the AEI-SAS’s vertical spring-box modes dis-
cussed in chapter 11.3).

3.6.2 The EIB-SAS

The EIB-SAS design is very similar to the one of the AEI-SAS. The
most obvious difference is the rectangular shape of the optical bench.
It was chosen due to the space requirements on the EIB. A further
major difference is that the EIB-SAS operates in air and thus has lower
requirements on the choice of employed materials or cleanliness.
The isolation system itself consists of an IP-leg stage supporting a

vertical stage, which includes three GAS-filters. GAS-filters and IP-legs
feature CoP compensators. The vertical fundamental resonance of the
system is tuned to 390mHz, the horizontal resonance frequency is ad-
justed to 220mHz. This way the EIB requirements are met while having
a more robust system in terms of vertical temperature drifts (compare
to section 8.1.4) or recovery of working position after adjusting optics
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on the bench [95]. As in the AEI-SAS, low frequency active isolation im-
proves the EIB-SAS’s performance around its fundamental resonance
frequencies.
In the configuration described above the system provides more than

1× 10−2 of isolation above 10Hz in 6 degrees of freedom [96].

3.6.3 The KAGRA-SAS

The most sophisticated design in the seismic attenuation system fam-
ily at present is probably the KAGRA-SAS, more precisely KAGRA’s
type A suspension. However, it relies on the techniques proven in its
predecessor. The system is designed to attenuate the already relatively
low ground motion in the Kamioka mine (approximately 10−11m/

√
Hz

at 10Hz), which is the KAGRA site, by a factor of at least 1× 10−8 at
10Hz. This performance is required to isolate the cryogenic test masses
of the interferometer. A system consisting of 8 horizontal and 6 ver-
tical stages was therefore designed. It has some similarities to Virgo’s
Superattenuator, inasmuch as an IP-leg stage is supporting a chain of 6
vertical low frequency filters, arranged as an approximately 13m long
cascaded pendulum (see figure 4). The major difference is that the ver-
tical filters are GAS-filters with center of percussion tuning instead of
blade springs with MAS. The resonance frequency of the highest and
largest GAS-filter, called filter 0, is modeled to be as low as 60mHz
while the lower standard GAS-filters are tuned to 250mHz [97]. A fur-
ther difference is the shorter (472.5mm) long IP-legs, similar to the
multiSAS.
With this configuration an overall vibration isolation factor of 1×

10−14 in the horizontal direction and 1× 10−13 in the vertical direction
at approximately 4Hz is expected. That is approximately 8 magnitudes
better than the requirements at 10Hz mentioned above. This safety
margin is prudent since internal resonances above 50Hz degrade the iso-
lation performance [60]. Furthermore, an isolation performance reduc-
tion due to mechanical links for cooling the test mass is expected. This
mechanical shortcut is included in the model shown in figure 10 [98].
KAGRA-SAS’s IP-legs are standing on the solid rock-floor of a tunnel

drilled above the main tunnel in which the interferometer is located.
This horizontal pre-isolation stage is tuned to 100Hz.

A challenging task is to include the cryogenic test mass in the isola-
tion system, which itself contains a 7th vertical isolation stage [60].
The requirements in terms of seismic isolation for the beam splitter,

the signal recycling cavity and the power recycling cavity are more re-
laxed than for the test mass. The beam splitter and signal recycling
cavity require a vibration attenuation of 1× 10−6 at 10Hz, the power
recycling cavity requires 1× 10−4 at 10Hz. It is provided by so-called
type B and a type Bp suspensions. These systems are basically type A
suspensions reduced in highs and isolation stages. The type B suspen-
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sion features an IP-leg stage and three GAS-filters. For the type Bp
suspension two GAS-filters suffice. Instead of an IP-leg stage they are
mounted on a motorized stage called the traverser.
The test masses are suspended from all these suspension types. The

suspensions consist of intermediate mass, recoil masses and the optic.
Thereby the design is similar to Superattenuator and TAMA-SAS’ test
masses and it allows actuation of the optics.
At the time this thesis is written the installation of the KAGRA-SAS

is ongoing [38].

Figure 10: Comparison of the interferometer optic isolation of
initial LIGO [63], Virgo and Advanced Virgo [99–101], TAMA
(with SAS) [61], GEO600 [102, 103], Advanced LIGO [87], KA-
GRA [104] and the Einstein Telescope [25]. In the KAGRA case,
the mechanical links for cooling (included) are expected to limit
the isolation performance above 1Hz.
This composition of isolation system performances is taken
from [105].





4
THE AE I 1 0 M PROTOTYPE

Detecting GWs requires extremely low-noise detectors. The techniques
to mitigate the various noise sources and to achieve the required sen-
sitivity were developed in multiple test facilities before they were im-
plemented in the GW detectors. These GW detector prototypes are
for instance the Garching 30m prototype [6], the Glasgow 10m proto-
type [7], the LASTI at the Massachusetts Institute for Technology, the
Caltech 40m prototype at [5], the cryogenic laser interferometer obser-
vatory (CLIO) project [106], and the Albert-Einstein-Institute (AEI)
10m prototype [64].

The first main objective of the AEI 10m prototype is an experimental
setup for measurements at the SQL of interferometry (discussed in
section 4.1.1). It is a macroscopic quantum mechanical effect that will
limit the sensitivity of GW detectors in the near future; therefore, after
characterizing the SQL, the interferometer setup will be modified in
order to test techniques to overcome this limit. Among other techniques,
new frequency dependent squeezing [107] can be investigated in the AEI
10m prototype.

An overview of the AEI 10m prototype and its individual compo-
nents is the subject of this chapter. Furthermore, a brief outline of the
SQL-interferometer and the relevant noise sources is given.
This test facility was designed to provide a low-noise environment

for testing GW detector technology and to probe the limits of high-
precision interferometry. In particular, the system is designed such that
classical noise sources (see section 4.1.2 ) have a lower amplitude than
the quantum noise. That allows studding the SQL (see figure13). The
AEI 10m prototype is located in a dedicated hall at the Max Planck In-
stitute for Gravitational Physics (Albert Einstein Institute) in Hanover,
Germany. The experiments are set up in a large vacuum envelope, which
is located in the basement of the lab (see figure 11). The ground floor
provides space for auxiliary experimental setups and assembly areas,
such as a clean room tent for building and testing the AEI-SAS (see
chapter 5)
A crucial element of the AEI 10m prototype design is isolation from

environmental vibrations. The vacuum envelope (100m3, 10−7 hPa)
shields the entire apparatus against acoustic coupling. The AEI-SAS
isolates all essential components from vibrations caused by seismic and
anthropogenic ground motion, above approximately 0.1Hz. Two out of
three AEI-SAS units are installed and operating at the time of writing.
A third AEI-SAS unit was used to test mechanical design improvements.
These are discussed in detail in this work. The third AEI-SAS unit will
be implemented in the vacuum system in spring 2018.
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The AEI-SAS supports the optical tables on which the experiments
are set up. It provides an approximately 3m2 platform and therefore
enough space and versatility to perform different experiments with ex-
tremely low noise requirements in the AEI 10m prototype infrastruc-
ture.
Further experiments such as a thermal noise interferometer (dis-

cussed in detail in ref. [28]) are being built in parallel to the SQL
interferometer in the AEI 10m prototype. The low noise environment
of the facility is furthermore suitable for less complex experimental
setups. The characterization and improvement of motion sensors, for
instance, was undertaken as a side project [108].
In addition to the low noise experiments, novel techniques are being

developed and tested both for upgrades to Advanced GW detectors as
well as for future observatories such as the Einstein Telescope [40]. A
slightly modified version of the AEI-SAS, for instance, is implemented
in the Advanced Virgo observatory as the EIB-SAS (see section 3.6.2).
The concept of the Suspension Platform Interferometer (SPI) could
also be applied for length stabilization in ground-based GW detec-
tors. In this chapter, the individual components of the AEI 10m pro-
totype are outlined. Furthermore, it gives a brief overview of the SQL-
interferometer and the relevant noise sources.

4.1 the sql interferometer

As mentioned above, the first goal of the AEI 10m prototype is setting
up an interferometer to reach and surpass the SQL [109] with 100 g mir-
ror masses. This is promising not only for exploring and, subsequently,
overcoming limits of GW detectors but also in terms of observing the
macroscopic object’s dynamics dominated by quantum mechanical ef-
fects.
A simplified version of the SQL interferometer’s optical layout is

shown in figure 12. The SQL amplitude spectral density for this in-
terferometer configuration is approximately 10−19mHz−1/2 at 200Hz.
The margin between the sum of the classical noise contributions and
the SQL is expected to be at least a factor of 2.5 lower [110]. The op-
tical design chosen for the SQL interferometer is discussed in detail in
ref. [111].
One of the first challenges is the reduction of the coating thermal

noise. The beam size on the arm cavities mirrors is therefore chosen to
be relatively large. This, however, reduces the stability of the cavities.
Before setting up the full interferometer a single arm test will provide
experience with such a fragile system and will lead to suitable control
schemes. Furthermore, the performance of the novel electrostatic drive
(ESD) design for test mass actuation is investigated in this setup(see
section 4.1.3 and the appendix chapter A).
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Figure 11: Rendered image of the AEI 10m prototype hall. The
L-shaped vacuum tank is located in the lab’s basement. The
ground floor provides space for preparing the individual compo-
nents of the experiments. The structure in the upper right corner
of the image is the assembly area for the AEI-SAS.

4.1.1 The Standard Quantum Limit

In the absence of classical noise sources, the sensitivity of an interferom-
eter is limited by quantum noise. The quantum noise can be described
as divided into two noise sources: shot noise and radiation pressure
noise. Both effects originate from the coupling of the light’s quantum
fluctuations into the output signal of the interferometer. It therefore
results from the uncertainty of the photon rate on the photodiode. In
that sense shot noise is a readout noise.
The shot noise amplitude spectral density, written in the dimension-

less differential arm length unit h = ∆L/L is [3]

hsh =
1

L

√
 hcλ

2πPin
. (3)

Here L is the interferometer’s arm length, ∆L is the time evolving dif-
ference in the arm lengths, c is the speed of light, λ is the light’s wave
length and Pin is the light input power of the interferometer. Shot noise
only relates to the uncertainty of the photon ratio and it is frequency
independent.
Radiation pressure noise can be understood as the back-action noise

of the suspended mirrors, induced by the momentum transfer of the
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Figure 12: Simplified optical layout of the SQL interferometer
experiment. The 1064 nm laser light is coupled through a photonic
crystal fiber (PCF) in the vacuum system. Behind a mode cleaner,
the laser beam is split. A fraction of the light is coupled into the
frequency reference cavity. The major part of the light is coupled
into the SQL interferometer. It is a Michelson interferometer with
approximately 11.4m long Fabry-Pérot arm cavities.

reflected stochastically distributed photons. Expressed as amplitude
spectral density it is

hrp =
1

mf2L

√
 hPin

2π3cλ
, (4)

approximated for free-falling interferometer mirrors with a mass m.
The force on the mirrors due to the stochastically distributed photons
is frequency independent, however, the inertia of the test mass mirrors
introduces the f−2 dependence of the displacement measurement.
The total quantum noise of the interferometer is the incoherent sum

of shot noise and radiation pressure noise:

hq =
√
h2sh + h

2
rp . (5)
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Since radiation pressure noise is proportional to power, whereas shot
noise is inversely proportional, the standard quantum limit of interfer-
ometry is determined by finding the quantum noise’s minimum at each
frequency by variation of Pin. It is accordingly:

hSQL =
1

πLf

√
 h

m
. (6)

According to equation 6, a GW detector with low quantum noise limi-
tations is achieved with long arms and high mirror masses (Advanced
Virgo and Advanced LIGO use 40 kg test masses on kilometer scale
arms). The SQL interferometer, however, is designed to be dominated
by quantum noise. Relatively light mirrors were therefore chosen as
test masses. In order for quantum noise to dominate the interferome-
ter across a wide band, the challenging task is to reduce all classical
noise sources below quantum noise. A brief outline of the relevant noise
sources is given in the following section. The techniques employed in
the AEI 10m prototype to reduce these noise sources are summarized
in the sections below.

4.1.2 Classical noise sources

The signal in an interferometric measurement is the optical intensity
variation caused by the variable to be measured. This variable is usually
the relative interferometer arm length change, primarily induced by, in
the case of the SQL interferometer, quantum fluctuations. The optical
signal is usually converted into a readout electrical signal. Noise sources
usually cannot be canceled completely. However, suppressing them to
a level well below the signal is one major challenge in the field of high
precision physics.
Noise sources can be classified into two categories:

• Noise sources that change the mirror surface position such as
suspension thermal noise, coating thermal noise, thermal drift,
noise of the control system, acoustic noise, seismic noise and the
radiation pressure noise (if not treated as the signal).

• Noise sources that influence the length measurement, such as laser
frequency and laser power noise, optical path length fluctuations
due to residual gas in the vacuum system, and shot noise (if not
treated as the signal, as in the case of the SQL-interferometer).

Perturbations such as acoustic noise or noise due to air currents are sup-
pressed by operating the AEI 10m prototype experiments in vacuum.
Techniques to mitigate the other relevant noise sources are discussed
in the following section.
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Figure 13: Noise budged of the SQL interferometer. The experi-
ment will be purely quantum noise limited over a wide frequency
band, since all classical noise sources are suppressed well below
the quantum noise. The shaded area in the plot represents the
clearance between classical noise and the SQL (black) [112].

The noise budget of the SQL-interferometer is shown in figure 13.
Due to the SQL experiment’s intended measurement band and sensi-
tivity requirements, seismic noise is a particular challenge, therefore a
brief overview of its origin and shape is given here.

4.1.2.1 Seismic noise

At low frequencies ground-based GW detectors as well as the AEI 10m
prototype experiments are limited by vibrations of the ground. Whereas
GW detectors are designed for long duty cycles, the AEI 10m prototype
experiments can be performed in normal or low noise periods; therefore,
only the ambient seismic noise is of interest for this system. Temporary,
loud events such as earthquakes, high traffic or construction work are
not regarded. Also very low frequency motion as it is induced, for in-
stance, by tidal forces between moon and earth, are due to its rather
short baseline less dominant in the AEI 10m prototype compared to
GW detectors. Figure 14 shows a typical amplitude spectral density of
the ambient seismic motion at the AEI 10m prototype. Below 0.1Hz
the horizontal motion measurement is limited by ground tilt that cou-
ples in the STS-2 seismometer (see section 5.2). This tilt coupling is
briefly discussed in section 9.1.2. The vertical motion measurement is
not affected by this effect. Between 0.1Hz and 0.3Hz the seismic spec-
trum in figure 14 forms local maxima in all three degrees of freedom.
The orientation of the coordinate system is displayed in figure 12. The
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Figure 14: Measurement of the seismic motion at the AEI 10m
prototype. The data is recorded with the STS-2 seismometer,
which is located in the basement on the ground, next to the central
tank of the AEI 10m prototype vacuum system.

motion at this so-called microseismic peak [113] is caused by environ-
mental disturbances. Sea waves excite the ground by pressing against
the sea floor and the shore. Furthermore, wind contributes to ground
motion in this frequency band. It couples to the ground by exciting
trees and buildings oscillations. The microseismic peak amplitude is
therefore strongly depended on the weather conditions.
The structure above 1.5Hz in the seismic spectrum is referred to as

the anthropogenic noise peak. This motion is caused by people walking
by, traffic and industry. Anthropogenic activities also cause the domi-
nant tilt motion which couples into the horizontal signal below 0.1Hz.
This man-made noise is significantly lower on weekends, at night or on
holidays than during working hours. At the AEI 10m prototype the
anthropogenic noise is dominant up to approximately 30Hz, therefore
sensitive measurements are usually recorded overnight. GW detectors
are usually located far away from areas with high population density
or industry in order to minimize this disturbance.
Above a few hertz, the seismic motion rolls off with a slope of ap-

proximately f−2, as shown in the plot.
A detailed discussion of the seismic noise at the AEI 10m prototype

can be found in [28].



44 the aei 10 m prototype

4.1.3 SQL interferometer suspensions

The dominating classical noise source at low frequencies are ground
vibrations, as discussed above. The SQL interferometer optics are iso-
lated by up to four stages from this ambient motion. The first stage
is the AEI-SAS, which is the major subject of this work. It provides
pre-isolation for all in-vacuum optics at low frequencies. However, in
the measurement frequency band, the arm cavity optics require a much
higher vibration attenuation. Each mirror is therefore suspended as a
three-stage pendulum. Figure 15 shows a photograph of the input test
mass’s (ITM) suspension. The suspension system was developed at the
University of Glasgow. The assembly, modifications and the implemen-
tation in the AEI 10m prototype is done in Hanover.
The upper cross-shaped mass is suspended from steel wires, which

are attached to maraging steel blade springs. These blades are con-
nected to an aluminum frame which is mounted on top of the optical
table. A further set of blade springs inside the upper mass supports the
penultimate mass. The mirror is the lowest mass. Figure 15 shows the
version of the suspension setup used for the single arm test. In this case,
the penultimate mass is a donut-shaped aluminum structure and the
test mass is supported by steel wire slings. The wires are not visible in
the photograph since they are covered by safety structures called fiber
guards. For the SQL interferometer, this lower stage will be replaced
by a monolithic penultimate mass-mirror construction. They will be
interconnected by four fused silica fibers of 20µm diameter, in order
to reduce the suspension thermal noise [64]. Due to their vertical elas-
ticity, the fibers provide a third vertical isolation stage with a resonant
frequency below 20Hz.
In order to reduce the coating thermal noise, the SQL interferom-

eter mirror surfaces will be made of an aluminum gallium arsenide
(AlGaAs) coating. Its crystalline structure has a significantly lower me-
chanical loss than conventional coatings such as the amorphous silica/
tantala [114].
The cavities are controlled by voice coil actuators, actuating on the

upper mass and the penultimate mass. An ESD provides fast and low
noise actuation directly on the test mass in the beam direction. The
consideration of this structure by finite element analysis can be found
in the appendix A. A hierarchical control scheme is considered for the
SQL interferometer control. The coarse DC positioning will be provided
by the AEI-SAS. At low frequencies, the control signal will be fed back
to the upper and penultimate mass, whereas the ESD is used for high
frequency control.
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Figure 15: Photograph of the ITM suspension. The mirror is
suspended as a three stage pendulum with ultimately three ver-
tical stages. The figure shows the suspension setup for the single
arm test. In the final SQL interferometer version the lower stage
(intermediate mass to test mass) will be replaced by a monolithic
stage.

4.2 stabilizing the laser

For experiments at the SQL, a high intensity and extremely stable
laser is required. The AEI 10m prototype is equipped with a laser
system that supplies approximately 35W light power at a wavelength of
1064 nm. A highly stable seed beam from a monolithic non-planar ring
oscillator (NPRO) with an output power of 2W is therefore enhanced
by four amplifier stages [115]. About 10W of laser light is coupled
inside the vacuum system via a photonic crystal fiber. In this way, the
light is decoupled from vibrations of the laser bench positioned out
of the vacuum system. Furthermore, the fiber operates as a passive
mode cleaner. The laser beam’s mode shape behind the fiber provides
approximately 99% overlap with the fundamental Gaussian mode [116].
The second stage of laser light preparation is the active mode cleaner.
It is rigidly mounted on the central table and thereby benefits from
the vibration isolation provided by the AEI-SAS. The mode cleaner is
discussed in detail in [28] and [117].
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The laser power is controlled with a shot noise limited multi photode-
tector sensing scheme providing an extremely low intensity noise [118].

Figure 16: Photograph of frequency reference cavity suspension
system for the two central table mirrors.

The laser frequency is stabilized by the frequency reference cavity.
It is a triangular optical resonator with a round trip length of 21.2m.
The three mirrors are distributed on the central and the south table, as
depicted in figure 12. These 850 g test masses are each suspended as a
three-stage pendulum with two vertical stages. Figure 16 shows a pho-
tograph of the two suspended mirrors located on the central table. Sus-
pending the mirrors provides an extremely low noise length reference
above the suspension system’s fundamental resonances. The frequency
reference cavity thereby provides laser frequency stability from approx-
imately 20Hz to 1 kHz. The aspired sensitivity is are 10−4HzHz−1/2

at 20Hz and 10−6HzHz−1/2 at 1 kHz. A more detailed discussion of
the frequency reference cavity can be found in ref. [28].

4.3 optical motion sensors

The optics of the single arm test (see section 4.1) and the frequency
reference cavity (see section 4.2) are both distributed over the central
and south table and the SQL-interferometer will populate all three
tables. At high frequencies, the vibration isolation systems (AEI-SAS
and suspensions) suppress the mirrors’ motion sufficiently. However, at
low frequencies, the mirror motion is dominated by the motion of the
individual optical tables. The table motion, in contrast, is dominated
by ground motion and, if locally controlled, at some frequencies by
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sensor noise (compare to chapter 16). Even though the ground motion
is usually coherent over 10m below a few hertz [59], the three table top
setups do not necessarily move in common. In particular, ground tilt
is locally different and it is translated to horizontal table top motion,
illustrated in figure 106 in chapter 16.
Low frequency differential table oscillations are a huge impediment

for operating the optical systems. In order to mitigate this relative
motion the AEI-SAS is equipped with a Suspension SPI. This system
reads out the inter-table motion. This error signal is fed back to the
actuators of the south and west table such that they follow the central
table at low frequencies. This way the three tables form a rigid platform
in the beam direction.
A simplified illustration of the SPI is shown in figure 17. Two het-

erodyne Mach-Zehnder interferometers sense the relative table motion.
A phase meter reads out the photodiode signals and provides dynamic
range larger than the maximum table top displacement in the longi-
tudinal direction1. Outside the vacuum system the SPI 1064 nm laser
beam is split into two paths. Both beams are modulated by acousto-
optic modulators near 80MHz, with a heterodyne frequency difference
of ±15 kHz. The laser light is coupled through optical fibers into the
vacuum system via fiber couplers. Fiber couplers, as well as all central
table optics, are bonded to a baseplate made from a type of glass with
an ultra-low thermal expansion coefficient, in order to improve the low
frequency performance of the system [119].
The SPI link to the south table is, as of the time of writing, installed

and operating; the west table SPI will be installed when the west SAS
is implemented in the AEI 10m prototype.
Originally it was planned to use the SPI not only for sensing the

relative table displacement in the longitudinal directions but also the
rotational degrees of freedom, except the roll motions around the lon-
gitudinal axes. However, the rather poor sensitivity in the rotational
degrees of freedom led to a different sensing approach, namely the op-
tical levers (OLs).
The basic principle of the OLs is rather simple. A collimated laser

beam shines from the center of one table top on a quadrant photodiode
on the next tabletop. Tilt motion of the laser source is translated to
displacement of the beam on the photodiode. The approximately 10m
lever arm enhances the beam motion, such that the motion of the sec-
ond table is negligible in first order. Thus, the OLs provide low noise,
high bandwidth inertial tilt signals of the SAS. The performance of the
SPI and the OL are expected to be published in 2018.
Currently, one OL is installed on the south and one on the central

table respectively. They sense the central and south table’s rotational
motion about the x-axis (rx) and about the vertical axis (rz). Two

1 ‘Longitudinal’ in each arm indicates the direction along the arm from the central
tank to the south table (y-direction) and to the west (x-direction).
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Figure 17: Simplified optical layout of the SPI and the OLs. Light
from a 1064 nm NPRO laser is modulated by two AOMs. It is cou-
pled through optical fibers in the vacuum tank. The SPI measures
the differential table motion with two heterodyne Mach-Zehnder
interferometers. A third interferometer represents the power and
frequency control of the SPI laser. OLs are installed in parallel to
the SPI in order to measure the table’s tilt motion. In this figure,
two out of four OLs are illustrated. In reality, a collimated laser
beam shines from the west to the central table (illustrated), one
from the central to the west table (not illustrated), one from the
central to the south table (illustrated) and one from the south to
the central table (not illustrated). Laser light from the in-vacuum
SPI setup is used for the central table OLs. The south and east
table OL light is coupled through two extra fibers in the vacuum
tank. The optical layout is vastly simplified in this illustration for
the sake of clarity.

further OLs will be installed on the west and the central table in order
to provide a control signal for the rotational motion about the y-axis
(ry) of west and central SAS and the rz motion of the west AEI-SAS
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unit. The control signals for the other degrees of freedom are provided
by local motion sensors. These sensors are introduced in section 5.2,
the AEI-SAS control scheme is summarized in section 16.





Part II

THE AE I - SAS AND ITS WORKING PRINC IPLE





5
THE AE I - SAS

The AEI-SAS isolates all essential components of the AEI 10m pro-
totype from vibrations caused by seismic and anthropogenic ground
motion and from structural acoustics. Two AEI-SAS units are installed
and operating and a third AEI-SAS unit has been used to test mechani-
cal design upgrades. It will be installed in the vacuum system in spring
2018. A CAD drawing of the AEI-SAS in the vacuum system and a
photograph of one AEI-SAS unit is shown in figure 18.

Figure 18: The AEI-SAS in the AEI 10m prototype vacuum
system. The upper part of the figure illustrates the three AEI-SAS
units in the south, central, and west tank (from left to right). The
photograph shows the AEI-SAS unit in the central tank shortly
after its installation. At the time of writing the optical table is
populated with experimental components, as shown in figure 15
and 16.

The 1.75m×1.75m optical table isolated by an AEI-SAS unit offers a
spacious platform to perform various high precision experiments. In par-
ticular, the design of the mirror suspensions for the SQL-interferometer
and the frequency reference cavity rely on pre-isolation at their funda-
mental resonances (between 0.6Hz and 28Hz). An overview of these
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subsystems is given in section 4.1.3 and 4.2. This isolation of the sus-
pension point reduces the total actuation forces required to control the
suspended mirrors, enabling the use of low-noise actuators that meet
the SQL-interferometer’s noise requirements.
The AEI-SAS design bases on the HAM-SAS (see section 3.5.1). It

is adapted and improved for the AEI 10m prototype application.
An adapted version of the AEI-SAS, the EIB-SAS, is used to isolate

injection optics at Advanced Virgo. The EIB-SAS has higher fundamen-
tal resonant frequencies compared with the AEI-SAS. This is tolerable
due to the relatively relaxed noise requirement. This increases stability
at the expense of isolation performance. An overview of the EIB-SAS
design is given in section 3.6.2.
This chapter discusses the design and the individual components of

the AEI-SAS. Parts of this chapter were published in ref. [57].

5.1 mechanical design of the aei-sas

The AEI-SAS is composed of two stages: a horizontal isolation stage
based on three IP-legs, and a vertical isolation stage with three GAS-
filters [23].

ground

 baseplate

IP-legs

spring-box
GAS-filter

payload

payload 
accelerometer

geophones

spring-box 
accelerometers

upper flexure

lower flexure

xg

xp

Figure 19: Simplified sketch of the original AEI-SAS design: The
payload is supported by three GAS-filters providing vertical isola-
tion. The diagram shows an unfolded version, but in reality, the
GAS filters are nested inside an aluminum structure, the spring-
box, within the horizontal stage (see figure 20). The spring-box
is supported by three IP-legs providing horizontal isolation. The
bottom of the IP-legs is connected via flexures to the baseplate.
This baseplate is rigidly connected to the ‘feet’ of the vacuum
tank. Three vertical geophones are installed inside the payload.
Horizontal motion is sensed by three custom-made accelerome-
ters [120] that are placed on the spring-box. An auxiliary horizon-
tal accelerometer is installed on top of the payload.

Each AEI-SAS unit supports a payload of approximately 900 kg. This
includes a 530 kg, 1.75m×1.75m stainless steel breadboard with an
internal honeycomb structure. The breadboard is mounted on the three
GAS filters. Each GAS filter consists of a crown-shaped assembly of
eight maraging steel blades [121]. These blades are bent and fastened
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Figure 20: CAD model of the AEI-SAS: A section view shows the
structure of the individual isolation stages and the location of the
single components. For simplicity components as the motorized
springs and the tilt stabilization are not shown in this model. This
figure shows the original version of the AEI-SAS with the old IP-
legs and a rigid intermediate plate to payload connection.

to a central key-stone that supports the table top. Compression of
opposing blades against each other introduces negative stiffness along
the vertical axis, lowering the effective spring constant [52, 80].
The spring-box is suspended by means of 3mm thick and 25mm

long cylindrical maraging-steel flexures connected to the top of the
IP-legs on their other side. The leg itself is an aluminum tube with
1mm wall thickness. The horizontal restoring force is provided by a
10.6mm thick and 60mm long maraging-steel flexure connecting the
IP-leg to the baseplate at the bottom (see figure 19 and 20). The AEI-
SAS’s baseplate is bolted to the inside of the rigid ‘feet’ of the vacuum
tank. On the outside, these feet are bolted to the 80 cm thick concrete
foundation of the lab.
Above the individual resonance frequencies, the AEI-SAS decouples

the payload from ground motion in 6 degrees of freedom. Table 1 shows
the resonance frequencies of the AEI-SAS and the corresponding masses
[24] and moments of inertia. The displayed values vary during commis-
sioning of the system. The resonance frequencies of the horizontal de-
grees of freedom are tuned by mass adjustment. All three moments of
inertia depend on the mass distribution of the payload, which will vary,
due to changing experiments in the AEI 10m prototype. Fairly high
tilt stiffness is ensured in rx and ry for stability reasons.
The individual components and their mechanical properties are de-

scribed in the following. Its masses are listed in table 4. The working
principles of the IP-legs and the GAS-filters are described in more detail
in chapter 7 and 8.
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Direction Resonance frequency [Hz] Mass [kg]

x 0.16 1231

y 0.16 1231

z 0.27 900

Moment of inertia [kg m2]

rx 0.4 260

ry 0.4 260

rz 0.1 598

Table 3: Resonance frequencies, and corresponding masses [24]
and moments of inertia of the AEI-SAS. Figure 20 shows the cor-
responding coordinate system. The moments of inertia are deter-
mined with respect to the principal axes of either the payload
(for rx and ry) or the payload and the spring-box (rz). Note that
the rx and ry axes do not coincide with the principle axes of the
AEI-SAS.

A more detailed description of the AEI-SAS and its instruments can
be found in ref. [23].
This thesis discusses design changes which were made to improve the

AEI-SAS’s performance. In the following, it is distinguished between
the original design and the new design, which mainly includes the new,
symmetric IP-legs (see chaper 11.3), the improved spring-box stiffening
(see chaper 14), its mode damping (see chapter 15), and the fluorel stage
(see chapter 12).

5.1.1 The baseplate

The AEI-SAS’s baseplate is the link between the vacuum system and
the IP-legs. It consists of a relatively stiff stainless steel structure. In
its four corners a 17mm thick upper plate is bolted to the inside of
the vacuum tank’s feet. The baseplate is leveled by shims which are
placed in between the baseplate corners and the vacuum tank’s feet.
The height of those shims is individually determined for each AEI-SAS
in order to compensate for the local unevenness of the ground and the
vacuum tank’s feet.

In order to lower the total height of the AEI-SAS, the second plate is
mounted 196mm below the upper plate. The IP-leg stands are bolted
to this lower plate. Upper and lower plate are interconnected by a
stiffening structure. The whole baseplate assembly is welded to increase
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Components Component
mass [kg]

sum [kg]

Baseplate 490

Horizontal motorized springs 15

Horizontal LVDT/actuator pairs 15

IP-legs 24

Total base platform 544

GAS-filters 3× 50

Lower spring-box plate 99

Upper spring-box plate 64

Vertical motorized springs 10

Original stiffening plates 5

Accelerometers 3

Total spring-box 331

Optical table 530

Ballast rods 220

Intermediate plate 115

Vertical geophones (in cans) 30

Tilt stabilization column 5

Total optical bench 900

Total AEI-SAS 1775

Table 4: Mass estimation of the AEI-SAS. The values are taken
from the CAD-model. Bolts, nuts and washers are not included in
this model [24].
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Figure 21: CAD model of the AEI-SAS’s baseplate with IP-legs.
The upper plate is displayed transparently to illustrate the stiffen-
ing assembly and the folded structure of the baseplate. The cop-
per rings in the four corners are shims which are the link between
baseplate and vacuum tank.

its stiffness. Figure 21 shows a CAD drawing of the baseplate with the
IP-legs. The holes in the top and the bottom plate reduce the weight
of the structure. The three IP-leg stands are covered by the IP-leg’s
center of percussion tuning structure.
Figure 22 shows a finite element simulation of the baseplate’s static

deformation due to the weight of the isolation system. The stiffen-
ing structure prevents a significant deformation of the whole structure.
However, the area where the IP-leg’s bases are bolted to the lower plate
deform. That causes a vertical lowering and tilt of this area. The top
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Figure 22: Finite element model of the AEI-SAS’s baseplate. The
CAD model used for this simulation was simplified and features
the stainless steel baseplate structure which is rigidly connected
to the IP-leg stands. A force of 12312N, corresponding to the iso-
lation system’s mass, acts vertically on the top of the three stands.
The baseplate is fixed in its four corners. The exaggerated defor-
mation illustrates the static deformation of the structure. Even
though the whole structure hardly bends, the connection areas
between the baseplate and the stand arch. The color scale in the
figure represents the total deformation in meters.

of the IP-legs, if not interconnected with each other by the spring-box,
would accordingly be displaced by

~PIP1 =


1.95× 10−4m

−5.38× 10−7m

−1.47× 10−4m

 , ~PIP2 =


−1.56× 10−4m

−3.03× 10−4m

−1.17× 10−4m


and

~PIP3 =


−1.69× 10−4m

3.12× 10−7m

−1.19× 10−4m

 ,

(7)
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Where ~PIP1, ~PIP2 and ~PIP3 are the positions of the top of the IP-legs.
IP1 is the IP-leg on the left, IP2 and IP3 follow counterclockwise1. The
resulting lateral payload displacement in the x and y direction is

~Pp =

−1.30× 10−4m

−8.68× 10−6m

 . (8)

The payload tilts by approximately 30µrad in the rx-direction and by
about 2µrad in the ry-direction. These static deformations can easily
be compensated by the motorized springs and voice coil actuators (see
section 5.2). So far no AEI-SAS performance aggravation due to this
static deformation has been observed. However, for further analysis of
the system these simulations might be of interest.

5.1.2 The spring-box

The spring-box is the horizontal stage of the AEI-SAS. It is horizontally
isolated by the IP-legs and it houses the three GAS-filters. The spring-
box consists of an upper and a lower aluminum plate. These plates
are vertically separated by 134mm. Stiffening plates interconnect the
upper and lower plate (see figure 23). Holes in the stiffening structure
reduce the weight and enable visible and manual inspection of the inner
spring-box components.
The IP-legs are connected to the upper plate via a bell-shaped struc-

ture. The lower plate supports the GAS-filters on which the payload
rests. This sandwich-like structure of the assembly reduces the total
height of the AEI-SAS. This way the center of mass of the payload is
lowered.
The horizontal motion sensors are located in the spring-box. The

three accelerometers (see section 5.2.2) are mounted on the outer rim of
the lower spring-box plate. They are placed on the extended lines from
the vertical center axis of the AEI-SAS to the IP-legs. The horizontal
LVDTs and collocated Actuators (see section 5.2.3) are mounted on
the same lines, slightly closer to the center axis of the AEI-SAS. The
inner coil of each horizontal LVDT and actuator magnet are rigidly
connected to the lower spring-box plate, the LVDTs’ sensing coil and
the actuator coil are bolted to the baseplate of the AEI-SAS.
The horizontal motorized blades (see section 5.2.5) are situated be-

tween IP-legs and the vertical central AEI-SAS axis. Such as the LVDTs
they are mounted in between lower spring-box plate and baseplate.
The two spring-box plates are relatively soft. In combination with

the mass of three GAS-filters, this leads to parasitic low frequency
spring-box bending modes. The frequencies of these oscillations are

1 These are the coordinates of the south table. The central table is rotated by −90◦,
thus, the vector components change accordingly.



5.1 mechanical design of the aei-sas 61

Figure 23: CAD model and photograph of the spring-box (with-
out upper plate). The displayed CAD model represents the origi-
nal design. The upper spring-box plate is displayed transparently.
The photograph shows the third AEI-SAS unit during the assem-
bly. In the displayed state it features the original stiffening struc-
ture and the new symmetric IP-legs. The cables for the actuators
and sensors are in place.

further reduced by the vertically relatively soft IP-legs such that the
lowest resonance frequency of these modes is at approximately 30Hz.
The original stiffening plates hardly provide sufficient support. These
modes, as well as possible improvements, are discussed in chapter 11.3.

5.1.3 The tabletop

The payload of the AEI-SAS consists of a squared optical bench made
from stainless steel and an aluminum plate referred to as intermediate
plate (see figure 24). This plate supports the tilt stabilization.
A raster of M8 threads in the surface of the upper plate of the opti-

cal bench enables populating it with varying experiments. The upper
plate and a lower plate are connected by a honeycomb shaped stiffen-
ing structure. A finite element simulation of a simplified optical bench
shows, that the structure provides a rigid platform up to the lowest
internal resonance frequency of 175Hz (see figure 25). At such high
frequencies the interferometer mirrors are sufficiently decoupled from
the AEI-SAS by the mirror suspensions (see section 4.1.3). The system
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Figure 24: Photograph of the AEI-SAS including the payload.
The figure shows the third AEI-SAS unit during characterization
of the improvements. It is suspended in the shaker stand. The
table top is placed on three fluorel pads (not visible). They are
placed on the intermediate plate. The corners of this structure
are visible in the photograph. They feature the upper part of a
vertical clamping structure (M8 bolts in the corners, below the
optical table).

Figure 25: Finite element model of the simplified AEI-SAS’s op-
tical bench. The figure shows the mode with the lowest resonance
frequency of the free optical bench. In reality, the structure is
supported by three fluorel pads. Compared to the stainless steel
structure these rubber pads are negligibly soft, thus, the system is
simulated without constraints in order to obtain its elastic modes.
The honeycomb-shaped plate structure inside the optical bench
stiffens it efficiently. Accordingly, the displayed mode has a reso-
nance frequency as high as 175Hz. That is in a frequency band
which is high enough for the optics to be sufficiently isolated by
the mirror suspensions.

is modeled without rigid constraints, since, in reality, the optical bench
is placed on soft fluorel pads (see section 12). At high frequencies the
stiffness of the pads is negligible.
Those fluorel pads are placed on top of the intermediate plate, which

itself is rigidly connected to the GAS-filter’s keystones. In the original
design, the optical table and the intermediate plate were rigidly con-
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nected. In order to decouple the spring-box from the payload, this rigid
connection was replaced by fluorel pads. Furthermore, the relatively soft
intermediate plate is damped and decoupled from the payload by this
rubber stage. This is discussed in more detail in chapter 11.

Figure 26: Finite element modal analysis of the intermediate
plate. The figure shows the mode shape of the intermediate plate’s
6 internal resonances with a resonance frequency below 50Hz. The
structure is supported by 6 sets of springs (compare to figure 118).
The three sets of springs connected to the bottom side of the struc-
ture represent the GAS-filters stiffness matrix, the three connected
to the upper side represent the fluorel stage stiffness matrix. The
parameters of these matrices are derived in section 11.2.2 and 12.1.
The colors in the picture represent the relative displacement from
no displacement (blue) to high displacement (red).
For each of the displayed mode shapes the fluorel pads are de-
formed during the oscillation. Thereby these modes should be suf-
ficiently damped. Thus, they were not identified experimentally,
yet.

The intermediate plate is included in the AEI-SAS design to support
the tilt stabilization. This subsystem’s purpose is to prevent the AEI-
SAS from instability in pitch and roll (rx and ry). The fundamental
resonance frequencies of those degrees of freedom are strongly depen-
dent on the payload’s moment of inertia, e.i. its vertical mass distri-
bution. Since the AEI 10m prototype is designed for being a versatile
testbed for varying experiments, the tilt stabilization should account
for a potentially relatively high moment of inertia.
Due to its large horizontal dimensions and low thickness, the inter-

mediate plate is relatively soft and its eigen-resonances are a potential
hazard for the AEI-SAS performance. Figure 26 shows a finite element
simulation of the intermediate plate’s 6 lowest frequency bending modes
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which are in a band between 15Hz and 50Hz. Also above 50Hz there
are numerous bending modes which are not shown here. The plate is
constrained by a set of springs which represent the GAS-filter and the
fluorel pads. In this simplified simulation those springs interconnect
the intermediate plate to a spring-box plate and a tabletop plate. The
modeled geometry is discussed in more detail in section 12.2.
A significant simulation of the original AEI-SAS design, where the

optical bench was directly placed on top of the intermediate plate, is
hardly possible since the contact points to the optical table are not well
defined, yet have a strong influence on the mode frequency. It is likely
though, that intermediate plate modes limited the old design’s isolation
performance. The intermediate plate modes, however, have not been
identified in the AEI-SAS’s performance, not in the original design nor
in the new setup. In the old design they might have been covered by
high amplitude horizontal and vertical spring-box modes (see chapter 11
and 11.3). In the new design, the fluorel pads dissipate the energy of
the intermediate plate modes. The resonances are strongly therefore
damped. However, they might be visible in the third AEI-SAS unit,
where the vertical spring-box modes are shifted to higher frequencies.
If intermediate plate modes will become harmful in any way they can
easily be damped by installing additional soft but lossy springs between
the corners of the table top and the intermediate plate.

5.2 sensors and actuators

The AEI-SAS provides passive vibration isolation for the payload above
its fundamental resonance frequencies. Additionally, several sensors and
actuators are installed in the system to sense and control the payload
position actively. Furthermore, the three translational degrees of free-
dom of the ground motion are sensed by a commercial Streckeisen STS-
2 triaxial broadband seismometer [122]. It is located on the laboratory
floor next to the central tank of the AEI 10m prototype vacuum cham-
ber. The various inertial and relative in-vacuum sensors and the actu-
ators are briefly discussed in this section. The location of sensors and
actuators in the AEI-SAS are shown in figure 20.

5.2.1 Geophones

Three commercial geophones, arranged in a triangle, sense the inertial
vertical payload motion. Geophones are in principle damped harmonic
oscillators. The device’s frame velocity with respect to the test mass
is red out by converting mechanical motion into an electrical signal.
This is depicted in figure 27. A mass (blue) is mounted on a spring, in
parallel to a damping unit. A magnet (red) is connected to the mass. It
is moving inside a coil (green), inducing a current proportional to the
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Figure 27: Simplified illustration of a geophone. The velocity of
a damped harmonic oscillator with respect to the device’s frame is
measured by a contactless magnet (red) coil (green) configuration.
The induced current is read out by electronics (purple). This way
the frame’s velocity can be measured with respect to an, at high
frequencies, approximately inertial reference.

relative velocity. The current is converted to a voltage by the readout
electronics (purple).
In the original AEI-SAS configuration, L-22D geophones were used as

vertical inertial sensors. However, due to their better performance, the
AEI-SAS was equipped with additional L-4C geophones. Both types
of geophones are products from Sercel [123]. The performance of the
geophones was measured in huddle tests and the results were published
in ref. [108]. Figure 28 shows a comparison of both geophone’s sen-
sitivities. It is clearly visible, that over the whole frequency band of
interest (0.01Hz to 100Hz) the L-4C performs better than the L-22D.
The L-4Cs is successfully used for vertical and tilt inertial control of
the AEI-SAS (see section 16).
Both types of geophones are not made for the use of a clean vacuum

environment, therefore they have to be housed in airtight envelopes. A
custom made housing was designed for the new L-4C geophones. It is
much lighter than the old design for the L-22Ds and it can easily be
retrofitted to the optical tables without major reconstructions [124].

5.2.2 Accelerometers

Three custom made, monoaxial accelerometers sense the inertial hori-
zontal motion of the system. They are placed close to the edges of the
spring-box. As well as the other sensors the accelerometers are arranged
in an equilateral triangle.
In principle, an accelerometer is a low resonance frequency driven

harmonic oscillators. It is designed as a folded pendulum, where a test
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Figure 28: Geophone noise curve. This figure shows the perfor-
mance of L-22D (blue) and L-4C (red) geophones, measured in a
huddle tests. The solid black line represents the theoretical L-4C
noise floor model. It is limited by Johnson noise and the voltage
noise of the operational amplifier. The amplitude of these two
noise contributions is almost equal over the regarded frequency
band.
The L-22D performance is limited by operational amplifier voltage
noise and Johnson noise at low and high frequencies. Around its
resonance frequency (2Hz) thermal suspension noise is limiting.
The L-22D noise model is represented by the dashed black line.
This figure is taken from [108].

mass with a tunable center of mass is on one side suspended from a
pendulum, on the other side it is supported by an inverted pendulum.
By adjusting the horizontal position of the test mass’s center of mass
the pendulum or the inverted pendulum gains larger influence and the
fundamental resonance of the system is increased or decreased. The
AEI-SAS accelerometers are tuned to approximately 0.3Hz. This is
a good compromise between a high sensitivity, due to a low resonance
frequency, and a reasonably stable system. The test mass position is red
out by miniature LVDTs. They have a higher sensitivity and a smaller
dynamic range as the relative payload sensors discussed in section 5.2.3.
This reduced measurement amplitude is tolerable since the motion of
the system is controlled by feeding back the LVDT signal to a voice-coil
actuator. The feedback signal is processed by a digital CDS (Control
and Data acquisition System) controller.
The AEI-SAS accelerometers’ mechanical design is similar to the

monolithic accelerometers used in TAMA300 [120]. A photograph of
the device is shown in figure 29.
The sensitivity of the AEI-accelerometers is currently being analyzed.

Preliminary experimental results suggest that the AEI-SAS active iso-
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Figure 29: Photograph of an AEI-SAS accelerometer. A test
mass is suspended on the left by a pendulum and it is supported
on the right by an inverted pendulum structure. Such a type of
suspension is referred to as Watt’s linkage. The whole geometry is
cut from one piece of aluminum in order to reduce the pendulum
and inverted pendulum flexure’s thermal noise. The bronze piece
bolted to the test mass is for adjusting its center of mass hori-
zontally and thereby tune the fundamental resonance frequency
of the system. LVDT, actuator magnet, and coils are mounted to
the payload and the frame from the side. They are not visible in
this photograph.

lation performance is limited by the noise floor of the accelerometers’
noise floor [125].
Due to the limited performance of the accelerometers, it is planned

to install a set of three horizontal L-4C geophones in each isolation
platform. They have a sensitivity comparable to the vertical L-4Cs
(see figure 28).

5.2.3 Relative motion sensors

The relative displacement of the payload with respect to the ground is
measured by Linear Variable Differential Transformers (LVDTs) [126].
They are monoaxial contactless displacement sensors with a dynamic
range of about 20mm and a sensitivity of 8 nmHz−1/2 [24]. An LVDT
consists of two coaxial coil systems, an inner excitation coil, and two
rigidly connected outer sensing coils. The excitation coil is driven with a
15 kHz sine wave and thereby generates a magnetic field. The excitation
coil is bolted to the payload, the sensing coils are fixed to the ground.
The two sensing coils are electrically connected in series and wound

in opposite directions. Thereby the currents in the two coils induced by
the excitation coil’s magnetic field cancel each other out if the excitation
coil is centered between the two sensing coils. If the coils shift against
each other along their common axis a sensing signal proportional to
the relative displacement is induced in the sensing coil pair.
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Figure 30: Section view of a horizontal (left) and a vertical (right)
LVDT-actuator pair. The top of the horizontal LVDT-actuator
system is bolted to the lower spring-box plate, the bottom part is
fixed to the baseplate. The gray upper part of the vertical LVDT-
actuator system is the GAS-filter’s keystone. The bottom part is
bolted to the lower spring-box plate.

The AEI-SAS is equipped with three horizontal and three vertical
LVDTs. The horizontal LVDTs’ excitation coils are rigidly connected
to the lower spring-box plate, the sensing coils are fixed to the base-
plate. Seen from the vertical central axis of the AEI-SAS they are lo-
cated right behind the IP-legs. The sensing coils of the vertical LVDTs
are bolted to the bottom of the GAS-filter keystones. The actuation
coils are connected to the lower spring-box plate. This way they are de-
coupled from horizontal differential ground-payload motion. Figure 30
shows a section view of a horizontal and a vertical LVDT.

5.2.4 Voice-coil actuators

Each LVDT is co-located with a voice-coil actuator, as shown in fig-
ure 30. This way the feedback signals act on payload contactless and
with low noise. Each actuator consists of an actuation coil and a mag-
netic steel structure, magnetized by a set of neodymium magnets. The
actuation coil is connected to the baseplate, the magnetic structure is
connected to the lower spring-box plate in case of the horizontal actu-
ator. The vertical actuation coil is wound on the same structure as the
LVDT’s excitation coils. As mentioned above, this structure is bolted
to the keystone. The vertical actuator magnet structure is connected
to the lower spring-box plate. The basic principle of the actuators is
described in ref. [127]. The vertical actuators provide a force of 7NA−1,
the horizontal provide 5NA−1 [24]. The maximum current of the hori-
zontal coils is approximately ±0.07A. Accordingly, the maximum force
in this direction is 0.3N. In the vertical direction, the maximum current
is approximately 0.2A and the maximum force is accordingly 1.4N per
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actuation coil. This way the dynamic range is approximately ±500µm
in the transversal directions.

5.2.5 Motorized springs

Additional to the very precise voice-coil actuators, which have a rel-
atively low dynamic range, the AEI-SAS is equipped with a set of
motorized spring actuators. They have a large linear dynamic range of
the order of millimeters and are used for rough pre-positioning of the
payload. With these actuators, small mass changes of the payload or
thermal drifts can be compensated.

Figure 31: Technical drawing of the vertical (left) and horizontal
(right) motorized springs. The horizontal motorized spring illus-
tration includes a clamping structure (green) interconnecting the
spring-box connection plate (also green) and the stepper motor
mount (brown). This component is only installed during installa-
tion of the motorized springs. It is removed when the system is
operated.

As shown in figure 31 the vertical motorized springs are soft blade
springs mounted on a sled. The sled is shifted vertically by rotating a
threaded rod. A vacuum compatible stepper motor drives this threaded
rod. Stepper motor and threaded rod are mounted between the spring-
box plates. The tip of the bent blade spring is connected to the inter-
mediate plate. Since the blades mechanically shortcut the GAS-filters
they are designed to be very soft. Reducing the dummy mass on the
table top compensates for the additional force between spring-box and
payload.
The horizontal motorized springs are designed in a similar way.

Here the additional force, however, cannot be compensated by a mass
change. Two blades are therefore mounted symmetrically to a plate
which is bolted to the lower spring-box plate. In the horizontal motor-
ized springs, the blade tips are mounted on a sled driven by a stepper
motor. This part of the structure connects rigidly to the baseplate.
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These blades are furthermore relatively soft to reduce mechanical
shortcutting.
Both, horizontal and vertical motorized springs feature eddy current

damping units in order to mitigate the effect of the blade spring’s in-
ternal resonances.
Three horizontal and four vertical motorized springs enable payload

positioning in six degrees of freedom at DC. Seen from the AEI-SAS’s
center the horizontal motorized springs are located in front of the
LVDT’s, in one line with IP-legs and the LVDTs. The vertical motorizes
springs are situated in the four corners of the optical table.
The stepper motors are operated separately from the AEI-SAS’s feed-

back system. The relatively noisy stepper motors would compromise the
AEI-SAS’s performance. However, after the payload position has been
roughly aligned, the voice coil actuators are taking over fine adjustment.
The stronger motorized springs are than only needed if environmental
changes, as for instance temperature fluctuations, change the system
strongly.



6
PASS IVE V IBRATION ISOLATION

Vibration isolation techniques can be divided into two groups: active
isolation and passive isolation. Active isolation is based on measuring
and actively counteracting the payload motion. Passive isolation sys-
tems make use of the principle of mechanical harmonic oscillators and
their second order low pass behavior. The AEI-SAS employs both pas-
sive and active isolation. As summarized in chapter 5, active isolation
minimizes payload motion below and at the fundamental AEI-SAS res-
onances. At higher frequencies, the system attenuates ground motion
purely passively. Various other systems using these techniques are de-
scribed in chapter 3. In this chapter, the principle of passive isolation
is introduced.

6.1 the harmonic oscillator as a mechanical passive
isolator

A simple mechanical harmonic oscillator ideally consists of a spring
and a mass. A force is acting on the mass through a spring. This force
is proportional to the displacement of the mass with respect to the
system’s equilibrium position. If the spring is on one end connected to
the ground, which is moving with ~xg, and on the other end to the mass,
which is moving with ~x, the force acting on the mass is

~Fosc = −k(~x−~xg) . (9)

In case of a pendulum and a spring-mass system, the restoring force can
be provided by gravity [128]. Figure 32 shows a more comprehensive
model of a one-dimensional mechanical harmonic oscillator. It includes
both, viscous damping and structural damping. The viscous damping
force is proportional to the velocity. In this case, it is represented by a
dashpot between ground and mass. Energy dissipation due to internal
friction in the spring material is usually referred to as structural damp-
ing. The phase lag of the mass motion x with respect to the ground
motion resulting from the internal loss in the spring material can be
described as iφ, the imaginary part of the complex spring constant
ks = k(1+ iφ). The structural damping is frequency independent and
is defined as the phase angle in radians. The resulting force from this
inelasticity is proportional to the spring deflection and is in phase with
the velocity [3].
Owing to the fact the AEI-SAS is operated in vacuum conditions,

the energy dissipation is dominated by structural damping. viscous
damping, nevertheless, plays a role when the vacuum system is vented

71
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and, more importantly, in the active control, which is based on velocity
damping (See chapter 16).
The equation of motion of a damped, one-dimensional harmonic os-

cillator is

Fosc = mẍ = −ks(x− xg) − γ(ẋ− ẋg) , (10)

where γ is the viscous damping coefficient.

6.1.1 Transmissibility of an harmonic oscillator

The capability of passive vibration isolation of mechanical harmonic
oscillators is best displayed as the transmissibilty of ground motion to
mass motion. It follows from the Fourier transform of equation 10

ω2x̃−
(
ω20(1+ iφ) + i

γ

m
ω
)
(x̃− x̃g) = 0 (11)

as

T(ω) =
x̃

x̃g
=

ω20(1+ iφ) + i
γ
mω

ω20(1+ iφ) −ω
2 + i γmω

, (12)

where ω = 2πf is the angular frequency1. The spring constant k and
the mass m are substituted with the resonance frequency

ω20 =
k

m
. (13)

Figure 33 shows the amplitude and phase of the transmissibility with
dominant structural damping (red, yellow, purple and green) and dom-
inant viscous damping (blue). Both cases clearly show that above the
resonance frequency, the motion of the mass falls off rapidly with re-
spect to the ground motion. This is the isolation frequency band of a
harmonic oscillator. The mass follows ground motion at frequencies far
below the resonance frequency of the mass. At the resonance frequency,
the amplitude depends on the damping factor. If the damping is low,
the maximum amplitude of the oscillation is approximately equal to
the mechanical quality factor Q. For a purely viscous damping, it is

Qv =
mω0
γ

, (14)

for a purely structural damping it is

Qs =
1

φ
. (15)

1 Here the theory is derived using the more general angular frequency ω. For the
description of experiments it is more convenient to use the ordinary frequency f.
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Figure 32: One-dimensional harmonic oscillator. A mass is sus-
pended from a spring with a spring constant and structural damp-
ing. In parallel a dashpot is damping the oscillation.

The harmonic oscillator is critically damped with Q = 1/2 and over-
damped with Q < 1/2. In those cases, the suspended mass motion does
not exceed the ground motion at the resonance frequency.
The transmissibility of the structurally damped harmonic oscillator

rolls of with ω−2 above the resonance frequency, whereas the viscously
damped system’s transmissibility bends up to aω−1 slope at the corner
frequency

ωv = ω0Qv . (16)

This is due to the dashpot configuration shown in figure 32, which
damps the mass against the moving ground. At high frequencies, i.e.
high velocity, the damping force is high and motion is coupled through
the dashpot onto the mass. A dashpot in between the mass and some-
thing inertially quiet would keep the second order filter properties of a
free harmonic oscillator while reducing the resonance amplitude. The
inertial control, discussed in chapter 16, makes use of this technique.
The lower plot in figure 33 represents the phase lag between suspen-

sion point motion and mass motion and can be written down as the
angle between the real and the imaginary part of T from equation 12:

Φ = arctan
Im(T)

Re(T)
(17)

Below the resonance frequency, suspension point and mass are moving
approximately in phase. At the resonance, the phase lag is −90◦ and
falls off to −180◦ at high frequencies for an undamped harmonic oscil-
lator. The phase of a viscously damped oscillator approaches −90◦ in
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Figure 33: Amplitude and phase of the transmissibility of a
damped harmonic oscillator from suspension point motion to pay-
load motion (compare to equation 12). The blue line represents a
purely structural damped system (φ = 0.2, γ = 0), whereas the
other lines show the transmissibility of viscously damped systems
(φ = 0). An overdamped (green), a critically damped (purple),
and two underdamped systems (red and yellow) are plotted in
this figure.

the frequency band where the viscous force dominates over the spring
force.

6.1.2 Frequency response of a harmonic oscillator

In the model, discussed above, the damped harmonic oscillator was
actuated by ground motion through the spring. If it is driven by an
external force Fext, which is acting directly on the mass, and the motion
of the mass is dominated by this force and not by the ground motion,
the equation of motion is

mẍ = Fext − ksx− 2πγẋ . (18)
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Figure 34: Amplitude and phase of the frequency response func-
tion of a driven harmonic oscillator (equation 19). The response
function is plotted for a structurally damped oscillation (dashed
blue line) and 4 viscously damped cases (compare to figure 33).

The resulting frequency response function is defined similarly to the
transmissibility function and derived from the Fourier transform of
equation 18 as

R(ω) =
x̃

Fext
=

1

ω20(1+ iφ) −ω
2 + i γmω

, (19)

Where the parameters are derived in the same way as for equation 12.
Unlike the amplitude of the transmissibility, the amplitude of the fre-
quency response rolls of with ω−2 for structural and viscous damping.
Accordingly the phase converges towards −180◦. Figure 34 shows the
phase and amplitude of R(ω) for the same viscous and structural damp-
ing factors as it is shown in figure 33.

6.1.3 Maximum amplitude versus resonance frequency

While the maximum of the frequency response function of an undamped
harmonic oscillator coincides with the resonance frequency ω0, it de-
creases below it for viscously damped systems. The location of the max-
imum of purely structural damped systems, however, is independent of
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the damping factor. The maximum frequency ωmaxR as a function of
the quality factor Qv is
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Figure 35: Normalized frequency of the maximum of the fre-
quency response and the transmissibility amplitude as a function
of the quality factor. The frequency with a maximum amplitude
of a viscously damped oscillator ωmaxT and ωmaxR varies from the
resonance frequency ω0. At a quality factor of Qv =

√
1/2 the

amplitude maximum of the frequency response is 0. Below that
value the frequency response amplitude is strictly decreasing. The
transmissibility maximal amplitude frequency is higher than the
one of the frequency response. It exist also for critical and over-
damped harmonic oscillators. The two plotted lines correspond to
equation 20 and equation 21.

ωmaxR =

√
Q2v − 1

2

Qv
ω0 . (20)

Figure 35 illustrates this relation. It shows, that for a high quality factor
the frequency response amplitude’s maximum is approximately equal
to the resonance frequency, whereas it decreases to ωmaxR = 0 at a
quality factor of Qv =

√
1/2.

Unlike the frequency response amplitude, the transmissibility ampli-
tude has a maximum for all quality factors Qv > 0. The frequency of
the maximum ωmaxT is derived from the absolute value of equation 12.
It is

ωmaxT = Qvω0

√√√√√1+ 2

Q2v
− 1 . (21)



7
INVERTED PENDULUM LEGS

As briefly discussed in chapter 5, the horizontal passive isolation of
the AEI-SAS is based on three Inverted-Pendulum (IP)-legs. Their ad-
vantage over conventional horizontal isolation systems, such as regular
pendular, is that extremely low resonances can be achieved with a very
compact system.
Each IP-leg consists of an aluminum tube, which is resting on a

cylindrical flexure, connecting the leg to the ground (see figure 36).
This lower flexure provides a restoring force of the IP-leg. The vertical
stage of the AEI-SAS is suspended by a thin flexure from the top of
the aluminum tube. This upper flexure simply functions as a joint.
The name ‘inverted pendulum’ might be misleading since unlike a

common inverted pendulum the IP-legs are stable systems. The in-
verted pendulum effect is rather used to counteract a flexure’s restor-
ing force and therefore tune the IP-leg close to instability, i.e. to a low
resonance frequency.
A key component of the improved AEI-SAS, described in this work,

is the new symmetric IP-legs. In this chapter, the design of the old
IP-legs is described. They are installed in the first two AEI-SAS units
and their geometry is similar to the IP-legs used in related systems
such as Virgo’s EIB-SAS, the Superattenuator or the KAGRA-SAS (see
chapter 3). The symmetric IP-legs are designed for the third, improved
AEI-SAS unit. They are described in chapter13.

7.1 working principle of the ip-leg

The goal of passive seismic isolation systems in the field of gravitational
wave physics is to achieve very low resonance frequencies in order to
obtain low frequency seismic attenuation. The fundamental resonance
frequency of a regular pendulum depends on the length of the pendulum
wire. To achieve a resonance frequency of 0.1Hz, a pendulum length
of approximately 25m would be required. Such dimensions are hardly
feasible in a regular lab space. A better alternative for a horizontal
low frequency isolator is IP-legs. They are much more compact than
a regular pendulum (the AEI-SAS’s IP-legs are approximately 0.5m
high), can carry a high-mass payload and their resonance frequency
can be tuned below 0.1Hz.
The IP-legs can be described as a combination of a spring component

and an adjustable anti-spring component. The restoring force of the
spring is given by the lower flexure, the anti-spring force originates from
gravity acting on the payload (see figure 36). If the mass of the payload

77
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Figure 36: Simplified IP-leg: A rigid rod is supporting the pay-
load. A flexure on the bottom of the rod is providing the restoring
force and preventing the system from falling over. The restoring
force resulting from the lower flexure is shown in green, the force
resulting from gravity is shown in yellow. A very low resonance
frequency can be achieved by increasing the payload mass M until
the system is almost instable.

is too high, the anti-spring dominates the system and it becomes the
eponymous unstable inverted pendulum.

7.1.1 Fundamental resonance of the IP-leg

The principal of the horizontal stage is best described in a simplified
two-dimensional model of a single IP-leg [129]. The leg, carrying a point-
mass-payload, is assumed to be mass-less. Furthermore, the length of
the flexure is assumed to be 0 hence the pivot point of the system is
right above the ground. The fundamental resonance frequency of the
IP-leg can be derived from the equation of motion of the payload which
is derived in the following.
The torque on the leg caused by the lower flexure’s angular stiffness

κ is:

τ = −κϕ , (22)

where ϕ is the displacement angle of the IP-leg. The resulting force on
the payload is

Fflex = −
κϕ

l
, (23)
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with l being the length of the IP-leg. The inverted pendulum force Fg is
counteracting the flexure force and is the projection of the gravitational
force acting on the payload

Fg =Mg sinϕ , (24)

Where M is the payload mass and g is the gravitational acceleration.
The equation of motion of the payload follows as

Mẍ = Fg + Fflex . (25)

The angular displacement of the IP-leg can be approximated to a small
angle with ϕ ≈ sinϕ = x/l. Inserting this in equation 25 leads to

ẍ =
(g
l
−

κ

Ml2

)
x . (26)

From equation 9 and 13 the resonance frequency fIP of an IP-leg can
be derived to

fIP =
1

2π

√
κ

Ml2
−
g

l
. (27)

Figure 37 shows a plot of the resonance frequency as a function of the
payload mass. Below 100mHz the slope decreases strongly. An IP-leg
tuned to this frequency range is very sensitive to mass change and can
become instable due to a small mass mismatch. That is one reason why
the horizontal resonance frequency of the AEI-SAS is tuned only down
to 100mHz.
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Figure 37: IP-leg fundamental resonance frequency as a function
of the payload mass.
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7.1.2 Maximum load of an IP-leg

Parameter Value Description

lleg 0.4335m length of the rigid part of the IP-leg

E 186GPa Young’s modulus of maraging steel
[70]

lflex 0.06m length of the IP-leg’s lower flexure
[24]

dflex 0.0108m thickness of the IP-leg’s lower flex-
ure [24]

luflex 0.025m length of the IP-leg’s upper flexure
[24]

duflex 0.003m thickness of the IP-leg’s upper flex-
ure [24]

κ 2070Nm angular stiffness of the IP-leg [24]

Table 5: IP-leg parameters (compare to figure 36).

Equation 27 shows that by increasing the payload mass, the reso-
nance frequency decreases down to a point where fIP = 0Hz and the
system becomes instable. The maximum mass that can be stably sup-
ported by an IP-leg is

Mmax =
κ

gl
. (28)

To calculate the maximal load that can be supported by the vertical
stage of the AEI-SAS, the angular stiffness and the IP-leg length need
to be determined. The realistic geometry of the IP-legs is discussed in
section 7.1.6. The angular stiffness of the lower flexure can be approxi-
mated as the angular bending stiffness of a cylinder,

κ =
EIy

lflex
=
Eπd4flex
64lflex

≈ 2070Nm , (29)

with the moment of inertia of a cylinder Iy = πd4/64 [130] and the
parameters from table 5.
In the simplified IP-leg model the effective length does not coincide
with the realistic length of the rigid leg. The effective length of the IP-
leg is the distance between the point where the horizontal force induced
by the payload is acting on the upper end of the leg and the bending
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point of the lower flexure. This bending point can be deduced from
the Euler-Bernoulli beam theory, which states, that the deflection of a
beam follows

d2w

dz2
= w ′′(z) = −

Mb(z)

EI
, (30)

where w ′′(z) is the second derivative of the deflection of the beam w(z)

at the position z.Mb(z) is the bending moment along the beam and I is
the moment of inertia of the beam’s cross section perpendicular to the
z-axis. The lower flexure is assumed to be a one-dimensional cantilever
beam, fixed at its lower end (z = 0) and bend by a force Fb acting
horizontally on the upper end of the flexure (z = lflex). The deflections
are assumed to be small and the cantilever length is assumed to be
much longer than its cross section dimensions. The bending moment
of such a configuration is Mb(z) = Fb(z − lflex) [131]. After integrat-
ing equation 30 and inserting the boundary conditions (w(0) = 0 and
w ′(0) = 0) it leads to the bending curve

w(z) =
Fbz

2(3lflex − z)

6EI
. (31)

The vertical position of the bending point of the IP-leg follows as

zb =
1

3
lflex . (32)

zb is the vertical component of the intersection of the z-axis and the
tangent line of w(lflex).
The upper flexure is only 25mm long and stressed in tension, thus,

the point where the payload force is acting on the IP-leg can be assumed
to be at the contact position between upper flexure and the IP-leg cap
(compare to figure 44). The total effective IP-leg length is

l = lleg +
2

3
lflex = 493.5mm , (33)

where lleg is the length of the rigid part of the IP-leg, namely the
length of the aluminum tube, the upper foot of the lower flexure, and
a part of the IP-leg cap. Inserting these values in equation 28 results
in the maximum payload mass per IP-leg to be Mmax = 428 kg. The
payload mass for the whole AEI-SAS with three IP-legs is accordingly
1284 kg. This value differs from the estimation in ref. [24], due to a
more precise way of obtaining the IP-leg length. The real AEI-SAS
is obviously not loaded to the maximum payload mass, which would
result in an unstable system. When comparing this very simple model
to the real payload mass, not the maximum mass but the mass of a
system with a resonance frequency of approximately 0.1Hz needs to
be regarded. According to equation 27, three IP-legs support 1258 kg.
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This differs only approximately 2% from the payload mass of the real
system shown in table 4.

7.1.3 IP-leg with finite mass

The calculations above describe a highly simplified model of the IP-leg.
The leg itself is assumed mass-less, and the center of mass (CoM) is
the geometrical center of the payload. For small deflections, this system
is described by a simple harmonic oscillator (see section 6.1). As it is
shown in this and the following sections, by taking the mass of the IP-
leg itself into account, its high frequency isolation performance differs
from the one of a simple harmonic oscillator.

Parameter Value Description

l 0.4935m effective length of the IP-leg

M 419 kg payload mass which leads to a
fundamental resonance frequency
of 0.1Hz

m 0.2 kg IP-leg mass

I 4.06× 10−3 kg m2 moment of inertia about the cen-
ter of mass of the IP-leg

ϕ deflection angle of the IP-leg

x, z payload position

xl, zl position of the IP-legs’s center of
mass

x0, z0 position of IP-leg pivot point
(13 lflex above the flexure-ground
connection)

Table 6: Parameters for the simplified two-dimensional IP-leg
model.

The model sketched in figure 36 is described by the Lagrangian

L = K−U , (34)
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with the kinetic energy K and the potential energy U [132]. Those
energies can be described as

K = Kpayload +Kleg

=
1

2

(
M
(
ẋ2 + ż2

)
+m

(
ẋ2l + ż2l

)
+ Iϕ̇2

)
and

U = Upayload +Uleg +Uflex

=Mgz+mgzl +
1

2
κϕ2 .

(35)

The parameters used in this model are defined in tabel 6 and illustrated
in figure 36. The sketch shows, that the variables are constrained as
follows:

xl =
1

2
(x+ xg)

zl =
1

2
z

sinϕ ≈ ϕ =
x− xg

l

z = l cosϕ

(36)

Inserting this in K and U, and neglecting the vertical velocities due to
small deflections, gives

K =
1

2
Mẋ2 +

1

8
m(ẋ+ ẋg)

2 +
I

2l2
(ẋ− ẋg)

2

and

U = gl
(
M+

m

2

)
cos
(
x− xg

l

)
+
1

2
κ

(
x− xg

l

)2
.

(37)

Figure 38 shows a plot of the potential energy for different payload
masses. It illustrates that the potential is approximately parabolic
shaped for a stable loaded IP-leg (with the masses M4 and M5). M3

is the maximum payload mass (when omitting the IP-leg mass of m =

0.2 kg) for which the potential is flat around the equilibrium position
xg = 0. For higher masses the system becomes bistable. In reality, the
rising potential flanks caused by the quadratic behavior of Uflex do
not matter since the flexures would break due to the stress of such a
deflection.
The equation of motion of the payload of the massive IP-leg is derived

from the Euler-Lagrange equation

d

dt

∂L

∂ẋ
=
∂L

∂x
(38)
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Figure 38: Potential energy of an IP-leg: The figure shows plots
of equation 37 for varying payload masses.M3 represents the max-
imum Payload mass (compare to section 7.1.2). In this configura-
tion the potential is flat around the equilibrium position xg = 0.
For higher masses the system is bistable, for lower masses it is
stable. M4 is the theoretical payload mass by which a horizontal
resonance frequency of 0.1Hz is achieved.

(
M+

m

4
+
I

l2

)
ẍ+

(
m

4
−
I

l2

)
ẍg = −

( κ
l2

−
g

l

(
M+

m

2

)) (
x− xg

)
.

(39)

From the equation of motion the effective spring constant and the funda-
mental resonance frequency of the system can be deduced. Equation 39
can be written asMeffẍ = −keffx respectively ẍ = ω20x when the ground
motion is assumed to be xg = 0. The effective spring constant is then
calculated from

keff =
κ

l2
−
g

l

(
M+

m

2

)
(40)

and the fundamental resonance frequency

ω0 =

√
keff

M+ m
4 + I

l2

. (41)
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The moment of inertia of the IP-leg can be approximated to the moment
of inertia of a thin cylinder with I ≈ ml2/12 [130]. That assumption
simplifies the resonance frequency to

ω0 =

√
keff

M+ m
3

. (42)

Usually the mass of the IP-leg is small with respect to the payload
mass and the resonance frequency can be approximated as shown in
equation 27 with ω0 ≈ 2πfIP.
In order to obtain more information about the frequency dependent

behavior of a massive IP-leg, the transmissibility function is again con-
sidered. The Fourier transform of equation 39 leads to

(ω20 −ω
2)x̃− (ω20 +βhω

2)x̃g = 0 , (43)

with

βh =
m
4 − I

l2

M+ m
4 + I

l2

≈ 1
2

m

3M+m
. (44)

The transmissibility function is obtained directly from equation 43 as

TIP =
ω2n +βhω

2

ω2n −ω2
. (45)

Here the fundamental frequency ω0 can be replaced by the complex
natural frequency

ω2n = ω20(1+ iφ) (46)

to include energy dissipation through structural damping (see sec-
tion 6.1).
The amplitude and the phase of the transmissibility function are

shown in figure 39 (blue). It is compared to a simple harmonic oscillator
with the same structural damping factor (red dashed line).

The amplitude of T converges to |βh| (gray dashed line) for ω→∞.
In the case of an ideal harmonic oscillator with a massless spring or
suspension wire, βh equals 0. That means that at high frequencies the
node of the oscillation is at the position of the payload’s CoM thus it
is decoupled from the ground motion. This is discussed in more detail
in section 7.1.4.
The CoM of a harmonic oscillator with a suspension system hav-

ing finite inertia, however, is shifted in the direction of the suspension
point. Hence, at ω = ∞ the oscillator does not move around the pay-
load’s CoM but around a point between the CoM of the whole sus-
pension and the CoM of the payload, the Center of Percussion (CoP)
(see section 7.1.4 and [68, 121]). The transmissibility function reaches a
plateau with the value of |βh|, which is represented by the gray dashed
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Figure 39: Transmissibility of an IP-leg with finite mass com-
pared to a simple harmonic oscillator. Both models employ a struc-
tural damping factor of φ = 0.025. The transmissibility amplitude
of both models converges against |βh| at high frequencies (gray
dashed line). For the simple harmonic oscillator |βh| is 0 because
its spring is massless (see equation 44 and 45). Hence, the still
point of the high frequency oscillation is the CoM of the payload.
The isolation performance of a harmonic oscillator with a finite
spring mass is limited, since at high frequencies it oscillates about
a point between the CoM of the payload and the CoM of the leg,
referred to as the center of percussion.

line in figure 39. An IP-leg mass of m = 0.2 kg and a payload mass of
M4 = 419 kg lead to a high frequency isolation of

βh = 7.9× 10−5 . (47)

In reality a much lower isolation value is achieved (compare to [24]),
probably due to the inhomogeneous mass distribution of the IP-leg.
This explains the need of CoP tuning, discussed in section 7.1.5.

The corner frequency of the plateau is

ωc =
ω0√
βh

. (48)

The values used in this model lead to a corner frequency of

fc = 11.3Hz . (49)
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This is the intersection of the red dashed line and the gray dashed line
in figure 39.

7.1.4 The center of percussion effect

As we have seen in the previous section, the CoP effect limits the isola-
tion performance of massive harmonic oscillators such as the IP-leg or
the GAS-filter (see section 10.2.3) at high frequencies.
A simple way to understand the CoP effect is the picture of a simple,

two-dimensional, rigid beam which can rotate about a pivot point (see
figure 40 and [133]). The beam has a mass m, a length l and the pivot
point’s distance to the CoM is a. A force Fp acting perpendicular to
the beam through the pivot point causes the CoM to move with the
velocity vCoM. This force can be written as

Fp = mv̇CoM . (50)

Due to the beam’s inertia, the force also causes a rotation of the beam.
The corresponding torque with respect to the CoM is

τ = Fpa = Iω̇CoM , (51)

where I is the moment of inertia about the CoM and ωCoM is the
angular velocity. If the force would act on the CoM, the beam would
only translate, if it would act far away from the CoM the beam would
mainly rotate around its CoM.
The position on the beam, where the translational and the rotational

velocity cancel each other is referred to as the center of percussion which
is located at a distance b from the CoM1. It can be obtained by deriving
the velocity in each distance z from the CoM. It is the deviation of the
translational velocity vCoM and the velocity induced by the rotation
around the CoM vrot

vCoM =
1

m

∫
Fpdt

vrot = ωCoMz =
az

I

∫
Fpdt

vz =

(
az

I
−
1

m

) ∫
Fpdt .

(52)

The CoP is at the position b at which the velocity vz equals zero

b =
I

ma
. (53)

1 In the literature often the point where the external force is acting on the body
is called CoP. Since the two points are interchangeable and here the point where
the external force acts are fixed, and the force-free point is depended on the given
parameters, the latter point is called CoP
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Figure 40: Illustration of the center of percussion effect: A rigid
beam is fixed in a horizontally displaceable pivot point (green).
When a horizontal force acts on this pivot point the beams reaction
can be described by two motions: the CoM translates horizontally
and, due to the Inertia of the beam, rotates about the CoM. Those
two motions cancel each other in the CoP (red). The CoP can be
shifted upwards by extending the beam beneath the pivot point.
The CoP tuner of the GAS-filters and the IP-legs are working
similarly.

In the case of the IP-leg, the CoP should be shifted to the top end of
the beam, while the pivot point remains in position. For a beam with
uniform mass distribution, the mass density is ρ = m/l. That results
in a moment of inertia of I = ml2/12. In order to shift the CoP to the
top end of the beam, while keeping the distance R between the pivot
point and the beam’s top, the beam can be extended beneath the pivot
point as shown in figure 40. The required beam length is

lt =
3

2
R . (54)

If the force acting on the beam causes a horizontal, high frequency, the
sinusoidal motion of the pivot point, then, in first order, the beam is
rotating about the CoP. This decouples the pivot point motion from
the CoP motion.
In terms of the IP-leg, the shifting of the center of percussion can

certainly be solved more elegantly by changing the mass distribution
of the leg, instead of just increasing the length.
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7.1.5 Center of percussion tuning for the IP-legs

Parameter Value Description

Mcw variable counter weight mass

mbell 0.45 kg bell mass

lbell 0.172m height of the bell

lb1
0.1115m distance from pivot point of the

IP-leg to counter weight

lb2
0.062m distance from pivot point of the

IP-leg to effective CoM of the bell

mb2
0.117 kg effective mass of the bell

m∗ 0.236 kg effective mass of the leg

Ibell 1.8× 10−3 kg m2 moment of inertia of the bell

xcw, zcw position of the counter weight‘s
center of mass

xbell, zbell position of the bell‘s CoM

Table 7: center of percussion tuning parameters. (compare to
figure 42)

As previously described, the isolation performance at high frequen-
cies can be improved by modifying the mass distribution of the oscilla-
tor and shifting the CoM closer to the suspension point, thus, lowering
|βh|. In the case of the IP-legs, this is done by adding mass below the
pivot point (i.e. the lower flexure) of the leg on a bell-shaped structure
(see figure 44). The counter weight can be adjusted in increments of
137 g.
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Figure 41: Geometry and dimension of the CoP tuning struc-
ture. This figure shows the lower part of the IP-leg (compare to
figure 44). Illustrated are the dimensions used in the simplified
two-dimensional IP-leg model. These unintuitively appearing di-
mensions (l, lb1

, lb1
) and masses (m∗,mb2

) are chosen with respect
to the IP-leg’s pivot point, which is located at 13 of the flexure
height.

Adding the CoP tuning structure to the IP-leg model expands the
potential and the kinetic energy in equation 35 by four terms

Kcw =
1

2
Mcw(ẋ

2
cw + ż2cw)

Kbell =
1

2
mb2

(ẋ2bell + ż
2
bell) +

1

2
Ibellϕ̇

2

and

Ucw =Mcwgzcw

Ubell = mb2
gzbell

(55)
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with the constrains

xcw = xg −
lbell −

2
3 lflex − (8+ 12.5)× 10−3m

l
(x− xg)

=

(
1+

lb1

l

)
xg −

lb1

l
x

xbell = xg −
lbell −

2
3 lflex − 8× 10−3m

2l
(x− xg)

=

(
1+

lb2

l

)
xg −

lb2

l
x

zcw = (lbell −
2

3
lflex − (8+ 12.5)× 10−3m)cosϕ ≈ lb1

cos
(
x− xg

l

)
zbell =

1

2
(lbell −

2

3
lflex − 8× 10−3m)cosϕ ≈ lb2

cos
(
x− xg

l

)
.

(56)

All parameters can be found in table 12 and figure 41. The lengths lb1

and lb2
are taking in to account, that the bell is not connected to the

leg at the pivot point, but 23 lflex + 8× 10−3m above, due to geometrical
restrictions. lb1

is the length from the IP-leg’s pivot point to the CoM
of the counter weights and lb1

measures the distance between the pivot
point and the CoM of the reduced bell. The corresponding masses are
derived from the ratio of the lengths with

mb2
=
2lb2

lbell
mbell ≈ 0.117kg

and

m∗ = m+mbell −mb2
≈ 0.236kg ,

(57)

where m∗ is the corrected mass of the leg.
The equation of motion following equations 38, 39 and 55 is modified

to be(
M+

m∗

4
+
I

l2
+Mcw

(
lb1

l

)2
+mb2

(
lb2

l

)2
+
Ibell

l2

)
ẍ

+

(
m∗

4
−
I

l2
−Mcw

lb1

l

(
1+

lb1

l

)
−mb2

lb2

l

(
1+

lb2

l

)
−
Ibell

l2

)
ẍg

= −

(
κ

l2
−
g

l

(
M+

m∗

2

)
−Mcwg

lb1

l2
−mb2

g
lb2

l2

)(
x− xg

)
.

(58)

Analogous to section 7.1.3 this leads to a transmissibility function

Tcw =
ωcw

n
2 +βcw

h ω
2

ωcw
n
2 −ω2

, (59)
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Figure 42: Illustration of the IP-leg with CoP tuner for the two-
dimensional analytical model. The locations of the Coordinates
of the single IP-leg components (payload, leg, CoP tuning bell,
counter weights) and the ground are illustrated as yellow dots.

where the parameters ωcw
n and βcw

h are dependent on the CoP tuning
with

ωcw
n =

√
kcw

eff
Mcw

eff
, (60)

Mcw
eff =M+

m∗

4
+
I+ Ibell

l2
+Mcw

(
lb1

l

)2
+mb2

(
lb2

l

)2
, (61)

kcw
eff =

κ

l2
−
g

l

(
M+

m∗

2
−Mcw

lb1

l
−mb2

lb2

l

)
(62)

and

βcw
h =

1

Mcw
eff

(
m∗

4
−
I+ Ibell

l2
−Mcw

lb1

l

(
1+

lb1

l

))
−

1

Mcw
eff

(
mb2

lb2

l

(
1+

lb2

l

))
.

(63)
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The fundamental resonance frequency is dominated by the payload
mass, and ωcw

n ≈ ωn, since the payload mass is usually much larger
than the bell mass, the counter weight mass and the leg mass. The CoP
plateau’s level βcw

h , however, is strongly dependent on the bell and the
counter weight mass.2

Figure 43: Amplitude of the transmissibility function of an IP-
leg with CoP tuning (equation 59). The transmissibility is plotted
for different tuning settings: Without any CoP tuning (red), this
curve is identical with the transmissibility in figure 39. By attach-
ing the 0.45 kg bell to the IP-leg, the CoP plateau decreases to
βh = 5.3× 10−5 (yellow). These systems are both undercompen-
sated. The ideal tuning is achieved with a counter weight mass of
approximately 79.6× 10−3 kg (light blue). Examples of good real-
istic tunings are shown in green and purple. A CoP plateau height
of 1.3× 10−5 is achieved with counter weight masses of 0.06 kg
and 0.1 kg. A strongly overcompensated system is shown in blue.
The drawings beneath the plot depict the CoR (orange dot) of
the IP-leg at different frequencies. Note that the amplitude of the
IP-leg’s payload is depicted equally for all frequencies for the sake
of visualization.

2 The values in table 12 and figure 43 and the equations presented in this section vary
from those shown in ref. [24] or [129]. That is because here the IP-leg length l is
measured from the pivot point in the lower flexure to the upper flexure whereas in
the literature the leg length was assumed to be the length of the aluminum tube.
The corresponding change in the length of the CoP tuner and mass ratios has a
noticeable influence on the horizontal stiffness and the transmissibility function.



94 inverted pendulum legs

Figure 43 shows the amplitude and phase of the transmissibility func-
tion for different counter weight masses, including two undercompen-
sated cases, the ideal tuning and three plots of an overcompensated
system. In the latter case, the amplitude of the transmissibility shows
an antiresonance between the resonance frequency and the CoP plateau.
As depicted in figure 43, this behavior can be explained by regarding
the z-position of the point the IP-leg is rotating around (here named
center of rotation (CoR)) as a function of the frequency. For frequen-
cies f << f0 the payload is moving in phase with the ground and the
amplitudes are approximately equal. In this case, the CoR is far below
the lower flexure. When the frequency is rising towards the resonance
frequency in an underdamped system the payload amplitude is much
larger than the ground motion. Thus, for f = f0 the CoR is slightly be-
low the pivot point in the flexure. The CoR converges against the CoP
at higher frequencies. In an undercompensated system the CoP is below
the payload and the ideally tuned CoP coincides with the CoM of the
payload. However, in the case of an overcompensated system, the CoP
is above the payload, which means, that, at a certain frequency, the
CoR coincides with the payload’s CoM. At this frequency, the system
is strongly decoupled from the ground motion and the transmissibility
forms a notch before it converges against |βh|. The notch frequency can
be derived from equation 59 and is

ωnotch =
ωcw

0√
−βcw

h
. (64)

Figure 43 illustrates that the CoP tuning structure itself already causes
a good isolation of |βh| = 5.3× 10−5. As shown above, for an undercom-
pensated system the CoP constant is βh > 0, for an overcompensated
system it is βh < 0 and βh = 0 is the ideal tuning. The ideal tuning
mass follows as

Mideal
cw =

l2m∗ − 6mb2

(
lb2
l+ 4

3 l
2
b2

)
6lb1

(l+ lb1
)

≈ 79.6× 10−3 kg , (65)

where the bell’s moment of inertia is approximated to be Ibell ≈
mb2

l2b2

3 .
Since the ideal counter weight mass Mideal

cw is relatively low, the wall
thickness of the improved IP-legs for the third AEI-SAS unit is chosen
to be thicker. This increases their vertical stiffness. The higher weight
can be compensated with a increase in counter weight (see section 13.3).

7.1.6 Geometry of the AEI-SAS’s IP-legs

The geometry of the IP-legs is shown in a CAD drawing in figure 44.
The upper and lower flexure is made fromMaraging C-250 steel (Marval
18 from [134]). The material was chosen because it combines very high
strength (1.94GPa ultimate tensile strength), very low creep, and a low
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loss angle, due to precipitation hardening, a technique to artificially
age the steel [24, 68, 69]. The lower flexure is bolted to a foot, which
is directly connected to the baseplate of the AEI-SAS. On the upper
end, the flexure is bolted to an adapter piece which is carrying the CoP
tuning bell and the leg itself a 438mm wide and 48mm thick aluminum
tube. It is designed to be much stiffer than the lower flexure in the
horizontal direction and at the same time lightweight. This is probably
a relict from earlier IP-leg designs since the CoP tuning structure could
compensate for heavier legs, as shown in section 7.1.5 and 13.3.
The spring-box is suspended from the top of the aluminum tube by

the thin upper flexures. Its contribution to the horizontal stiffness of
the IP-leg can be neglected and it is designed to serve as a joint be-
tween the leg and the horizontal stage. As discussed in section 11.3.1,
the upper flexure is relatively soft in the vertical direction, which leads
to unwanted low frequency vertical spring-box modes. The adapter part
between the upper flexure and the spring-box is a bell-shaped aluminum
structure. On its inside, it supports a set of magnets which reduce the
amplitude of higher order IP-leg body modes via eddy current damp-
ing [135].
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Figure 44: Section view of a single IP-leg. The whole leg is placed
on a foot, which is the connection to the AEI-SAS baseplate. The
dumbbell-shaped lower flexure is bolted on its lower end to the
food and on its upper end to the bottom of the leg. The leg itself
is an aluminum tube with 1mm wall thickness. The upper flexure
is suspended from a stainless steel cap on the upper end of the
aluminum tube. It is a 25mm long and 3mm thick maraging steel
cylinder with a nail head on the top and the bottom for connecting
it to the neighboring parts. The whole payload and the spring-box
are suspended from those three upper flexures. The upper spring-
box plate is resting on the rim of the upper bell. This bell is
supported by a stainless steel bar which is reaching through two
windows in the aluminum tube and is suspended from the upper
flexure. The upper bell serves the purpose of reducing the total
height of the AEI-SAS. The lower end of the IP-leg is surrounded
by the lower bell. This structure is used to tune the CoP of the
IP-legs. That is achieved, by loading it with counter weights.
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As discussed in chapter 7 the AEI-SAS’s IP-legs decouple the payload
from horizontal ground motion above the systems fundamental reso-
nance frequency of about 0.1Hz. However, not only horizontal ground

Figure 45: Photograph and CAD drawing of an AEI-SAS GAS-
filter. The photograph shows the GAS-filter during installation. It
is bolted on the lower spring-box plate and surrounded by stiff-
ening plates. The CAD drawing shows a sectional view of the
GAS-filter with the CoP compensators in brown and the stiffen-
ing posts in blue. The yellow structure in the center is for holding
the keystone (red) in position during installation. It is removed
when the GAS-filter is under load.

motion but also vertical ground motion couples into the interferometer
signal of, for instance, gravitational wave detectors or the AEI 10m
prototype’s SQL-interferometer.
Pitch and roll motion of the optical table is translated into horizontal

motion of the mirror since the suspension point is far above the rotation
axis 1. Vertical motion couples into the interferometer signal due to
the curved interferometer mirrors surface. The laser beams are also
not necessarily perfectly perpendicular to the vertical direction, which
increases the coupling. Cross coupling from pitch and roll motion to the
horizontal degrees of freedom in the mechanics of the AEI-SAS itself
furthermore limits the isolation performance (compare to section 9).
Hence, low frequency attenuation of vertical, pitch and roll ground
motion is crucial for high precision experiments.
The AEI-SAS’s vertical, pitch and roll isolation relies on three geo-

metric anti-spring (GAS) filters. As discussed in section 5.1, they are

1 The suspension cages are about half a meter high, mounted on top of the optical
table (see figure 16)

97
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housed in the spring-box, which is suspended from the three IP-legs (see
figure 20). A photograph and a CAD-drawing of an AEI-SAS GAS-filter
is shown in figure 45.
Whereas a regular vertical spring is elongated by about 5m to achieve

a resonance frequency of 300mHz, GAS-filters are very compact in all
three dimensions and can be tuned down to about 200mHz. Further-
more, they are able to support a high payload mass and can be made
from ultra-high vacuum compatible materials.
The feasibility of GAS-filters as vertical low frequency seismic noise

attenuators was first studied by Bertolini et al. [52] and a first GAS-
filter prototype was tested by Cella et al. [136]. Though the design was
improved with time the basic working principle remained and GAS-
filters are nowadays employed in many gravitational wave detectors in
different configurations, as discussed in chapter 3. Furthermore, GAS-
filters are also used in non-isolation applications such as nano-g MEMS
accelerometers [137]. Outside the field of gravitational wave physics,
high precision measurements require strong attenuation of vertical seis-
mic motion at low frequencies, too. GAS-filter based isolation systems
serve this purpose, for instance, to isolate atom interferometers [26,
138].

In this chapter, the working principles of GAS-filters are discussed
briefly. A more detailed discussion of the matter can be found in ref. [52]
or [79]. Furthermore, a short summary and discussion of recently oc-
curring incidents of GAS-filter blade cracking in systems similar to the
AEI-SAS are discussed. Hydrogen embitterment is believed to cause
those material failures [139].

8.1 working principle of the gas-filter

The basic concept of a GAS-filter is to use regular blade springs to
support the payload mass and reduce the resonance frequency by intro-
ducing a force acting against the direction of the regular spring force.
This principle was already used in Virgo’s magnetic anti-spring filters,
where a magnetic force is counteracting the blade’s spring force if the
payload deflects from the equilibrium position [48, 140]. Magnetic anti-
springs are very effective but require quite complex mechanics. They
are strongly sensitive to temperature changes since they are made from
components with different thermal behaviors. Furthermore, they re-
quire cumbersome tuning mechanisms and may induce unwanted cou-
plings to external electromagnetic fields [52].
The GAS-filter’s anti-spring force does not result from magnetism

but from a geometrical arrangement of blade springs which compresses
two opposing blades against each other. This introduces a force which
is counteracting the regular spring force. A linearized model of this
anti-spring effect is discussed in the following section.
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Figure 46: Simplified
GAS-filter assembly
sketch.
(a) The straight GAS-
filter blades (red) are
clamped to feet which
are mounted on the
baseplate. The blade
tips are bent down to
the center.
(b) The tips are bolted
to the keystone and
a dummy payload of
about 300 kg is sus-
pended from it.
(c) By shifting the blade
feet inwards the blades
are compressed against
each other. This intro-
duces an anti-spring
force and lowers the
GAS-filters resonance
frequency (compare to
figure 47).

The blades are manufactured flat and bent under load like a fishing
rod. Figure 46 depicts the process of how a GAS-filter is assembled.
This helps to understand the concept of the system:

• The blades are bolted to the rim of the filter’s baseplate.

• They are bent to a central keystone, which is interconnecting all
eight blades.

• For the assembly and tuning of the GAS-filter, a dummy mass
is suspended from this keystone (later the keystone supports the
AEI-SAS’s payload from below). This mass keeps the keystone at
its working point 2 and the blades bent.

• The vertical stiffness in this working point is now lowered by
compressing the blades against each other. The assembly of a
GAS-filter is described in more detail in the appendix C, the
GAS-filter tuning is described in section 10.2.

2 Here the distinction is made between the working point and the equilibrium position.
The equilibrium position is the vertical keystone position in which the vertical GAS-
filter force and gravity cancel each other. This position is naturally a function of the
payload mass (see section 8.1.2). The working point is the particular equilibrium
position in which the horizontal springs from the linearized GAS-filter model have
no vertical component (see section 8.1.1). This position is given determined by the
geometry.
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8.1.1 Linearized GAS-filter model

The principle of a GAS-filter can be understood by a simplified, lin-
earized model. However, in order to design a GAS-filter a deeper un-
derstanding of the blade geometry and properties is necessary. An ana-
lytical model of the blades has been developed by Cella et al [80] and a
detailed description of finite element analysis of the blade is discussed
in ref. [95].
For the work described in this thesis, only the linear behavior of the

GAS-filter around its working point is of interest. It can be described
as a payload massmp suspended from a vertical spring. Two horizontal
springs are connected to the mass. They are compressed against each
other [88].

Figure 47: Linearized GAS-filter model sketch. The GAS-filter
can be modeled as a set of springs. A vertical spring provides
the restoring force ~Fz (yellow arrow) which counteracts the grav-
ity force m~g. Two horizontal springs are compressed against each
other. The resulting forces ~F+z and ~F−z (light blue arrows) cancel
each other out when the payload is at its vertical working point
(left drawing). If the payload is deflected vertically the formally
horizontal springs force adds up to a vertical component, the anti-
spring force (dark blue arrow). This force counteracts the normal
spring force which is the sum of the yellow and the green arrow
(Fz −mg). This technique theoretically lowers the effective spring
constant of the system without lowering the payload mass - work-
ing point relation.
In the case in which the horizontal springs are compressed too
strongly the absolute value of the anti-spring force exceeds the
absolute value of the normal spring force and the system becomes
unstable.

Figure 47 shows a sketch of this two dimensional linearized GAS-filter
model. At the working point, where z equals zero, the spring force

~Fz = kz(zwp − l0z − z)~ez (66)

counteracts the gravity force −mg. Here ~ez is the uni vector in z direc-
tion. The parameters used in this calculation are listed in table 8. In



8.1 working principle of the gas-filter 101

Parameter Description

~Fz Vertical spring force

~F±x Horizontal spring forces

kx Horizontal spring constant

kz Vertical spring constant

keff Effective vertical GAS-filter spring constant

l0z Vertical spring’s rest length

l0x Horizontal spring’s rest length

zwp Distance between vertical spring’s suspension
point and the working point

xwp Distance between horizontal springs’ suspension
point and the working point i.e. length of the
compressed spring.

Table 8: Parameters used in the linearized GAS-filter model.

this position the two compressed springs act only horizontally and the
corresponding forces equal each other out. The force of the compressed
springs is

~F±x = kx

(
l0x −

z

sinϕ

)±cosϕ

sinϕ

 . (67)

The equation illustrates that if the payload is elongated from its equilib-
rium position this force has a vertical component. By substituting sinϕ
by z√

x2wp+z
2
the payload’s vertical equation of motion is accordingly 3

mz̈ = kz(zwp − l0z − z) + kx

 l0x√
z2 + x2wp

− 1

 z−mg
≈ kz(zwp − l0z − z) + kx

(
l0x

xwp
− 1

)
z−mg .

(68)

3 Here the horizontal stiffness kx represents the combined stiffness of both horizontal
springs. This way a factor 2, due to the two springs, can be omitted and the model
can be generalized to more than two springs in a three dimensional GAS-filter.
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With the small angle approximation sinϕ ≈ z/xwp the equation of
motion of a GAS-filter tuned to its working point is described (second
row of equation 68).
Equation 68 shows that in first order the GAS-filter behaves as a

harmonic oscillator with an effective spring constant of

keff = kz − kx

(
l0x

xwp
− 1

)
. (69)

Since the blades are compressed, l0x > xwp. Thus the second summand
of equation 69 is positive and keff is reduced by increasing blade com-
pression. This way the resonance frequency can theoretically be reduced
down to a point where the anti-spring stiffness component is equal to
or exceeds kz and keff equals or is less than zero (In reality material
properties limit the resonance frequency tuning).

Figure 48: Resonance frequency tuning of a GAS-filter. This
plot illustrates the compression accuracy necessary to tune the
GAS-filters resonance. For the desired f0 = 0.3Hz the blades are
only 0.2373mm less compressed than in the state where the GAS-
filter is getting unstable. Furthermore, the plot demonstrates that
a GAS-filter tuned to low frequencies is strongly susceptible to
compression changes as they can be obtained by deformation of
the baseplate or fluctuating temperature, as discussed below. The
values used for this simulation are shown in table 9.

For the values of the horizontal and vertical stiffness and the ver-
tical spring’s rest length, shown in table 9, the critical tuning, caus-
ing instability of the system, is achieved at a compressed blade length
of xc

wp = 0.2498m. Figure 48 illustrates the GAS-filter resonance fre-
quency tuning. At a compression length of xc

wp + 0.242× 10−3m the
desired resonance frequency of f0 = 0.3Hz is achieved.
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Parameter Value

kx 1.00× 106N/m

kz 1.01× 105N/m

m 300 kg

l0x 0.274m

xwp 0.249m

Table 9: Simplified GAS-filter model values. The numbers chosen
for the here presented model are estimates obtained from rough
measurements. The distances l0x and xwp were measured in a
realistic GAS-filter, tuned to 0.3Hz. The horizontal stiffness was
obtained from measurements of the horizontal spring-box modes.
kz is estimated from these values.

8.1.2 Mass dependance on the equilibrium position

In a regular spring-mass system the equilibrium position is directly
proportional to the payload mass. In the linearized GAS-filter model,
the vertical spring alone supports the payload if it is positioned at the
working point. However, if it is deflected from this position also the
horizontal springs support or push the payload and therefore influence
the system’s equilibrium position.
When tuning the GAS-filter to the desired resonance frequency its

behavior in terms of a variable payload mass is important. Furthermore,
this behavior is of interest when the AEI-SAS is equipped with optics
and they need to be leveled with respect to each other.
The influence of the payload mass on the equilibrium position can

be derived from equation 68. The payload mass is substituted by m =

m0 + ∆m, where m0 is the payload mass at the working point and
∆m is the change of payload mass. The distance between the vertical
spring’s suspension point and the working point is then

zwp =
m0g

kz
+ l0z . (70)

This leads to the equilibrium point equation

∆m(z) =

kx

 l0x√
x2wp + z2

− 1

− kz

 z
g

. (71)

Figure 49 illustrates equation 71 for different compression rates

K = 1−
xwp

l0x
. (72)



104 the geometric anti-spring-filter

-1 -0.5 0 0.5 1
Mass change [kg]

-10

-5

0

5

10

V
er

tic
al

 e
qu

ili
br

iu
m

 p
os

iti
on

 c
ha

ng
e 

[m
m

] K=0.0902
K=0.0909
K=0.0915
K=0.0918
K=0.0922

Figure 49: Vertical equilibrium position change as a function
of the payload mass change. The figure illustrates equitation 71
for three stable (blue, red and yellow) and two instable (purple
and green) GAS-filter blade compression states. The compression
K = 0.0918 corresponds to a critically compressed GAS-filter with
a resonance frequency of 0Hz, thus, the purple curve is vertical
in a small range around the working point. The red curve rep-
resents the desired 0.3Hz resonance frequency GAS-filter, with
a relatively wide linear dynamic range. The values used for this
simulation are shown in table 9.

A stable GAS-filter (blue, red and yellow curve) has a relatively large
linear range around the working point. This is favored in the AEI-SAS
since it simplifies inter-table alignment. For the critical compression of
K = 0.0918 (this is where the GAS-filters resonance frequency is 0Hz)
the equilibrium position-mass curve is approximately vertical around
the working point. The green curve represents the instabel, overcom-
pressed GAS-filter state.

8.1.3 Resonance frequency dependence on the equilibrium position

In practice, the vertical equilibrium position of the payload is not neces-
sarily kept at the working point, since the height of all three AEI-SAS
units need to be adjusted with respect to each other. Furthermore, an
experimental setup might require macroscopic position tuning in the
vertical direction.

As shown above, variations of the payload mass influence the equilib-
rium position linearly only in a defined range around the GAS-filter’s
working point. This range decreases with higher blade compression i.e.
with lower resonance frequency at the working point.
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The resonance frequency of a simple harmonic oscillator decreases
as the equilibrium position is lowered since it is inversely proportional
to the square root of the payload mass, which itself is proportional to
the oscillator spring’s deflection. However, the GAS-filter behaves dif-
ferently since the blade compression changes if the payload is displaced
away from the working point.
The resonance frequency’s dependence on the equilibrium position

can be estimated by

f0(z) =
1

2π

√
keff(z)

m0 +∆m(z)
. (73)

Here keff(z) is the equilibrium point dependent effective spring constant,
which can be written as the derivative of the vertical force acting on
the payload

keff(z) =
∂Fz

∂z

= kz − kx


 l0x√

x2wp + z2
− 1

+
l0xz

2(
x2wp + z2

) 3
2

 .
(74)

Equation 73 is illustrated in figure 50 for the same compression rates
shown in figure 49. If the keystone is moved below or above the working
point the resonance frequency rises since the compression of the blades
is reduced. By this means a GAS-filter tuned slightly to instability
at the working point (purple and green line) has a positive resonance
frequency when mass is reduced or added and thereby the equilibrium
position increases or decreases.

8.1.4 Temperature influence

The working point stability of the GAS-filter is crucial for high preci-
sion experiments, especially if these include inter-table measurements,
as it is the case for the single arm test, the SQL interferometer, and
the frequency reference cavity. Small dynamic changes of the payload’s
vertical position can be counteracted by the vertical actuators. An es-
timate of the GAS-filter’s thermal stability is necessary to evaluate
actuator force and temperature stability requirements.

8.1.4.1 Modeling the temperature influence

Temperature influences the GAS-filters equilibrium position in three
ways [52, 79]:

• The maraging steel’s Young’s modulus changes with temperature,
which influences the blades spring-constant linearly.
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Figure 50: Resonance frequency dependence on the equilibrium
position. The plots illustrate equation 73 for different blade com-
pressions K. The equilibrium position change described in this
simulation is caused by payload mass variations, as it is shown in
figure 49. The lowest resonance is achieved at the vertical work-
ing point. For a lower or higher payload position the resonance
frequency rises. The curves are slightly asymmetric and have a
higher slope at positive payload positions.

• The length of the blades changes with temperature, which
changes the compression rate.

• The GAS-filter’s baseplate dimensions are influenced by temper-
ature. That also influences the blade compression. It counteracts
the blade length change.

From equation 69, one can derive that the variation of the effective
spring constant is

dkeff

dT
=
dkz

dT
−

(
l0x

xwp
− 1

)
dkx

dT
−
kx

xwp

dl0x

dT
+
kxl0x

x2wp

dxwp

dT
, (75)

where d/dT is the temperature derivative.
For small temperature changes around room temperature, Young’s

modulus change and the material expansion are linearly approximated.
In the following, T is defined as the difference from room temperature.

The horizontal and vertical stiffness written as a function of the
temperature is

ki(T) = ki(0)(1+∆ET) . (76)
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The temperature dependent blade and baseplate length are accordingly

l0x(T) = l0x(0)(1+∆mT) (77)

and

xwp(T) = xwp(0)(1+∆aT) . (78)

The thermal correction coefficients ∆m, ∆a and ∆E are listed in table 10.
The resulting linearized effective spring constant change for small tem-
perature variations is

dkeff

dT
=

(
kz + kx −

kxl0x

xwp

)
∆E −

kxl0x

xwp
(∆m −∆a) ≈ 15

N
mK

. (79)

For a resonance frequency of 300mHz the corresponding frequency
change of about 2mHzK−1 is negligible, especially since the lab tem-
perature changes only by a fraction of 1K during experiments.

Parameter Value Description

∆a 2.3× 10−5K−1 Thermal expansion coefficient of alu-
minum [141]

∆m 1× 10−5K−1 Thermal expansion coefficient of
maraging steel [142]

∆E 2.54× 10−4K−1 Relative change of Young’s modulus
of maraging steel with respect to tem-
perature [143, 144]

Table 10: Thermal correction coefficients.

More relevant for the experimental work at the AEI 10m prototype
than the resonance frequency change is the temperature-induced ver-
tical position and vertical tilt change of the payload since this could
cause a severe mismatch in inter-table measurements. The position of
an idealized GAS-filter, tuned to its working point, is independent of
the compression rate K. Thus, it is independent of the thermal expan-
sion of baseplate and blade (compare to figure49). This can be deduced
from the GAS-filter’s equation of motion (equation 68). The equilib-
rium position for small temperature changes is given by

0 = mg∆ET − kz(T)z+ kx(T)

(
l0x(T)

xwp(T)
− 1

)
z , (80)
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where the vertical working point position is substituted by

zwp =
mg

kz(0)
+ l0x . (81)

To first order the position change is accordingly

dz

dT
=

mg∆E

kx(0)
(
l0x(0)
xwp(0)

− 1
)
− kz(0)

=
g∆E

ω20

≈ −6.8× 10−4m
K

,

(82)

where ω0 is the fundamental GAS-filter resonance. The position is only
second order dependent on the expansion coefficients of the blade and
the baseplate, but depends strongly on the resonance frequency. This is
the main reason why the GAS-filters in the AEI-SAS are not tuned to
the lowest possible resonance frequency, but to a compromise between
good low frequency isolation and usability.

8.1.4.2 Measuring the temperature influence

The temperature influence on the GAS-filter’s working point position
was measured on the central and the south table, as shown in figure 51.
The measurement was done after the vacuum system was evacuated
and the temperature dropped due to the sudden pressure change. 8
hours of data were recorded at an approximately constant pressure,
while the temperature slowly rose back to room temperature. The key-
stone position was measured by the vertical LVDTs, the temperature
by a sensor installed in the optical table. The two AEI-SAS units were
velocity-damped and AC-coupled so that the keystone position was
dominated by the temperature change. Large deflections by means of
the resonance were damped.
Fitting the recorded data linearly shows, that the payload’s posi-

tion change with temperature deviates only by 4% (central table) and
15% (south table) from the simplified model (equation 82); however,
the individual GAS-filter’s temperature drifts differ stronger from the
simulation. This is due to a difference in resonance frequency tuning be-
tween the GAS-filters. In particular, the first GAS-filter of the central
table differs from the others. The corresponding resonance frequency
to the temperature induced position change is 265mHz, according to
equation 82. The reason for this is that when the first AEI-SAS unit
was assembled, the lowest possible vertical resonance frequency was tar-
geted. Later a more uniform tuning was favored. This reduces vertical
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Figure 51: Temperature induced GAS-filter equilibrium position
change. The blue, red and yellow solid lines represent the keystone
position of the south (upper figure) and central (lower figure) ta-
ble’s three GAS-filters. In black the averaged vertical payload posi-
tion is shown. The data was measured by the vertical LVDTs and
temperature sensors installed in the optical tables. The dotted
lines represent a linear fit (compare to equation 82).

ground motion to payload tilt coupling, since this way all three filters
respond with the same displacement on the vertical ground motion.
However, the results of this measurement can be used to equalize

the stiffness of the central table’s GAS-filters by carefully changing the
blade compression.
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Whereas the south table’s keystone position changes have a near-
linear dependence on temperature, the central table measurement dif-
fers from the fit. A possible reason is that the initial keystone position is
slightly above the ideal working point. This way the material’s thermal
expansion-induced reduction of the blade compression would enhance
the steepness of the thermal position change.

8.1.5 GAS-filter transimissibility

As discussed above, a GAS-filter behaves like a harmonic oscillator with
the spring constant keff if deflections around the working point are small.
In equation 68 a simplified model with a massless spring is presented.
In reality, however, the GAS-filter blades have a nonnegligible mass.
The corresponding moment of inertia causes the GAS-filter to oscillate
at high frequencies around a stationary point between the keystone and
the CoM of the blades, the CoP, as described in section 7.1.4. Thus,
the transmissibility function differs at high frequencies from the one of
an ideal harmonic oscillator with a massless spring. Similar to the IP-
leg with finite mass described in section 7.1.3, the massive GAS-filter’s
transmissibility is

TGAS =
ω2n +βvω

2

ω2n −ω2
. (83)

Here ωn is the complex natural frequency

ω2n = ω20(1+ iφ) = (2πf0)
2(1+ iφ) (84)

with the resonance frequency f0 and the structural damping factor φ
(see section 6.1). The CoP constant of the vertical stage βv is a function
of the GAS-filter blade’s dimensions, mass and moment of inertia. The
analytical way to model and derive the CoP constant of a GAS-filter
is described in detail by Stochino et al [121].
The amplitude of the modeled GAS-filter’s transmissibility function

(equiation 83) is identical to the one of an IP-leg, shown in figure 39
and 43. It differs from an ideal harmonic oscillator at high frequen-
cies, where the amplitude asymptotes to |βv|, the CoP plateau. A CoP
constant βv > 0 results in an isolation plateau starting at

ωc =
ω0√
βv

. (85)

For βv < 0 the transmissibility amplitude forms a notch before plateau-
ing and the GAS-filter is overcompensated. The notch frequency is

ωnotch =
ω0√
−βv

. (86)
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An ideal harmonic oscillator, where the transmissibility amplitude
asymptotes to 0, is achieved by βv = 0. A close to ideal tuning can be
achieved by shifting the CoP of the blades to the horizontal position
where they are clamped to the GAS-filter’s baseplate. How this can be
realized is discussed in the following.

8.1.6 Center of percussion tuning for the GAS-filters

The first generation’s geometry of GAS-filters did not account for ad-
justing the blade’s CoP [52, 136]. By modifying the geometry to a
monolithic GAS-filter for the first interferometric gravitational wave
detector TAMA300 the CoP plateau was improved due to a modified
blade shape [79]. The introduction of CoP compensators, in literature
often referred to as magic wand, allows to shift the CoP of the GAS-
filter and therefore to increase high frequency isolation. These devices
are an integral part of the AEI-SAS’s GAS-filters (see figure 45).
The purposes of the CoP compensators is to modify the mass distri-

bution of the GAS-filter, in order to shift the CoP in the position where
the blades are clamped to the filter’s baseplate. Thus the principle of
the vertical CoP compensator is similar to the IP-leg’s horizontal CoP
tuners discussed in section 7.1.5.
The vertical CoP compensators are basically rigid, horizontally

aligned rods which are pivot-mounted to the keystone and to the base-
plate (the pivot-mounting is realized by thin blade springs). The outer
side of the rod holds a counter mass. It is mounted on a fine pitch
thread in order to allow shifting it horizontally in and outwards. Two
to four of these structures are mounted on one GAS-filter. Shifting
the counter masses manipulates the CoM of the spring-system and
therefore allows to move the CoP close to the clamping point. If the
mass is shifted too far outwards, the filter is overcompensated and
the CoP constant βv is negative. For tuning the GAS-filter’s CoP the
transmissibility is measured. When it shows a notch at ωnotch the
counter mass is moved in the direction of the keystone. If a simple
plateau forms, the counter mass is moved outwards. This procedure is
described in section 10.2.3.
In the AEI-SAS’s original design the CoP compensators’ central rods

were made from aluminum. The resonances of this assembly were close
to the SQL-interferometer’s measurement window. Replacing these alu-
minum rods by very rigid and light silicon carbide tubes shifts those
resonances above 300Hz [23].

8.2 hydrogen embrittlement in gas-filter blades

During the upgrade to an advanced gravitational wave detector, GAS-
filter and Superattenuator filter blades broke spontaneously at the
Virgo site. These material failures were associated with hydrogen em-



112 the geometric anti-spring-filter

brittlement. Even though the AEI-SAS GAS-filter blades have not
shown any failures yet, there is the potential risk, since they are very
similar to the Virgo blades in terms of geometry and manufacturing.
In this section, the risk of hydrogen embrittlement in the GAS-filter
blades is discussed; however, in order to obtain a full understanding of
the process, further investigation is necessary.

Figure 52: Photograph of a blade failure (indicated by the red
arrow) in the intermediate filter of Advanced Virgo’s SPRB Mul-
tiSAS. This figure is taken from [139].

In April 2016 it was noticed that a GAS-filter blade of the Advanced
Virgo MultiSAS cracked (see figure 52). Prior to this incident many of
the Superattenuator filter blades were found in poor condition or bro-
ken after 15 years in operation. All these blades operated under normal
conditions before they broke and no defects were found in the nickel
plating [139]. Investigations led to the assumption that hydrogen em-
brittlement caused these spontaneous failures. Hydrogen embrittlement
occurs when atomic hydrogen diffuses through the metal surface into
the material. Here the atomic hydrogen recombines to molecules and
weakens the metal [145]. This process was first described in 1984 by
Johnson et al. [146].

As summarized by van Heijningen [139], maraging steel samples, cut
from the broken super attenuator blades were tested for their hydrogen
content and the corresponding ultimate tensile strength (UTS). A sig-
nificant decrease of UTS (by about 50%) was found for maraging steel
samples with a hydrogen content of more than 2.5 parts-per-million
(ppm) [147]. However, the tested MultiSAS’ GAS-filter blade showed
a lower average value. The blade fractures in these blades can be ex-
plained by the migration of hydrogen towards highly stressed areas in
the material. GAS-filter blades are loaded close to their stress limit.
Thus, even though the average hydrogen concentration is below the
weakening threshold it can very well be exceeded in highly stressed
areas [139, 148]. The distinction between trapped and diffusible hydro-
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gen needs therefore to be made. Whereas trapped hydrogen is approx-
imately uniformly distributed over the substrate diffusible hydrogen
migrates to locations of high stress, thus, is causing hydrogen embrit-
tlement.
Even though the AEI-SAS GAS-filter blades are operating for about

7 years without any failure, the risk of hydrogen embrittlement induced
fractures is obvious [149].
Measurements of the diffusible hydrogen content of a spare AEI-SAS

GAS-filter blade showed an average concentration of 2.6 ppm [149]. This
relatively high value might be due to a relatively thick nickel plating
(14.5µm to 40µm), due to a production error. This might have pre-
vented hydrogen from defusing out of the material during baking. In
comparison, the Advanced LIGO maraging steel blades are coated with
a nickel plating thickness of only (0.4µm to 0.6µm) [150]. No failures
of these blades were observed so far.
This value is already in the critical regime. However, the fact that

none of the AEI blades has shown any cracking until now might indicate,
that a deeper understanding is necessary [149].





9
PASS IVE I SOLATION PERFORMANCE OF THE
AE I - SAS

In part II the individual passive isolation components of the AEI-SAS,
namely the IP-legs and the GAS-filters are discussed. It is shown that
they behave in principle as low frequency massive harmonic oscillators.
The isolation system consists of three IP-legs and three GAS-filters,
which are interconnected by a complex structure. This structure has the
potential to influence the isolation behavior, due to its finite stiffness,
and thereby introduced unwanted oscillations. Chapter 11 discusses
these internal resonances in detail.
In this chapter, the passive performance of the first two AEI-SAS

units is discussed. These results do not reflect the overall isolation per-
formance since the low frequency active isolation is excluded. It rather
helps to characterize the mechanical properties of the system. A com-
parison to a simple massive harmonic oscillator and to a full noise model
shows the degree of cross-coupling between the degrees of freedom. Due
to internal resonances, the high frequency performance disagrees with
the theoretical model. This is the basis and the motivation for the AEI-
SAS improvements of all three AEI-SAS units and the modifications
of the third AEI-SAS unit. These improvements and modifications are
subject of chapter 12 to 15.
Parts of the results presented in this chapter are published in ref. [57].

9.1 verification of the aei-sas performance

The horizontal and vertical passive performance of the AEI-SAS is
shown in figure 53 and 54 in blue. This measurement is compared to
a simple one-dimensional model, which is explained in the following
paragraph.
A good measure of isolation performance is the transmissibility,

xp/xg, of ground motion, xg, to payload motion, xp. The transmissibil-
ity of a massive harmonic oscillator is derived in section 7.1.3. This is
the basis for the one-dimensional models shown in figure 53 and 54.

9.1.1 Vertical isolation performance

To generate a vertical transmissibility function, the resonance fre-
quency, f0v = 0.27Hz, damping factor φv = 1

30 , and CoP factor,
βv = 7× 10−4, were fitted to the measured vertical payload motion
(the blue curve in figure 53). The vertical ground motion (the black
curve) was then multiplied by the vertical transmissibility function Tv
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Figure 53: Vertical passive AEI-SAS performance: A comparison
of the measured table-top motion (blue) and the predicted table-
top motion (red) based on the ground motion (black). The model
is a simple harmonic oscillator with a fitted resonance frequency,
quality factor, and CoP plateau. Above 30Hz the sensor noise
(gray) is dominant in the measurement. The relative deviation
of measurement and predicted table motion averaged across all
measurement points between 0.1Hz and 20Hz is less than 4%.
The internal resonances with the lowest frequencies (described in
section 11.3) are the spring-box resonances between 30 and 40Hz.

to produce the red curve, a single degree of freedom model of the verti-
cal payload motion. The sensor noise of the three vertical L-22D [123]
installed in the payload dominates the measurement above ∼ 30Hz.
The figure shows the passive performance, free from position control or
feedback forces, and it was recorded with the vacuum system pumped
down to a pressure below 10−5 hPa. Up to the first internal resonances
above 30Hz, the measurement matches the predicted payload motion
very well. The small peak at 0.4Hz is due to cross-coupling from the
fundamental tilt resonance.

9.1.2 Horizontal isolation performance

The horizontal payload motion in figure 54 (blue) was measured by an
auxiliary horizontal accelerometer placed on the top of the payload. It
is compared with the ideal theoretical horizontal table motion (red).
The transmissibility of a harmonic oscillator Th having a fundamental
resonance at f

0h = 0.16Hz, a damping factor of φh = 1
5 , and a center

of percussion factor of βh = 10−4 is multiplied by the ground motion
(black). At low frequencies, the measurement differs from the model
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Figure 54: Horizontal passive AEI-SAS performance: a compar-
ison of the measured table-top motion (blue), the single-degree
of freedom model of the table-top motion (red), and the ground
motion (black). The model is again a simple, massive harmonic
oscillator model multiplied by the ground motion. A full noise
model (yellow) includes cross-coupling from the payload tilt, dom-
inant at low frequencies, and the accelerometer sensor noise, dom-
inant above 5Hz. A model of the accelerometer noise is shown in
gray. The average difference between the measured and predicted
motion between 0.1Hz and 5Hz is less than 1%.

due to coupling between payload tilt and the accelerometer readout.
The tilt of the payload by an angle Θ is seen by the accelerometer
as a translation of xt = Θ× g/ω2. That is because of tilt-horizontal
coupling, where gravity is assumed constant, and cannot separate tilt
and acceleration with a single instrument [151]. This tilt-horizontal
coupling at low frequencies as well as the sensor noise ns is included in
the full noise model

N2 =
(
Thxg

)2
+

(
Θp

g

(2πf)2

)2
+n2s . (87)

It is shown in figure 54 in (yellow). The payload tilt motion Θp was
measured using differential vertical signals from the L-22D geophones
mounted in the payload. Low-frequency noise in the geophones causes
the strong deviation of the yellow trace below 0.15Hz. Above 5Hz the
yellow curve follows the measured sensor noise ns of the accelerometers.
As with the vertical payload motion, internal resonances show up above
30Hz. These resonances are discussed in more detail in the following
section. Note that the measurements in figures 53, figure 54, and fig-
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ure 55 were made after the installation of Fluorel pads described in
section 12, and as such the 17Hz resonance is not present in this data.

9.1.3 Vertical and horizontal spectral ratio

Additional information about the overall passive performance of the
AEI-SAS can be obtained by comparing payload motion to ground
motion. Figure 55 shows the spectral ratio

∣∣xp
∣∣ / ∣∣xg

∣∣. The coherence of
xp and xg in the lower graph shows in which frequency band the sensor
signal is caused by the ground motion in the same direction. The ground
motion sensor is not limited by sensor noise at any frequency where the
payload sensors provide good signals. In the horizontal direction, the
low coherence between 0.3 Hz and 1Hz is caused by cross-coupling from
other degrees of freedom. Below 0.08Hz and above 4Hz the payload
measurement is limited by sensor noise. Similar to the measurement in
figure 53 and figure 54, low-frequency payload tilt couples strongly into
the horizontal sensors. In the vertical direction sensor noise limits the
measurement below 0.2Hz and above 9Hz. The data in figure 55 shows
that the payload motion is by a factor of 2.6× 10−3 lower than the
ground motion in the horizontal direction at 4Hz, and is by a factor of
2.4× 10−3 lower than ground motion in the vertical direction at 9Hz.
Above those frequencies, the measurement is limited by measurement
noise, but based on prior measurements of the driven transmissibility,
we expect more attenuation at higher frequencies. In a shaker test-
stand, where the baseplate was excited in the horizontal direction, a
peak horizontal isolation of 10−4 at 7Hz was achieved. A maximal
vertical isolation of 10−4 above 20Hz was measured using a single GAS-
filter [23].
The lowest horizontal resonance frequency of the mirror suspensions

installed on the AEI-SAS is 0.63Hz. At this frequency, the horizontal
payload motion is already 12 times lower than ground motion. At the
lowest vertical mirror suspension resonance of 1Hz, the vertical payload
motion is 8 times lower than ground motion.
Advanced LIGO’s in-vacuum seismic isolation relies on an active iso-

lation feedback to reduce motion below about 5Hz. The single-stage
HAM-ISI, is most comparable with the AEI-SAS (see section 3.5.2).
Compared to the HAM-ISI performance shown in figure 9 and pre-
sented in ref. [90]. The passive AEI-SAS transmissibility is better above
2Hz in the horizontal direction and above 3Hz in the vertical direction,
even though the residual payload motion is higher due to higher ground
motion in Hannover. At low frequencies the ground motion attenuation
of the active HAM-ISI is significantly higher than the purely passive
isolation of the AEI-SAS. The active control and the inter-table motion
cancellation by the SPI are not regarded in this comparison. The active
feedback will improve the AEI-SAS performance around its fundamen-
tal resonances, as discussed in chapter 16.
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Figure 55: Spectral ratio and coherence of ground motion to
payload motion: Compared to figure 53, the ground motion at the
time of this measurement was lower, so sensor noise is limiting the
vertical measurement (red) below ∼ 0.2Hz and above ∼ 9Hz. The
horizontal measurement (blue) is limited by sensor noise below
∼ 0.08Hz and above ∼ 4Hz. The sharp peaks around 1 Hz are due
to the recoil of the fundamental modes of the mirror suspensions,
which were already installed on top of the AEI-SAS at the time
of this measurement. At 4Hz the horizontal payload motion is by
a factor of 2.6× 10−3 lower than the ground motion. The vertical
payload motion can be measured up to 9Hz, where it is 2.4 ×
10−3 lower than the ground motion in this direction. The data in
this figure was recorded after the Fluorel pads and the spring-box
damper (described in section 12 and 15) were installed.

State of the art commercial isolation systems which can be used in
vacuum are made by Minus k Technology [152]. The ‘SM-1 Low Fre-
quency Vibration Isolator’ can support payloads of more than a ton.
The design is based on a passive attenuation scheme with a funda-
mental resonance frequency of 0.5Hz. Compared to the AEI-SAS this
system’s typical transmissibility at 9Hz in the vertical direction is by
a factor of about 0.6 higher. In the horizontal direction the AEI-SAS’s
ground motion suppression is a by factor of about 0.2 higher at 4Hz
than the commercial system. Minus k Technology states, that their
system offers 10-100 times better isolation than high-performance air
tables. The fundamental resonances of the system are, however, in the
frequency band of the mirror suspension’s fundamental resonances. An
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additional active isolation could improve the performance at low fre-
quencies. The better performance of the AEI-SAS over the commercial
isolation system justifies the decision to create a customized seismic
isolation solution for the AEI 10m prototype.

9.2 comparison of the first two isolation system’s
performance

Above the central table’s performance in the vertical and one of the
horizontal degree of freedom is discussed in detail. In this section, both
table’s performance in all six degrees of freedom is presented. Figure 56
compares the displacement amplitude of central and south table. The
three vertical degrees of freedom represent the payload motion, the
horizontal spectra are measured in the spring-box. Comparing the latter
to the horizontal payload motion plotted in figure 54 shows, that the
cross-coupling of the fundamental tilt modes is weaker in the spring-
box measurement. That is because the spring-box’s vertical motion is
in first-order restricted by the IP-legs, whereas the payload tilts on
the GAS-filters. Furthermore, the spring-box modes obviously couple
stronger in the spring-box sensors than in the one on the payload.
The measurements were done with the table fully equipped with

optics, whereas the performance, shown in section 9.1, was measured
earlier when the table top was less populated. Cables and resonances of
single arm test, thermal noise interferometer, and frequency reference
cavity suspensions have an influence on the AEI-SAS performance.
A group of amplitude peaks between about 15Hz and 19Hz is most

dominant in the measurement in the z-direction. It is likely that they
are caused by the bounce modes of the steering mirrors. These are beam
preparation optics are the simplest mirror suspensions in the AEI 10m
prototype. A roughly 1.3 kg mirror mount, inducing the mirror, is sus-
pended from two 0.1mm thick and about 250mm long stainless steel
wires. A simplified model using these parameters results in a bounce
mode of about 16Hz. Mechanical variations would cause the wider fre-
quency distribution observed in the measurement. The suspension cages
are directly bolted to the table top and several of these structures are
distributed over south and central table.
At higher frequencies than the steering mirror bounce modes are

the differential bounce modes of the test masses and the intermediate
masses of the triple suspensions. They are strongly decoupled from the
table top by the upper vertical suspension stages, therefore they are
hardly identifiable in the measurements.
However, the presence of these mirror suspension modes in the mid

frequency range illustrates the importance of widening the isolation
window of the AEI-SAS by damping and shifting the AEI-SAS’s inter-
nal resonances, as it is described in chapters 12 to 15.
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The vertical performance of central and south table are relatively
similar. In the z-direction mainly the different cross coupling stands
out. The fundamental resonance frequency in the rx-direction cou-
ples strongly in the central table z-performance, the south table z-
performance is dominated by ry cross coupling around 0.45Hz. Since
the orientation of the south AEI-SAS unit is rotated by 90◦ with
respect to the central AEI-SAS, the rx-direction of the central table
is geometrically the ry direction of the south table and vice versa.
Thus, the dominant cross coupling is in both AEI-SAS units related
to rotation about the same geometrical axis. The fundamental reso-
nance frequency difference in the rx-direction is caused by the different
payload mass distribution on both tables.
The performance of central and south table in the horizontal direc-

tions differs stronger than in the vertical directions. That is because
the tuning of the fundamental resonance frequencies is done by adding
or removing mass from the spring-box. Since the horizontal stiffness
of the first two AEI-SAS units is lower than the design value (see sec-
tion 7.1), resonance frequency tuning is only possible to a certain extent.
The only additional mass in the spring-boxes of the south and central
table are the spring-box-damping-units (see section 15). This lack of
dummy mass makes increasing the fundamental resonance frequencies
hardly possible. Small differences in payload mass and mass distribu-
tion cause the difference in frequencies of the fundamental horizontal
resonances. Above 1Hz the central table performance differs from the
one of south table, which is probably related the mechanical short-
cuts of cables, connecting the table top experiments with the vacuum
system feedthroughs. On the central table, several cables connect to
components mounted close to the edges of the optical bench. The rz-
motion is therefore stronger influenced than other degrees of freedom.
Further investigation will clarify the influence of cables on the AEI-SAS
performance.
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Figure 56: Comparison of central (blue) and south (red) table
performance. The black curves represent the ground motion. This
data was recorded with the STS-2 seismometer which measures
solely translational degrees of freedom. The ground motion in the
rotational degrees of freedom is not recorded at the AEI 10m
prototype. The vertical degrees of freedom (z, rx, ry) were mea-
sured by the L4C geophones located in the optical table (see
section 5.2.1). The motion in the horizontal degree of freedom
(x, y, rz) was recorded by the monolithic accelerometers (see sec-
tion 5.2.2). These devices are located in the spring-box. Hence, the
spring-box modes appear much stronger in these sensors, than in
a horizontal sensor located on top of the payload (compare to fig-
ure 54).
The data in this plots was furthermore recorded more than about
two years after the performance measurements shown in figure 53
and 54 were done. More optical components introduced additional
resonance peaks in the spectrum. Noise is furthermore coupled to
the payload by cables connected to components on the table top
and to vacuum system feedthroughs.
The two AEI-SAS units behave relatively similar in the vertical
degrees of freedom. The fundamental rx resonance frequency is
slightly higher in the central table. The reason for that is a differ-
ent mass-distribution, due to the different optics configuration on
the two tables.
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IMPROVING THE AE I - SAS





10
GAS -F ILTER TUNING

10.1 introduction

Three GAS-filters provide vertical isolation for the AEI-SAS (as dis-
cussed in chapter 8). The fundamental resonance frequency and the
high frequency isolation performance needs to be adjusted before the
GAS-filters are installed in the AEI-SAS. The fundamental resonance
frequency is chosen to be 300mHz for the third AEI-SAS unit. This is a
trade-off between a good passive low frequency isolation and a moderate
temperature dependance of the equilibrium position (see section 8.1.4).
The lack of passive isolation, compared to a GAS-filter system tuned
to its limit (about 250mHz [24]), can be compensated by low frequency
active isolation (see section 16).
The CoP plateau of each GAS-filter is tuned as low as possible to

obtain good isolation at high frequencies. However, determining the
high frequency performance accurately is challenging and has been done
insufficiently in the first two AEI-SAS units; also in other attenuation
system’s GAS-filters, the CoP was specified to a certain extend [95,
121]. The shaker stand therefore was modified for the third table’s
GAS-filter assembly and testing, in order to obtain more information
about the GAS-filter’s high frequency performance. As shown below,
an isolation plateau of βv = 1× 10−5 was achieved for one of the third
AEI-SAS unit’s GAS-filter. That is about an order of magnitude better
than the limitations of the first and second AEI-SAS unit’s GAS-filter
measurements.
Each GAS-filter is individually assembled before the CoP plateau and

the resonance frequency are tuned in a shaker stand(see appendix C).
The tuning process and the shaker stand improvements are discussed
in the following section.
After the tuning procedure, the three GAS-filters are installed in

the spring-box and equipped with the vertical LVDTs and the vertical
actuators.
This chapter will discuss how the resonances of the three filters for

the third AEI-SAS unit were tuned to be as similar to one another as
possible and how the high frequency isolation was optimized.

10.2 gas-filter tuning in the shaker stand

A GAS-filter’s stiffness is critically dependent on the compression of the
blades and the equilibrium position of the keystone, which dependents
on the payload mass. A careful balancing of those parameters is neces-
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sary to achieve a satisfying result. The GAS-filters are therefore tuned
in a shaker stand, as shown in figure 57. This way the baseplate of the
GAS-filter can be vertically driven and the transmissibility can be mea-
sured. The baseplate actuation allows measuring with good coherence
even at high frequencies where natural ground motion is attenuated
strongly, such that the payload sensor is not sufficiently sensitive to
measure. In this setup, the GAS-filters can be accessed from all sides
which simplifies the blade tuning. Furthermore, a dummy payload mass,
which is suspended from the keystone in this test setup, can be adjusted
easily.

10.2.1 Experimental setup

payload

Figure 57: Photograph and drawing of the GAS-filter shaker
stand: In order to tune the GAS-filters’ fundamental resonance fre-
quency and CoP, they are suspended from four extension-springs
in a rigid aluminum frame. The GAS-filter’s baseplate is driven
vertically by a voice-coil actuator. In this test configuration the
payload of about 300 kg is suspended from the keystone by a steel
wire (the rubber band fixed to the steel wire is used to dampen
its resonances). After tuning the equilibrium position and the res-
onance frequency of the GAS-filter, free tuning masses are bolted
to the payload (not shown in this picture). The motion is recorded
by one geophone on the GAS-filter baseplate and one geophone
mounted to the bottom of the payload. The lower geophone, as
well as the actuator coil, are housed in iron boxes in order to
prevent magnetic coupling (see section 10.3.2).
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Each GAS-filter is tuned individually to the desired resonance fre-
quency and CoP plateau. This is done by using a shaker stand specif-
ically designed for this task. It is shown in figure 57. The GAS-filter
baseplate is suspended from four extension-springs, which are hanging
from a rigid aluminum profile frame. All four springs can be adjusted in
height, and, hence, the roll and pitch angular displacement of the filters
baseplate can be balanced. The spring-suspension allows actuation of
the baseplate in the vertical direction. A coil is therefore connected to
the GAS-filter’s baseplate. It moves inside a cylindrical magnet which
is mounted to the top of the aluminum frame. An approximately 300 kg
dummy mass is suspended from the GAS-filter’s keystone in order to
simulate the payload.
The GAS-filters are best characterized by measuring their transmissi-

bility. A L-22 geophone is therefore placed on the GAS-filter’s baseplate
and a second one is mounted to the bottom of the dummy mass.

10.2.2 Tuning the GAS-filter’s resonance frequency

As described in section 8.1 the GAS-filter’s resonance frequency is tuned
by compressing the blades against each other. In order to maintain the
keystone in its vertical working position of about 8.5 cm above the
baseplate the dummy mass needs to be adjusted while compressing the
blades.
As mentioned above the GAS-filters of the third AEI-SAS unit are

tuned to a resonance frequency of 300mHz. Initially, the vertical funda-
mental resonance of the AEI-SAS was intended to be as low as possible
to obtain maximum passive isolation at low frequencies. below a reso-
nance frequency of about 200mHz hysteresis increases drastically and
fades into a bi-stability of the GAS-filter for an overcompressed filter.
Measurements of this effect are described by Wanner et al. [24].
The moderately higher vertical resonance frequency of the third AEI-

SAS unit has the advantage that it is in the elastic regime of the blades.
Furthermore, the vertical position of the AEI-SAS is less susceptible to
temperature change with a higher resonance frequency (compare to sec-
tion 10). In the first two AEI-SAS unit’s temperature changes of less
than about 0.5 °C can be compensated by the vertical actuators. The
lack of passive low frequency isolation has little effect on the perfor-
mance of the AEI-SAS. Around the AEI-SAS’s fundamental resonance
frequencies active isolation dominates the attenuation. Thus, in this
frequency regime, is fundamentally limited by sensor noise. Only in the
mid-frequency band at a few Hz, above the active isolation frequency
band and below the CoP plateau, a lower fundamental GAS-filter reso-
nance frequency increases the attenuation. Here the isolation of a GAS-
filter tuned to the limit of about 200mHz is about 2.3 times better
than the isolation of a 300mHz GAS-filter. It was chosen to sacrifice
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this small isolation improvement in favor of a more stable and reliable
system.

10.2.3 Tuning the GAS-filter’s CoP plateau in the shaker stand

The high frequency performance of the GAS-filter is dominated by the
isolation plateau caused by the CoP effect (see section 8.1.6 and 7.1.4).
Once the resonance frequency and the working position is roughly ad-
justed, the CoP compensators are installed in the GAS-filter. In the
first two AEI-SAS units, only two CoP compensators opposing each
other were installed per GAS-filter. Improved measurement techniques,
discussed below, showed that a better high frequency performance is
achieved by three compensators per filter. A significant difference be-
tween three and four compensators was not observable. After the CoP
compensators are approximately adjusted to the right position, the
equilibrium position of the system needs fine adjustment, since a small
vertical force from the compensator acts on the keystone.

The high frequency performance is improved by adjusting the coun-
terweights of the CoP compensators. The transmissibility function
is then measured. Varying the CoP tuning slightly while keeping
the GAS-filter in an overcompensated state helps identifying the
overcompensation-dip, since it will shift in frequency, according to equa-
tion 86. The CoP tuning was iteratively performed until no improve-
ments were measurable by counterweight variations (discussed in more
detail below).
An example for three CoP tunings is shown in figure 58: The GAS-

filter’s transmissibility amplitude with the CoP-tuning masses shifted
as far inside as possible is shown in purple, the green curve represents
the transmissibility amplitude of a GAS-filter with the tuning mass
shifted far outside and the light blue curve shows an optimized tuning.
All three measurements feature prominent resonances above 70Hz.

These are environmental resonances of, for instance, the shaker stand
cage. In the process of operating the shaker stand many parasitic reso-
nances were identified and either damped or stiffened. The status of
the shaker stand presented here provides a satisfying measurement
window which allows measuring CoP plateau heights down to about
βv = 1× 10−5. The measurements are therefore fitted by the transmis-
sibility amplitude (blue, red and yellow) from the analytic GAS filter
model (equation 83).
The undercompensated GAS-filter transmissibility forms a plateau at

βv = 4× 10−4 above the corner frequency fc = 15Hz. This is already
an improvement over old GAS-filter versions without CoP tuning [88].
The overcompensated GAS-filter has a similar plateau height with

βv = 5× 10−4. However, the transmissibility amplitude forms a notch
at fnotch = 12.3Hz before flattening out. At this notch frequency, the
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Figure 58: CoP tuning of the GAS-filter. The figure shows three
plots for different CoP tuning measurements. The purple line is
the transmissibility amplitude of an undercompensated GAS-filter.
The CoP compensator counterweights are shifted far to the cen-
ter of the GAS-filter. The green transmissibility plot represents
an over-compensated GAS-filter with counterweights shifted far
outside. An optimized tuning is shown in light blue. This curve
consists of a low frequency (0.1Hz to 4Hz) and a high frequency
(4Hz to 120Hz) measurement. The low frequency part is measured
in the conventional way, the high frequency part is post-processed
data from two frequency response measurements, one from the
actuator to the baseplate geophone and one from the actuator to
the payload geophone. Thus the coherence of the optimized con-
figuration is only plotted for low frequencies. This procedure is
explained in more detail in section 10.3.1.
The fitted curves (blue, red and yellow) are the transmissibility
amplitude from the analytic GAS filter model in equation 83.
Resonance frequency f0 and damping factor φ are fitted to the
resonance peak, the CoP plateau constant βv is fitted to the
mid-frequency section where the transmissibility either flattens
or forms a notch. At high frequencies, the transmissibility is dom-
inated by parasitic resonances.

center of rotation crosses the CoM of the payload, as discussed for the
IP-legs in section 7.1.4.
Also the optimized GAS-filter transmissibility is slightly overcom-

pensated, but it has a much lower CoP plateau (βv = 2.8 × 10−5)
than the first two examples. The notch frequency is modeled to be
at fnotch = 56.5Hz. At this frequency, the influence of the parasitic
resonances is too high to be measured in the test stand.
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10.3 improving the gas-filter tuning

Several modifications to the shaker stand were done in order to im-
prove the characterization and tuning of the GAS-filters. A new voice
coil actuator and a more rigid dummy payload were implemented to
improve the excitation and minimize additional resonances. The most
significant improvements resulted from an improved measurement tech-
nique and the reduction of the magnetic coupling from the actuator to
the geophone.

10.3.1 Improving the CoP tuning

The performance of the GAS-filter tuning for the first two tables was
measured by exciting the filter’s baseplate and measuring the transmis-
sibility from the baseplate motion to the suspended mass motion with
the two geophones. Due to the limited dynamic range of the geophones,
the measurement was only coherent up to a certain frequency. In par-
ticular, when tuning the CoP plateau better than a transmissibility of
about 3× 10−4, an accurate determination of the isolation performance
was not possible in a reasonable time. The GAS-filter’s CoP plateaus of
the first two AEI-SAS units were therefore not well defined [24]. This
is also the case for GAS-filters installed in other isolation systems [95,
121].

By measuring two separate transfer functions, one from the actuator
to the baseplate geophone and one from the actuator to the payload
geophone, the actuation amplitude can be adjusted separately. Thereby
coherence over a much wider spectrum was achieved. The vertical trans-
missibility Tb→p of the GAS-filter is the ratio of the two frequency
responses

Ra→p

Ra→b
=
zpFa

Fazb
= Tb→p , (88)

Where Ra→p is the frequency response from the actuator to the pay-
load, Ra→b is the frequency response from the actuator to the baseplate,
Fa is the actuator force and zp and zb are payload and baseplate mo-
tion. Figure 59 shows an example of the two separate transfer function.
The amplitude of Ra→p is shown in blue, the amplitude of Ra→b is
shown in red. While measuring Ra→p, the baseplate sensor was satu-
rated, whereas the payload sensor did not show- or need high coherence
to the actuation while Ra→b was recorded. Combining those two mea-
surements results in the overall transmissibility, shown in yellow, which
enables a high frequency characterization of the GAS-filter.
Below a certain frequency (about 4Hz) the GAS-filter’s attenuation

is relatively low. Thus, a direct coherent transmissibility measurement
is possible (see for instance light blue curve in figure 58). This is conve-
nient since this way only one-time consuming low frequency measure-
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Figure 59: Illustration of the high frequency measurement tech-
nique used for tuning and characterizing the third AEI-SAS unit’s
GAS-filters. The limited dynamic range of the geophones does not
allow measuring a coherent transmissibility from the baseplate to
the payload directly. Therefor first the frequency response from
the actuator to the baseplate sensor is measured (red). Only a rel-
atively small actuation amplitude is needed to obtain good coher-
ence. In a second step, the frequency response from the actuator
to the payload sensor is measured (blue). For a good coherence the
actuation amplitude needs to be high (usually that high that the
baseplate sensor is saturated). The transmissibility (yellow) from
the baseplate to the payload is the ratio of the two frequency
responses, as shown in equation 88.

ment and two rather quick high frequency measurements are necessary
to characterize the GAS-filter’s isolation performance fully.
With this procedure, isolation plateaus down to about βv = 1× 10−5

can be determined in a reasonable time. By further elimination of para-
sitic resonance, the measurement performance could even be enhanced.
This could be achieved by redesigning the shaker stand in terms of
a stiffer support structure. The shaker stand furthermore could be im-
proved by restricting the GAS-filter baseplate to the purely vertical mo-
tion. Even though the actuation is acting centrally on the GAS-filter’s
baseplate a residual horizontal force from the voice coil actuator causes
a tilt motion in the baseplate. This can be enhanced by an unequal
tension of the four extension-springs. In the presented measurements
this effect was minimized by fine-tuning the coil and magnet position.
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A different way of actuation and suspension (for instants by mounting
the baseplate on piezo actuators) could even improve this.

10.3.2 Magnetic coupling

The frequency response from an electromagnetic actuator to a sensor
is determined by measuring the induced motion of the component the
sensor is connected to e.g. the baseplate or the payload. For high me-
chanical isolation, the payload motion is so low that magnetic coupling
from the actuator coil to the geophone’s readout coil dominates the
readout signal. As a consequence, the CoP-plateau could only be tuned
down to a certain value.
The effect of magnetic coupling was tested by removing the actuator

magnet from the shaker stand, thus the current through the actuator
coil did not cause a force on the GAS-filter. The frequency response
from the actuator to the payload geophone showed good coherence at
high frequencies where the payload motion is small and the frequency
response amplitude plateaued at the same level as it did with the actu-
ator magnet.
Different shielding methods were tested in order to mitigate the mag-

netic coupling. Mu-metal, metal with high permeability, would be a
good material for efficient shielding. Due to the high costs, tests with
simple iron shielding were prioritized and found to be sufficient.
To verify the coupling and to test different shielding configurations,

the geophone’s test mass was locked by turning it upside down. This
way the geophone’s readout signal has practically no motion induced
part and hence any signal was only due to electromagnetic coupling.
The locked geophone was placed of about the same distance below the
actuation coil as in the shaker stand configuration. The transfer func-
tion from the actuation coil drive to the geophone readout signal was
measured for different shielding arrangements, as shown in figure 60.
A satisfyingly lower magnetic transmission is achieved by a shielding

configuration where the actuation coil is housed in an iron cup with
1mm wall thickness. The cup needs to be open to the upper side of the
coil where the magnet is inserted. A second magnetic shield is therefore
surrounding the payload geophone. This shield is an iron box which in
the first attempt had an opening at the bottom (yellow curve). Sealing
the geophone fully with an additional lid improved the shielding even
further (purple curve).
Even though the baseplate geophone is closer to the actuator coil

magnetic coupling to this device does not dominate its readout signal,
since the baseplate is directly coupled to the actuator mechanically.
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Figure 60: Shielding the geophone’s sensing coil from the mag-
netic field of the actuator coil. The shielding was iteratively im-
proved. In a first test only the geophone was shielded in the direc-
tion of the actuator coil by a 2mm wall thickness iron box (red).
In a next step, the actuator coil was also housed in a shielding box.
A satisfying result was achieved by fully housing the geophone.

10.4 characterizing the third aei-sas unit’s gas-
filters

In order to minimize cross coupling in the AEI-SAS between the vertical
and the tilt degrees of freedom, all three filters’ vertical stiffness need to
be as similar as possible. Figure 61 compares the final transmissibility
amplitude measurement fitted by a massive harmonic oscillator model
(compare to section 8.1.5). It shows that the resonance frequency of
the three filters varies by less than 4%. This was achieved by repeated
careful blade compression tuning, after the CoP was adjusted.
The CoP plateau was tuned, as discussed above, by shifting the coun-

terweight of the CoP compensators. For each GAS-filter the isolation
was optimized as good as possible in a reasonable time. Due to the
improved measurement techniques the filters could be tuned to CoP
plateaus of 5.6× 10−5, 2.8× 10−5, and 1× 10−5. The individual mea-
surements have high coherence up to about 100Hz.
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Figure 61: Performance of the three third AEI-SAS unit’s GAS-
filters. In the improved shaker stand the GAS-filters were tuned
to the desired 300mHz resonance frequency. Up to a frequency
of 7Hz the vertical transmissibility was measured directly from
a geophone placed on the baseplate to a geophone clamped to
the dummy payload. Above this frequency, the transmissibility
was derived as described above. In order to determine the GAS-
filters’ CoP plateau height βv the measurements were fitted by a
massive harmonic oscillator model (see section 8.1.5). Even though
parasitic resonances dominate the high frequency measurement it
can be fitted up to about 30Hz and therefore a CoP plateau height
down to 1× 10−5 can be determined. Note that the amplitude
and shape of the parasitic resonances differ in the measurements
since different ways of shifting or damping those modes were tested
during the GAS-filter tuning phase, in order to improve the shaker
stand.
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SPR ING -BOX INTERNAL RESONANCES

In contrast to the last chapter, which discussed individual components
of the AEI-SAS (namely the GAS-filters), this chapter discusses prop-
erties of the entire system. More precisely, the internal resonances of
the AEI-SAS with the lowest frequency. These modes are identified
and analyzed experimentally with a simple analytical model and finite
element simulations.
A solution to mitigate the performance reduction by means of these

parasitic resonances, the fluorel stage, is furthermore discussed. Its im-
plementation in the AEI-SAS is described and characterized.
Parts of the results presented in this chapter are published in ref. [57].

11.1 parasitic spring-box modes

The model used to describe the AEI-SAS performance in section 9
is based on the assumption that the spring-box is massless and that
horizontal and vertical suspension stages are fully decoupled. It thereby
does not describe the internal resonances. A more realistic description
of the system must take into account that:

• the CoM of the payload is located well above the CoM of the
spring-box. This determines the observed large coupling between
the horizontal and the tilt degrees of freedom.

• the IP-legs have a finite vertical compliance.

• the GAS-filters have a finite horizontal compliance.

In particular, the parasitic compliance of the suspension elements, com-
bined with the sizable mass (approximately 300 kg) of the spring-box, is
such that the 6 rigid-body modes of the spring-box are in the 10 - 50Hz
frequency band. This affects the overall attenuation performance of the
system significantly. The large mass ratio between spring-box and pay-
load (approximately 1 : 3) causes a large transmissibility of ground vi-
brations in the frequency band around the spring-box’s parasitic mode
frequencies. In the following sections, the lower three modes are charac-
terized and efforts to mitigate their impact are presented. These modes
can be approximated as the two horizontal translational, and the yaw
(rotation around the z-axis) oscillation of the spring-box They are there-
fore referred to as horizontal spring-box modes. For the description of
these modes the bending of the spring-box can be neglected.
The three mainly vertical modes, the vertical translational, the roll

(rotation around the y-axis) and the pitch (rotation around the x-axis)

135
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oscillations are caused by the elasticity of the spring-box and the verti-
cal compliance of the IP-legs. They are subject to section 11.3.

11.2 spring-box rigid body modes

The lowest frequency internal resonances of the AEI-SAS are differen-
tial oscillations between the spring-box and the payload, both in the
horizontal translational direction and the rotation around the vertical
axis. These modes show up at approximately 13Hz and 17Hz. They
were investigated experimentally and by simulations.

11.2.1 Experimental mode analysis

Figure 62: Drawing of the AEI-SAS, suspended in a shaker stand.
The baseplate is hanging from four thick steel wires, which are
connected to rigid posts. A coil-magnet arrangement allows exit-
ing the baseplate in the horizontal direction. This enables mea-
suring the transmissibility from baseplate to tabletop with good
coherence. In order to identify the mechanical cause of the lowest
frequency internal resonances of the AEI-SAS at approximately
13Hz and 17Hz the spring-box was clamped to the baseplate
(dashed boxes). This way the GAS-filters are both horizontally
and vertically the softest connection between baseplate and pay-
load. the transmissibility was compared to the one of the free
AEI-SAS. The corresponding measurement is shown in figure 63.
The orange structure represents the intermediate plate which was
rigidly connected to the table top in this experiment.

In order to measure and tune the AEI-SAS performance, the whole
AEI-SAS was installed in a shaker test-stand. The AEI-SAS’s baseplate
was suspended from four wires so that it could freely move in the hor-
izontal degrees of freedom. A horizontal voice coil actuator was used
to apply a translational force to the baseplate, enabling fast and coher-
ent measurements of the isolation system’s transmissibility. Figure 63
shows the horizontal transmissibility from the baseplate to the payload
(red). This way the horizontal stage’s fundamental resonance and CoP
are tuned. For comparison, the transmissibility was re-measured when
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the spring-box was clamped to the baseplate. The clamps effectively by-
passed the IP-legs. Figure 62 shows a sketch of the AEI-SAS suspended
in the shaker stand. the dashed boxes represent the mechanical bypass-
ing of the horizontal stage. In the realistic system, multiple clamping
devices were used in order to achieve a rigid connection.

Figure 63: Investigation of internal resonances using the test-
stand. The AEI-SAS’s baseplate is driven horizontally, and the
transmissibility from the baseplate to the payload is shown for
normal operation (red) and with the horizontal stage clamped
(blue). This setup is illustrated in figure 62. The 9Hz structure
in the blue curve is the spring-box mode caused by the horizon-
tal compliance of the GAS-filters. In the free AEI-SAS this mode
shifts to 17Hz. The feature at 13Hz in the red curve corresponds
to the AEI-SAS’s yaw internal resonance, also caused by the hor-
izontal compliance of the GAS-filters. The mode above 20Hz cor-
responds to the vertical spring-box modes which are discussed in
chapter 11.3.

If the spring-box is clamped, the softest connection in the horizontal
direction is the horizontal compliance of the three GAS-filters. In a free
state, the IP-legs are much softer.
Figure 63 shows in red that the free AEI-SAS has its lowest horizontal

internal resonance at 17Hz (the IP-leg mode is not shown in this graph).
For the clamped system it shifts to approximately 9Hz.
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11.2.2 Simplified one-dimensional model

Considering this setup as a simplified one-dimensional harmonic oscil-
lator, where the 900 kg payload is connected by a spring to the ground,
its effective spring constant is, according to equation 13,

khGAS(9Hz) ≈ 2.9× 106N/m . (89)

This value was confirmed in a separate experiment where a single GAS-
filter, suspended in the GAS-filter shaker stand (see figure57) was de-
flected horizontally.
The free AEI-SAS would correspond to a simplified one-dimensional

model, where the payload mass is connected via the same spring to the
spring-box mass of 331 kg. The potential of the spring is

VhGAS =
1

2
khGAS

(
xsb − xp

)2 . (90)

The parameters used in the model are listed in table 11. In this model
the horizontal IP-leg stiffness is neglected. The equations of motion of
this simple two mass oscillator follow from equation 34 and equation 38
with the kinetic energy of msb and mp to

0 = msbẍsb + khGAS
(
xsb − xp

)
and

0 = mpẍp + khGAS
(
xsb − xp

)
.

(91)

This leads to the generalized equation of motion

ẍhGAS =
khGAS

mred
xhGAS (92)

with the reduced mass mred = msbmp(msb +mp)
−1 and the spring

deflection xhGAS =
(
xsb − xp

)
. The resonance frequency of this system

is according

fhGAS =
khGAS

2πmred
= 17.4Hz . (93)

Already this greatly simplified one-dimensional model agrees very well
with the measurement and confirms the presumption that the horizon-
tal compliance of the GAS-filters is the cause of the parasitic 17Hz
resonance.

11.2.3 Simplified three-dimensional finite element model

A more realistic description of the differential spring-box-payload dy-
namics can be deduced from a finite element model. An Ansys Work-
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bench simulation (figure 64) shows the resulting mode shapes. The
model is a simplified version of the AEI-SAS with the correct horizon-
tal dimensions and masses for both the spring-box and the payload. The
model for the IP-legs is close to reality. Vertical dimensions and mass
distribution are simplified to produce an efficient mesh. The GAS-filters
are modeled as a set of two horizontal springs, using the spring constant
khGAS calculated above. The structure of the finite element simulation
is described in more detail in the appendix B. In accordance with the

Figure 64: Finite element simulation of the horizontal GAS-filter
compliance: The spring-box and the payload are represented by
stiff plates. The GAS-filters are modeled as a set of springs with
the measured horizontal and vertical stiffness. The resulting modes
are translational and rotational differential oscillations between
spring-box and payload.

one-dimensional analytical model the 17Hz resonances are lateral dif-
ferential oscillations between the spring-box and the payload in both
horizontal directions. The differential horizontal rotation mode (yaw)
is according to the finite element model at 12.8Hz. This mode is seen
at 13Hz in the horizontal frequency response in figure 63.

11.3 spring-box elastic modes

In section 11.2 the horizontal spring-box rigid body modes are dis-
cussed. They are the lowest internal resonances of the AEI-SAS. Due to
the finite vertical compliance of the IP-legs and the spring-box, three
additional modes are observable in the system, with the spring-box
bouncing vertically, and rotating in pitch and in roll. These modes
have natural frequencies between 30Hz and 50Hz. The finite element
simulation (figure 65) shows the corresponding spring-box mode shapes.
It also shows that even though the thin upper flexures (operated in ten-
sion) and the thin walls of the IP-legs dominate the vertical compliance,
the bending of the spring-box is a significant contribution. Two differ-
ent approaches are investigated in order to improve the performance
in the frequency band above 30Hz: In the first approach, the geometry
of the IP-legs is changed to stiffen them in the vertical direction (see
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chapter 13). This, in combination with spring-box stiffening, will shift
the vertical spring-box modes to higher frequencies and thereby widen
the isolation frequency window (as discussed in the introduction of this
part). The second approach is the passively damping of the resonances
by installing dedicated inertial damping units (see chapter 15). In this

Figure 65: Finite element simulation of the spring-box and IP-
leg modes. A set of three springs represent each IP-leg’s stiffness
matrix. These springs are on one end connected to the spring-box,
on the other end the connect to nine rigidly supported cubes. The
mass and dimensions of the spring-box have realistic values. The
color scheme illustrates the total deformation from no displace-
ment (blue) to maximum deformation (red).
The first two modes shown here are primarily rotational oscilla-
tions. The third mode is the ‘bounce’ mode of the IP-legs. All
three oscillations are caused by a combination of vertical deforma-
tion of the IP-legs and bending of the spring-box. The simulated
resonance frequencies are 37.9Hz, 38.3Hz and 41.0Hz. Chapter 15
shows, how inertial dampers can be placed in anti-nodes of the os-
cillations in order to effectively remove energy from these modes.

chapter, the lowest vertical spring-box modes and the approaches for
improvement are discussed.
Parts of the results presented in this chapter are published in ref. [57].

11.3.1 Analysis of vertical spring-box modes

Above the frequencies of the horizontal spring-box modes, which are
discussed in section 11.2, the first two AEI-SAS units show further
internal resonances. Their oscillation couples into all motion sensors
of the systems and are most prominent in the spring-box. The finite
element simulation shown in figure 64shows two tilt modes of the spring-
box plate at approximately 30Hz and a bounce mode of the spring-box
plate on the IP-legs at 47Hz. A more accurate model of the spring-
box is necessary to analyze those modes in more detail since the mode
frequency is strongly dependent on the stiffness and the geometry of
the spring-box.
Figure 65 shows a finite element simulation with a spring-box geome-

try close to reality. The three GAS-filters, as well as the accelerometers,
are modeled as simple geometries with the right mass and footprint in
the right position on the lower spring-box plate. The Gas-filters’ soft
vertical connection to the payload can be neglected for this simulation.
A set of three springs represent each IP-leg’s stiffness matrix. Their
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vertical stiffness is taken from a separate, close to reality IP-leg model
(see figure 66) and is kv = 1.1× 107N/m.

A strongly simplified analytical model shows, that the weakest part
of the IP-leg is the aluminum tube. For this approximation, the vertical
stiffness is composed of the vertical stiffness of the lower flexure, the
upper flexure and the aluminum tube with

kflex
v =

πEd2flex
4lflex

= 2.3× 108N/m

kuflex
v =

πEd2uflex
4luflex

= 9.4× 107N/m

k
leg
v =

πEa(d
2
leg1

− d2leg2
)

4ltube
= 4.2× 107N/m .

(94)

with the upper and lower flexure dimensions dflex, lflex,duflex and luflex

and the Young’s modulus of maraging steel E (see table 6). dleg1
=

0.048m and dleg2
= 0.046m are the inner and outer diameter of the

aluminum tube, the Young’s modulus of aluminum is Ea = 70GPa.

Figure 66: Finite element simulation of the vertical stiffness of
the IP-leg. The geometry is simplified to the basic components.
A force of 1N is acting on the adapter bar, which is connecting
the upper flexure to the upper bell. The exaggerated displacement
representation illustrates the weakest parts of the structure. The
upper flexure, as well as the aluminum tube, are strongly deformed.
The resulting vertical stiffness is kv = 1.1× 107N/m. The color
scale next to the figure is the total deformation in millimeters.
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The resulting total vertical stiffness of such a simplified IP-leg is

kv =
kflex

v kuflex
v k

leg
v

kflex
v kuflex

v + kuflex
v k

leg
v + kflex

v k
leg
v

= 2.6× 107N/m . (95)

Even though this stiffness is by a factor of approximately 2.4 higher
with regard to finite element simulation, this simple calculation shows,
that both the tube and the upper flexure limit the vertical stiffness of
the IP-leg.1 These components need to be stiffened in order to shift the
vertical spring-box modes to higher frequencies.

As mentioned above, those modes are not only caused by the ver-
tically soft IP-legs, but also by the relatively low bending stiffness of
the spring-box itself. The bounce mode frequency of a system with an
infinitely stiff spring-box, for instance, would be

fbounce =
1

2π

√
kv

msb
= 50.3Hz , (96)

1.2 times higher than with a soft spring-box. Furthermore, a finite el-
ement simulation with vertically infinitely stiff IP-legs results in res-
onance frequencies only 1.9 times higher than with realistic IP-legs.
That implies, that not only the IP-legs need to be re-designed in order
to stiffen the internal resonances, but also the spring-box needs to be
stiffened.
The simulated resonance frequencies of the three lowest vertical spring-
box modes are at 37.9Hz, 38.3Hz and 41.0Hz. The lowest mode can
be approximated as a roll mode around an axis parallel to the y-axis,
the second mode is an oscillation around the x-axis and the third mode
is mainly a vertical bounce motion.
In order to verify this model, the spring-boxes of both AEI-SASs were

excited in the rx, ry and z-direction and the frequency responses to the
payload motion were measured (see Figure 67). The vertical actuators,
located in between spring-box and GAS-filter-keystone, were therefore
used to drive the spring-box in the vertical and vertical-tilt directions.
The signal was recorded by a horizontal geophone, mounted on top of
the payload. When the spring-box is driven in the z-direction mainly a
resonance at 34.6Hz is excited, when driven in the rx-direction mainly
a resonance at 31.2Hz is excited and when driven in the ry-direction
mainly a resonance at 30.5Hz is excited. Albeit the order of the modes
coincides with the simulation, the simulated mode frequencies are up
to approximately 1.3 times higher, even though the model accounts for
a soft spring-box. This can be explained by the difference in the connec-
tion between the single components of the spring-box; in reality, they

1 The difference in finite element simulation and analytical model is mainly due to the
geometry of the tube. The two windows at the top of the leg weaken the structure
(see figure 66).
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Figure 67: Driven vertical spring-box resonances in the south-
table. The mode shape and mode frequency were investigated in
order to verify the finite element model shown in figure 65 and
to characterize the AEI-SAS. For this measurement, the vertical
voice coil actuators were used to act on the spring-box. The plot
shows the frequency response from the actuation to a horizontal
sensor on top of the payload. When actuating the spring-box in the
ry-direction, mainly a 30.5Hz oscillation couples to the payload.
rx-direction excitation causes a strong 31.2Hz resonance, whereas
driving the spring-box in the z-direction mainly excites the bounce
mode at 34.6Hz. The ry actuation couples strongest to the sen-
sor since it was aligned with the x-axis. For the other directions,
the coherence is only high around the resonances. The same mea-
surement was done in the central table and can be found in the
appendix D
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are bolted, whereas the model’s geometry is monolithic. Section 14.1
discusses this issue in more detail.



12
THE FLUOREL STAGE

The 13Hz and 17Hz horizontal GAS-filter mode is highly undesirable
in the AEI 10m prototype experiments since some of the mirror sus-
pensions have vertical (bounce) modes very close to this frequency. Any
overlap of these resonances would result in strongly enhanced mirror
motion. Initially, we attempted to stiffen the GAS-filters in the horizon-
tal direction by installing additional structures. However, this approach
was discarded because either the low vertical stiffness of the GAS-filters
was compromised or because the functional vertical range of the stiff-
ening structure was too small. A second approach, the inclusion of an
additional, well-damped spring-mass stage in the AEI-SAS proved to
be very successful. Three vacuum compatible rubber pads (fluorel) were
placed between the payload and the ‘intermediate plate’, a 113 kg alu-
minum plate mounted on top of the GAS filters, in the position where
previously this plate was rigidly connected to the payload.

12.1 simplified one-dimensional model including the
fluorel stage

Figure 68 compares the two configurations using simple one-dimensional
models. The model for the original design consists of two horizontal
springs. One represents the IP-legs with a stiffness of kip ≈500N/m
and the other represents the horizontal GAS filter stiffness khGAS.
The eigenfrequencies of the coupled system are 0.1Hz and 17Hz, as
described above in section 11.2.2.
Implementing the Fluorel stage results in a three-spring, three-mass

system. Also in the derivation of this model the horizontal IP-leg spring
is neglected since its influence on the dynamics of the much stiffer upper
part of the AEI-SAS model is small. Accordingly, a system consisting
of two springs and two masses is described in the following calculations.
The parameters used in the model are listed in table 11.

In analogy equation 90 the potential energy of the fluorel spring is

Vfl =
1

2
kfl (xi − xtt)

2 . (97)

from the Lagrangian function of the system

L =
1

2
msbẋ

2
sb +

1

2
miẋ

2
i +

1

2
mttẋ

2
tt − VhGAS − Vfl (98)
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Parameter Value Description

khGAS 2.9× 106N/m Horizontal GAS-filter stiffness

kfl 1.1× 106N/m Horizontal fluorel pad stiffness

msb 331 kg spring-box mass

mp
= mtt +mi

900 kg
=785 kg+115 kg

payload mass = table top mass +
intermediate plate mass

xsb, xp, xtt
and xi

spring-box position, payload posi-
tion, table top position and interme-
diate plate position

Table 11: horizontal spring-box model coefficients.

payload

spring-box

baseplate

intermediate plate
113 kg

819 kg

331 kg

Fluorel pads

horizontal GAS-filter

 compliance

IP-legs

payload

spring-box

baseplate

932 kg

331 kg

horizontal GAS-filter

compliance

IP-legs

Figure 68: Simplified one-dimensional models of the isolation
system show how the implementation of a Fluorel stage changes
the horizontal eigenfrequencies.
Left: Original system. The IP-leg spring (kip ≈ 500N/m) connects
the spring-box (331 kg) to the ground. The horizontal GAS-filter
spring khGAS = 3× 106N/m connects the spring-box to the 932 kg
payload (including the intermediate plate). The common mode of
this system is at 0.1Hz, the differential mode is at 17Hz.
Right: Fluorel pads are placed between intermediate plate and
payload. The horizontal stiffness of this spring is approximately
1.2× 106N/m, resulting in eigenfrequencies of 0.1Hz, 9Hz, and
34Hz. Even though one of the internal resonances is at a lower
frequency than before, the lossy Fluorel pads strongly damp these
oscillations.

its equation of motion can be derived as

M~̈x = −K~x . (99)
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Here M is the mass matrix

M =


msb 0 0

0 mi 0

0 0 mtt

 , (100)

and K is the stiffness matrix

K =


−khGAS khGAS 0

khGAS −(khGAS + kfl) kfl

0 kfl −kfl

 . (101)

The squared angular frequency matrix is accordingly Ω = M−1K.
Diagonalizing Ω leads to the eigenfrequencies of the system,

f1 = −
{
[ (k2hGASm

2
i + (2k2hGAS − 2khGASkfl)msbmi

+ (k2fl + 2khGASkfl + k2hGAS)m
2
sb)m

2
tt

+ ((2k2fl − 2khGASkfl)m
2
sbmi

− 2khGASkflmsbm
2
i )mtt + k

2
flm

2
sbm

2
i ]1/2

− ((kfl + khGAS)msb + khGASmi)mtt

− kflmsbmi
}1/2 1

2π
√
2msbmimtt

,

(102)

f2 = −
{
[ (k2hGASm

2
i + (2k2hGAS − 2khGASkfl)msbmi

+ (k2fl + 2khGASkfl + k2hGAS)m
2
sb)m

2
tt

+ ((2k2fl − 2khGASkfl)m
2
sbmi

− 2khGASkflmsbm
2
i )mtt + k

2
flm

2
sbm

2
i ]1/2

+ ((kfl + khGAS)msb + khGASmi)mtt

+ kflmsbmi
}1/2 1

2π
√
2msbmimtt

,

(103)

and the common DC drifting mode

f3 = 0 . (104)

When connecting the system to via the IP-leg spring to the ground,
as shown in the left part of figure 68, f3 naturally becomes the IP-leg
mode with a resonance frequency of 0.1Hz.
An approximation of the fluorel pads’ stiffness, listed in table 11,

was obtained experimentally, by simply measuring the deformation of
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the rubber under a defined load. This way the Young’s modulus was
estimated to

Efl ≈ 11MPa . (105)

This value agrees well with a Young’s modulus measurement with a
similar rubber [153]. Since the fluorel pads are horizontally sheared
in the here described modes, not the Young’s modulus but rather the
Shear Modulus is of interest, which is defined for isotropic materials as

G =
E

2(1+ v)
, (106)

where v is the material’s Poisson’s ratio [128]. Most materials have
Poisson’s ratio values ranging between 0 and 0.5, resulting in a Shear
Modulus of Gfl = 4.6 ± 0.9GPa. For 3 fluorel pads with an area of
Afl = 50mm×16mm and a compressed height of approximately hfl =

10mm.1 The corresponding horizontal fluorel stage stiffness of is ac-
cordingly

kfl =
Afl

hfl
Gfl = 1.10± 0.22 N

m
. (107)

From equation 102 and 103 and the parameters listed in table 11 one
can estimate the resonance frequencies of the system displayed in the
left part of figure 68.
At f1 = 8.94+0.64

−0.76Hz the spring-box and the intermediate plate oscil-
late together between the heavy payload and the ground. The resonance
at f2 = 32.55+0.65

−0.64Hz corresponds to the oscillation of the intermediate
plate between the payload and the spring-box2. Since the lossy Fluo-
rel pads’ springs are involved in the latter two modes, they are well
damped and do not significantly influence the AEI-SAS performance
at low frequencies.

12.2 simplified three-dimensional finite element
model including the fluorel stage

For the AEI-SAS with the fluorel stage the simplified three-dimensional
finite element model, introduced in section 11.2.3, is extended by the
intermediate plate and the fluorel stage. As well as the GAS-filters the
fluorel stage is modeled as three sets of springs (described in more detail
in the appendix B). The spring constant of the horizontal springs is kfl

1 A more exact measurement and estimation of the fluorel pads elastic properties
would be possible, but was postponed due to time limitations. Furthermore, for the
model and the application presented here, the stiffness accuracy is sufficient.

2 The high number of fractional pats of the resonance frequencies is displayed to point
out that the inaccuracy in the fluorel’s elastic properties is rather insignificant for
this one-dimensional approximation
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(see table 11). The vertical stiffness was determined from the fluorel’s
Young’s modulus (see equation 105). Each of the three vertical springs
has accordingly a stiffness of kvfl =8.8×105N/m.
The IP-legs were excluded from this simulation, since the influence

of the horizontal the IP-leg stiffness is negligible for the horizontal
differential spring-box -intermediate plate - table top dynamics. This
way geometry is much simpler and the simulation is more efficient, due
to a lower number of elements.
As in the model discussed in section 11.2.3 the spring-box and the

table top are modeled as stiff quadratic plates with the right mass
and approximately the right horizontal dimensions. This simplifies the
model while delivering sufficiently realistic results. However, the inter-
mediate plate’s geometry is designed close to reality for this simulation.
This way the eigenmodes of this structure, constrained by GAS-filters
and fluorel pads can be studied. The discussion of these modes can be
found in the section 5.1.3 (they are displayed in figure 26) since they
are for the most part bending modes of the structure. In this section
only the rigid body modes of the system are discussed, naturally also
the compliance of the intermediate plate has a small influence on these
mode frequencies. Furthermore, these the bending modes of the inter-
mediate plate have not been experimentally identified. If they will be
found to compromise the AEI-SAS’s performance, additional damping
structures between the intermediate plate and the table top could be
easily installed.

Figure 69: Finite element model of the rigid body modes of the
AEI-SAS including the fluorel stage. The IP-legs are excluded from
the model, instead, the motion of the plate representing the spring-
box is restricted to the horizontal direction. Here the yaw ((a)
and (c)) and one of each horizontal translational ((b) and (d))
modes are displayed. The two horizontal modes orthogonal to the
those displayed have approximately the same shape and resonance
frequency. In this simulation, the intermediate plate geometry is
close to reality. The simulated bending modes of the intermediate
plate are discussed in section 5.1.3.

The mode shapes and the resonance frequencies of the rigid body
modes from the finite element simulation are shown in figure 69. Only
one of each horizontal transitional modes ((b) and (d)) is displayed
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since the second has a very similar shape and frequency. These oscil-
lations correspond to the modes derived in the one-dimensional model
in section 12.1. The simulation shows clearly the common oscillation
of intermediate plate and spring-box against the relatively still table
top (b). In (d) the intermediate plate oscillates between relatively still
table top and spring-box. However, the recoil on the lighter spring-box
is stronger than on the heavier table top.
The same differential motion can be seen in the rotational degree

of freedom ((a) and (c)). However, the resonance frequencies are lower
than those of the corresponding translational oscillations.
As mentioned above, the fluorel springs are involved in all these os-

cillations, thus the modes are all well damped. Furthermore, a second,
well-damped isolation stage is introduced in the AEI-SAS.

12.3 experimental comparison of the aei-sas with
and without the fluorel stage

The substantial performance improvement provided by the additional
stage is shown in figure 70. It is clearly visible, that the 17Hz resonances
have vanished. In this final configuration, three fluorel pads were placed

Figure 70: A comparison between horizontal payload motion
with (blue) and without (red) the additional Fluorel stage. The
strong 17Hz resonance is no longer visible. Unlike the spectrum
in figure 54, this measurement was recorded in air, resulting in
excess motion between 1Hz and 10Hz.

on top of the intermediate plate close to the horizontal position where
the GAS-filters are connected to the underside of the plate. This is the
same position that was simulated in the finite element model described
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above. Different configurations of number, dimensions, and position of
the fluorel pads were tested in the shaker stand before the one presented
here was found to perform best.
The comparative measurements shown in figure 70 were recorded on

the AEI-SAS placed in the vacuum envelope, but in air, resulting in
excess motion between 1Hz and 10Hz. Hence, the well-damped new
modes, described in the models, are not visible in this measurement.





13
IMPROVING THE IP -LEG GEOMETRY

As discussed above, a wider isolation window of the AEI-SAS requires
stiffer vertical spring-box resonances and therefore, vertically stiffer IP-
legs. There are several requirements for such a design:

• substantially higher stiffness in the vertical direction

• a horizontal stiffness close to the design value of the old IP-legs

• compatibility with the existing mechanics and attachment mech-
anisms

• it should allow a similar range of horizontal motion (about one
centimeter)

• it should be made from materials that can be machined and mod-
ified in-house

• a CoP compensation system must be able to handle the new mass
and mass distribution of the leg.

In the following, a geometry referred to as the ’symmetric IP-leg’ is
discussed. It has a very simple geometry and meets the requirements
itemized above.
Parts of the results presented in this chapter are published in ref. [57].

13.1 principle of the symmetric ip-leg

Starting from a simple IP-leg model with a lower flexure, a rigid leg
and an upper flexure one can easily derive the optimal geometry for
a high vertical stiffness for a given horizontal stiffness. The horizontal
stiffness of an IP-leg with the effective length l, where the restoring
force is provided by the lower flexure, is

kh =
κ

l2
, (108)

where

κ = EtIa/lflex (109)

is the angular stiffness of the flexure determined by the Young’s modu-
lus of the flexure material, Et, and the flexure length, lflex. The second
moment of area of a cylinder with diameter d is Ia = πd4/64. kh is the

153
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purely mechanical stiffness. The horizontal stiffness of the AEI-SAS
also depends on the gravitational anti spring as kip = kh −Mg/l.

The stiffness of an IP-leg with one flexure at the top and one at the
bottom that both contribute to the total horizontal stiffness can be
described as two IP-legs coupled in series, each with half of the total
length. The resulting horizontal stiffness is

kh =
4

l2
κ1κ2
κ1 + κ2

=
πEt

16l2lflex

(d1d2)
4

d41 + d
4
2

,
(110)

assuming the two flexures have the same length.
The vertical stiffness of such an IP-leg is only dependent on d2, the

cross-sectional area. Neglecting the stiffness of the leg itself, the total
vertical spring constant is

kv =
πEt

4lflex

(d1d2)
2

d21 + d
2
2

. (111)

The ideal thickness of the flexures can be found by solving equation
110 for d2 and inserting it into equation 111

d2 = d1 4

√
kh

Bd41 − kh
. (112)

The new formulation of equation 111 results in

kv(d1) =
Ad1√

Bd41
kh

− 1+ 1
, (113)

with A = Etπ
4lflex

and B =
Eyπ

64lfll
2 . Finding d1 where kh is maximal and

comparing it to equation 112 shows that the highest vertical stiffness
for a given horizontal stiffness is achieved by using flexures with equal
thickness at the top and bottom of the leg. This symmetric IP-leg
design is discussed in the upcoming sections in more detail.

13.2 design of the symmetric ip-leg

This section depicts the mechanical design of the symmetric IP-legs. A
detailed discussion of the specific choice of the flexures dimensions and
calculations of the CoP tuning can be found in the following sections.
The symmetric IP-leg design is much simpler than the original design.

As discussed in chapter 3, IP-legs were used in many different systems
over time. The older ones did not have CoP tuning. The legs were
therefore designed to be as light as possible. Furthermore, the vertical
stiffness was not as much an issue as it is in the HAM-SAS, the AEI-
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SAS and the EIB-SAS, since in the older systems (the Superattenuator,
the LIGO-SAS or the TAMA-SAS) the mass mounted on top of the
IP-legs was relatively low and the legs were relatively long. Thus, the
lowest IP-leg modes were the bending modes, not the modes caused
by its vertical compliance. However, Advanced Virgo’s multiSAS’s (see
section 3.6.1) lowest internal resonances are at frequencies around 50Hz
and associated with tilt and bounce modes of the upper stage on the
IP-legs [59]. These kind of systems also could potentially benefit from
vertically stiffer IP-legs.

As shown in figure 71, it mainly consists of two identical flexures, a
48mm diameter stainless steel tube, an upper and lower cap, and an
adapter bar. This bar connects directly to the adapter bell of the old
design, from which the spring-box is suspended (see figure 44). The
center of the bar is bolted to the upper flexure. This, in turn, is bolted
to the upper cap. The upper and lower cap are welded to the stainless
steel tube. The flexure’s threads are fine pitch threads, in order to
increase the rigidity of the leg-flexure connections. The lower flexure is
the link between the lower cap and the connection to the AEI-SAS’s
baseplate.
The lower cap features a rim on which the CoP tuning bell from the

old design is installed. Due to the shorter new flexures, the new design
includes a shimming ring to account for the lower height of the rim (see
figure 72). Furthermore, the position of the eddy current damper unit
(see figure 44 and section 13.3.2) inside the upper bell needed to be
lowered, whereby the magnets are aligned with the stainless steel tube.
Otherwise, the original AEI-SAS design remains unchanged. The dis-
tance from the bar to the bottom of the lower flexure therefore needs to
be 508mm. That leads to the component dimensions shown in table 12.
The original IP-leg flexures were made from maraging steel, a mate-

rial chosen because it combines very high strength (1.94GPa ultimate
tensile strength), very low creep, and a low loss angle [68, 69]. How-
ever, maraging steel has a long lead-time for procurement. For the new
design, this material was substituted with Titanium grade 5. This ma-
terial is easy to machine, has a low internal loss and high strength [154,
155]. The leg itself is made from a stainless steel tube with 2mm wall
thickness, making it much stiffer than the original 1mm wall thickness
aluminum leg.
The symmetric IP-legs are designed to carry a load which is closer

to the design value derived in ref. [24]. Each of the old IP-legs carries
about 75 kg less than originally intended. Hence, the requirement on ad-
ditional mass in the spring-box is relatively tight so that the maximum
mass of the spring-box damper design was limited (see section 15.1.3).
Furthermore, auxiliary stiffening structures cannot be retrofitted into
the spring-box due to the mass limit.
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Figure 71: Mechanical design and photograph of the symmetric
IP-leg. The new IP-leg consists of an identical upper and lower
flexure made from titanium grade 5 and a stainless steel leg. An
upper and a lower cap are welded to the stainless steel tube with
2mm wall thickness. The bottom cap features a rim on which the
original CoP tuning structure can be installed. The hole in the
steel tube, visible in the photograph, is for venting the structure
during the evacuation of the vacuum system.

The horizontal design stiffness of the symmetric IP-legs was chosen
to carry about 35 kg more mass than the old IP-legs. That provides the
freedom to design efficient stiffening and damping structures.
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13.3 modeling the symmetric ip-leg

Parameter Value Description

Et ∼ 115GPa Young’s modulus of Titanium
Grade 5 [156]

d 0.0083m thickness of the flexures

lflex 0.025m flexure length

kh ∼10000N/m horizontal stiffness of a single sym-
metric IP-leg

κ 1072Nm horizontal stiffness of a single sym-
metric IP-leg

lleg 0.405m length of the steel tube and the IP-
leg caps

l 0.4533m effective length of the symmetric IP-
leg

lb1
0.1001m distance from pivot point of the IP-

leg to counter weight

lb2
0.0413m distance from pivot point of the IP-

leg to the effective CoM of the bell

mb2
0.216 kg effective bell mass

m∗ 1.72 kg effective leg mass

Mcw variable counter weight mass

Table 12: symmetric IP-leg parameters. (compare to figure 72)

13.3.1 Horizontal transmissibility of the symmetric IP-leg

The thickness and the length of the two flexures was chosen to be
dflex = 8.3mm and lflex = 25mm. That leads to a horizontal stiffness
of

kh =
πEtd

4

32l2lflex
≈ 10000N/m . (114)
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The resulting maximum payload mass of a single symmetric IP-leg is,
according to equation 28,

Mmax = 462 kg . (115)

A resonance frequency of 0.1Hz is achieved by a payload mass of

M0.1 =
kh

(2π · 0.1)2 + g
l

= 454 kg , (116)

that is 35 kg more than the payload mass of the old IP-legs.

Figure 72: Geometry and dimension of the CoP tuning structure
of the symmetric IP-leg. This figure shows the lower part of the
IP-leg (compare to figure 41). The CoP tuning structure as well
as the foot the IP-leg is resting on are identical to the old IP-
leg’s geometry. The unintuitive choice of dimensions (l, lb1

, lb1
)

and masses (m∗,mb2
) is chosen with respect to the IP-leg’s pivot

point, which is at 13 of the flexure height.

A simple model of the horizontal isolation capabilities of the symmet-
ric IP-legs can be developed in analogy to the model of the old IP-legs
shown in section 7.1.5. The dimensions of the symmetric IP-leg and its
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Figure 73: Amplitude of the symmetric IP-leg’s transmissibil-
ity with CoP tuning (compare to figure 43 and equation 59).
The transmissibility is plotted for different tuning settings. The
configuration without any CoP tuning (blue) results in an al-
ready quite good isolation performance at higher frequencies of
βh = 2.7× 10−5. By attaching the bell to the IP-leg, the CoP
plateau does change only marginally (red). The ideal tuning is
achieved by a counterweight mass of approximately 0.98 kg (green).
Examples of satisfying realistic tunings are shown in yellow and
purple. A CoP plateau height of βh = 4.6× 10−6 is achieved by
counterweight masses of 0.8 kg or 1.16 kg.

CoP tuning structure are displayed in figure 71. The length of the rigid
part of the IP-leg is

l = lleg + 2×
(
7.5× 10−3 + 2

3
lflex

)
= 0.4533m . (117)

It is composed of the stainless steel tube’s length with the upper and
lower cap and the distance from the cap to the bending point of the
upper and lower flexure (see section 7.1.2). The effective counter weight
and bell lengths lb1

and lb2
and the effective bell and leg mass mb2

and
m∗ are derived in the same way as in equation 56 and 57. The additional
reduction of the lengths is due to the 30mm high adapter piece between
leg and bell (see figure 71). The amplitude of the transmissibility of the
symmetric IP-leg is derived as in section 7.1.5. It is plotted in figure 73
for different CoP tuning adjustments. The ideal tuning mass is

Mideal
cw =

l2m∗ − 6mb2

(
lb2
l+ 4

3 l
2
b2

)
6lb1

(l+ lb1
)

≈ 0.98 kg . (118)
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Figure 74: Comparison of the old and new IP-leg’s CoP tuning.
The plot shows the absolute value of CoP plateau height βh as a
function of the counterweight mass. The steep roll-off on a loga-
rithmic scale illustrates the difficulties in CoP tuning. The slope
of the symmetric IP-leg’s tuning curve is much lower than the
curve of the old design. Furthermore, the symmetric IP-leg with-
out counterweights (and bell) has already a much lower isolation
plateau than the old IP-leg. That simplifies achieving a good CoP
tuning.

This can easily be achieved by a ring of four slightly enlarged counter
weights and a set of smaller tuning masses.

The process of CoP tuning is illustrated in figure 74. It shows the
strong influence of the payload mass on the CoP plateau height. Even
though the symmetric IP-leg is heavier than the old IP-leg, βh is lower
without any CoP tuning. The slope of the new IP-legs’ tuning curve is
also lower, which simplifies the CoP adjustment.

13.3.2 Internal resonances of the symmetric IP-leg

Internal resonances of single components of the AEI-SAS can compro-
mise the isolation performance. They are potentially harmful, particu-
larly when their eigenfrequency is close to the measurement window at
200Hz. Here the internal resonances of the old and the new IP-leg are
investigated and compared. Figure 75 shows finite element simulations
of the four lowest IP-leg mode shapes and frequencies. In this model,
the upper and lower flexure are regarded rigidly fixed in the position
where they are connected to the baseplate and the spring-box. The
lowest internal resonances of the old IP-leg are horizontal oscillations
of its top. Due to their mode shapes, they can couple strongly to the
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Figure 75: Finite element simulation of the internal resonances
of the old (a) and new (b) IP-leg. The lowest modes of the old
IP-leg are horizontal oscillations of its top part, due to the soft
upper flexure. The symmetric IP-leg’s lowest mode is a rotation
around its long axis and approximately 100Hz higher.

upper parts of the AEI-SAS. The AEI-SAS design includes therefore an
eddy current damper unit. It consists of a set of neodymium magnets
located inside the upper bell (see figure 44). With this setup, the leg
modes can be efficiently damped.
The symmetric IP-leg’s structure is much stiffer and its lowest inter-

nal resonance is approximately 100Hz higher than the one of the old
IP-leg. It is a rotational mode around the leg’s long axis. Due to the
higher mass of the 2mm wall thickness stainless steel tube the mode fre-
quency is lower than the old IP-leg’s equivalent at 493Hz. Even though
this mode does not couple strongly to the spring-box, the eddy current
damper unit is included in the design of the new IP-legs.
The anti-node of the two neighboring higher internal resonances is

in the vertical center of the IP-leg. Hence, they are hardly influenced
by the damping unit. However, their resonance frequency is relatively
high and retrofitting of a damping unit is uncomplicated.

13.3.3 Symmetric IP-leg stress model

The bending stress in the symmetric IP-leg’s flexures is higher than in
the old ones since the new flexures are much shorter. Finite element
simulations helped to design the new flexures with a tolerable maxi-
mum stress. In order to reduce the peak stress, the transition from the
flexible cylindrical part to bottom and top were smoothed. The finite
element simulations of the new IP-leg design (figur 76) show that dis-
placing the payload by 10mm results in a maximum bending stress of
approximately 60% of the yield [157]. Although this is much closer to
yield than equivalent maraging steel flexures (which were at approx-
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Figure 76: Finite element simulation of the maximum equivalent
tensile stress in the new IP-leg’s flexures. The IP-leg was deflected
by 1 cm, while keeping the adapter bar parallel to the ground, in
order to simulate the realistic deformation in the AEI-SAS. The
left part of the figure shows a finite element simulation of the IP-
leg’s deformation, the right part represents the stress in the lower
flexure. It is identical to the stress in the upper flexure. The color
scale on the left represents the total deformation in millimeters,
the one on the right is the stress in MPa. The simulation illus-
trates, that the rounded corners at top and bottom of the flexure
distribute the stress equally on the bending part.

imately 20% of yield), the margin is still sufficient considering that
in normal operation the payload translates less than 1mm. In order
to prevent any damage, the horizontal AEI-SAS motion is limited to
0.8mm.

13.4 horizontal and vertical stiffness of the sym-
metric ip-leg

The properties of the new IP-legs were modeled and tested experimen-
tally before installing them in the AEI-SAS.

13.4.1 Horizontal stiffness

The symmetric IP-leg’s flexures were designed to be modifiable in terms
of horizontal stiffness by changing their thickness. The design procedure
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of the flexures started with values from the simplified analytical model
(see section 13.3.1). The stiffness and the maximum stress were then
evaluated in finite element simulations of a more realistic CAD-model
shown in figure 76. The difference between simulation and reality can
be relatively large. Not only inaccuracies in the meshing of the model,
the machining of the real part or inhomogeneities in the material can
have an influence, but already the uncertainty of the material prop-
erty definition can make a difference between reality and simulation.
The Young’s modulus of titanium grade 5, for instance, is defined be-
tween 110 and 119GPa [156]. The flexures were therefore designed to
be slightly thicker than required. By this means the stiffness could be
adjusted after it was measured experimentally by reducing the flexures
diameter.
The angular stiffness of each flexure was measured individually.

Therefor the symmetric IP-legs were installed on the AEI-SAS’s base-
plate. A defined horizontal force was applied to the structure at the
position where the upper flexure is connected to the leg. Simultane-
ously the resulting deflection was measured at the same position. This
way the stiffness ktest

h was determined. The angular stiffness of this
configuration is of the order of

κ = ktest
h l2test =

πEtd
4

64lflex
≈ 1071.6Nm , (119)

where ltest = 0.4292m is the length from the IP-leg’s pivot point to the
position where the force is acting. The results of this measurement are
presented in table 13 and the results of a finite element simulation of
this experiment are shown in figure 77. The latter differs strongly from
the measurement. Reasons for that could be, as mentioned above, due
to the uncertainty of the material properties. Furthermore, the mount-
ing of the leg is not included in the simulation. Whereas the adapter
foot between flexure and baseplate is relatively stiff, the baseplate itself
is more likely to cause a decrease of the bending stiffness of the IP-leg.
Due to the strong difference between simulation and reality, the flex-

ures were first produced with a diameter of 9mm, which was then
iteratively reduced until the satisfying stiffness was achieved.
The horizontal stiffness of the entire IP-leg, when implemented in

the AEI-SAS, follows from equation 110 and 115

kh =
2κ

l2
≈ 10578N/m . (120)
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Figure 77: Finite ele-
ment simulation of the
experimental setup for
measuring the horizontal
bending stiffness of the
IP-leg. A force of 1N is
applied to the foot of the
upper flexure and the
displacement is measured
at the same position.
The minimum level of
Young’s modulus of tita-
nium grade 5 results in
a stiffness of 6545N/m.
The upper limit of the
stiffness is at 11167N/m.
Respectively, the angular
stiffness of the flexure
is between 1206Nm and
2057Nm. The scale in
the figure shows the
displacement in meter for
Et = 115GPa.

13.4.2 Vertical stiffness

The vertical stiffness of the symmetric IP-legs can be approximated by
the vertical stiffness of two cylinders with the parameters of the flexures
and one tube with the dimenions of the leg;

kflex
v =

πEtd
2

4lflex
= 2.5× 108N/m

k
leg
v =

πEs(d
2
leg1

− d2leg2
)

4ltube
= 5.1× 108N/m ,

(121)

with the Young’s modulus of stainless steel Es = 193GPa [158] and
dleg1

= 0.048m and dleg2
= 0.044m the inner and outer diameter of

the stainless steel tube dleg1
and dleg2

.
The resulting total vertical stiffness of the symmetric IP-leg is

kv =
kflex

v k
leg
v

kflex
v + 2k

leg
v

= 5.1× 107N/m . (122)

The vertical stiffness of the new IP-legs was also measured in an aux-
iliary experiment. As a measure for the vertical stiffness the vertical
bounce mode was measured after loading both legs individually with
the same mass (see figure 80). The mass was chosen to be lower than the



13.4 horizontal and vertical stiffness of the symmetric ip-leg 165

Flexure # Stiffness in N/m Angular stiffness in Nm

1 5846.3± 340.5 1077.0± 62.7

2 6040.9± 285.9 1112.8± 52.7

3 5629.2± 80.5 1037.0± 14.8

4 5665.9± 65.3 1043.7± 12.0

5 6310.9± 242.6 1162.5± 44.7

6 5904.8± 190.5 1087.7± 35.1

Average 5899.7± 304.5 1086.8± 72.2

Table 13: Horizontal bending stiffness and angular stiffness of
the symmetric IP-leg. The table shows the results of the experi-
ment determining the new IP-leg flexure’s stiffness. All six flexures
needed for the three IP-legs were measured individually to detect
possible irregularities. The values correspond to the final version
of the flexures. The structure was mounted on the AEI-SAS base-
plate and the force was applied to the foot of the upper flexure.The
stiffness and the standard deviation of each flexure results from
several measurements in which the pulling force was varied and
the corresponding horizontal displacement was measured at the
position where the force was applied. The last row of this table
shows the average stiffness of all measurements. The stiffest flex-
ure is less than 8% stiffer than the softest flexure.

final payload mass, in order to keep the experimental setup simple and
stable. The vertical transmissibility was measured by placing one geo-
phone on the ground and one on the suspended mass. Figure 79 shows
the vertical transmissibility of both IP-leg designs. The bounce mode
of the old and new legs are 76Hz and 164Hz respectively. The resulting
vertical spring constant of the old IP-leg is 9.1× 106N/m. Comparing
this to the finite element simulation in figure 66, the simulated stiffness
is approximately 17% higher than the measured one. That difference
could be explained by the relatively complicated designed setup, con-
taining many individual parts. Whereas the geometry is simulated with
rigid connections the assembly’s connections base on bolting or simply
friction in the realistic system. The vertical stiffness also depends on
where the force is acting on the structure. Whereas the simulated force
is uniformly distributed over the adapter bar, it is acting on confined
areas in the real setup.
The new symmetric IP-leg is with 42.4× 106N/m more than 4 times

stiffer than the old design. That is close to the simulated value. The mea-
sured stiffness is only approximately 8% lower. In combination with the
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Figure 78: Finite ele-
ment simulation of the
symmetric IP-leg’s verti-
cal stiffness. A force of 1N
is acting on the adapter
bar, connecting the upper
flexure and the upper bell.
In comparison to the old
IP-leg, the symmetric IP-
leg deforms uniformly over
its whole length, due to
its simpler structure (com-
pare to figure 66). The re-
sulting vertical stiffness is
kv = 5.1× 107N/m. The
color scale in the figure is
the total deformation in
millimeters.

stiffening of the spring-box, this increases the frequency of the spring-
box modes greatly. If the spring-box was assumed to be a rigid body,
the bounce mode on the new IP-legs would be at approximately 100Hz,
although the bending of the spring-box will lower the mode frequency.
As discussed in section 14.4.2.3 a bounce mode as high as 70Hz was
achieved with the symmetric IP-legs and a stiffened spring-box.
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Figure 79: Vertical transmissibility of old and new IP-legs: The
improvement in vertical stiffness from the new design was exper-
imentally tested by measuring the fundamental bounce mode of
both IP-legs. Each leg was loaded with a 40 kg mass and the trans-
missibility was measured. The measurement result shows that the
stiffness of the new design is more than four times higher than the
original design. The dip in the symmetric IP-leg curve at 80Hz
and in the old IP-leg curve at 98Hz is caused by the tilt of the
suspended mass. The experimental setup is shown in figure 80.
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Figure 80: Photographs of the experimental setup for measuring
the vertical stiffness of the old (left) and the symmetric (right)
IP-leg. Both IP-legs were loaded with a 40 kg mass. Due to geo-
metric constraints, the mass was mounted in two different ways.
A movable mass on top of the construction was used to level the
payload. The IP-legs were mounted on top of a heavy block of
steel, which was resting on three vertically adjustable feed. The
vertical transmissibility of ground motion was measured by two
L-22D geophones. One was placed on the steel block, the other
one on top of the payload. The results of the measurements are
shown in figure 79
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As discussed in the chapter above, the vertical spring-box resonances
limit the isolation window to high frequencies. Shifting those modes
to higher frequencies would widen the low frequency isolation window
and reduce the rms-motion of the payload since ground motion declines
with increasing frequency.

The vertical spring-box modes are caused by a combination of the
old IP-leg’s low vertical spring constant and the soft bending stiffness of
the spring-box itself (see section 11.3). Additionally to the new IP-legs,
discussed above, a spring-box reinforcement was designed to shift the
vertical spring-box modes to higher frequencies. This section discusses
the principles, the design, the implementation and the verification of
this stiffening structure.
Without any stiffening structure, the upper and lower spring-box

would only be interconnected by the GAS-filter reinforcements. The
modes resulting from such a geometry are shown in the lower part
of figure 89. The original stiffening plates (see figure 23) have a rela-
tively small effect. The first two AEI-SAS units show the lowest three
spring-box resonances between 30Hz and 35Hz (see figure refsbdriven-
res). The goal of the spring-box stiffening is to shift those modes to as
high frequencies as possible, without compromising the AEI-SAS’s per-
formance or influencing its functionality. Starting from the original de-
sign’s insufficient stiffening plates, additional reinforcement structures
were simulated, optimized and implemented in the third AEI-SAS unit.

As described in section 11.3, the ‘monolithically’ simulated spring-
box modes differ from the measured resonance frequencies in the real
system with bolted connections. In order to test the influence of the con-
tact between the individual components of a system, a side-experiment
was performed. Here the stiffness of a bolted aluminum structure is
compared to the stiffness of the same structure with glued and bolted
connections. This experiment is described in the following section, fol-
lowed by a discussion of the spring-box stiffening structure.
As well as the new IP-legs, the here introduced stiffening method is

only suitable for the third AEI-SAS unit. Since the first two tables are
operating in the vacuum system, populated with optics, disassembling
the systems would hardly be feasible without severely delaying the 10m
prototype experiments. In order to reduce the rms motion in the first
two AEI-SAS units, the internal resonances are inertially damped, as
described in section 15.
In the following, the spring-box design without the new auxiliary

stiffening is referred to as original design.

169
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14.1 glue-bolting experiments

Complex mechanical systems such as the AEI-SAS often suffer from
the finite stiffness of their individual components. Internal resonances
can disturb measurements and in the case of the AEI-SAS can limit
the seismic isolation performance.
The bending stiffness of the AEI-SAS’s spring-box in combination with
the low vertical stiffness of the IP-legs are currently causing the lowest
undamped internal resonances of the AEI-SAS. FEM simulations imply
a much stiffer spring-box than the measurements of the real system
show. The FEM model assumes rigid connections, however, in reality,
there are bolted contacts. In a simple experiment the bending mode
frequency of a bolted I-beam shaped aluminum assembly at 690Hz
could be increased to 1133Hz by both gluing and bolting metal surfaces
together.
These results are also summarized in a LIGO document [159]

14.2 bolting vs. glue-bolting

The bending stiffness of a simple rod is proportional to the third power
of its thickness, which explains, why a monolithic rod of the thickness d
is much stiffer in bending than two parallel bars, each of the thickness
d/2. Bolting a structure increases the contact area, but does not provide
a rigid connection. Welding is in many cases, not an option, due to
deformations or practicality. A simple experiment should show, if glue-
bolting can provide a rigid connection and make composite systems
behave monolithic in a sub 3 kHz frequency range. It will provide an
indication whether glue-bolting the spring-box could improve the AEI-
SAS´s performance.

Figure 81: Outline and dimensions (in units of millimeter) of
the experimental assembly. (the 6 M3 bolts and the bolt holes are
excluded)
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In this simple experiment, we chose a structure which resembles a sin-
gle segment of the spring-box´s stiffening structure: An I-beam shaped
aluminum assembly (see figure 81) was first bolted-only and later glue-
bolted. The fundamental bending mode frequencies were compared to
verify an increase in rigidity, due to glue-bolting the structure. FEM
simulations of the structures supported the experiment.

14.3 experiment, simulations and results

14.3.1 Experimental setup

At first, the aluminum I-beam was bolted tightly. The structure was
suspended from a single thin wire in its center. The wire was coiled in
order to lower the influence of its vertical stiffness (see figure 82). The
oscillations were exited by tapping the short edges of the I-beam (in
order to excite the bending mode) and measured using a microphone.

Figure 82: Experimental setup to measure the resonance frequen-
cies. The I-beam was suspended in its center from a steel wire. In
order to reduce the vertical stiffness of the wire, and therefore its
influence on the structure’s resonance frequencies, it was curled.
The modes were excited by tapping the edges of the structure. The
beam’s vibration was measured with a microphone.

The frequencies of the two lowest resonances were measured at 649Hz
and 690Hz. Due to the mechanical mode shape, the amplitude of the
peak and the direction of excitation, the 690Hz resonance could be iden-
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tified as the bending mode, and the 649Hz resonance as the twisting
mode (for comparison see figure 85).
The same structure was disassembled and the full contact surfaces

were covered with a thin layer of two component epoxy glue. The struc-
ture was then bolted tightly together so that only a thin film of glue
was left in between the plates. After the glue was cured, the twisting
mode shifted to 730Hz and the bending mode shifted to 1133Hz. A
third resonance peak was excited at 2472Hz.

14.3.2 Simulations

The results from the glue-bolted structure fit remarkably well to the
FEM simulations. As shown in figure 83, a free-floating monolithic I-
beam was modeled. The lowest mode is the twisting mode at 755Hz,
the modeled bending mode at 1132Hz is only 0.09% higher than the
measurement. The third measured resonance presumably corresponds
to the horizontal bending mode (figure 83 right) with a modeled fre-
quency of 2464Hz.

Figure 83: FEM simulation of the glue-bolted structure. left:
twisting mode at 755Hz, center: vertical bending mode at 1132Hz,
right: horizontal bending mode at 2464Hz

A second FEM simulation helps to understand the behavior of the
‘bolted-only’ structure. The surfaces are not connected over the whole
connection area, but only in the areas, where the bolts are located. In
order to keep the simulation and the mesh simple, 0.5mm high cuboids
connect the middle bar with the upper and lower plate, as shown in
figure 84. (Reducing the cuboids height to the half had a negligible
influence on the resonance frequencies).

Figure 84: Simplified ‘bolted-only’ model: The upper and lower
plate are connected only in the positions where the bolts are.

This model represents the minimal contact area and is not the real-
istic case where the contact area is undefined. The simulation shows



14.3 experiment, simulations and results 173

a bending mode at 518Hz and a twisting mode at 624Hz (figure 85).
The bending resonance frequency is strongly influenced by the contact
area. Also, the number of low frequency modes is much higher for the
‘bolted-only’ model. The monolithic model has only 5 eigenmodes below
3 kHz, whereas the ‘bolted-only’ model has 28. Those are mainly the
oscillations of the individual plates. These results suggest that bolting
provides rigid contact only in a limited area.

Figure 85: FEM simulation of the bolted structure. left: twisting
mode at 518Hz, right: vertical bending mode at 624Hz

14.3.3 Results

Increasing the contact area of a bolted structure significantly increases
its stiffness. In this experiment, glue-bolting made the structure’s bend-
ing mode close to equal to the simulated bending mode of a monolithic
structure. The results of the experiment compared to the simulation of
the monolithic structure is shown in table 14.

mode # bolted only
[Hz]

glue-bolted
[Hz]

simulation [Hz]

1 649 730 755

2 690 1133 1132

3 not measurable 2472 2472

Table 14: Resonance frequency measured in the glue-bolting ex-
periment compared to the simulation of the monolithic structure.
Glue bolting increased the resonance frequency of the structure by
a factor of 1.12 (twisting mode) and 1.64 (vertical bending mode).
The glue bolted structure’s mode frequencies are remarkably close
to the simulation.

A model with reduced contact area showed a significantly lower bend-
ing resonance frequency and a much higher number of low frequency
eigenmodes. The quality factor change of the resonances was not inves-
tigated in this experiment, but from the ringdown time of the modes
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in the acoustic band, the glue-bolted structure seemed to have signifi-
cantly less internal damping.
These results suggest that glue-bolting the spring-box’s stiffening struc-
ture could have a positive effect on the AEI-SAS’s isolation perfor-
mance.

14.4 designing the spring-box stiffening structure

The spring-box consist of two relatively soft aluminum plates. Three
GAS-filters, the motorized springs, the horizontal accelerometers and
the blades of the tilt stabilization are connected to the lower plate.
Particularly the approximately 50 kg GAS-filters lower the bending res-
onance frequencies of the system. Three stiffening plates around the
central spring-box hole and six additional plates frame the three IP-legs
(see figure 23). These plates and the reinforcement structure surround-
ing the GAS-filters interconnect the upper and lower spring-box plate.
Unfortunately, these original stiffening plates are hardly oriented in the
mode’s bending curvature direction of a spring-box without stiffening
(see the lower part of figure 89).

In figure 65 the three lowest spring-box modes are illustrated. Ideally
one would implement additional stiffening plates, following the bending
curve of the upper and lower spring-box plate. Since the mode shape
is strongly influenced by the GAS-filters, they are naturally in the way
of such an ideal stiffening. Also, the other components located in the
spring-box limit space for additional stiffening structures.
The performance of different stiffening structures was studied with

the aid of finite element simulations or experiments. These included
I-beams-like reinforcement structures which were mounted below the
lower spring-box plate, viton-aluminum structures which were clamped
between the two spring-box plates, and additional stiffening plates,
which simulated to be rigidly connected to upper and lower spring-box
plate. The latter system showed the most promising results. As dis-
cussed above, the assembly needs to be glue-bolted to achieve a close
to simulation stiffness.
Various stiffening plate configurations were analyzed for their feasi-

bility and reinforcement properties. The geometry introduced in the
following increased the vertical spring-box resonance frequencies the
most, while it does not interfere with the subsystems installed in the
spring-box.
Figure 86 shows a CAD-drawing of the spring-box including the new

stiffening structure (red). These plates are made of aluminum and are
12mm thick. That allows them to fit in the tight spaces between original
stiffening plates and GAS-filter baseplates. Holes were placed in the
plates in positions where they do not compromise the stiffness, but
allow limited maintenance of the inner components of the spring-box.
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Figure 86: CAD-drawing of the spring-box including the new
stiffening structure (red). The new stiffening structure is designed
to increase the bending rigidity of the spring-box. Since space is
constrained by various components, this unsymmetrical geometry
was chosen. Holes in the stiffening plates ensure visibility of the
inner components and make them reachable from the outside.

Since the upper spring-box plate does not cover all of the lower plate,
the sides of the stiffening plates in those positions are chamfered.

14.4.1 Stiffening structure simulations

In order to analyze the performance of the new stiffening structure, it
was included in the simplified spring-box model, which is discussed in
section 11.3.1. The IP-leg stiffness matrix (represented by three sets of
springs) was changed to the symmetric IP-leg’s measured vertical stiff-
ness values (see section 13.4.2). Resonance frequencies of the four low-
est resonances with and without the stiffening structure were compared.
Figure 87 shows the mode shape of these resonances. The pictures are
overlaid with the stiffening structure to illustrate the choice of their
positioning. The six long plates stiffen the region between the IP-leg
- spring-box connection and the spring-box center. The shorter plates
reinforce the corners of the spring-box by surrounding the GAS-filters.
The relative mode shapes of the stiffened spring-box’s lowest three res-
onances are similar to the mode shapes of the original design (compare
to figure 65). The reason for this is that these two lowest resonances
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Figure 87: Mode shape of the four spring-box modes with the
lowest resonance frequency. The first two modes are oscillations
around the two horizontal axes, the third mode is the bounce
mode of the spring-box. The influence of the spring-box bending
is significantly reduced with respect to the old design. The fourth
mode is an alternating bending oscillation of the spring-box about
its two diagonal axes. The color scheme represents the total de-
flection from no deflection (blue) to maximal deflection (red). In
order to visualize the choice of stiffening plate’s positions, it is
highlighted in the geometry.

are mainly oscillations around the two horizontal axes, and the third
mode is similar to the bounce mode of a rigid spring-box. The bending
stiffness has less influence in the mode shape than in the resonance
frequency.
Table 15 shows the results of the stiffening study. The second column

shows the simulated resonance frequencies of the spring-box, suspended
from the symmetric IP-legs. The new IP-legs alone increases the lowest
two resonance frequencies by approximately 25% and the bounce mode
by approximately 35% with respect to the system where the spring-box
is suspended from the old IP-legs (compare to figure 65).
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mode # w/o stiffening
resonance fre-
quency [Hz]

w stiffening
resonance fre-
quency[Hz]

frequency shift factor

1 50.2 67.1 1.34

2 50.8 69.0 1.36

3 61.5 77.8 1.26

4 97.7 127.0 1.30

Table 15: Results from the finite element stiffening study. The
table shows the four lowest resonance frequencies of the spring-
box model suspended from springs imitating the symmetric IP-leg
stiffness matrix. Here the measured stiffness values of the IP-leg
are used (compare to section 13.4.2). The second column shows
the mode frequency of the spring-box without axillary stiffing, the
second column shows the values of the spring-box including the
new stiffening structure. In the last column the gain in frequency
shift is displayed.

The 2nd column of the table shows the results of the spring-box
model without additional stiffening. The corresponding mode shapes
are shown in figure 87. As displayed in the last column, the 1st, and
2nd modes are strongest influenced by the stiffening structure. The 3rd
mode is stronger influenced by the increased vertical IP-leg stiffness
since it is mainly a vertical bounce motion of the whole spring-box.
The here presented structure caused the largest frequency shift of

the tested geometries. If, for instance, the six central stiffening plates
are excluded from the model, and only the outer six plates provide
additional rigidity, the average frequency shift of the lowest four modes
would only be 9%. The influence of the only the inner six plates is
slightly larger with an average frequency shift of 16%.
In addition to table 15, table 16 compares the resonance frequencies

of the original design’s model (without stiffening and with the old IP-
legs) with the improved configuration. The bounce mode is stiffened the
most, with an almost doubled resonance frequency. These promising re-
sults justify major changes in the AEI-SAS’s design in order to improve
its mid-frequency isolation performance. The experimental validation
of these design changes is discussed in the following.

14.4.2 Experimental verification

Even though results from finite element simulations of such complex
assemblies as the spring-box vary from the reality, They do give a good
idea of how changing this geometry will affect its behavior.
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mode # original design
resonance fre-
quency [Hz]

improved de-
sign resonance
frequency [Hz]

frequency shift factor

1 37.6 67.1 1.78

2 38.0 69.0 1.82

3 39.9 77.8 1.95

4 86.2 127.0 1.47

Table 16: Comparison of the old spring-box’s simulated resonance
frequencies with the improved design. The original design is a
model of the first two AEI-SAS units, featuring the old IP-legs and
original spring-box design. The new design improves the resonance
frequencies by up to almost double of the old design. In both
simulations the measured IP-leg stiffness values were used.

In order to have a good reference on how well the auxiliary spring-box
reinforcements stiffens the vertical spring-box modes the here presented
measurements were all done in a system, mounted on the symmetric
IP-legs. Just like the simulations, the vertical spring-box modes were
measured without stiffening and these results are then compared to
a reinforced system. The reinforced system is characterized in a state
where all component connections are bolted, here referred to as bolted
only, and in a state where the whole spring-box assembly is bolted after
all contact areas were covers with glue, here referred to as glue-bolted.

14.4.2.1 Reference measurement

Figure 88 shows the reference measurement without stiffening struc-
ture. These plots represent the transmissibility from baseplate motion
to spring-box motion. The data was recorded by two vertical L-22D
geophones. One was placed on the baseplate, one on the spring-box.
In order to be able to assign the three modes to the simulated mode
shapes the geophone was placed in different locations on the spring-
box. They are named after their cardinal directions, as shown in figure
88. The north-west corner has a large vertical amplitude in all three
resonances, therefore they are all dominant in the measurement. The
center of the south edge is a point on the rotation axis of the lowest
mode. The second and the third mode have an amplitude maximum
at this position. The measurements in these two positions allow dis-
tinguishing between the two lowest modes: The unstiffened spring-box
oscillates around the south-north axis at 33.5Hz and around the east-
west axis at 35Hz. The slight resonance frequency shifts between the
measurement are caused by shifting the geophone in different positions
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Figure 88: Original spring-box design’s vertical resonances. The
plot shows the transmissibility of baseplate motion to three lo-
cations on the spring-box. The baseplate was driven by ground
motion. The three measurements in combination with the simu-
lated mode shapes enable identifying the lowest three resonances.
The lowest mode is the oscillation around the spring-box’s south-
north axis at 33.5Hz. Rotated by 90◦ is the second mode at 35Hz.
The bounce mode has a resonance frequency of 46Hz. Note that
compared to the measurement in figure 67, where the spring-box
was suspended from the old IP-legs, here the system is mounted
on the symmetric IP-legs. That increases the mode frequencies by
an average factor of approximately 1.2.

and thereby changing the mass distribution. The measurement where
the geophone is placed in the center of the spring-box confirms the first
two. The lowest prominent resonance in this transmissibility amplitude
is the bounce mode at 46Hz. This mode has a high amplitude in all
three positions. Even though the measured resonance frequencies are
lower than in the simulation, the mode shapes and the mode order is
consistent with the simulation. The following results show, that finite
element simulations supported the reinforcement procedure strongly.
These measured resonance frequencies are about an averaged factor

of 0.7 lower than the simulation. As mentioned above, the reason for
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Figure 89: Vertical spring-box resonances with a bad compo-
nent connection. This experiment shows the influence of loose bolt
joints. The bolts connecting the original stiffening plates with the
upper spring-box plate were therefore slightly loosened but not
removed. The bolts in the stiffening structure around the GAS-
filters were still tight. The measurement of the transmissibility in
the same locations as before shows much lower mode frequencies.
A finite element simulation of the spring-box where the original
stiffening plates are removed gives an idea of possible mode shapes.

that is mainly the less rigid assembly connections of the real spring-box
with respect to the simulation. An additional experiment illustrates the
strong influence of component contact: For the measurements shown in
figure 88 the identical setup and geophone positions as in the reference
measurement (figure 88) were used. Only the bolts which connect the
upper plate to the original stiffening structure were loosened by ap-
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proximately half a bolt turn. As expected, this has a strong influence
on the spring-box modes. The lowest resonance is with 21Hz is approx-
imately 0.6 times lower than in the case where the bolts were tightened.
Furthermore, numerous resonance peaks were measured below 100Hz.
A finite element simulation of the spring-box without the original stiff-
ening structure gives an idea of how those modes are shaped (see the
lower part of figure 89 ). Naturally, the presented simulation is only a
rough approximation since a correct model of the contact areas in the
loose bold case is hardly possible.

Figure 90: Spring-box with (b) and without (a) stiffening struc-
ture. The photograph shows the spring-box without the upper
spring-box plate during the assembly of the third AEI-SAS unit.
In the lower picture 12 additional stiffening plates are bolted (not
glued yet) to the lower spring-box plate (compare to figure 86).

14.4.2.2 Bolted only measurement

The results from the bolted only measurement are shown in figure 91. 12
additional stiffening plates were installed in the spring-box. Figure 90
shows a photograph of the spring-box equipped with the new stiffening
structure compared to a photograph of the old design.
Two to three bold connections at the top and bottom side of each

plate join them with the upper and the lower spring-box plate. Those
bolt connections were fastened tightly. The mode frequencies and
mode shifts with respect to the reference measurement are shown in
table 17. The unglued stiffening structure increases the vertical spring-
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Figure 91: Vertical resonances of bolted only spring-box. Al-
ready the bolted (unglued) stiffening structure increases the lowest
three spring-box modes by a factor of approximately 1.4. The res-
onance frequencies are compared to the reference measurement in
table 17.

box modes already by a factor of approximately 1.4 with respect to the
reference measurement. Compared to the original spring-box design
suspended from the old IP-legs the resonance frequencies even shifted
by an averaged factor of 1.66 [(compare to figure 67).

14.4.2.3 Final design: the glue-bolted spring-box

The results of the final stiffening configuration are shown in figure 92, 93
and 94. All contact surfaces between original/auxiliary stiffening plates
and the upper and lower spring-box plates were coated with tra-bond
2151 epoxy glue [160] before bolting the assembly tightly together. Af-
ter the glue was cured the transmissibility from baseplate to spring-box
was measured. In figure 92, 93 and 94 the measurements are sepa-
rated in the three geophone locations and each is compared with the
corresponding reference measurement. This highlights the stiffening im-
provement. Clearly visible is that not only the resonances were shifted
to higher frequencies, but also the peak height is reduced with respect
to the reference. That is probably due to the glue layer between the
plates, which has a lower mechanical quality than the aluminum. This
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mode # reference w/o
stiffening res-
onance fre-
quency [Hz]

bolted only
resonance fre-
quency [Hz]

frequency
shift factor,
reference-
bolted only

1 34 47 1.38

2 35 50 1.43

3 46 64 1.39

Table 17: Results from spring-box stiffening experiment: bolted
only. The table shows the three lowest measured resonance fre-
quencies of the bolted only experiment (see figure91) compared
to the reference measurement (see figure 88). Also the frequency
increase is displayed. Note that all three measurements were done
with the system suspended from the new IP-legs, thus the numbers
do not include the symmetric IP-leg stiffening gain.

is a positive side effect, since reducing the rms-motion using spring-box
dampers is planned anyway (see chapter 15).
Due to the low resonance amplitude, the identification of the single

modes is hardly possible with the transmissibility alone. Additional
information about the resonance frequencies can be gained from the
power spectral density (lower plots in figure 92, 93 and 94). The results
from the glue-bolted measurement are summarized in table 18 and
table 20. In table 18 the resonance frequencies of the glue-bolted spring-
box are compared to those of the reference experiment. Stiffening the
spring-box increased the three lowest resonances by up to a factor of
1.67. Glue bolting with respect to just bolting the assembly improved
the three lowest resonance frequencies by an average factor of 1.14.
Glue bolting the spring-box increased the rigidity of the assembly

connections strongly. Even though the resonance frequencies predicted
in the monolithic model are not exceeded, the finial spring-box designs
resonance frequencies are only about a factor of 0.85 lower than those
simulated. The three lowest resonance frequencies are compared to the
simulation in table 19.
The improvement gained from the whole re-design, including the

symmetric IP-legs and the spring-box stiffening is shown in table 20.
With respect to the original design, on which the first two AEI-SAS
units are based, the re-design increased the vertical spring-box modes
up to double the old resonance frequencies. Furthermore one can see
from the plots that the number of resonances below 100Hz is reduced.



184 spring-box stiffening

mode # reference w/o
stiffening res-
onance fre-
quency [Hz]

glue-bolted
resonance fre-
quency [Hz]

frequency shift
factor, ref-
erence glue-
bolted

1 34 54 1.59

2 35 58.5 1.67

3 46 70 1.52

Table 18: Results from spring-box stiffening experiment: glue-
bolted. The table shows the three lowest measured resonance fre-
quencies of the final glue-bolted spring-box configuration (com-
pare to figure 92, 93 and 94) compared to the reference measure-
ment (see figure 88).

mode # simulation
resonance fre-
quency [Hz]

glue-bolted
resonance fre-
quency [Hz]

frequency
shift factor,
measurement-
simulation

1 67.1 54.0 0.80

2 69.0 58.5 0.85

3 77.8 70 0.90

Table 19: Results from spring-box stiffening experiment com-
pared to finite element simulation of a monolithic spring-box (com-
pare to section 14.4.1).

mode # original design
resonance fre-
quency [Hz]

glue-bolted
resonance fre-
quency [Hz]

frequency shift
factor, original
design -glue-
bolted

1 30.5 54 1.77

2 31.2 58.5 1.88

3 34.6 70 2.02

Table 20: Results from spring-box stiffening experiment: Final
glue-bolted spring-box configuration compared to the original
spring-box design (compare to section 11.3.1)
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Figure 92: Results from glue-bolted spring-box north west corner
measurement. In this and the two following figures (figure 93 and
94) the performance of the final (glue-bolted) improved spring-
box design (red) is compared to the reference measurement (blue).
Table reftab:stiffeningexp1 summarizes the frequency shifts. The
combination of the transmissibility plots (upper two graphs) and
the power spectral density of the vertical spring-box motion and
the baseplate motion allows identifying the three lowest vertical
spring-box modes. This additional information is necessary, since
glue bolting the spring-box not only stiffens the system, but also
introduces damping. Thus the resonance amplitude is lower.



186 spring-box stiffening

Figure 93: Results from glue-bolted spring-box north central po-
sition measurement. The figure description can be found in the
caption of figure 92
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Figure 94: Results from glue-bolted spring-box south edge mea-
surement. The figure description can be found in the caption of
figure 92





15
SPR ING -BOX DAMPING

The previous chapter describes, how the isolation window of the AEI-
SAS can be broadened to higher frequencies by stiffening the whole sys-
tem, except its springy parts, e.i. the IP-leg flexures and the GAS-filter
blades. This stiffening shifts unavoidable internal resonances to higher
frequencies. In the frequency band of these resonances, the ground mo-
tion’s amplitude is relatively low and the mirror suspension systems
provide sufficient isolation for the high precision measurements of the
AEI 10m prototype experiments.

The first two AEI-SAS units are already installed in the vacuum
system and populated with electronics and optics. Replacing the old
IP-legs and stiffening the spring-box is not feasible. However, the effect
of the vertical spring-box modes can be mitigated by means of tuned
dampers. These spring-box dampers are discussed in this chapter.
Even though the shifted higher frequency spring-box resonances are

less critical than the low frequency ones of the original AEI-SAS de-
sign, high resonance amplitude still can be harmful for the active con-
trol. Thus, the spring-box dampers will be implemented in the third
improved AEI-SAS unit, too.
Parts of the results presented in this chapter are published in ref. [57].

15.1 tuned mass dampers

Tuned mass dampers are generally used to reduce the mechanical vi-
bration amplitude of certain structures. They provide efficient inertial
damping and are used in a variety of applications, such as damping
vibrations in the flapwise direction of wind turbine blades [161], or re-
ducing the amplitude of the fundamental modes of sky scrapers [162].
In the field of gravitational physics tuned mass dampers are proposed
for the reduction of the Q factor of the coupling from optical to mechan-
ical energy in the test masses. They thereby increase the threshold for
parametric instabilities [163]. For this purpose also multi-stage damper
systems are proposed, which are supposed to damp resonances over a
wide spectral range [164].

Resonant damper structures were also tested in the AEI-SAS [24]
and are employed in the EIB-SAS [165]. Here a new, much simpler
system for broadband damping is discussed.

189
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15.1.1 Principles of tuned mass dampers

In principle, a tuned mass damper is a mass (here referred to as sec-
ondary oscillator) which is connected via a spring to an oscillating
object (here referred to as primary oscillator). The goal is to reduce
the primary mass oscillation amplitude (see figure 95). In general, the
secondary mass is much lighter than the primary mass.

Figure 95: Simple one dimensional model of a tuned mass
damper system. A primary mass is connected via a spring-
damping system to the ground. The resulting resonance frequency
of this system is to be damped. A secondary, lighter mass is there-
fore coupled through a damped spring to the primary mass. The
resonance frequency of this damper is matched to the one of the
primary oscillator. This way energy from the primary oscillator
mode is transferred to the secondary oscillator, where it is dissi-
pated via damping. In the case of the AEI-SAS, the primary os-
cillator represents the spring-box. The vertical spring-box modes
are the resonances to be damped.

A special case of a tuned mass damper is the resonant damper. Here
the secondary oscillator is tuned to the eigenfrequency of the primary
oscillator. The energy of the primary mass oscillation is thereby trans-
ferred to an oscillation of the secondary oscillator. Due to the high mass
ratio, the secondary oscillator motion is much larger than the primary
oscillator motion. By damping the secondary oscillator, the energy is
dissipated. In the following paragraphs a simplified, one dimensional
tuned mass damper model is analyzed.
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The transmissibility from ground motion xg to primary mass motion
x1 of the system shown in figure 95 is derived from its equations of
motion1:

0 = k1(x1 − xg) + k2(x1 − x2) +γ1(ẋ1 − ẋg) +γ2(ẋ1 − ẋ2) +m1ẍ1

(123)

and

0 = k2(x1 − x2) + γ2(ẋ1 − ẋ2) −m2ẍ2 . (124)

Here x1 and x2 are the positions of the primary and secondary masses
and xg is the ground motion. γ1 and γ2 are the viscous damping fac-
tors of the primary and secondary oscillators and k1 and k2 are the
corresponding spring constants. Analogous to the method discussed in
section 6.1 the transmissibility function is obtained by converting the
equations of motion into the frequency domain. Eliminating x2 leads
to

x1
xg

=
A

B+CD
, (125)

with

A(f) = −f21 − i
γ1
2πm1

f ,

B(f) = f2 − f21 −
m2
m1

f22 − i
γ1 + γ2
2πm1

f ,

C(f) =
m2
m1

f22 + i
γ2
2πm1

f ,

and

D(f) =
f22 + i

γ2
2πm2

f

f22 − f
2 + i γ2

2πm2
f

.

(126)

Here kj (j = 1, 2) is substituted by

kj = (2πfj)
2mj . (127)

Comparing D(f) to equation 12 shows, that this parameter is the trans-
missibility of the primary mass motion to the secondary mass motion.

Figure 96 illustrates the gain from employing tuned mass dampers.
The plot compares the transmissibility amplitude of the primary oscil-
lator with (yellow line) and without (red dotted line) resonant damping.
In the illustrated case the resonance frequency of the secondary oscil-

1 The equation of motion and the transmissibility of the system without the damper,
i.e. a single stage harmonic oscillator is discussed in section 6.1



192 spring-box damping

101 102

Frequency [Hz]

10-1

100

101

102

T
ra

ns
m

is
si

bi
lit

y

secondary oscillator only
primary oscillator only
combined

Figure 96: Simple model of the tuned mass damper perfor-
mance. This figure shows the transmissibility amplitude x1xg

from
ground motion to primary oscillator motion with (yellow) and
without (red dotted) tuned mass damper. The blue dotted line
represents the transmissibility of the tuned mass damper itself
(D(f) in equation 126). The resonance frequency of the secondary
oscillator matches the resonance frequency of the primary oscil-
lator (30Hz). This way two resonances with a lower amplitude
form. The here presented primary oscillator has a quality fac-
tor of Q1 = m12πf1/γ1 = 300 and a mass of m2 = 35 kg.
These parameters and the secondary mass (m2 = 5 kg) have ap-
proximately the realistic values of the lowest vertical spring-box
mode and the assigned damper. Only the secondary quality fac-
tor Q2 = m22πf2/γ2 = 5 was chosen to be higher, in order to
illustrate the interaction of the two oscillators more clearly. A vari-
ation of the quality factor is shown in figure 97. Already in this
simple configuration, a peak amplitude reduction by a factor of
30 is achieved.

lator is matched to the one of the primary oscillator. It is chosen to
be 30Hz, which is approximately the lowest vertical spring-box mode
frequency. A low secondary damping factor γ2 reduces the combined
amplitude on resonance strongly, while two resonances above and be-
low the original resonance frequency with a relatively high-quality fac-
tor appear. The lower frequency resonance corresponds to the common
mode of the primary and the secondary oscillator, the higher frequency
resonance is the differential oscillation of the two masses. A strongly
damped secondary oscillator reduces the amplitudes of these modes,
in particular the one corresponding to the differential oscillation. If in-
stead a relatively low damping of the secondary oscillator is applied,
the two new modes are strongly enhanced, however, the amplitude at
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the frequency of the original mode is relatively low. Such a configura-
tion would be applied if a particular refined frequency band requires a
superior noise performance.
Below a quality factor of Q2 = 2 the higher frequency mode am-

plitude is negligible and the lower frequency mode amplitude is min-
imal. Figure 97 illustrates this transmissibility’s dependency on the
secondary quality factor.
In terms of the AEI-SAS, a low (broadband) rms-motion is favored

over an extremely low amplitude at a certain frequency. A spring-box
damper design with a low quality factor was therefore developed.
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Figure 97: Simple model of the tuned mass damper performance
for varying quality factors. The dotted red line represents the
primary oscillator without a tuned mass damper. The primary
mass in this simulation is m1=35kg and the secondary mass is
m2=5kg. The other colors show the transmissibility from ground
motion to the primary mass motion for a system with resonant
damper. A relatively high-quality factor of the secondary damper
reduces the amplitude at the primary resonance frequency, though
the two new resonance peaks are strongly enhanced (purple). A
low Q factor couples the primary and the secondary mass strongly
and the common mode is dominant (blue). The lowest rms-motion
is achieved with a Q factor of approximately 2 (yellow).

In the case of a highly damped secondary spring, a further improve-
ment of the overall damping performance can be achieved by the vari-
ation of the secondary oscillator’s resonance frequency. As shown in
figure 33 in secion 6, the phase roll-off above and below the resonance
frequency of a highly damped system is less steep than in a system with
low damping. The suppression of the relative motion between primary
and secondary mass is therefore not necessarily largest if the two res-
onance frequencies are matched. Figure 98 illustrates the influence of
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the secondary resonance frequency on the primary oscillators transmis-
sibility amplitude. It shows that in the modeled system the maximal
amplitude suppression is achieved with a secondary oscillator tuned
to a slightly lower resonance frequency with respect to the primary
oscillator

10 30 70
Frequency [Hz]

100

101

102

T
ra

ns
m

is
si

bi
lit

y
f
2
=40Hz

f
2
=30Hz

f
2
=26.5Hz

f
2
=20Hz

f
2
=10Hz

f
2
=1Hz

primary oscillator only

Figure 98: Influence of the secondary oscillator’s resonance fre-
quency on the transmissibility amplitude of the primary oscilla-
tor. In this simulation, the damping factors of the system are
kept constant at γ2 =580 s/kg. This is approximately the value
measured for the spring-box dampers. The simulation shows, that
a secondary resonance frequency slightly lower than the primary
provides the larges amplitude suppression (yellow). Tuning the
secondary resonance frequency even lower still provides a fairly
high damping. This illustrates that broadband damping can be
achieved by means of well damped secondary oscillators. The
masses used in this simulation are the same as in the model shown
in figure 97.

In the case that the secondary oscillator frequency is small compared
to the primary oscillator frequency, the amplitude reduction remains ap-
proximately constant for a varying secondary oscillator frequency (see
green and light blue line in figure 98). This is due to the fact that the
secondary mass is strongly decoupled from the primary mass motion at
the primary resonance frequency. The relative motion of primary and
secondary mass equals approximately the primary resonance frequency
amplitude, while the phase lag in between the two masses is approxi-
mately −90◦ (compare to figure 33). This means, that a highly damped
tuned mass damper serves not only as a resonant damper but also as a
broadband damper. Higher frequency modes can be damped with de-
vices that are tuned to a certain lower frequency mode. The damping
performance is, in this case, only dependent on the secondary damping
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factor and the mass ratio of the two oscillators. This effect is experi-
mentally shown below in the damping performance measurements.

15.1.2 Determining the spring-box mode parameters

As we have seen above, the parameters describing the modeled pri-
mary oscillator mode are the resonance frequency, the damping factor,
and the mass. The resonance frequencies and the quality factors of
the three lowest vertical spring-box modes can be deduced from the
measurements described in section 11.3.1. Figure 99 shows this driven
spring-box mode measurement fitted by a simple damped harmonic
oscillator model.

Figure 99: Fitted driven vertical spring-box resonances (south
table). In order to determine the parameters of the modes to be
damped by the spring-box dampers, the measured data is fitted
by a simple damped harmonic oscillator model. The parameters
of the fit are shown in table 21. The measurement and fit for
the central table spring-box modes is shown in the appendix in
figure 129.

The parameters resulting from these fits are displayed in table 21.
The primary oscillator mass m1 (here referred to as effective mode

mass) strongly depends on the position in which the spring-box damper
is placed on the spring-box. The reason for that is that the oscillations
are all partly rotational motions. Thus, positioning the damper in the
anti-node of the mode results in the lowest primary oscillator mass, the
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Mode direc-
tion

Resonance
frequency

Quality factor

South Z 34.6Hz 230

RX 31.2Hz 400

RY 30.5Hz 250

Central Z 34.9Hz 210

RX 31.7Hz 415

RY 30.6Hz 230

Table 21: Vertical spring-box mode parameters. The table shows
the results from fitting a damped harmonic oscillator model to
the driven vertical spring-box resonances (see figure 99 and fig-
ure 129).

strongest coupling between the two oscillators and the most efficient
damping.
Various positions on the spring-box were tested for their effective

mode mass. The finite element simulation of the vertical spring-box
modes (see figure 65) aided pre-selecting the locations.
The effective mode mass was experimentally determined by placing

a probe mass (mp = 3.8 kg) in a potential damper position. Then the
mode frequencies with and without the mass were measured and com-
pared. From equation 13 follows the effective mass

m1 =
mp
f2a
f2b

− 1
, (128)

where fa is the mode frequency without and fb is the mode frequency
with the probe mass added.

The three positions chosen for damping the three lowest vertical
spring-box modes of the central table are displayed in figure 100. In
the case of the south table, the ideal B position was found to be shifted
about 60 cm to the left. Position A and C are identical in both AEI-
SAS units. The effective mass of the three lowest vertical spring-box
modes in the three (per AEI-SAS unit) chosen damper positions are
listed in table 22. The significant difference between the south and the
central table’s mode masses is due to the different mass distribution in
the spring-boxes and the slightly different positions in which the probe
mass was placed. The criteria for the position choice were, on the one
hand, a low effective mass of one of the modes, since that allows the
highest damping. On the other hand, a low effective masses of at least
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Figure 100: Position of tuned mass dampers in the spring-box
of the central table. The three red cylinders represent the spring-
box dampers. Their positions (A, B and C) are chosen with the
aid of finite element mode shape simulations and experimental
measurements of the effective mode mass. The upper spring-box
plate is displayed transparently.

two modes allows efficient damping of more than one mode. The lat-
ter is the case for position C in the south table and position B in the
central table.
Printed in bold are the masses corresponding to the modes the

dampers are tuned to in that position.

15.1.3 Spring-box damper design

The design of the AEI-SAS spring-box dampers is fairly simple. Orig-
inally they were built as a test version, but due to their remarkable
performance, the dampers were installed permanently.

Figure 101: Photograph
of an AEI-SAS spring-box
damper. The damper con-
sist of a 5 kg stainless steel
mass mounted on three
cylindrical viton rubber
legs. For tuning purpose
the upper part of the mass
can be replaced by a geo-
phone. The circular plate
stabilizes the viton feet.
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Position 1st mode
mass [kg]

2nd mode
mass [kg]

3rd mode
mass [kg]

South A 35 235 162

B - - 59 322

C 48 - - 99

Central A 65 135 230

B 65 93 247

C 99 241 172

Table 22: Effective mode masses of the central and the south
table. The mode mass is indirectly measured in the way explained
above. The positions A, B and C in the spring-box are displayed
in figure 100 (note that position B in the south table varies from
the position shown in the figure). The effective masses printed in
bold correspond to the mode to be damped in that position. For
two mode masses (marked with ‘- -’) the frequency shift was not
measurable.

Figure 101 shows a photograph of a spring-box damper. It consists
of a 5 kg mass mounted on three cylindrical viton rubber legs. These
legs were cut from a 7mm diameter viton o-ring. They are hold in
place by tight intakes in the mass. The length of those viton cylinders
determines the vertical resonance frequency of the damper. The mass
was chosen to be 5 kg, since that was the maximum additional mass
that can be loaded on the spring-box (compare to section 13.2).
In order to stabilize the rubber legs, an aluminum plate with three

holes at the position of the feet is mounted at half the heights of the
legs to interconnect them. Without this structure, the damper system
would be unstable in the horizontal direction, since the three legs would
bend independently or buckle.

15.1.4 Tuning the spring-box damper

As mentioned above, the vertical resonance frequency of the spring-
box dampers depends on the length of its legs. The Q factor and the
resonance frequency of the dampers are determined by measuring its
transmissibility. The upper part of the damper mass is therefore re-
placed by a vertical geophone with the same mass. A second geophone
is placed right next to the damper on a rigid plate. The plate is driven
by ground motion, which is sufficient for this purpose.
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Figure 102: Spring-box damper characterization. The transmissi-
bility amplitude (shades of red) is fitted with a simple harmonic os-
cillator model (shades of blue). This way, the resonance frequency
and the Q factor are determined. The three dampers for the three
selected positions have been tuned to different resonance frequen-
cies by varying the lengths lv of the viton leg.

Figure 102 show the damper’s transmissibility amplitudes fitted by
a simple damped harmonic oscillator model. The highest resonance
frequency damper with a viton leg length of lv = 10mm is placed in
the position C to damp mainly the third highest vertical spring-box
mode. Accordingly, the damper with a leg length of lv = 20mm damps
mainly the second mode in position B and the lv = 28mm damper is
placed in position A to reduce the lowest resonance frequency mode
amplitude.
From the simplified model shown above the damper in position A

would reduce the first mode’s amplitude of the south table by a factor
of 38. The second mode’s amplitude would be lowered by a factor of 43
by placing a damper in position B. The third mode has a much higher
effective mass, thus is only reduced by a factor of 16.2 These values
are close to the ideal amplitude reduction with a 5 kg damper. An even
higher damping can be achieved by a heavier damper mass. This was
not feasible in the first two AEI-SAS units since they are loaded close
to their maximum payload. The new symmetric IP-legs for the third
AEI-SAS unit, however, are designed to carry a higher payload in the
spring-box, thus more efficient dampers can be designed for this system.

2 This simplified model does not take into account, that all three dampers have an
effect on the mode amplitude, thus a higher damping performance is expected in
reality.
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15.1.5 Spring-box damper performance

Three spring-box dampers were implemented in the first two AEI-SAS
units. The dampers for the third improved AEI-SAS unit will be de-
signed and implemented when the system is installed in the vacuum
system.
The improvement in the AEI-SAS performance is shown in figure 103

and 104. As an example of the damping of the spring-box modes, fig-
ure 103 shows the transmissibility from the ground to the spring-box
in the horizontal direction. The transmissibility amplitude is reduced
by a factor of up to 75 for the third mode. This is more than predicted
by the simplified single damper model but can be explained by the
influence of all three dampers on this mode.

Figure 103: The transmissibility of horizontal ground motion to
horizontal payload motion with (red) and without (blue) spring-
box dampers. The payload motion was measured with an auxiliary
accelerometer mounted directly on the payload. By placing three
damping structures inside the spring-box, the three lowest spring-
box modes were strongly damped.

Resonances at higher frequencies are also strongly damped due to
the damper’s broadband damping characteristics, discussed above. Fig-
ure 104 shows the payload motion (z, rx, ry degrees of freedom) and
the spring-box motion (x, y, rz degrees of freedom). The rms-motion
is substantially reduced over a wide frequency band in all degrees of
freedom.
This remarkable performance of this first damper design led to the

decision to keep it as a permanent part of the AEI-SAS. Further im-
provements were not necessary, for now. Nevertheless, the damper per-
formance could slightly be improved by a more accurate tuning of the
resonance frequencies. Furthermore, an analysis of the additional modes
of the damper structure could enable tuning one damper to different



15.1 tuned mass dampers 201

Figure 104: Spring-box damper performance in all 6 degrees of
freedom. The plots on the left of this figure show the vertical pay-
load motion (measured with the payload geophones) with (red)
and without (blue) spring-box dampers. The plots on the right
show the horizontal spring-box motion (measured with the three
spring-box accelerometers) again with (red) and without (blue)
spring-box dampers. Not only are the three fundamental spring-
box modes between 30Hz and 35Hz damped, but higher frequency
resonances are also significantly reduced. The rms-motion, inte-
grated from high frequencies to low frequencies (dashed lines), is
substantially reduced over a large frequency band.

mode frequencies by adjusting the geometry (for instance the tilt modes
of the current spring-box damper design might already have an influ-
ence on their performance). Also, the position of the dampers in the
spring-box could be further improved. A damper, suspended from the
corners of the upper spring-box plate could be considered.
Moreover, the damping factor matching could be improved. Differ-

ent spring materials or tunable damping methods as, for instant eddy
current damping, used for the EIB-SAS dampers could be applied [95].
As mentioned above, increasing the damper mass would improve their
performance strongly. This is possible in the third AEI-SAS unit since
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its maximum payload is higher than the one of the first two AEI-SAS
units.



16
ACTIVE CONTROL FOR THE AE I - SAS

In the previous chapters, characterization and improvements of the
AEI-SAS’s passive high frequency performance were discussed. In this
frequency regime (above a few Hz) the system attenuates ambient vi-
brations purely due to its mechanical inertia. Such a passive isolation
has the disadvantage that ground motion is strongly enhanced at and
around the fundamental resonance frequencies of the system (see sec-
tion 6). This is certainly unfavorable since the fundamental resonances
of the AEI-SAS are in the frequency band of the microseismic peak.
In order to improve the AEI-SAS’s low frequency performance, it

is actively controlled in this frequency band while maintaining purely
passive vibration isolation at high frequencies. The individual SASs
are locally controlled using the sensors and actuators described in sec-
tion 5.2. The longitudinal differential payload motion is sensed by the
SPI, and most payload tilt degrees of freedoms are red out by OLs (see
section 4.3) The resulting error signal is used to imprint the central
table motion in the directions of the interferometer arms on the two
other tables. This strongly reduces the inter-table motion.
In this chapter, the control scheme of the AEI-SAS is introduced and

preliminary results are shown. A detailed analysis of the active isolation
is expected to be published in 2018.

16.1 control scheme

The basic principle of active isolation is to read out the inertial pay-
load motion and to minimize this signal by actuating on the payload.
Ideally, this would result in a motionless payload. In reality occurring
limitations are listed below in section 16.1.1.
The basic idea of the control scheme applied in the AEI-SAS is de-

picted as a block diagram in figure 105. Each box represents a matrix
of frequency response functions. P is the plant which is to be stabilized.
This means, that the output signal is to be minimized; therefore the
output signal is measured by a sensor which has a response S. The
resulting error signal is fed to the controller. Its response C is usually
the part of the control loop that is modified in order to control the
system. After the error signal is filtered by the controller it is sent to
the actuator which provides the actuation signal. The actuator has the
strength A. Both, actuation signal and input signal drive the plant. By
means of the former, the effect of the latter is minimized.
P,S,C and A are the open loop transfer functions of the corresponding

devices. These transfer functions can be multi-dimensional for multi-
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Figure 105: Illustration of the principle of the control scheme
applied in the AEI-SAS.

dimensional systems and they are usually frequency depended. In a
vibration cancellation feedback system, negative feedback is applied.
It means, that a positive feedback signal is subtracted from the input
signal.
From the block diagram shown in figure 105 one can obtain the closed

loop transfer function of the plant,

TFcl =
Output
Input

=
P

1+ PACS
. (129)

This illustrates, that the system is instable when PACS, the open loop
transfer function of the feedback system, equals 1 while having a phase
shift of −180◦ [166]. A robust system has therefore high amplitude or
phase margin to this values. This way small perturbations of the system
do not cause instability.

16.1.1 Limitations of active isolation performance

The idealized system discussed above, which neglects the signal pro-
cessing delay, could completely cancel the output signal. However, the
noise reduction is determined, among other things, by the limitations
itemized below.

• The actuator gain is finite, also sensors and actuators are limited
by their individual accuracy (see section 5.2). Furthermore, the
data acquisition system’s noise floor can limit the control perfor-
mance.

• In a realistic mechanical system which is to be stabilized in 6
degrees of freedom, these are rarely entirely decoupled. The most
intuitive example for cross-coupling is the transfer from ground
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Figure 106: Tilt to horizontal coupling. The figure illustrates an
example of a fundamental cross-coupling between different degrees
of freedom. Ground tilt causes not only payload tilt but also hor-
izontal translation. The coupling scales with the distance of the
payload to the ground tilt rotation axis.

tilt to horizontal payload translation if the payload’s center of
mass does not coincide with the rotation point of the ground tilt.
This is illustrated in figure 106.

• The influence of low frequency tilt on inertial horizontal sen-
sors, as it is briefly discussed in section 9.1.2, limits the low fre-
quency performance. Tilt sensors could mitigate this performance
loss [151].

• Not only fundamental mechanics cause cross-coupling, also an
imperfect alignment of sensors and actuators causes degree of
freedom interaction. In terms of the model shown in figure 105
this would mean that the matrices G, A and S have off-diagonal
entries.

• The design of efficient filters and unity gain frequency is limited
by internal resonances, as summarized in section 2.1.2.

The first and the last item are the reasons why the active control
of the AEI-SAS is applied exclusively below a few Hz. At high fre-
quencies, the passive isolation attenuates the ground motion below the
sensor noise floor. Thus, feeding back this noise to the actuators would
compromise the high frequency AEI-SAS performance.
The cut off frequency for the control filter, however, cannot be set to

where the noise starts limiting since the AEI-SAS’s internal resonance
amplitudes are much higher than the sensors noise floor; therefore the
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amplitude of the control filters needs to be reasonably low in the inter-
nal resonance frequency band in order to prevent causing instabilities.
This way mitigating the high frequency performance, as it is described
in the chapters above, influences the low frequency isolation ability of
the AEI-SAS.

16.1.2 The AEI-SAS control scheme

The results presented in this section were obtained together with C. M.
Mow-Lowry, R. Kirchhoff, and S. M. Köhlenbeck. Some of them are
subject of R. Kirchhoff’s master’s thesis [124]. Results from SPI and
OL control will not be discussed here. They will be subject of S. M.
Köhlenbeck’s thesis.
The AEI-SAS’s control scheme relies on the set of sensors and ac-

tuators introduced in section 5.2. A simple and robust way to damp
the fundamental resonances is to exclusively use the LVDT signals in
a feedback loop. By choosing the control filter such that the feedback
signal is proportional to the velocity this damping scheme is equivalent
to a viscous damping dash-pot as it is described in section 6.1. This
damping scheme is used in the AEI-SAS as a safety mode or during
(manual) modifications on the payload. For instance when optics are
adjusted. For such tasks, a robust system with a short ring-down time
is preferable1. Both can be provided by this damping approach.
The drawback of this relative velocity damping is, that the refer-

ence of the measurement is the moving ground; therefore, the payload
motion can be at best reduced to the ground motion amplitude in the
frequency regime around and below the fundamental resonance frequen-
cies. Above the fundamental resonance frequencies, the AEI-SAS iso-
lation performance is compromised by the f−1 roll-off, due to viscous
damping (discussed in section 6.1). This could certainly be partially
mitigated by limiting the feedback to a certain frequency range around
the fundamental resonance frequencies.
Instead of using the relative sensors for payload motion cancellation

one can control the system with inertial sensor signals. Using an iner-
tial reference instead of the moving ground ideally lowers the payload
motion in the entire control band with respect to the uncontrolled sys-
tem. However, also this control scheme has the limitations listed at
the beginning of this section. In order to obtain the best control signal
possible with the available sensors for each degree of freedom in the fre-
quency band of interest the different sensor signals are combined. The
principle of this sensor correction and sensor blending is summarized
in the following section.

1 The exponential decay time of the uncontrolled AEI-SAS is approximately τ =
2Qvω

−1
0 ≈ 42 s for the vertical fundamental resonance.
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16.1.3 Sensor correction and sensor blending

The AEI-SAS’s horizontal accelerometers and the vertical geophones
provide an inertial payload motion signal, though, as mentioned above,
the sensors have individual performance limitations. The L-4C geo-
phones with newly designed amplifier electronics are already a great im-
provement over the originally used L-22D geophones (see section 5.2.1).
However, even their noise floor is limiting payload motion measure-
ments at low frequencies, below approximately 0.07Hz in the uncon-
trolled AEI-SAS [167].
The horizontal accelerometer’s signal deviates from the horizontal

payload motion at low frequencies (below approximately 0.3Hz in the
uncontrolled AEI-SAS) due to the tilt to the horizontal coupling of the
sensor (compare to section 9.1.2 and [151]).
The LVDTs are relatively good low frequency sensors and they pro-

vide a DC signal, that can be used to control the position of the payload.
However, they measure the differential motion between ground and pay-
load2 and not the inertial payload motion. A way to obtain an inertial
signal from this relative signal is the sensor correction.

16.1.3.1 Sensor correction

Since the LVDT sensors signal is proportional to displacement they
have good sensitivity at low frequencies and DC. Furthermore, the hor-
izontal relative sensors themselves are, in contrast to the horizontal
inertial sensors, not sensitive to tilt. However, they measure the hor-
izontal motion of the payload which is at low frequencies induced by
ground tilt.
The differential signal Sr the LVDTs measure can be described as the

inertial payload motion xp minus the ground motion xg. The ground
motion is recorded by the STS2. Thus, adding the STS2 signal to the
LVDT signal results in the inertial payload motion.

xp = Sr + xg . (130)

This sensor correction is depicted as a part of the AEI-SAS control
scheme block diagram in figure 107.
Unfortunately, at the AEI 10m prototype, the ground motion is only

recorded in the three translational degrees of freedom. This sensor cor-
rection can therefore only be applied in these three directions. The for
the AEI 10m prototype experiments most relevant of the rotational de-
grees of freedom, however, are inertially controlled via the OL signals,
as shown in table 23.

2 this is certainly simplified, in reality, the horizontal differential sensors measure the
differential motion between spring-box and ground, the vertical differential sensors
measure the differential motion between the individual GAS-filter baseplates and
the keystones.
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16.1.3.2 Sensor blending

The inertial control signals consist of up to three different parts, de-
pending on the degree of freedom.

• At DC the AEI-SAS is integrated to a certain LVDT signal value
in all 6 degrees of freedom.

• In the mid frequency band, the sensor corrected LVDTs provide
the control signal.

• At high frequencies, the AEI-SAS is controlled by the inertial
sensors.

The mid and high frequency band boundaries differ between the indi-
vidual degrees of freedom and are listed in table 23. In some of the
rotational degrees of freedom, the payload motion is sensed by OL.
They provide the control signal for the entire frequency band. In the
other rotational degrees of freedom LVDT and geophone signals are
used, due to a lack of a tilt sensor correction signal. Currently, this is
the case for the ry degree of freedom of the central and south table. In
the final AEI-SAS configuration, which includes the west table, only
the south table’s ry and the west table’s rx degree of freedom motion
will not be controlled by OLs. The control signals for the different fre-
quency bands in the individual degrees of freedom are summarized in
table 23.

Figure 107: AEI-SAS local control block diagram. The scheme
represents the local control strategy in the translational degrees
of freedom, including sensor correction and sensor blending. The
SPI control scheme is not included in this figure.

In order to combine the different sensor signals in each degree of
freedom, they need to be filtered by high pass (HP) and low pass (LP)
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Degree of
freedom

DC Mid
frequencies

High
frequencies

Blending
frequency

x LVDT SC ACC 0.1Hz

y LVDT SC ACC 0.1Hz

rz OL OL OL

z LVDT SC L-4C 0.55Hz

rx OL OL OL

ry LVDT LVDT L-4C 0.8Hz

Table 23: Current central table control signals. Shown are the
signals used for the different frequency bands in the individual
degrees of freedom. SC represents the signal from the sensor cor-
rected LVDTs, OL the optical lever signal and ACC the signal
from the accelerometers. The blending frequency marks the tran-
sition between mid and high frequency control signal.
Displayed is the current status where no OL links to a west table
exist. In the south table the control signal for the entire frequency
band of the y degree of freedom is provided by the SPI, in the
west table the SPI will take over the control in the x-direction. As
mentioned above, the west table OL will control the central and
west table’s ry degree of freedom ones it is installed (compare to
section 4.3).

blending filters. The resulting combined control signal is called super
sensor. HP and LP are complementary high and low pass filters. That
means they add up to 1 and therefore form a uniform transition from
one sensor to the other. A simple example for such a blended super
sensor signal of the vertical degree of freedom is

Ss = LP LVDT+HP L-4C

=
s50 + 5s

4
0s+ 10s

3
0s
2

(s+ s0)5
LVDT+

s5 + 5s0s
4 + 10s20s

3

(s+ s0)5
L-4C .

(131)

Here s is the Laplace frequency s = σ+ iω and s0 is the corresponding
blending frequency. The example shows a third order filter pair. The
HP and LP filters applied in the AEI-SAS are more complex. They are
expanded by additional filters in order to increase the super sensor’s
signal to noise ratio and to account for internal resonances and cross
coupling.
Figure 107 shows a block diagram of the AEI-SAS’s local control

scheme. Here one of the transverse degrees of freedom is depicted, where
LVDT, sensor corrected LVDT and inertial sensor are forming the con-
trol signal. The principle of the feedback system is the same as shown
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in figure 105. However, here the sensor S is divided into the inertial
sensor Si and the relative sensor Sr. In order to obtain a low frequency
inertial signal the LVDT signal is corrected by the ground motion sen-
sor signal Sg. This signal is filtered by a high pass filter so that only
the relative sensor signal controls the DC position. As discussed above,
corrected relative sensor signal and inertial sensor signal are combined
via LP and HP blending filters. The blended signal is then fed through
the controller to the AEI-SAS’s actuators.
As mentioned above, this block diagram is only valid for some degrees

of freedom of the AEI-SAS. In the final configuration, these are the
x, y and z-directions of the central table, the south table’s x and z-
directions and the west tables y and z-directions. The block diagram
for the rotational degrees of freedom that are not red out by an OL is
identical to the one shown in figure 107, excluding the ground motion
sensor path. In the final configuration, these are the south table’s ry
and the west table’s rx degree of freedom. Currently, the ry degree of
freedom of the central table is controlled this way as well.

16.1.3.3 Preliminary results

The control scheme described above is applied in the AEI-SAS and
provides sufficient vibration isolation for the single arm test currently
being commissioned in the AEI 10m prototype. However, the active
noise cancellation is still being improved. Figure 108 shows the vertical
translational and the vertical tilt performance of the actively controlled
south table. The data was recorded by three auxiliary L-4C geophones
placed on the optical table. They function as witness sensors and are
therefore not involved in the payload control. So far only the south
table is equipped with vertical witness sensors. Vertical out of loop
performance measurements are therefore exclusively available for the
south table.
In the horizontal directions, only one out of loop sensor is currently

available. This witness sensor is a spare monolithic accelerometer and it
is located on the central table. The sensor is aligned in the y-direction,
however, it is placed on the north edge of the optical table, far away
from the payloads rotation axis. Naturally, the amplitudes of ry and
rz-motion are higher in this position than if they were measured in the
payload’s center of mass. More horizontal sensors on the payload will
help to characterize and improve the active isolation of the AEI-SAS.
Measurements with the central table auxiliary accelerometer are shown
in figure 109.
The z and ry measurements clearly show the benefits of the active

control. Not only the fundamental resonances of the system are damped,
but the payload motion amplitude is reduced significantly below the
performance of the uncontrolled AEI-SAS. The ry degree of freedom
was controlled by the geophone signal blended with the LVDT signal.
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Figure 108: Comparison of the controlled (blue) and uncon-
trolled (red) vertical translational and vertical tilt south table pay-
load noise. The data was recorded by three witness sensors (L-4C
geophones) installed on the table top. Above 20Hz the measure-
ments are (partly) limited by the sensor noise floor.
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Figure 109: Comparison of the controlled (blue) and uncon-
trolled (red) horizontal central table payload noise. The upper
figure shows data recorded with the three in loop accelerometers,
the lower plot shows an out of loop measurement. Note that the
ground motion in the frequency band of the microseismic peak
during the controlled measurement (gray) is higher than during
the uncontrolled measurement (black). Further modifications of
the active control will improve the AEI-SAS performance.
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In Z the control signal was provided by geophones and sensor corrected
LVDTs, as depicted in the block diagram in figure 107.
In figure 109 the y-direction out of loop payload measurement also

shows a strong reduction of payload motion around the AEI-SAS’s
fundamental resonances. The microseismic peak amplitude was much
larger during the controlled measurement than during the uncontrolled
measurement. However, in the frequency band at a few Hertz, the con-
trolled payload motion has a larger amplitude than in the uncontrolled
measurement. This is probably because the noise floor of the combined
signal of the three in loop accelerometers is higher than the noise floor
of the out of loop accelerometer. This noise is partly fed back to the
payload. Furthermore, below 0.1Hz noise is fed back to the payload
due to not sufficiently steep blending filters and sensitivity limitations
of the sensors. However, further analysis of the control system is needed
in order to optimize the noise cancellation.
First measurements by R. Kirchhoff suggest, that the accelerometers

and its data acquisition’s noise floor limit the active control of the AEI-
SAS over a wide frequency range [167]. It is planned to improve the
horizontal and rz performance of the AEI-SAS by installing additional
horizontal L-4C geophones on the payload. These geophones have a
sensitivity comparable to the vertical L-4Cs (see section 5.2.1 ).
The data in the upper plot in figure 109 is recorded by the in-loop

accelerometers since no further witness sensors are available at present.
The AEI-SAS’s internal resonances have a much larger amplitude in
this x-direction measurement compared to the y-direction measurement
recorded by the witness accelerometer, since the in loop accelerometers
are located in the spring-box and not, as the witness accelerometer, on
the table top. This is a further reason for placing additional geophones
on the table top in order to improve the active isolation performance.
Further active isolation performance measurements, including the

OL and SPI performance, are expected to be published in 2018. They
will be subject of S. M. Köhlenbeck’s thesis.





17
HOW TO PROCEED IN THE CASE OF A
GAS -F ILTER FAILURE

As discussed in section 8.2, hydrogen embrittlement might cause dam-
age in the GAS-filter blades. The AEI-SAS is not designed for exchang-
ing individual components, such as GAS-filter blades. Hence, this would
be a major setback of the AEI 10m prototype’s experimental progress.
Procedures to follow in case of GAS-filter failure should be considered
in advance in order to lose as little time as possible. In this chapter,
two possible scenarios for such an incident are briefly discussed.
The first scenario is less work consuming and less time-consuming.

It is limited to the replacement of the broken GAS-filter blade. In the
second scenario, the whole AEI-SAS would be replaced by a newly
designed, improved isolation system. A third option, which could be a
hybrid of the two discussed below, certainly would be possible as well.

17.1 replacing a broken gas-filter blade

Section 8.2 showed that blade damage due to hydrogen embrittlement
is related to the material treatment and coating. The nickel plating
of new GAS-filter blades should be much thinner than on the current
blades, and the heat treatment should be executed accordingly. This
process would need to be controlled and the quality of the coating
would need to be tested before the blade installation.

However, replacing a broken blade requires careful preparation. Parts
of the AEI-SAS need to be disassembled, therefore the table top must
be removed from the isolation system. Since the optical tables are pop-
ulated with delicate optics and their suspension systems they have to
be (at least partly) removed beforehand. The Intermediate plate and
the upper spring-box plate would need to be removed from the system.
This is only possible when the GAS-filters are vertically locked. This
requires the disassembly of the vertical LVDT and actuator units. If
payload, intermediate plate and upper spring-box plate can be kept
inside the vacuum system while the GAS-filter blades are exchanged,
and if this would be less time consuming than removing them safely
from the system would need to be carefully judged.
The broken GAS-filter would be removed and the new blades would

need to be installed as described in the appendix C. For this process,
the GAS-filter would need to be taken out of the vacuum system and
to be suspended in the shaker stand. This would include the time-
consuming tuning of the resonance frequency and the CoP plateau (see

215
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section 10.2). Depending on the number of experienced people involved
in this process it could take on the order of months.
Building a spare GAS-filter in advance would reduce the downtime

of the AEI 10m prototype in case of a GAS-filter failure. This way the
time-consuming assembly and tuning would be done beforehand and
broken and new GAS-filters could be exchanged immediately after the
incident.

17.2 alternative isolation system design

An alternative to just exchanging the broken components of the system
would be to design and build an improved isolation system. If this
would be done in advance the downtime of the 10m prototype would
be limited by moving the components from the old optical table to the
new one. If one of the first two AEI-SAS units breaks one could simply
replace it with an improved version similar to the third AEI-SAS unit.
This requires a minimum of designing and testing; however, if a new
system would be built one could learn from the experiences with the
AEI-SAS and other isolation systems and design a new system.

Adapting a high natural resonant frequencies, high active control
bandwidth system such as LIGO’s HAM-ISI (see section 3.5.2) is an
option. The high performance of the active system due to a long expe-
rience would benefit the AEI 10m prototype. However, a high dynamic
range such as it is provided by the AEI-SAS is favorable for a versatile
test facility such as the AEI 10m prototype. This cannot be provided
by an ISI like system alone but would require an additional stage, such
as the HEPI (see section 3.5).
Employing a commercial system should be considered as an alterna-

tive, too. The Minus k Technology products do not provide an isolation
performance comparable to the AEI-SAS (discussed in section 9.1.3),
they could, however, potentially be stacked to a multi-stage system.
This would certainly require extensive feasibility and performance tests.
Active low frequency isolation would be needed in order to reduce the
payload motion around the system’s fundamental resonance frequencies
at 0.5Hz. A further application of such commercial devices would be
the incorporation of a custom designed isolation system. This is briefly
discussed below.
In the following paragraphs an alternative low fundamental resonance

frequencies, low active bandwidth isolation system design is proposed.
This will not be a detailed analysis of the system but rather a rough out-
line. This system has a high dynamic range and consists of components
tested and improved in the AEI-SAS.
An isolation system that supports the optical table from below has

the advantage of being compact. Furthermore, the whole surface of the
optical table is free of obstacles and can be populated with experimental
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Figure 110: Basic concept of the new isolation system design.
The optical bench is suspended from a single GAS-filter, which
is mounted on top of three symmetric IP-legs. The IP-legs are
supported by a rigid structure which is connected to the ground.
This structure could be located outside the vacuum tank and reach
through soft feedthroughs to the inside. The spacious vacuum tank
allows a low resonance frequency pendulum suspension and pro-
vides sufficient room for modifications and a support structure for
the active components.

setups. However, mitigation of internal resonances and cross-coupling
is challenging, as seen in the AEI-SAS.
Suspending the payload from the isolation system, on the other hand,

has the potential to reduce the complexity of the system. Furthermore,
high internal resonances can be achieved with such a design. This way
the system can provide low frequency noise cancellation and good iso-
lation at high frequencies. Figure 110 shows the basic concept of such a
system. The optical table is suspended from a single GAS-filter which
is supported by three symmetric IP-legs. The large vacuum chamber
would allow a relatively large GAS-filter design. This way the stress in
the blades and thereby the risk of a failure could be reduced. However,
internal resonance frequencies of the blades usually decline with size.
Furthermore, the higher mass of the larger system reduces the vertical
bounce mode frequencies on the IP-legs, as discussed below. A trade-off
in size would need to be made.
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The IP-legs would need to be mounted on a rigid structure of a cer-
tain height. Such a structure could be built around the vacuum cham-
bers in order to save space inside the vacuum system. Stable arms could
reach through soft feedthroughs inside the tanks. This way the support
structure would be well decoupled from vacuum system vibrations.
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Figure 111: Simplified horizontal passive performance of the new
isolation system design compared to a single IP-leg stage. The
parameters used in single IP-leg stage model are realistic values
and therefore illustrate a simplified model of the AEI-SAS.

In the vertical direction, the passive performance of the system is
determined by the GAS-filter resonance frequency and the CoP tuning.
The resonance frequencies of the rotational degrees of freedom depend
on the way the optical table is suspended from the GAS-filter. This
is briefly discussed below. In the horizontal directions, the payload is
isolated by two stages, the IP-leg stage, and the pendulum stage. Fig-
ure 111 shows the simplified, purely passive, transmissibility of the new
isolation system compared to the performance of an AEI-SAS type sin-
gle IP-leg stage. The IP-leg stage is modeled with a resonance frequency
of 0.1Hz and a CoP parameter of βh = 10−4. These are realistic val-
ues which can be easily achieved with an IP-leg stage. The pendulum
stage’s CoP effect is neglected. A 1.5m long pendulum wire results in a
resonance frequency of 0.4Hz. This provides reasonably low frequency
isolation by the second horizontal stage. Compared to the IP-leg stage
the transmissibility of the new design is lower above 0.57Hz. A better
passive isolation at the fundamental resonance frequencies of the mirror
suspension is therefore provided by the two-stage system. At mid fre-
quencies the new design’s transmissibility amplitude rolls off with f−4

and flattens to f−2 where the CoP plateau of the IP-leg stage starts.
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Internal resonances are not regarded in this model. They are discussed
in the following section.

17.2.1 Internal resonances of the new design

A major subject of this thesis is the mitigation of the effect of the AEI-
SAS’s internal resonances. A new isolation system should be designed
carefully in order to avoid performance loss due to parasitic vibrations.
In this section, a rough estimate of such oscillations is discussed. For
a realistic design, finite element simulations, as well as experimental
tests, will be indispensable.
In the AEI-SAS, internal resonances below 20Hz are caused by the

horizontal compliance of the GAS-filters and the high mass mounted to
the keystones (see section 11.2). The fluorel stage improves the perfor-
mance in this frequency band strongly. However, the modified system
introduces new resonances in the frequency band of the suspension’s
fundamental resonances, even though they are well damped (see sec-
tion 12).
In the new isolation system design, the horizontal GAS-filter compli-

ance would not be an issue, since the suspended mass is horizontally
decoupled from the keystone. Assuming the same horizontal GAS-filter
stiffness as it is provided by the three AEI-SAS GAS-filters and a key-
stone mass of 5 kg results in a horizontal mode frequency of approxi-
mately 133Hz.
A system with some similarities to the one proposed here is the Ad-

vanced Virgo MultiSAS. The lowest frequency internal resonances of
this structure are at aproximately 50Hz and caused by the vertical
compliance of the IP-legs (see [59] and section 3.6.1). The MulitSAS
features an IP-leg design close to the original AEI-SAS IP-leg design.
The new symmetric IP-legs are vertically approximately 4 times stiffer
than the old ones, as shown in section 13.4.2. In the AEI-SAS the
bounce and roll mode frequencies on the IP-legs are lowered by the
flexibility of the spring-box. This should not be a major issue in the
new isolation system design since the GAS-filter could be supported by
a rather compact, rigid and light structure. It should be easily possible
to design such a horizontal stage which weights less than 50 kg. With
the new AEI-SAS symmetric IP-legs this would result in a bounce mode
frequency higher than 200Hz.
In the new isolation system design, the optical table is suspended

from the GAS filter. Assuming the payload of the AEI-SAS with a
weight of approximately 900 kg would be recycled for the new design,
a suspension wire would need to be at least 2mm thick. This assumes
a music wire material (304V, Hyten, SLT) as it is used in the reference
cavity suspensions [28]. Naturally one would aim for a high safety mar-
gin for suspending the optical table. Furthermore, suspending the table
from a single wire is rather unpractical for the experimental setups of
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the AEI 10m prototype, as discussed below. Furthermore, multiple sus-
pension wires with the same cross-sectional area as a single wire are
stressed equally but their violin mode frequency is higher since the
stress in the suspension wire is proportional to load-area ratio and the
violin mode frequency is inversely proportional to the square root of the
load-area ratio. Four 1.5m long wires with a thickness of 2mm each,
for instance, have fundamental violin modes of approximately 100Hz.
Proper engineering of the wires’ profile should enable a safe system
with even higher wire mode frequencies.

17.2.2 Design remarks

As mentioned above, suspending the optical table from three or four
wires would have the advantage of higher violin mode frequencies. This
would furthermore allow populating the center of the optical table, as
it is currently the case. Beam splitter suspension and SPI baseplate, for
instance, are located in the center of the central table. By distributing
the connection points of multiple wires around the center of the table
they leave space for optical components. The beam splitter suspension
cage is about 1m high and about 0.16m wide. This requires a mini-
mum wire separation of 0.5m on the table surface in case of a four-wire
solution. Multiple wires furthermore allow the adjustment of the sec-
ond stage’s yaw mode frequency. The pitch and the roll mode are also
influenced by the position of the connection between suspension wires
and the payload.

A possible modification of the new isolation system design would be
the implementation of regular blade springs instead of GAS-filters. A
set of pre-stressed blades, as used in the suspension systems, could be
installed on top of the IP-leg stage, such that they are horizontally
flat when under load. This way they provide a high horizontal stiffness
and the stress in the blades would be lower than in the GAS-filter
blades. This reduces the risk of blade failures. In such a configuration
the single suspension wires could be connected to the tips of each blade.
Moderately low vertical fundamental resonance frequencies could be
achieved since the large diameter of the vacuum system allows the
use of relatively long blade springs. A resonance frequency of 0.6Hz
would be feasible which could be achieved by a pre-bent blade that
deflects approximately 0.7m. Such a system would be less prone to
temperature changes (see section 8.1.4). Temperature chance induced
GAS-filter stiffness change limits the long-term stability of the AEI-
SAS. Due to active control, the low frequency performance would not
degrade due to the higher fundamental resonance frequencies.
The high frequency performance of such a system would be limited

by the CoP effect. CoP compensators similar to those used for the
GAS-filter could be implemented in such a system. This way the blade
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springs have a high frequency performance comparable to the GAS-
filter. The passive isolation performance in the mid-frequency range,
however, is approximately proportional to the square of the resonance
frequencies. Hence, the mid-frequency isolation factor of a GAS-filter
resonance frequency of 0.3Hz would be by a factor of 4 better than the
isolation performance of the blade springs. This mid frequency range is
between the unity gain frequency of the active isolation and the CoP
plateau. In case of the AEI-SAS, this would be between a few hertz
and a few ten hertz. Higher internal resonances and stronger actuators
would allow shifting unity gain to higher frequencies.

However, such a system requires further investigation of advantages
and disadvantages of the blade springs and the GAS-filters. Internal
resonances of the blades, as well as the way the suspension wire is
connected to the blade springs in order to minimize vertical to tilt
coupling need to be analyzed.

A further design option would be the incorporation of a commercial
isolation system in a custom-made structure. Compact devices, such
as the ‘SM-1 Low Frequency Vibration Isolator’ (briefly discussed in
section 9.1.3) could be fitted in the new SAS design as an additional
stage. Certainly, the benefitand feasibility need to be evaluated. Test-
ing such a configuration could, however, benefit the design of potential
future isolation systems.

Actuators, relative and inertial sensors can be implemented in a sim-
ilar way as in the AEI-SAS. Horizontal LVDTs and actuators can be
mounted in between the support structure and the horizontal stage, a
single vertical actuator LVDT pair can be mounted to the keystone and
the horizontal stage.
Tilt control could either be realized by actuating against an addi-

tional recoil mass, which could be suspended below the optical table, or
by actuating against the ground. The recoil mass type requires a more
complex design, but a quasi-inertial tilt signal and actuation would be
gained. Furthermore, the horizontal displacement does not influence
the sensing and actuation signal. Actuation against a rigid structure
connected to feet inside the vacuum system requires a less complex
suspension system. However, a system for actuating and sensing tilt
independent of the horizontal position of the optical table would be
required. Motorized blades as well as safety and locking structure could
be attached to the in vacuum feet.

Summarized, the advantages of this new suspended system compared
to the AEI-SAS would be:

• A wide isolation window due to high internal resonances.
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• A better isolation performance in the horizontal directions and
in yaw due to two low resonance frequency isolation stages.

• The individual components are better accessible, therefore main-
tenance and modifications of the system are possible.

• Vertical to tilt coupling is reduced if the system is suspended from
a single vertical filter.

• If the vertical filter consists of regular blade springs instead of
a GAS-filter the system is less temperature sensitive. A higher
bandwidth active isolation in the vertical degree of freedom would
minimize the performance disadvantages due to the higher reso-
nance frequency.

However, designing, building, and testing would be costly and require
a high amount of resources and time. Based on the experience with the
AEI-SAS, this process could take of the order of years, depending on
the number of experienced people involved. Further studies are needed
to decide how to prepare for and how to proceed in the case of a GAS-
filter failure.
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In the scope of this thesis, the AEI 10m prototype Seismic Attenua-
tion System (AEI-SAS) has been constructed, analyzed, improved and
tested. Two out of three AEI-SAS units were successfully implemented
in the AEI 10m prototype, where they are in constant operation. They
provide pre-isolation at low frequencies for the subsystems and exper-
iments that are currently being commissioned, such as the single arm
test and the thermal noise interferometer (see section 4).
During construction and characterization the first two AEI-SAS units

highlighted design aspects that could be improved. Improvements that
could be retrofitted in the first two AEI-SAS units have been developed,
implemented and characterized.
More invasive performance improving modifications have not been

implemented in the first two AEI-SAS units that are already installed
in the vacuum system, as they would have to be disassembled to a large
extent. This would have delayed the operation of the AEI 10m proto-
type considerably. The current experiments of the AEI 10m prototype
require only two isolated platforms, therefore novel improvements were
developed and tested on the third AEI-SAS unit outside the vacuum
system. The third AEI-SAS unit now features all improvements and ge-
ometry changes discussed in this thesis. It will be installed in the AEI
10m prototype in spring 2018, and together with the first two AEI-SAS
units it will provide vibration isolation for the SQL interferometer (see
section 4.1) and further experiments to come.
The studies and improvements presented in this thesis do not only

increase the AEI-SAS performance, but they could be adapted for
other isolation systems and benefit future designs. Beyond the field
of GW detection these devices have applications other high precision
experimental setups such as atom interferometers (see chapter2).

Improving the GW observatory’s sensitivity and developing of novel
techniques for future GW detectors will allow more precise measure-
ments of additional GW sources at greater distances. These improve-
ments are developed in test facilities such as the AEI 10m prototype.
An overview of this system and the SQL-interferometer in chapter 4
emphasized the need for seismic isolation.
Part I furthermore discussed the necessity and benefits of perfor-

mance improvements of the AEI-SAS. It showed, that the system’s
isolation frequency band is expanded to high frequencies by shifting or
damping its internal resonances. At low frequencies, the table top mo-
tion is reduced by active isolation. All fundamental resonances of the
AEI 10m prototype suspension systems are pre-isolated this way. With-
out the discussed improvements, low frequency internal resonances of
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the AEI-SAS would have excited suspension resonances. The improved
high frequency performance of the AEI-SAS furthermore enables an
enhanced low frequency active noise cancellation.

Finite element simulations of the AEI-SAS elastic behavior of the
baseplate, the intermediate and the table top, discussed in section 5, aid
the evaluation of the AEI-SAS’s limitations. So far, these components
have not influenced the AEI-SAS performance. The improved isolation
of the third AEI-SAS unit, however, might be limited by their elastic
behavior.
An analytical model of the Inverted Pendulum (IP)-legs was derived

in chapter 7. Methods described in the literature are insufficient to an-
alyze the properties of the IP-legs, therefore a refined analytical model
was developed and discussed. The required payload mass estimated this
way differed only by approximately 2% from the experimentally deter-
mined value. This model was applied for designing the new symmetric
IP-legs, described in chapter 13.
The principle of the Geometric Anti-Spring (GAS)-filters was briefly

discussed in chapter 8. Since it is highly important for the experiment
in practice, the temperature influence on the GAS-filter stiffness and
therefore the vertical payload position was derived with a simplified
analytical model. The results were confirmed by experimental data. It
shows that the vertical payload position decreases by approximately
600µm/K, depending on the resonance frequency of the individual
GAS-filters. These analyses can be used in the future for determin-
ing thermal stability requirements for the AEI 10m prototype. They
were furthermore regarded for the fine-tuning of in the AEI-SAS in-
stalled GAS-filters’ resonance frequencies. Such fine tuning reduces the
coupling from vertical ground motion to payload tilt.
Due to recent incidents involving the GAS-filters and superattenua-

tor blade defects at Virgo, the potential risk of GAS-filter blade failure
in the AEI-SAS caused by hydrogen embrittlement was discussed. Cur-
rent measurements are inconclusive. Possible strategies in the case of a
failure, however, need to be regarded, as described in chapter 17 and
at the end of this chapter.
The second part of this thesis ended with a discussion of the first two

AEI-SAS units’ passive performance. It matches ideal models very well
up to the frequency of first internal resonances (which are not included
in the ideal model). A peak isolation performance of 2.6× 10−3 was
measured at 4Hz in the horizontal direction. In the vertical direction,
the ground motion is attenuated by a factor of 2.4 × 10−3 at 9Hz.
The improved third AEI-SAS unit is supposed to provide even better
isolation at higher frequencies, where the first two AEI-SAS units are
limited by vertical spring-box resonances. A horizontal fundamental
resonance of the AEI-SAS at 0.1Hz enables a substantial reduction in
motion in the frequency band near the mirror suspension resonances.
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At the lowest suspension resonance, 0.63Hz, the horizontal payload
motion is approximately 12 times lower than ground motion. Active low
frequency isolation results in even better performance. This enabled a
suspension design with low force actuators and passive eddy-current
damping.
Despite the difference in design philosophies and performance require-

ments, the AEI-SAS has comparable performance to Advanced LIGO’s
HAM-ISI. The active control of the HAM-ISI was optimized for low fre-
quency noise cancellation. In this frequency band the system performs
better than the AEI-SAS. Above 2Hz in the horizontal direction and
3Hz in the vertical direction, the passive isolation of the AEI-SAS pro-
vides lower payload motion. Upgrading the active control will further
improve the AEI-SAS’s low frequency performance, potentially reduc-
ing the performance gap below 3Hz between HAM-SAS and AEI-SAS.
The Minus k Technology SM-1 is a state of the art commercial isola-

tion system. It provides 10-100 times better isolation than commercial
high-performance air tables. The AEI-SAS, however, provides a signif-
icantly higher vibration isolation, justifying the decision to create a
customized seismic isolation solution for the AEI 10m prototype.

The refined GAS-filter tuning in a revised shaker stand was discussed
in chapter 10. The high frequency performance of the GAS-filters is
determined by the Center of Percussion (CoP) plateau, which was ad-
justed by a dedicated tuning structure. In the first two tables, as well
as in the other isolation systems that employ GAS-filters, the high fre-
quency performance measurements were limited by the sensitivity and
dynamic range of the geophones, and by limitations of the test assem-
bly. An improved shaker stand and a refined measurement technique
allowed determining GAS-filter CoP plateaus down to an isolation fac-
tor of βv = 1× 10−5. This is about an order of magnitude better than
the measurement limits of the first and second AEI-SAS unit’s GAS-
filters.
The oscillations of the spring-box limits the isolation frequency win-

dow of the AEI-SAS at high frequencies. These internal resonances were
discussed in section 11. They were subdivided into rigid body spring-
box modes and elastic spring-box modes. The rigid body modes are
at frequencies between 10Hz and 20Hz; their oscillation direction is
aligned mostly horizontally and caused by the horizontal compliance
of the GAS-filters. The elastic modes are at frequencies between 30Hz
and 40Hz. They are mostly vertical oscillations of the spring-box. The
vertical compliances of the IP-legs soften these modes.

The internal resonances of the system were characterized by a combi-
nation of measurements, analytical modeling, and finite-element anal-
ysis. The following means of mitigating the effect of these resonances
were proposed and tested:

• Fluorel pads to decouple the spring-box and the payload.
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• Spring-box dampers to improve isolation performance between 10
and 100Hz significantly.

• Novel symmetric IP-legs, which are vertically 4 times stiffer than
the old design.

• Auxiliary reinforcement structures to stiffen the spring-box. The
rigidity of the contacts between the individual spring-box compo-
nents is enhanced by a combination of adhering and bolting the
assembly.

The first two design changes were suitable to be retrofitted into the
first two AEI-SAS units. All four presented improvements are incorpo-
rated in the third one. The improvements to the third AEI-SAS unit’s
IP-legs and spring-box shifted the vertical spring-box mode with the
lowest resonance frequency from 30.5Hz to 54Hz. The third lowest
mode frequency has even doubled. By shifting and damping the inter-
nal resonances, all mirror suspension resonances are now well isolated
from ground motion.
Chapter 16 summarized the active control strategy of the AEI-SAS

and showed preliminary performance results. The fundamental reso-
nances of the AEI-SAS was efficiently damped and the payload motion
was suppressed below the uncontrolled tabletop noise level over a wide
frequency range.

The AEI-SAS provides a low noise environment that allows a SQL-
interferometer test mass actuation by means of an ESD which is directly
mounted on the table top. The discussion of this system’s realization
is not directly related to the main part of this thesis and therefore
subject of Appendix A. On the bases of finite element analyzes the
new ESD concept was found to be suitable for a low noise actuation of
low mass mirrors in one horizontal direction. Experimental tests with
this system are underway.

Building on the work presented in this thesis, the seismic isolation
for the AEI 10m prototype will be further improved.
Improvements to the low frequency active isolation are still under-

way. New horizontal L4C geophones with better noise performance and
greater robustness than the currently used monolithic accelerometers
will be implemented in all three AEI-SAS units. This will improve the
low frequency performance of the system.
Measurements of the first two AEI-SAS units show a different be-

havior at a few hertz (discussed in section 9.2). Relatively stiff cables
connecting payload electronics with the environment could be the rea-
son for this; however, further investigations are necessary in order to
improve the central table’s performance at those frequencies.
After the third improved AEI-SAS unit will be installed in the AEI

10m prototype, the full system’s in vacuum performance will be mea-
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sured and analyzed. Spring-box dampers will be assembled and tuned
to the system’s internal resonances. The active isolation will be adapted
for the third AEI-SAS unit. Its performance will likely be enhanced with
respect to the first two AEI-SAS units since higher internal resonance
frequencies allow a higher control loop unity gain frequency.
For global control, the Suspension Platform Interferometer (see

section 4.3) will be expanded to the west table. Optical Levers (see
section 4.3) between west and central tank will furthermore be imple-
mented.

As discussed in section 8.2, hydrogen embrittlement might cause dam-
age in the GAS-filter blades. This would mean a major setback of the
AEI 10m prototype’s experimental progress, since the AEI-SAS and its
payload would need to be partly disassembled. An outlook of possible
scenarios on how to prepare for such an incident is given in chapter 17.
A promising option would be to develop a new improved isolation sys-
tem. The experience with the AEI-SAS and its limitations lead to a
design where the payload is suspended from an isolation system instead
of being supported from below. The system discussed in section 17.2
has the potential to have lowest internal resonances above 100Hz. The
resulting isolation window would thereby be far wider than that one
of the AEI-SAS. This, furthermore, allows a broader active isolation
band. A second horizontal isolation stage would improve the passive
isolation by a factor of f−2 above the fundamental resonance frequency.
In contrast to the AEI-SAS the individual components of such a system
would be accessible which would allow modifications and maintenance;
however, further investigations will show if replacing the AEI-SAS is
reasonable and feasible. The studies and improvements discussed in
this thesis certainly will benefit the design of future vibration isolation
systems.
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A
THE ELECTRO-STATIC DRIVE

As briefly discussed in section 4.1.3, a new concept for electrostatic
test mass actuation was proposed for the SQL interferometer [168]. It
will be used for fast and direct test mass actuation. Due to the low
noise environment provided by the AEI-SAS these Electrostatic drives
(ESDs) can be mounted directly on the optical table.

ESDs were first employed in gravitational wave detectors in 2001
to actuate GEO600’s interferometer mirrors without contact and with
extremely low noise [169]. In Advanced LIGO similar systems were im-
plemented based on the positive experience at GEO600 [85]. As shown
in figure 112 such ESDs consists of four quadrants of comb-shaped elec-
trode pairs coated onto a reaction mass, which is suspended behind the
test masses. This enables electrostatic actuation in pitch, yaw and the
longitudinal direction.

Figure 112: GEO600 ESD. Four comb shaped electrode pair
quadrants are coated on the surface of a reaction mass. It is sus-
pended behind the test mass. Advanced LIGO’s ESD is an adapted
version of the one shown here.

The basic working principle of an ESD is that a force is acting on a
dielectric medium when it is located in an asymmetric inhomogeneous
electric field. The force is directed towards higher intensity of the field.
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Hence, the mirrors are pulled towards the ESDs up to a point where the
restoring forces of the test mass and reaction mass pendulums match
the ESD force. The variation of the ESD voltage, therefore, induces
mirror motion.
For the SQL interferometer at the AEI 10m prototype the design

used in GEO600 and Advanced LIGO is not applicable. As mentioned
in section 4.1, the low coating thermal noise performance of the in-
terferometer relies on large beam sizes on the mirror surfaces. A tiny
fraction of the light is transmitted through the optics and sensed by a
photodiode. A large free aperture therefore is required. The electrodes
of the GEO600/Advanced LIGO design cover a large part of the optics’
surface. A second aspect why this design is not suitable for the SQL
interferometer is that such an ESD requires a vibration isolation with a
performance comparable to the test masses, in order to avoid coupling
to the table top motion.

Figure 113: Longitudinal force on the mirror, versus relative
longitudinal position of mirror and ESD. The x-axis shows the
relative distance between the mirror center and the center of the
capacitor plates. The mirror-plate position is depicted for clari-
fication. The position of choice is at one of the extrema of the
longitudinal (z) force. There the force is in first order independent
of the relative distance between mirror and plates.
This figure is taken from [170]

The new ESD design for the AEI 10m prototype is rather simple.
A plate capacitor with one plate above and one plate below the test
mass generates the electric field. This structure provides a clear aper-
ture. Furthermore, simulations show, that around a certain relative
mirror-plate position such a system provides a force that is in first or-
der independent of the longitudinal plate position. This is illustrated
in figure 113. Proof of principle simulations of this new concept show
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that the vibration isolation provided by the AEI-SAS is sufficient to
neglect coupling from capacitor plate motion [170].
For the realization of the AEI 10m prototype ESD the proof of prin-

ciple simulation structure needs to be modified and fitted to the SQL-
interferometer suspension design; furthermore, the influence of the sur-
rounding structure on the actuation needs to be regarded. Particularly
the fiber guards, which are aluminum structures surrounding the sus-
pension fibers, have the potential to influence the ESD permanence
since they are located relatively close to the mirrors. They furthermore
restrict the capacitor plate dimensions.

Figure 114: Illustration of the test mass, the fiber guards, and
the ESD capacitor plates. The fiber guards are made of aluminum.
The lower two pieces surrounding the mirror and attached to the
fiber guards are made from polyether ether ketone (PEEK), It
serves as a safety structure for the test mass and can be moved in
order to clamp the mirror.

A 23mm wide, 3mm high and 70mm long capacitor plate design
fits between the fiber guards with sufficient clearance to avoid electric
sparks. A CAD drawing of the ESD-plates, the fiber guards, and the
test mass is shown in figure 114. The thickness provides a high bending
stiffness and the length allows to mount the plate far away from the
optic, as discussed below. The force provided by these plates, however,
is lower than in the proof of principle simulation, where the plates were
modeled to be 50mm wide.
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a.1 esd force simulation

In order to achieve the required longitudinal force of about 1µN with
the narrower plate design with respect to the proof of principle model,
the gap between mirror and plate was reduced. In the proof of prin-
ciple version, the distance between mirror’s rim and inner capacitor
plate surface is 10.5mm. This distance was reduced to 4.75mm in the
new version. The new dimensions were determined by means of finite
element simulations of a close to reality model.
In order to verify the quality of the ESD finite element simulation

technique a greatly simplified geometry was modeled. This model’s ge-
ometry resembles a system that can be approximated analytically. It
consists of two large capacitor plates filled with glass. The force acting
on the glass body is given by [171]:

FESD =
lU2ESD
2d

(
εg − ε0

)
. (132)

Here l is the plate’s width, d is the plates’ separation, UESD is the
voltage difference between the two plates, εg is the dielectric constant
of glass, and ε0 is the vacuum permittivity. The results from the finite
element simulation and the analytic approximation were compared and
the simulation was adjusted accordingly before the more complex ESD
structure was computed.
The geometry used in the simulation features capacitor plates which

were set to a certain voltage, the fiber guards, and the test mass. The
aluminum parts of the fiber guards were set to 0V. The force on the
mirror was computed. Figure 115 shows the simulated electric field in
the structure. From this, the force acting on the mirror is computed.
An ESD voltage is provided by a custommade high voltage source [172].

About ±350V will be available for the maximum mirror actuation. Ac-
cording to the finite element simulation, this results in a longitudinal
force on the mirror of 0.9µN. Such a force allows a maximal DC dis-
placement of 315 nm of the 100 g mirror suspended from the triple
suspension. No significant influence of the fiber guards was observed in
the simulations.
Preliminary experimental ESD tests as part of the single arm test

resulted in a maximal longitudinal mirror displacement of 350 nm [173].
With a 10% deviation, this result agrees relatively well with the sim-
ulation. Further experiments will verify the influence of the relative
longitudinal mirror-plate position, the vertical plate position and the
plate separation. Furthermore, the possibility and the influence of test
mass charging will be investigated. If an influence will be determined,
techniques for the mitigating it will be tested. Ultimately, the ESD
control of the single arm cavity will be characterized and optimized.
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Figure 115: Illustration of the ESD finite element model. The
left part of the figure shows the modeled geometry. The upper ca-
pacitor plate is set to +350V, the lower plate is set to −350V, and
the fiber guards are set to 0V. The right part of the figure shows
a section view of the structure. The electric field intensity is dis-
played as a color scheme. The force on the test mass is computed
from the electric field.

An ESD design similar to the one discussed in this chapter is cur-
rently being tested for the speedmeter proof of principle experiment in
Glasgow [174].

a.2 mechanical esd design

For the realization of the ESD the following design criteria were re-
garded:

• The ESD post needs to be compatible with the suspension cage
and the suspension itself.

• The ESD plates need to be electrically insulated from the ESD
post.

• Sufficient clearance between capacitor plates and post needs to
be ensured.

• The capacitor plates should be adjustable in all three transla-
tional degrees of freedom.

• The capacitor plates and the ESD post should be designed rela-
tively stiff, such that internal resonances of the structure are as
high as possible and do not influence the interferometric measure-
ments.

A possible mechanical ESD design is shown in figure 116. This post is
made from aluminum, only the yellow cylinders are commercial ceramic
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Figure 116: CAD drawing of an ESD post. The design fulfills
the requirements itemized above. The structure is made from alu-
minum. the yellow cylinders, which separates the capacitor plates
(red) from the post, are commercial ceramic insulators. The me-
chanical resonances of this system are shown in figure 117.

insulators. The cables are bolted directly to the capacitor plates. The
plate position is adjustable in the three translational degrees of freedom.
If needed, earthquake stops for the test mass can be added to the frame.
The ESD post was designed to be relatively stiff. Figure 117 shows a

finite element simulation of the system’s four lowest frequency internal
resonances. In this model, the base of the post is fixed and the individ-
ual components of the assembly are rigidly connected. In reality, The
lowest frequency internal resonances of the system are the bending and
torsion modes at frequencies between 521Hz and 533Hz. This is above
the SQL measurement frequency band and far higher than the control
unity gain frequencies currently tested; furthermore, the simulated ca-
pacitor blade motion will not couple to the longitudinal mirror motion
in first order. The lowest frequency plate bending mode is at 1221Hz
this will not limit any SQL interferometer measurement.
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Figure 117: Finite element simulation of an ESD post mechanical
resonances. Mode shape and frequency of this structure should not
limit the SQL-interferometer.





B
F IN ITE ELEMENT S IMULATION PROCEDURE

Finite element simulations are a helpful tool to solve physical problems
which are too complex to be treated analytically. In the scope of this
thesis they were used as a tool for analyzing the mechanical behavior
of the AEI-SAS and its components; furthermore, the improvements of
the system were partly tested and optimized by means of these models.
The finite element simulations discussed in this thesis were mostly

computed with Ansys Workbench. However, some of the simpler models
were simulated with Autodesk Inventor.

In principle, finite element simulations were approached in the item-
ized steps:

• The problem to be solved is simplified in a way that it is an-
alytically solvable. In general, these simplified models are one-
dimensional, linear and they consist of point masses rather than
volumes. That means, however, that the results of these models
only provide limited information about the reality.

• The results from the analytically solved simplified model are then
compared to a finite element simulation of a similar problem. This
way the modeling methods and results are validated.

• If the results match, the model can be evolved to a closer to
reality version. In general, that means, that geometries become
three-dimensional, and match the realistic shapes. Furthermore,
material properties, as for instance the elasticity, can be regarded.

• The geometry should, however, be kept as simple as possible in or-
der to achieve an efficient finite element meshing and to facilitate
analyzing possible modeling issues.

• For each finite element model, the convergence of the results with
higher mesh density needs to be studied.

• The results naturally need to be validated and compared to real-
ity.

A technique for simplifying geometries, and thereby making the mesh-
ing more efficient is shown in figure 118. It was often applied in simula-
tions presented in this thesis. This spring matrix is used for substituting
elastic components of a geometry. In terms of analyzing the AEI-SAS
dynamics it is used to model the GAS-filter stiffness matrix (see for
instance section 11.2.3), the IP-leg stiffness matrix (see for instance
section 11.3) and the fluorel stage stiffness matrix (see for instance
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Figure 118: Illustration of a stiffness matrix for finite element
simulations. The displayed technique is used to simulate spring
components such as the GAS-filters, the IP-legs, or the fluorel
stage. Three springs are interconnecting two blocks. One block
is rigidly connected to an upper geometry, three blocks are con-
nected to a lower one. Spring constant and damping factor can
be assigned to the individual springs. The springs only have these
two properties and are not part of the meshed geometry. They,
therefore, simplify simulations strongly. The figure shows an ex-
ample in which the spring matrix is used. The upper part shows
the assembly at its resting position, the lower part in a deflected
state.

section 12.2). If the main focus of a simulation is not on the dynam-
ics or the static behavior of the spring components, but of the overall
geometry, this technique can greatly simplify the model.
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The spring matrix consists of three springs, one in the vertical direc-
tion and two horizontal directions. The directions in which the three
springs are oriented are linearly independent. Each spring connects to
an upper and a lower body. The stiffness and the damping factor can
be assigned to the springs. These properties of a single spring are uni-
directional in the direction given by the two connecting points.





C
GAS -F ILTER ASSEMBLY

Figure 119: The bottom of
the blade is bolted into the
clamp and mounted on the
bending jig.

Figure 120: This figure
shows the tool for bending the
blades.

Figure 121: The bending
tool is clamped to the top of
the blade...

This chapter describes the
GAS-filter blade assembly.
The photographs on the left
show the single stages of
the blade preparation and
the implementation in the
filter. After the blades are
installed on the filter’s base-
plate they are compressed
against each other. That
introduces the anti-spring
force which lowers the reso-
nance frequency. The filters
are tuned to 0.3Hz. Subse-
quently the center of per-
cussion is tuned (see sec-
tion 10.3.1).
This procedure was docu-
mented together with Robin
Kirchhoff and is part of his
bachelor thesis [175].
In order to bend the straight
GAS-filter blade to the right
position, it is mounted in a
jig, exclusively designed for
this task.
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Figure 122: ... and the blade
is bent over the bending-jig.

Figure 123: Hooking the
bending tool in a dedicated
notch in the jig keeps the
blade in place.

Figure 124: An additional
clamp fixes the blade to the
jig.

The blade is bent over the
jig by pulling its tip down
by hand. The bending tool
is hooked in the jig to se-
cure its position. Before the
bending tool is taken off, two
plates are clamped around
the blade and the jig to keep
the blade in place.



gas-filter assembly 247

Figure 125: The bending
tool is taken off the blade,
while the clamp holds it in
place.

Figure 126: The blade, the
bending profile, and the lower
clamp are taken from the jig
and mounted on the GAS-
filter baseplate. Two blades
are always opposing each
other. The blade’s tip is
bolted to the keystone. It is
held in place by a threaded
rod from the bottom of the
baseplate.

Figure 127: All eight blades
are bend and installed on the
baseplate. Eight plates with
four bolts each are mounted
to the outside of the fil-
ter, in order to compress the
blades against each other and,
thus, tune the GAS-filters res-
onance frequency.

The blades are prepared
one by one before they
are mounted on the filter’s
baseplate. The blade’s tip
is bolted to the keystone
from below. A threaded rod
is holding the keystone in
place. The foot of the blade
is clamped to the baseplate
in a way that it can be
shifted in- an outwards. This
enables the resonance fre-
quency tuning of the GAS-
filters by compressing the
blades against each other.
For this purpose, a plate
is bolted to the outside
of the baseplate. Two hor-
izontal bolts in the upper
part of this plate force the
foot of the blade inwards
or outwards. This way the
compression of the blades
against each other can be
fine-tuned.
Before tuning the resonance
frequency, all blades are in-
stalled in a crown-shaped as-
sembly on the filter base-
plate, the filter is suspended
in a shaker stand and the
keystone is loaded with an
about 300 kg dummy mass
(see section 10.2). After the
resonance frequency is tuned
to 0.3Hz the CoP of the
GAS-filters is tuned.





D
COMPARISON OF THE CENTRAL AND SOUTH
TABLE ’ S VERTICAL SPR ING -BOX MODES

Figure 128: Comparison of driven three lowest vertical spring-
box modes in central and south table. The system was actuated
by the vertical actuators, located between the spring-box and the
GAS-filter’s key-stones. Even though the resonance frequency is
lower than simulated (see section 11.3.1), the order and the shape
of the modes coincides. The mode frequencies in the two AEI-SAS
units differ only by less than 1Hz.

As described in chapter 11.3, the low vertical spring-box modes in
the first two AEI-SAS units are caused by the relatively low vertical
stiffenss of the old IP-legs and the bending of the spring-box. For the
sake of completeness the internal resonances of the both tables are
compared in figure 128. The dotted lines are identical with the plot
shown in figure 67. The central table measurement was done in a similar
way as it was done at the south table. The difference in frequency
response gain is due to a different sensor position in both AEI-SAS
units. The mode frequencies of both systems are lower than simulated.
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This is because the real components are bolted, where as the simulated
system is monolithic. Nevertheless the shape and the order of the modes
coincides with the finite element simulation. The internal resonance
frequencies of the two AEI-SAS units differ only by less then 1Hz.
Figure 129 shows the central table measurement with a simple

damped harmonic oscillator model fitted to it. This provides informa-
tion about the modes’ quality factors and resonance frequencies, which
is needed for designing efficient spring-box dampers (see section 15.1.2).

Figure 129: Fitted driven vertical spring-box resonances (central
table). In order to determine the parameters of the modes to be
damped by the spring-box dampers the measured data is fitted
by a simple damped harmonic oscillator model. The parameters
of the fit are shown in table 21. The measurement and fit for the
south table spring-box modes is shown in figure 99.
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