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Abstract

Gravitational waves are distortions of spacetime which propagate through space at the
speed of light. Several large-scale interferometers have been constructed around the world
for the direct detection of them. The first generation detectors (TAMA, GEO, LIGO and
Virgo) have performed scinentific observation since 1999. They had detection probabilities
of gravitational waves from binary neutron star coalescences only a few percent per year at
best, and have not achieved the gravitational wave detection. Currently the second genera-
tion detectors (advanced LIGO, advenced Virgo and KAGRA) with improved sensitivities
are being upgraded or constructed. They are designed to have detection probabilities of
gravitational waves from binary neutron star coalescences multiple times per year, and are
expected to achieve the first gravitational wave detection through years of observation.
The second generation detectors also feature in expanding the detection band to lower
frequency down to ~ 10 Hz, which allows detection of gravitational waves from a greater
variety of astronomical sources, such as intermediate mass black hole (IMBH) binaries and
spinning pulsars with long rotation periods.

To expand the detection band toward lower frequencies, it is required to suppress the
seismic noise; vibration noise introduced by continuous and random ground motion. For
the seismic noise reduction, the Japanese second generation detector KAGRA introduces
SAS (Seismic Attenuation System) to the core optics of the interferometer. The SAS
provides passive seismic attenuation starting from sufficiently low frequencies ( < 0.1 Hz)
and is expected to suppress the seismic noise well below other fundamental noise levels in
the detecion band of gravitational waves (> 10 Hz). On the other hand, the SAS introduce
large fluctuation outside the detection band (< 1 Hz) through mechanical resonances
and thermal drift of the mechanical filters. Such low frequency fluctuation disturbs the
lock acquisition and stable operation of the interferometer and therefore is required to be
suppressed by active control systems.

The study in this theis mainly develops active control system of the SAS for the beam
splitter and signal recycling mirrors in the KAGRA interferometer (so-called the type-
B SAS). Specific requirements on the active control system are set for three different
operation phases of the interferometer (the calm-down phase, the lock-acquisition phase
and the observation phase). In the calm-down phase, the system is largely excited due to
disturbances such as earthquakes and thus the 1/e decay time of mechanical resonances
has to be suppressed less than 1 minute for quick recovery from excitation states. After
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the system calms down, the detector gets into the lock-acquisition phase, in which the
interferometer is being locked and the RMS (Root Mean Square) velocities of the optics
are required to be suppressed (< 0.5 pum/sec) for attaining smooth lock-acquisition of the
interferometer. After the lock of the interferometer is acquired (in the observation phase),
long-term drift of the longitudinal displacements and angles have to be suppressed lower
than 0.4 pum or 1 prad) to keep the interferometer lock. At the same time, the control
noise couplings in the detection band (> 10 Hz) should be suppressed below the required
displacement noise level of the type-B SAS.

To meet these requirements, different types of control loops are designed for respective
operation phases of the interferometer, and the stability and performance of the active con-
trols are experimentally tested with the type-B SAS prototype constructed at TAMA300
in National Atronomical Observatory of Japan. Digital control system is introduced to
attain compricated servos for the Multiple Input Multiple Output (MIMO) controls. The
control loops for respective phases are adopted to the prototype active control system and
performance is checked with implemented sensors. As there is only one prototype SAS,
an interferometer with multiple suspended optics is not able to be constructed and in-
stead photo-reflective sensors to monitor the longitudinal displacement of the mirror (with
respect to the ground) are introduced.

The tests with the prototype SAS demonstrate that the designed active control system
basically meets the requirements for smooth lock acquisition and continuous operation of
the interferometer. The mechanical resonances which can affect the interferometer opera-
tion are efficiently damped and the decay time is suppressed less than 1 min. The mirror
RMS velocity and angles converted from the measured RMS values in conformity with the
seismic vibration level of the KAGRA site meet the requirements for the interferometer
lock acquisition. The drift of the mirror position and angles are measured by five days
continuous operation of the active controls, and they are proved to be smaller than the re-
quired level to keep the interferometer lock. An automaton is introduecd in the long-term
control test for switching the control loops for three different operation phases, and the
five days continuous and stable operation demonstrates the soundness of the automaton
state control. One problem found in the prototype test is the sensor noise couplings from
the alignment control loops. The measured noise couplings are 1-2 orders of magnitude
larger than the expected values in the simulation, and they are expected to degrade the
detector sensitivities in the 10-20 Hz band. It is suspected that the larger noise couplings
observed in the prototype test are caused by imperfection of the actuator diagonalization
and thus can be improved by optimizing the diagonalization scheme.

Although the reduction of control noise couplings ramains an issues, the type-B SAS
with the designed active control system allows long-term observation of gravitational waves
with the detection frequency limit as low as 20 Hz. It allows the detection of gravitational
waves from spinning pulsars with rotation period less than 0.1 sec and binary IMBH
coalesences with mass less than ~ 103M, with reasonable detection probability in years
of observation.
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Introduction
Chapter 1

This chapter describes theoretical background on gravitational wave detection and
motivation of detecting low frequency gravitational waves. Section 1.1 gives theoretical
explanation on gravitational waves and section 1.2 introduces possible astrophysical sources
of them. Section 1.3 explains the detection schemes using interferometers and possible
upgrades for improving the detection sensitivities. Section 1.4 introduce gravitational wave
detector projects with large-scale terrestrial interferometers, which have been constructed
or are currently proposed around the world. The section also explain contribution of
seismic noise to the detector sensitivities and its impact. Section 1.5 describes motivation
of expanding the sensitivities of large-scale interferometric detectors toward a low frequency
region.

1.1 Gravitational waves in general relativity

1.1.1 Formulation of gravitational waves

Existence of the gravitational waves was predicted by A. Einstein in 1916 along his
theory of general relativity [1]. The theory of general relativity describes gravity as conse-
quence of the curvature of spacetime caused by the presence of mass, whereas gravity was
assumed to be force involved between any two objects with mass in Newton’s theory. The
curvature of spacetime is expressed mathematically by the metric tensor g,,,, which derives
the spacetime interval ds between two neighboring points with the following equation:

ds® = g, dxtdz”. (1.1)

The symbol with a Greek index dx* (u = 0,1,2,3) describe differential spacetime coor-
dinates of the two neighboring points. A flat spacetime without any gravity is described
with the Minkovskii metric tensor noted as 7,,. Relationship between the spacetime and
mass or energy distribution is represented by a formula called the Einstein’s equations:

G

ct

G =

T, (1.2)
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8 CHAPTER 1. INTRODUCTION

Here G, is called the Einstein’s tensor and is a function of the mertic tensor g,,. T}, is
called the stress-energy tensor, describing the energy density distribution in the field. G
and c are the gravitational constnant and the speed of light in vacuum, respectively.

A basic concept of gravitatinal waves is derived by a week-field approximation of the
above-mentioned formulization. In the weak-field limit, the metric tensor of the spacetime
can be described as small perturbation from the Minkovskii tensor:

G = N + hyw,  where |hy,| < 1. (1.3)

Considering a vacuum condition with 7, = 0, a linear approximation of the Einstein’s
equation and an adept coordinate transform can derive the following wave equations of

the spacetime perturbation [2]:
1 d?
2 _
(V -3 dt2) hy = 0. (1.4)

This equation indicates that small distortions of spacetime can propagate at the speed of
light ¢ in a field with no energy distribution. These distortions are called gravitational
waves.

1.1.2 Measurable effect of gravitational waves

When one chooses a spatial coordinate such that a gravitational wave travels in the z
direction, the plane wave solution of the equations (1.4) can be written in the following
expression [2]:

0 0 0 0
1 0 —ay ax O [ ( _E>]
hu(2,t) = 0 ay a, 0 exp |iw (t )l (1.5)
0 0 0 0

Here w is the wave frequency, and a, and a, represent the amplitudes of two independent
wave polarizations. Measurable effects of the gravitational wave can be described with
assuming test particles placed at spacially separated locations in the xy plane. When
a particle is placed at the origine of a coordinate system and another is placed at x! =
(Lcos, Lsin®,0), the proper distance between the two particles L' is altered by the
gravitational wave and expressed as

1 : 1 ,
L' = /\/d32 ~ L (1 + §a+e“"t cos 26 + §axe“”t sin 29) : (1.6)

Figure 1.1 shows an illustration of the tidal effects of the two polarization of the grav-
itational wave to circularly arranged particles. A passing gravitational wave stretches
spacetime in one direction while compressing it by an equal amount in the perpendicular
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direction. The two polarizations of the gravitational wave are identical but 45 deg apart.
They are conveniently called the plus (+) mode and the cross (x) mode of the gravitational
wave. The length shift is proportional to the original distance between the particles
AL 1
— = —h, 1.7
=3 (1.7)
where h is the spacetime distorsion in the direction of measurement. Therefore the further
the measurement targets separate, the larger measurable effect the observer obtains. This
becomes a big motivation to construct as large detectors as possible for gravitational wave
observatories.

Plus mode :

O (O ()
e (Y QN o (o)

Phase } } } }
/2 s 37/2 27

» »

\J

Figure 1.1: An illustration of the tidal effect of gravitational waves.

1.1.3 Gravitational wave emittion

Gravitational waves can be emitted when objects with mass move around in spacetime.
However, the conservation of energy and linear momentum forbid monopole and dipole
radiation of gravitational waves and thus systems having spherical or axial symmetry
cannot emit gravitational waves. Quadruple radiation is the possible lowest order emission
of gravitational waves. In the quadruple approximation, the amplitude of gravitational
waves is calculated as [2]

2G .
hij = - Qij- (1.8)
Here ;5 is the quadrupole moment of the mass distribution and 7 is the distance between
the gravitational wave source and the observer. The amplitude of the gravitational wave
expected from the formula (1.8) is extremely small. For example, two 100 kg masses

connected with 2 m beam, rotating in 100 cycles per second will emit 200 Hz gravitational
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wave of amplitude only h ~ 10743 at a distance of 1500 km [3]. It is extremely difficult to
detect such a tiny distortion of spacetime. Detectable gravitational waves only come from
violent astronomical events, involving large acceleration of massive and compact objects.

1.2 Astrophysical gravitaitonal wave sources

This section breifly describes several types of possible astrophysical graivtational wave
sources, and their predicted strengths and frequencies. More extensive studies of gravita-
tional wave sources can be found in reference [4].

1.2.1 Compact binary star coalescence

A binary system formed by two compact stars such as black holes, neutron starts and
white dwarfs is an extensively studied gravitational wave source. The waveforms of the
inspiral graivtational waves are well predicted and therefore it is considered to provide
promising gravitational wave signals.

As the orbit of binary starts progresses in time, the orbital period and radius decrease
due to energy loss by gravitational wave emittion. Accordingly the amplitude and fre-
quency of the emitted gravitational wave increase with time, which creates distinctive
gravitational waveforms known as chirp signals [2]. The amplitude and frequency revolu-
tion of a chirp signal are approximately calculated as

M. 8 11 sec\ Y8
~ 1 H 1.
Jaw(T) 35 | Z]<1.2M®) ( - ) ’ (1.9)
M, \*?/ 7 \-14 r -1
e ~ 921 x10-2 c ( ) _" ) 1.10
) 8 <1.2M®) 1 sec 200 Mpc (1.10)

Here 7 is the time to coalescence of the binary stars, r is the distance between the source
and observer and M, is the chirp mass defined by the masses of two stars as M, =
(m1m2)3/5 (m1 + mg)_1/5.

When the orbital radius falls down below the Innermost Stable Circular Orbit (ISCO),
stable circular orbits are no longer allowed and the binary stars eventually plunge with
each other and merge. A binary system of two neutron stars for an example is expected to
reach a frequency of about 800 Hz when the radius reaches ISCO. Computation of merging
neustron stars or black holes is quite challenging in terms of computation costs and thus
numerous efforts have been made to calculate these dynamics and associated gravitational
radiation waveform with supercomputers [5]. The merger of the binary stars results in a
highly deformed single black hole which rids its deformity by emitting gravitational waves
providing ring down signals.
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1.2.2 Spin of compact stars

A spinning compact star such as a radio pulsar becomes a possible gravitational wave
source when it has asymmetry around its rotation axis. It is expected to provide a long
continuous wave at a single frequency. Detection of monochromatic gravitational waves
has an advantage that signal to noise ratio can be improved by integrating the signals over
a long period of time. The gravitational wave amplitude from an axisymmetric spinning
object is calculated by

_ I 10 kpc faw 2
hallxl 25( € ) . 111
<A 107) 105 kg m2 r 1 kHz (L.11)

Here fgw represents the frequency of gravitational wave and is twice of the spin frequency.
I is the moment of inertia around the spin axis and € is the equatorial ellipticity.

1.2.3 Supernovae

A supernova caused by gravitational collapse of a heavy star core is expected to emit
gravitational waves in a large amplitude since it accelerates an enourmous amount of mass
dramatically in a short term. Although prediction of the exact waveforms from supernovae
is challenging, recent progress in the field of numerical relativity provides estimation on the
magnitude of the emitted gravitational waves [6]. A rough estimate of the gravitational
wave amplitude from a superonva occuring in the nearby galaxies is in the order of 1072!-
10722 in spacetime strain. The explosion models suggest that the frequency of the emitted
gravitational waves widely spread around 1 kHz. Therefore a supernova in nearby galaxies
can be a reasonable target for terretrial interferometric graivtational wave detectors, whose
target frequency is 10-10* Hz.

1.2.4 Stochastic background

A stochastic background of gravitational waves can be provided from numerous unre-
solved astrophysical sources such as white dwarf binaries, and cosmological origins such
as inflation, phase transition in the early universe and cosmic strings [7]. The magnitude
and the frequency of the gravitational waves with cosmological origins vary from theory
to theory.

Detection of a stochastic background generally invloves cross correlation between ob-
servations of several detectors. Analyses of a stochastic background have been performed
using terrestrial interferometric gravitational wave detectors and the measurements pro-
vide restriction and upper limits to several theories on cosmological gravitational wave
sources [8].
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1.3 Interferometric gravitational wave detection

The first attempt to detect gravitational waves was performed in 1960’s by J.Weber
[9]. He invented so-called resonant bar detector, which measures resonant vibrations of
massive metal bars excited by passing gravitational waves. Following Weber’s pioneering
work, various resonant bar detectors with improved sensitivities were constructed around
the world and coincident observations with a number of detectors were performed [10].
However, evident signals from passing gravitational waves were not found by resonant bar
detectors.

Gravitational wave detectors mainly developed nowadays are based on laser interfero-
metric techniques. This section describes brief introductions of the detection schemes and
possible imporvement of detector sensitivities.

1.3.1 Basic detection scheme

The basic configuration of an interferometric gravitational wave detector is a Michelson
interferometer composed with suspended mirrors. Its optical configuration is shown in
Figure 1.2. An incoming beam from a coherent light source is split by the beam splitter
into two orthogonal paths. The two beams are reflected by the end mirrors and recombined
at the beam splitter. They interfere with each other, and a fraction of beam goes to the
photo detector and the rest goes back to the light source. The beam intensity at the
photo detector depends on the phase difference accumulated in the two optical paths and
is calculated as

PPD = 2P0<7"BStBS>2(1 — COS (5¢) (112)

Here P, is the beam intensity injected from the light source and ¢ is the phase difference
between the two optical paths. tgs and rgg denote respectively the amplitude reflectivity
and transmissivity of the beam splitter. The beam intensity on the photo detector is
converted to photo current and then to readable formats to the observers.

Suppose that a gravitational wave comes from the z direction with + polarization and
amplitude of h(t). The tidal effect of the gravitational wave changes the optical lengths
of the two orthogonal arms and results in differential phase shift. The phase difference of
the two optical paths caused by the gravitational wave is calculated as [11]

2re (! ~
soow(t) = 5 | LG (1.13)
t— c

where ) is the wavelength of the laser beam and L is the length of the arms (L, ~ L, ~ L).
The frequency response of the Michelson interferometer to gravitational waves is derived
from the Fourier transform of this equation as

Paw(w) _ 4wl eXP(_iWL/C)Sinu(}ozfc/C)~

Hyi(w) = hw) /\

(1.14)
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Figure 1.3 shows the amplitude plots of Hy as a function of frequency with various arm
lengths. When the arm length is much shorter than the wavelength of the gravitational
wave (L < Agw), the frequency response is approximated as Hyy ~ 4w L/\. It indicates
that a detector with longer arms is more sensitive to gravitational waves. However, when
the arm length gets longer than the wavelength of the gravitational wave (L 2 Aqw),
canceling of the gravitational wave signals occurs. |Hyy| is maximized at

e )\GW

[ = === 1.15
2w 4 ( )

For a gravitational wave of 100 Hz, the optimum arm length is about 750 km. It is

unrealistic to construct such a large interferometer on the Earth and thus some techniques

to expand effective arm lengths are demanded to improve the sensitivties.

1.3.2 Delay-line and Fabry-Perot cavity

One instinctive way of expanding the effective optical path lenghs is to introduce delay-
lines to the interferometer arms, in which the light is multiply reflected at the different
points on the mirror surface. Another way is to introduce Fabry-Perot cavities, in which
the light is reflected multiple times as in the delay-lines but the optical paths are alined. A
Michelson interferometer with folded arms is called a delay-line Michelson interferometer,
while the detector is called a Fabry-Perot Michelson interferometer when Fabry-Perot
cavities are used. The optical configurations of the two types are shown in figure 1.4.

A delay-line expands the effective arm length by a factor of N/2 when the beam is
reflected on the mirror surfaces by N —1 times. The expression for the frequency response of

y ETMY ==
7z X
Ly
Laser Lx
= 7 |
BS ETMX
© PD

Figure 1.2: Optical configuration of a Michelson interferometer (BS: beam splitter, PD:
photo detector, ETMX(Y): end test masses).
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a delay-line-Michelson interferometer to gravitational waves is simply obtained by replacing
L of Hyp(w) in formula (1.6) by NL/2:

2rNL , sin(wN L/2c)
—iwNL/2¢)———
A exp(—iwNL/2e) wNL/2c

On the other hand, a Fabry-Perot cavity extends the effective arm length by multiple
interference of the incident beam. A Fabry-Perot cavity is composed of two mirrors and
one of them is partially reflective. The light entered into the cavity is reflected back and
forth many times between the mirrors. A fraction of the stored light inside the cavity is
leaked out and goes back to the incident direction. The frequency response of a Fabry-
Perot-Michelson interferometer to gravitational waves Hppyp(w) is written as

AT Oy L exp(—iwL/c) sin(wL/c)

(1.16)

Hppmr (w) =

H = 1.17
Fean (@) A 1—rprgexp(—2iwl/c) wL/c (1.17)
when two Fabry-Perot cavities are in resonance [11]. ae,y is calculated as
t2
oy = — B (1.18)
1-— TrTE

where rg and rg ~ 1 are the amplitude reflectivity of the front and end mirrors, and tg
is the transmissivity of the front mirror. L is the length of the Fabry-Perot cavity. The
average bounce number in a Fabry-Perot cavity is written as

2«/7‘1:‘7“]3 23['
Npp = —Y—— = (1.19)
1—1rprg T
10147 T T T TT1T1T T T T T 1717 T \\\\\H‘ T T TrrIrrrn
- L=750 km —— |1
: L=75 km —m—
1013 & . L=75km ——
210" =
=
:“%‘
@
»n 10" =
1010;
109 |
100 101

Frequency [HZ]

Figure 1.3: Frequency response of the Michelson interfoerometer to gravitational wave
with various arm lengths.
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ETMY == y
Zl—’x
Laser ITMY
BS ITMX ETMX
w PD

Figure 1.4: Optical configurations of a delay-line Michelson interferometer (left) and a
Fabry-Perot Michelson interferometer (right). ITMX and ITMY (input test masses) are
introduced to achieve multiple reflections.

F is called a finesse, which represents the sharpness of the resonance of the Fabry-Perot
cavity.

Figure 1.5 shows comparison of frequency responses of different types of interferometers.
The arm lengths are set 3 km in all the cases and the frequency responses of the delay-line
Michelson and Fabry-Perot Michelson interferometers are optimized for a gravitational
wave with a frequency of 100 Hz. The Fabry-Perot Michelson interferometer shows a
smoother frequency response than that of the delay-line Michelson interferometer, which
becomes a big advantage in detecting wide-band gravitational waves. In addition to the
differeces in the frequency response, implementation of delay-lines with large number of
reflection has several practical problems in terms of largeness of mirror size and thermal
noise issues. Therefore large-scale interferometric gravitational wave detectors developed
nowadays adopt Fabry-Perot cavities, or delay-lines but with small number of reflection.

1.3.3 Recycling cavities

Besides the devices for arm lengths expansion, recent interferometric gravitational wave
detectors employ so-called recycling cavities to further improve the sensitivity and optimize
the observational bandwith. The scheme introduces additional partial-reflection mirrors
just behind or after the Michelson interferometer to compose optical cavities with interfer-
ence. The mirror placed behind and after the Michelson part is called the power recycling
mirror and the signal recycling mirror respectively. Figure 1.6 shows optical configura-
tion of a Michelson interferometer with the two recycling mirrors introduced (so-called
the dual-recycling interferometer). A brief introduction about the recycling schemes is
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104 ———
- DLMI (N=1000) —— |-
L FPMI (F=1570) —— |
1018 & . | Simple MI —H
_‘2\1012 L
=
®
2 L
n 10" -
1010; | | II
1097 Ll | Lol | N |
100 10° 102 103 104

Frequency [Hz]

Figure 1.5: The frequency response of the delay-line Michelson, Fabry-Perot Michelson
and simple Michelson interferometer with 3 km arm length. The frequency responses of
the delay-line-Michelson and Fabry-Perot-Michelson interferometers are optimized for a
gravitational wave of 100 Hz.

described here. Detailed studies of the detection scheme and resulting sensitivities can be
found in references [12, 13].

Power Recycling

The power recycling mirror reflects the light coming back from the Michelson interfer-
ometer and recycle the laser power which would be otherwise discarded [14]. The primary
intention of the power recycling is to increase the amount of the laser power illuminating
the beam splitter and to reduce the shot noise (see the next subsection) at the detection
port monitoring gravitational wave signals. The power recycling scheme has been adopted
to the first-generation large-scale terrestrial interfeormeters.

Signal Recycling

The signal recycling mirror reflect the signal fields induced by gravitational waves and
leads them back to the interferometer. It increases or decreases the effective finesse for
gravitational wave signals, depending on the interference condition of the optical cavity
composed with the signal recycling mirror. The increase of effective finesse results in
higher sensitivities to gravitational waves at low frequencies, while leading to a narrower
observation bandwith [15]. The decrease of effective finesse results in the opposite effects
and the scheme is called the resonant sideband extraction [16].
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y =
Z£—>X

Laser PRM BS
= |

Il SRM
PD
Figure 1.6: Optical configurations of a dual-recycling Michelson interferometer. PRM

(power recycling mirror) and SRM (signal recycling mirror) are added to the simple Michel-
son interferometer.

1.3.4 Noises in interferometers

There are various kinds of noise sources which disturb the gravitational wave detection
with the interferometric detectors. The phase-shifts of the optical paths in the interferom-
eters are induced not only by spacetime distrsions but also vibrations of the optics excited
by environmental noises and fluctuations of reflactive indeces in the optical paths. The
readouts of the photo detectors can be contaminated by noises in electronics and beam am-
plitude fluctuation inherent in the light source. This section briefly explains noise sources
which fundamentally or possibly degradate the detection probability of gravitational waves.

Seismic noise

The sensitivity of a ground-based detector at low frequnecies is maily limited by vi-
brations of the optics induced by seismic motions. This is called the seismic noise. The
seismic noise can be reduced by isolating the optics from the seismic vibration with vi-
bration isolation systems composed with springs and suspensions. General discussions on
seismic vibrations and vibration isolation systems are given in the next chapter.

Newtonian noise

Although the mechanical influence of seismic vibrations can be mitigated by suspending
the optics through suitable number of attenuation stages, the direct coupling of the seismic
motions through Newtonian gravitational attraction cannot be shielded. This noise, called
the Newtonian noise or gravity gradient noise, is the eventual limit of gravitational wave
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detection on the Earth. It can be reduced by moving the interferometer underground,
where the optics are less under the effects of the gravity gradient field of surrounding
rocks. The Newtonian noise can also be calculated and subtracted if the seismic noise of
the rock is detected by an array of seismometers. More detailed studies on Newtonian
noise are found in reference [17].

Thermal noise

The mirrors and their suspension systems are in thermal baths and receive energy from
the surrouding field. Random energy flow from the thermal baths causes the fluctuations
of the surface and center of mirrors, which induces fluctuation of the optical paths in the
interferometer. This noise is called the thermal noise. The thermal noise induced in the
mirror substrates is sometimes called the mirror thermal noise, while the noise caused in
the suspension systems is distinctively called the suspension thermal noise.

The amount of the thermal fluctuation is related to the loss of the system and the noise
spectrum can be estimated by fluctuation-dissipation theorem [18]. In order to mitigate
the impact from the thermal noise, one needs to use high quality materal for the mirrors
and the suspension components. Since fused silica has a high mechanical Q factor (~ 107)
at room temperature [19] and good optical property, it is used for the mirror substrates
in many interferometric gravitational wave detectors, and also for their suspension fibers
in some advanced detectors [20]. The thermal noise can be also reduced by lowering the
temperature. Since fused silica has a low quality factor at low temperature, it becomes
unusable in cryogenic systems. On the other hand, sapphire and silicon have high quality
factors (~ 10%) and large thermal conductivity at cryogenic temperature [21, 22], and are
good candidates for the mirror substrates for cryogenic detectors.

Shot noise

The shot noise is a fundamental disturbance of optical power sensing associated with
the quantum nature of light. A photo detector counts the number of photons in a certain
measurement time and produces photo current proportional to the incident power. In the
process, the counted number of photons, i.e. electrons produced and contributing to the
photo current, has the Poisson distribution, which results in fluctuation of photon number.
The noise induced by this fluctuation is called the shot noise.

The fluctuation of length sensing due to the probability distribution is proportional to
the square-root of the incident power on the mirrors v/P,,. On the other hand, the signal
amplitude of the gravitational wave is proportional to P,,, therefore the signal to noise
ratio is proportional to 1/y/Py,. Consequently, the shot noise can be reduced by increasing
the power of the laser. This motivates one to introduce high laser power and the power
recycling scheme.
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Radiation pressure noise

When a photon is reflected by a mirror, a back action force is exerted onto it. Owing to
the quantum nature of light, the number of the photons hitting on the mirror fluctuates,
and thus the back action force fluctuates resulting in displacement noise of the mirror.
The noise caused by this fluctuation is called the radiation pressure noise.

The fluctuation force is proportional to the square-root of the laser power v/Py,. Since
the shot noise is proportional to 1/1/Py,, there is a trade-off between the shot noise and
the radiation pressure noise. There is a limit on the sensitivity of an interferometer called
the standard quantum limit (SQL), which corresponds to the quantum mechanical limit of
the measurement from the Heisenberg uncertainty principle. Currently various methods
to beat this limit are proposed [23].

Laser noise

As a laser interferometric gravitational wave detector measures the length between the
mirrors using the wavelength of the laser as a reference, the noises in the laser contaminates
its sensitivity. The frequency fluctuation of the laser is in principle cancelled at the inter-
ference, if the two arms of the interferometer are identical. However, it is not completely
cancelled in a real system because of a small asymmetry of the two arms. Therefore the
frequency noise has to be suppressed with active controls in the interferometer.

The intensity fluctuation of the laser also introduces a noise to the output signal of the
interferometer. The effect of the intensity fluctuation is minimized when the interferometer
is operated at a dark fringe, i.e. in the condition that no light is injected to the photo
detector in absence of gravitational wave signals. However, in practice, there remains
a light intensity by residual motions of the mirrors. The fluctuation of the intensity
contaminates the output of the detector and the residual motion around the fringe couples
with the intensity noise of the laser. Therefore the intensity of the laser has to be stabilized
and the control gain has to be large enough to suppress the residual mirror motions.

Residual gas noise

The random motions of molecules cause fluctuation of the refraction index in the optical
paths of an interferometer. This causes the fluctuation of the effective arm lengths and
the noise is called the residual gas noise. Terrestrial interferometric gravitational wave
detectors nowadays are operated in an ultrahigh vacuum condition (107%-1077 Pa) to
mitigate the impact from the residual gas noise. Therefore the optics and suspension
systems are designed to have small outgassing rates and the components materials are
restricted.

Control noise

During the operation of an interferometer, the optical components of the interferometer
are controlled to keep the Fabry-Perot arms and recycling cavity in resonance and the
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detection port at a dark fringe. Several auxiliary beam monitoring signals are used for
these feedback loops. Detection and digitization noise of these auxiliary detectors, as well
as the noise of the electric circuits for the control may contaminate the sensitivity of the
interferometer. Although this is not a fundamental noise, careful consideration and design
are required to minimize the noise.

The noise in the active controls of the suspension systems can also contaminate the
detector sensitivity. The noises in local sensors and actautors introduce vibration to the
suspension system components through active controls and cause fluctuation of mirror
displacements. The motivation and strategies of the active suspension controls will be
discussed in chapter 5.

Scattered light noise

Although the reflection surfaces and substrates of the mirrors are carefully designed
and manufactured, part of the laser beam injected to the mirrors disperses in various
directions due to inperfection or inhomogeneity. Scattered light from the mirrors interacts
with the surfaces of surrounding mechanical components, which are vibrating with seismic
motions, and then is recombined to the main laser beam resulting in the phase noise of
the interferometer. Therefore in interferometeric gravitational wave detectors, scattered
light has to be damped by placing black-coated optical baffles in appropriate positions to
avoid introducing the scattered light noise.

1.4 Large-scale terrestrial laser interferometers

A number of large-scale laser interferometers have been constructed around the world
in purpose for capturing first gravitational wave signals and opening new era of astronomy
with gravitational waves. The studies on gravitational waves require coincident obser-
vations with several detectors in order to improve detection reliability and locate source
positions in the sky. This section describes world-wide networks of gravitational wave ob-
servatories with large-scale interferometers, which have been constructed or are proposed.

1.4.1 Overview of detector projects

Large-scale terrestrial interferometers operated or planned are summarized in table
1.1. The first generation detectors (TAMA [24], GEO [25], LIGO [26], Virgo [27]) have
performed scientific observations since 1999. The first generation detectors had detec-
tion probabilities of gravitational wave events about a few percent per year. Although
gravitational waves have not been detected by their observations, they demonstrated the
effectiveness of the working principle and set upper limits to several gravitational wave
sources [28].

Based on the experience gathered with the first generation detectors, second generation
detectors have been designed, with approximately thousands of times higher probability of



1.4. LARGE-SCALE TERRESTRIAL LASER INTERFEROMETERS 21

’ Generation ‘ Project ‘ Baseline ‘ Observation ‘ Place ‘

1st TAMA 300 m 1999~ Mitaka, Japan
GEO 600 m 2000~ Hannover, Germany
LIGO 4 km/2 km | 2001~ Livingston/Hanford, USA
Virgo 3 km 2002~ Pisa, Italy

2nd Adv. LIGO | 4 km 2016~ Livingston/Hanford, USA
Adv. Virgo | 3 km 2016~ Pisa, Italy
KAGRA 3 km 2018~ Kamioka Japan

3rd ET 10 km 2025~ under discussion

Table 1.1: Large-scale terrestrial interferometric gravitational wave detector projects.

gravitational wave detection. Several first generation detectors were upgraded (enhanced
LIGO, Virgo+) with the sensitivities improved by introducing higher power lasers and
advanced techniques such as monolithic suspensions [27]. They have been further upgraded
to the second generation detectors (advanced LIGO, advanced Virgo) and are scheduled to
start scientific observation in 2016. A Japanese second generation detector KAGRA [29]
was funded in 2010 and is being constructed to follow up the observations. In addition to
the same improvements of the advanced interferometers, it features the use of cryogenic
mirrors and underground environment, which are unique characteristics in the first and
second generation detectors. KAGRA scheduls to start scientific observation in 2018.

To go beyond the sensitivities of these detectors, there is a plan to construct a third
generation detector, ET (Einstein Telescope) [30], which has been designed by European
research institutes. It aims to reach a sensitivity about a factor of 10 better than the second
generation detectors. The detector is planned to be constructed underground in order to
suppress the eventual sensitivity limit by Newtonian noise and expand the detection band
toward lower frequencies.

1.4.2 Optical configuration

The first generation detectors mainly employed power-recycled Fabry-Perot Michelson
interferometers. In purpose for improving the sensitivity and optimizing the detection
bandwith, they are upgraded to dual-recycled Fabry-Perot Michelson interferometers in
the second generation detectors. Fiugre 1.7 shows a typical optical configuration of the
second generation interferometers.

Seed laser from a Nd:YAG non-planar ring oscillator (NPRO), which has significant low
intensity noise, is introduced to fiber /solid-state amplifiers, resulting in the power amplified
up to the level of ~200 W. The laser is then sent to prestabilization system, where the
phase of the laser is stabilized using solid cavities and phase/amplitude modulation is
applied for interferometer sensing and controls. The input mode cleaner, noted as MC,
filters the spatial modes and polarization of the laser beam with a triangular optical cavity
consisting of suspended mirrors. It also provides frequency reference for the laser at high
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Figure 1.7: Optical configuration of the second generation gravitational wave detector (in
the case of KAGRA). MC and OMC denote the input mode cleaner and the output mode
cleaner, respectively.

frequencies.

The main interferometer part configures a dual-recycled Fabry-Perot interferometer
with km-scale arm lengths. The beam between recycling mirrors and the beam splitter is
folded in Z-shapes for improving the spatial mode stability of the recycling cavities. At the
downstream of the signal recycling mirror, there is an output mode cleaner (OMC) used
to remove unwanted higher-order spatial modes from the output beam. Optical design
and reasoning behind design choices in the KAGRA interferometer are decsribed more in
details in reference [31].

1.4.3 Detector sensitivities

Fiugre 1.8 shows estimated noise curves of 1st-3rd generation gravitational wave de-
tectors in stran sensitivties. The LIGO detector reaches its design sensitivities in 2007
and achieve the noise level in the strain sensitivity of 3 x 1072%[1/v/Hz] at 100 Hz. The
detector is sensitive enough to capture the gravitational wave signals from binary neutron
stars of 1.4 solar masses at a distance of 15 Mpc, with a signal to ratio of 8 (averaged
over sky directions and source orientations). This distance is one of standard measures of
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Figure 1.8: Predicted noise spectra of 1st-3rd generation gravitational wave detectors in
spacetime strain equivalent. The measured noise spectrum of the LIGO Hanford 4 km
interferometer in the 5th science run is also shown for comparison.

gravitational wave detectors’ sensitivities and is called the (binary neutron star) inspiral
range. The noise curve has a steep cutoff around 40 Hz, which limits the detection band
in the low frequency side and is mainly caused by seismic disturbances.

The second generation detectors are designed to lower the noise level at high frequencies
by about one order of magnitude. This results in pushing insprial ranges as far as 200
Mpc, which is required for detecting the gravitational wave signals from binary neutron
star coalescences multiple times per year. For instance, the event rate of binary neutron
star coalescence is estimated as 5.47}%" events/yr with 95% confidence interval for the
KAGRA detector [29]. Thence years of observation with second generation detectors
provide a high probability of capturing gravitational wave signals from binary neutron
stars. The second generation detectors also aim for expanding the gravitational wave
detection band as low as 10 Hz. Although the sensitivties at low frequencies (< 40 Hz)
do not affect the detectability of binary neutron stars, they affect the determinancy of
astronomical parameters and detection of gravitational waves from other sources. Details
are described in the next section.

Contribution of various noises to the detector sensitivities is shown in figure 1.9 in the
cases of KAGRA and advanced LIGO. The sensitivities of the second generation detectors
are limited by quantum noise (combination of shot noise and radiation pressure noise) and
thermal noise in the detection frequency band. The sensitivities at low frequencies are
limited by seismic noise which forms steep “walls” in the noise curves below 10 Hz.



24 CHAPTER 1. INTRODUCTION

-19 -19
10 10 :
. : = Quantum noise
= Quantum noise ! - .
Seismic noise 20 ! — Seismic noise
-20 - ' . .
10 —— Mirror thermal noise ] 10 L Gravity gradients
. . — Suspension thermal noise
— — Suspension thermal noise — Coating B : .
’Y\T 21 KAGRA total ’Y\T 21 oa !ng rownian FIC.)ISS )
5 10 5 10 - ¥ S Coating Thermo-optic noise [
b= b= Substrate Brownian noise
g 22 3 22 Excess gas
= 10" = 10
hal hl advanced LIGO total
£ £ ! !
®© ©
23 -23
& 10 & 10
)
-24 -24 ! !
10 10 SR ol
" |
i |
102 L1 10% Ly, JN I
1 2 4 1 2 4
10° 10 10 10° 10 10° 10 10 10° 10
Frequency [Hz] Frequency [Hz]

Figure 1.9: Noise budgets of KAGRA (left) and advanced LIGO (right) [32, 33].

1.5 Motivation of improving low frequency sensitivity

As seen in the previous section, sensitivities of terrestrial gravitational wave detectors
at low frequencies are limited by seismic noise and thus the performance of vibration
isolation systems affects the detectability and measurability of low frequency gravitaitonal
waves. In order to detect the signals from low-frequency gravitational wave sources such
as (intermediate mass) black hole binaries and pulser with long rotation periods with a
reasonable detection probability or observation time, it is required to expand the detection
band as low frequency as 10 Hz. This section explains target gravitational wave sources
and obtainable sciences in the detection of low-frequency gravitational waves.

1.5.1 Binary black holes

Although the existence of intermediate-mass black holes (IMBHs), with mass ranging
between 10%-10*M,,, has not been confirmed by optical observations, they are of high
interest for astrophysics and gravitational waves from IMBH binary systems have been
intensively studied. Figure 1.10 shows typical gravitational wave spectra from binary black
hole merger events and comparison with the sensitivities of second generation detectors
[34]. The cutoff frequency of gravitational wave signal decrease as the mass of the black
holes increases. The second generation detectors are expected to detect the gravitational
waves from IMBH binaries with total mass less than few thousands of solar mass.

The event rate from the binary IMBH merger can be estimated as [35]

R= / A AP (M g f(M)AM. (1.20)
Mpin 3

Here D(M) is the horizon distance as a function of black hole mass calculated from the
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Figure 1.10: Expected gravitational wave amplitude spectra from binary black holes with
various total masses [34] and comparison with the detector sensitivities. The sources are
optimally oriented and placed at 100 Mpc of the detectors. The binary system assumes
equal-mass and non-spining configuration. The solid circles on the curves represent the
ISCO frequencies, which indicate the upper frequency limits of the inspiral phase.

detector sensitivity. The horizon distance calculated from the advanced LIGO design
sensitivity is 4 Gpc for 100M and 0.2 Gpe for 2000M with S/N of 8 [34]. ng is the
number density of global clusters, v(M) is the rate at which compact objects merge with
black holes of mass M, and f(M) is the mass distribution of the black holes in clusters.
The event rate of binary black hole mergers is estimated to be ~ 1 event per year for the
advenced LIGO detectors [34], while it has large uncertainty due to little knowledge on
formation rate of IMBH binary system.

The detection band of gravitational wave detectors in the low frequency side directly
affects the detection rate of binary IMBH coalescence, since the lower frequency limit
of the detector sensitivity determines the upper limit of the total mass of the detactable
binary system. The detectable upper mass limit M, is inverse-proportional to the corner
frequency of the sensitivity curve fui,, and the detection rate R of the merger event is
approximately proprotional to the maximum mass according to reference [35]. Thence one
can derive the relation between the event rate and the frequency limit approximately as
R o (fmin) ! It means reduction of the corner frequency enhances the detecton rate by
approximately same factor.

1.5.2 Pulsars

Pulsers known from radio astronomy have possibility of emitting gravtational waves
at low frequencies. Figure 1.11 shows the maximum permitted gravitational wave ampli-
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tude of the known spinning pulsars, calculated under the assumption that the observed
spin-down rate is fully dominated by the gravitational wave emission [36]. The KAGRA
sensitivity with 1 year integration is also shown for comparison. The Vela pulsar, which
rotates at 11.19 Hz and is expected to emit 22.39 Hz gravitational waves, is one of the
candidates which can possibly emit gravitational waves in detectable amplitude. Other
pulsers in the frequency band between 10-40 Hz also have possibility of emitting detectable
gravitational waves, and therefore it is essential to keep the sensitivity in this region for
gravitational wave searches from pulsars.

Note that a number of known pulsars with rotation frequencies higher than 10 Hz have
been investigated by coincident searches in first generation gravitational wave detectors,
and set upper limits on the emitted gravitational wave amplitude [37]. Having better
sensitivities at low frequencies would provide better upper limits on the gravitational wave
amplitude and possibility of detecting them.

 Vela | KAGRA (BRSE) |1
| | with 1yr integration| -
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Figure 1.11: The maximum gravitational wave amplitude of the know spinning pulsars
[36], overlayed with the KAGRA sensitivity with 1 year integration.

1.5.3 Binary neutron stars

Detectability of gravitational waves from a binary neutron star coalescence is not
strongly affected by the detector sensitiviy around 10-40 Hz, since the system emits large
amplitude of gravitational waves just before the coalescence, where gravitational waves
have frequency components of 100-1000 Hz. Figure 1.12 shows the variation of signal to
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noise ratio about binary neutron star coalescences in the KAGRA detector, with different
low-frequecy limits of the analysis [38]. The SNR is degraded by only 3% even if the
detector sensitivity below 50 Hz is lost.
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Figure 1.12: Signal to noise ratio of gravitational waves from 1.4M-1.4M binary neutron
star merger, with various starting frequencies of the analysis in the KAGRA detector.

On the other hand, the low frequency sensitivity can affect efficiency in estimating
astrophysical parameters of the binary system from the observed gravitational wave signals.
A study on paremeter estimation algorythm shows that computation of paremeters on
non-spinning binary neutron star inspirals can be sped up by a factor ~150 when the low
frequency limit of the sensitivity decreases from 40 Hz to 10 Hz [39].

1.5.4 Supernovae

Detection of burst gravitational waves will not be affected by the detector sensitivity
at 10-40 Hz, but the extraction of physics may be affected once the gravitational wave sig-
nals are obtained. Several explosion models of supernovae, such as magnetohydrodynamic
(MHD) explosion [40] and neutrino-driven convection with Standing Accretion Shock In-
stability (SASI) [41], provide gravitational waves with low frequency components (below
100 Hz). Figure 1.13 shows gravitational wave spectra in explosion models with SASI
[41]. The spectrum shape below 50 Hz is affected by the initial condition of the explo-
sion models. Thence improved sensitivity at low freqencies can contribute in determining
astronomical parameters and distinguishing explosion mechanisms of supernovae.
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Figure 1.13: Gravitational wave spectra for representative explosion models of supernovae
with SASI [41], compared with the KAGRA design sensitivity. The two models have
different initial condition of magnetic field (B = 10 and 10' G). The supernova is
assumed to be located at the distance of 10 kpc.



Vibration isolation
Chapter 2

Stationary seismic vibration is one of the fundamental and inevitable noise sources in
terrestrial gravitational wave detectors. Seismic noise limits the detector sensitivities at
low frequencies and restricts the detection band. This chapter addresses characteristics
of seismic vibration and mechanisms to reduce its contribution to the detector sensitivity.
Integrated vibration isolation systems for gravitational wave detectors are then introduced
in the last section of this chapter (section 2.5).

2.1 Seismic motion

The continuous and random motion of the ground is induced by natural phenomena
like oceanic and atmospheric activities, as well as by human activities. The amplitude of
the seismic motion varies by a few orders of magnitude from site to site and from time to
time, depending on the surrounding environment such as weather and traffic condition in
nearby cities.

J. Peterson set out characterization of seismic background noise by cataloguing data
from a worldwide network of seismometer stations [42]. He derived the New High/Low
Noise Model (NHNM/NLNM) from the upper and lower bounds of measured power spec-
tral densities, which provide standard measures for comparison of stationary seismic spactra.
Figure 2.1 shows the data and the upper/lower bounds set from Peterson’s study.

The power spectrum densities increase rapidly at low frequencies below 1 mHz, where
the Earth is subjected to tidal deformation due to gravitational attraction from the sun
and the moon. This seismic motion at the very low frequencies displaces the test masses
in the gravitational wave detectors coherently and thus doest not affect the interferome-
ter operation or the detectability of gravitational waves. The remarkable peak observed
around the periods of 2-10 s is known as the microseismic peak. It is caused by oceanic
wave activities and therefore the peak is observed strongly along the coast and weakly in
the middle of continents [43]. In the large-scale gravitational wave detectors, the seismic
motion around the frequencies is not coherent in the places where the test masses locate,
and thus can cause differential displacements between them. Therefore it is mandatory to

29
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Figure 2.1: An overlay of seismic vibration spectra in Peterson’s study together with the
New High and Low Noise Model [42].

suppress the impact from microseismisms for stable operation of the interferometers.

The seismic motions at high frequencies above 1 Hz are studied in the field of grav-
itational wave detection, since they can contaminate the detector sensitivities through
its mechanical transmission to the optical components. Figure 2.2 shows typical power
spectrum densities of the seismic vibration measured at the sites of gravitational wave
detectors. Seismic vibration has almost the same somplitude in all three arthogonal di-
rections, and the power spectrum densities of high frequency components (> 1 Hz) are
typically written in the form of

-2
Faien (f) = A % (ﬁ) m/ V7). 2.1)
The amplitude factor A varies from site to site and typically ranges in 1076-107?,

The amplitude of the seismic motion in the KAGRA site (inside the Kamioka mine) is
smaller than that in other places by 2-3 orders of magnitude. It is known that the seismic
vibration decreases significantly in underground environment, since the surrounding rocks
isolate the vibration from atmospheric and human activities on ground surface [45]. This
becomes a big motivation to build gravitational wave detectors underground regardless of
practical difficulties such as construction costs and safety issues. The isolation especially
works at high frequencies above 1 Hz, where the vibration originates in acitivities on the
ground surface. On the other hand, the microseismisms at 0.1-1 Hz are not attenuated
much since the vibration propagates through the continents.

The typical amplitude of the seismic motion is around 107'2-1071% m/ VHz at 100
Hz. On the other hand, the expected amplitude of the arm length variation due to a
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Figure 2.2: Typical power spectrum density of seismic vibration displacements at several
sites of gravitational wave detectors [44].

gravitational wave is typically in the order of 1072 m/v/Hz at that frequency. This means
that an attenuation factor of 10%-10'° is required for detection of gravitational waves.

2.2 Passive mechanical filter

2.2.1 Dynamics of harmonic oscillator

Isolation from seismic motion can be realized by the use of mechanical filters with elastic
components, such as springs and suspension wires. As the simplest example, consider a
one-dimensional harmonic oscillator shown in figure 2.3. The oscillator consists of a spring
with a spring constant of k£ and a suspended payload with mass of M. The displacements
of the suspension point and the payload are denoted as xy and z respectively. The equation
of motion of this system is written as

Mz = —k(x — xp). (2.2)
This equation can be solved in the frequency domain by taking Fourier transform as
T 1
Hw) = Hw) _ (2.3)

To(w) 1— (w/wy)?’

where wy = 27 fy = (k/M)Y? is the resonant angular frequency of the system. H(w) is
called the transfer function from the motion of the suspension point to the payload motion.
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Figure 2.3: A spring-mass system as a mechanical filter (left) and its transfer function
(Z/%¢) with various resonant frequencies (right).

The amplitude and phase of H(w) are plotted as a function of frequency in figure 2.3 with
various resonant frequencies.

At low frequencies (f < fo) the transfer function is close to one, which means that
the motion of the payload follows that of the suspension point. Around the resonant
frequency, the amplitude of the transfer function increases and, in absence of dissipation,
goes to infinity at the resonant frequency. In the high frequency region (f > fy) the
amplitude of the transfer function rolls off in proportion to =2, resulting in isolation of
the suspended mass from the vibration of the suspension point. The vibration isolation
ratio is approximately written as (f/fo)™2 at any given frequency above the resonance,
which indicates that the suspended mass is isolated more by a mechanical filter with lower
resonant frequency.

In actual system, the transfer function does not diverge at the resonance due to the
existence of dissipation. There are several dissipation mechanisms such as residual gas
damping and thermoelastic damping. The dissipation caused by anelasticity in the elastic
components is often called the structural damping and is expressed by adding imaginary
part to the spring constant as k — k(14i¢), in the frequency domain. Here ¢ is called the
loss angle and is defined as the phase angle by which the displacement response x would
lag behind a sinusoidal driving force applied to the payload. Typically ¢ < 1 and the loss
angle is related to the oscillator’s quality factor as @ = 1/¢. A number of measurements
show that the intrinsic loss angles of elastic materials are independent to the frequency
[46]. The resulting transfer function (2.3) has a peak amplitude of 1/¢ at the resonant
frequency.
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2.2.2 Multi-stage suspension

In an interferometric gravitational wave detector, every test mass is suspended as a
pendulum so that it behaves as a free particle in the sensitive plane of the interferometer.
This suspension also works as a mechanical isolator from the ground vibration. The res-
onant frequency of the pendulum is around 1 Hz with a reasonable length (a few tens of
cm), therefore the vibration isolation ratio is about 10™* at 100 Hz. Since the required at-
tenuation is around 10711078, seismic attenuation by a simple pendulum is not sufficient
for the detection of gravitational waves.

The required seismic attenuation is obtained by cascading mechanical filters, whose
resonant frequencies are sufficiently lower than the frequency region of interest ( 2 10 Hz
in second generation detectors). In an N-stage chain of mechanical filters, the ground
motion transmits to the suspended mass with an attenuation factor proportional to f=2V,
at a frequency higher than the resonant frequencies of the chain. Figure 2.4 shows the
attenuation performance of a multi-stage pendulum with various stage numbers. By em-
ploying sufficient numbers of isolation stages, strong attenuation of the seismic noise can
be achieved in the high frequency region.
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Figure 2.4: The amplitudes of the transfer functions of an N-stage multi-pendulum with
N =1 ~ 4, from the suspension point displacement to the bottom mass displacement.
The total length of the pendulum is set 1 m in all cases.

2.2.3 Couplings from vertical and rotational motions

Since the horizontal ground motion transmits directly to the horizontal motions of the
mirrors and contributes to the changes in the optical path lengths of the interferometer,
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isolation from the horizontal ground vibration is the most critical issue in gravitational
wave detectors. However, isolation from the vertical ground vibration is also indispensable
in practice. This is because 0.1-1% of the vertical motion is transferred to the horizontal
direction by mechanical imperfections in each attenuation stage and ultimately by the
non-parallelism of the verticality at kilometers apart locations in the interferometer. As
shown in figure 2.5, the front and end mirrors of the Fabry-Perot cavities form an angle of
a = L/2Rg with the interferometer’s global vertical direction. Here L is the cavity length
and Rg is the radius of the Earth. Thence a vertical displacement dz has an effect along
the beam direction, producing a variation adz of the cavity length. In the case of 3-km
length interferometer, the minimum coupling due to the Earth curvature is calculated as
an~2x107%

Interferometer beam

Figure 2.5: Effect of the Earth curvature.

Not only the vertical motions but the rotational motions of the mirror may affect the
sensitivity of the interferometer. The rotational motion of a mirror does not change the
optical path length ideally if the laser beam illuminates the center of the mirror. However,
the beam spot is off-centered to some extent in reality, and an angular displacement
causes a variation of the optical path length as shown in figure 2.6. When the beam spot
is misaligned by a distance of d from the center, the rotation angle of the mirror 46 couples
with the length variation along the beam axis by ddf.

The coordinate system used in this article is defined in figure 2.7. The longitudinal
direction coincides with the beam axis of the interferometer. The names for the rotation
are taken from the customary vehicle terminology.

2.3 Damping of suspension system

2.3.1 Stable Operation of interferometers

Seismic motion affects not only the sensitivity of the interferometer, but also its sta-
bility. Although the chains of mechanical filters isolate the optics from seismic motion
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Figure 2.6: Coupling from the rotational motion of the mirror due to misalignment.
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Figure 2.7: Definition of the coordinate system.
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in a high frequency region, the mirror motions can be largely excited at low frequencies,
especially at the resonant frequencies of the mechanical components. As the Mechelson
interferometer and the Fabry-Perot cavities must be kept in the dark fringe / the resonant
condition by feedback controls, the RMS (Root Mean Square) amplitude of the mirror
displacement and velocity have to be suppressed within the limited range of the controls.

The RMS amplitude of the ground motion displacement (integrated down to < 0.1
Hz) is typically in the order of microns at the surface and submicrons for underground. As
the main contribution to the RMS amplitude is concentrated in the low frequency band
( £ 1 Hz), the resonant peaks of the mechanical system in this frequency region must be
suppressed. The microseismic peak around 0.2-0.5 Hz contributes to most of the seismic
RMS amplitude, therefore one tries to place the mechanical resonances away from this
region. In underground locations, the microseismic motion itself is largely coherent across
the entire interferometer, therefore it would be of little ill effect on the interferometer
stability. The actual problem is that the resonances of the seismic isolation system can be
excited with different and varying phases, thus resulting in large relative motions of the
interferometer mirrors. Therefore the resonances of the seismic attenuation chains must
be damped strongly.

Another reason for introducing damping mechanisms is to enhance robustness to un-
wanted acceleration disturbances such as earthquakes and miscontrol actuation forces.
Such disturbances excite the mechanical resonances and the oscillation at the resonant
frequencies remains for a long period unless they are appropriately damped. The interfer-
ometer cannot be operated while the mirrors are swinging in large amplitudes and thus the
time for observation is reduced. It is essential to suppress the decay time of mechanical res-
onances which are possibly excited by external disturbances and affect the operationability
of the interferometer.

2.3.2 Passive damping

There are fundamentally two ways of damping the mechanical resonances: passive and
active damping. Passive damping can be achieved by adding a viscous damper which
outputs a braking force proportional to the relative velocity between the damper and
the object to be damped. Figure 2.8 shows a conceptual design of a viscously damped
mechanical oscillator. The equation of motion of the system is written as

Mi = —k(x — x) — v(& — &), (2.4)

where ~ is the damping coefficient of the damper. The damping force provides dissipation
to the system in addition to structural damping caused by the spring’s internal friction.
The structural damping contribution is typically much smaller than that from an imple-
mented damper. From the Fourier transform of this equation, the frequency response of
the suspended mass displaecment to the ground vibration is calculated as

H(w)

_ 1 + 2in(w/wo)
14 2in(w/wy) — (w/wp)?’

(2.5)
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Figure 2.8: (Left)A mechanical oscillator with a viscous damping mechanism represented
by a dashpod. (Right) Bode plots of the transfer function with various quality factors.

where the damping ratio 7 is given by n = 7v/2Mwy. A system with dissipation is often

characterized by a quality factor of the resonance, which is given by @) = 2n

The amplitude and the phase of the transfer function H (w) with various quality factors
is plotted in figure 2.8. There are two important characteristics in the transfer function
of the viscously damped system. First, the height of the peak at the resonance (f = fj)
gets smaller when the damping gets stronger, and is roughly equal to () in case of @) < 1.
Second, the amplitude of the transfer function rolls off in proportion to only f~! above
the frequency @ f, instead of f=2 observed in the system with no dissipation. Thence the
performance of the mechanical filter is degraded at high frequencies in viscously damped
system.

The robustness of the mechanical filter to acceleration disturbances can be seen in
an impulse response to a driving force on the suspended mass. Figure 2.9 shows the
impulse response of a viscously damped mechanical oscillator with various damping factors.
When the system has small dissipation, the displacement of the suspended mass decays
with sinusoidal oscillation. The oscillation amplitude decays faster as the damping factor
increases and the typical decay time, in which the oscillation amplitude decreases by a

factor of 1/e, becomes 7 = n%o = %. In the critical damping condition where the
damping factor 7 reaches 1 (or @ = 0.5), the suspended mass no longer oscillates and the
displacement decays by decay time of 7 = —. When the damping becomes even stronger

(n > 1, in the over-damped condition), the suspended mass gets harder to be displaced but
on the other hand the decay time gets longer than that of the critically damped oscillator,
since the damper resists the suspended mass from recovering to its original condition.
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Figure 2.9: Response of a viscously damped mechanical oscillator with various damping
factors to an impulsive force exerted to the suspended mass.

The degradation of vibration isolation perfromance due to a damper can be avoided by
isolating the damper from the ground vibration by means of another mechanical filter as
shown in figure 2.10. This technique is called flexible damping. Although the additional
spring introduces another resonance to the system, the amplitude of the transfer function
falls in proportion to f~2 at high frequencies like in the case with no dissipation (see the
plots in figure 2.10).

2.3.3 Actual implementation of viscous dampers

One simple way to implement viscous damping in the suspension system is the use of an
eddy current damper [47], which is composed of permanent magnets on the damper acting
on and conductive objects placed on the oscillator to be damped. When a conductive
material experiences a time-varying magnetic field, eddy currents are generated in the
conductor. These currents generate a magnetic field with opposite polarity of the applied
field and a delay due to the induced field decay, causing a resistive force. Figure 2.11
illustrates the working mechanism of an eddy current damper. The damping coefficient
caused by an eddy current damper can be described as

0B
Yo = AoB o (2.6)
where B is the magnetic field from a permanent magnet, o is electrical conductivity of the
conductor and A is a factor determined from the geometry of the conductor. In general
large damping strength is obtained by the use of a permanent magnet with strong magnetic
field and a conductive object with large electric conductivity.



2.3. DAMPING OF SUSPENSION SYSTEM 39

— ;
) No damper

10° [ g Fixed damper
101 Fo g \- Flexible damper H

©
S

Phase [deg]

-180 N e ‘
10-1 100 101 102
Frequency [Hz]

Figure 2.10: (Left)A mechanical oscillator with a flexible damping mechanism. (Right)

Comparison of the transfer functions of the mechanical filter with no damper, a fixed
damper, and a flexibly supported damper.
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Figure 2.11: An illustration of the working mechanism of an eddy current damper.
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A chief advantage of using eddy current dampers is that it is non-contact system
between the damper and the damped objects and thus carries no risk of hystheretic noise
caused by mechanical frictions. A possible drawback of using eddy current dampers is
direct transmission of the damper motions to the mirror motions through the magnetic
field couplings, since most mirrors in the interferometer possess permanet magnets for
actuators. Suspension systems with eddy current dampers have been developed for TAMA
[48] and the effectiveness has been demonstrated.

2.3.4 Suspension thermal noise

Although viscous damping contributes in suppression of RMS displacement or velocity
of the suspended optics and stable operation of the interferometer, it can degradate the de-
tector sensitivity by inducing thermal fluctuation of the suspended mirrors in the detection
band of gravitational waves. The fluctuation and dissipation theorem provides a general
relation between the frequency response of equilibrium systems to external perturbation
forces (H¢(w)) and the power spectrum density of their spontaneous fluctuations (Si,(w))
with the following formula:

4kgT
Sth(w) = - &

Im[H¢(w)]. (2.7)

Here kp is the Boltzmann constant and T' represents the temperature of the equilibrium
system. In a viscously damped system, the power spectrum density of harmonic oscillator’s
thermal fluctuation can be calculated as

4]€BT 2770.10
M (wg —wo)? + dnwiw?

Sin(w) = (2.8)

Figure 2.12 shows sprctra calculated from the equation. The amplitude spectrum density
gets in proportion to f~2 in the detection band and reaches 10~'7-1076 [m/v/Hz] at 100
Hz. This is not applicable in gravitational wave detectors since expected gravitational
wave signals are in the order of 10720 [m/+/Hz].

In a multi-stage suspension, the impact from thermal fluctuation induced by viscous
dampers can be mitigated by placing the dampers on upper stages, since as well as seismic
vibration, the thermal vibration is filtered out by mechanical filters. Passive dampers
should be set well apart from the optics so that thermal fluctuation due to their dissipation
does not limit the detector sensitivities.

2.3.5 Active damping

The use of passive damping has advantages such as low cost, robustness, low complexity
and ease of implementation. However, magnetic field from permanent magnets diverges in
all directions and an eddy current damper implemented for one degree of freedom (DoF)
also affects the damping strengths in other DoF's. Therefore it is difficult to design the
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Figure 2.12: Predicted amplitude spectrum densities of thermal displacement fluctuation of
viscously damped harmonic oscillators, assuming 7 = 300 [K], M = 30 kg and f, = 1 Hz.

passive dampers so that the resonances of all the translational/rotational motions of the
suspended mass are damped sufficiently. In addition, suspension systems with eddy current
dampers suffer from severe suspension thermal noise at high frequencies as described above,
therefore one needs to avoid using them near the optics of the interferometer.

In actively damped systems, the vibration of the suspended mass is suppressed by feed-
back controls with vibration sensors and actuators. The active damping strength can be
tuned flexibly and the frequency response can be controlled by designing the servo filters.
If one places sensors and actuators with sufficient numbers and proper configuration, the
motion of the suspended mass can be controlled in all traslational/rotational DoF's indi-
vidually. The servo filters of the feedback controls have to be designed carefully so that
they do not inject the sensor, actuator and electric circuit noise in the form of random
motion of the suspended mass. An advantage of active damping is that, after damping
the unwanted oscillations it can be switched off, thus eliminating the control noise.

2.4 Active vibration isolation

Passive isolation systems rely on natural characteristics of mechanical oscillators for
vibration reduction of suspended objects. Since a mechanical oscillator can filter out
vibration components only above its natural resonant frequency, reduction of low fre-
quency vibration such as motion induced by microseismism (around 0.2-0.5 Hz) is not
easily achieved by passive systems. Acitve isolation systems, which implement vibration
sensors, actuators and controllers (servos), isolate the target objects from seismic virabtion
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actively with feedback and feedforward controls. Active systems in principle can reduce the
targets’ vibration in any frequency band, if vibration sensors with sufficient sensitivities
and low noise levels are used.

Figure 2.13 shows a typical control topology of an active isolation system. The isolation
platform is supported by suspension springs so that the motion can be controlled with
actuators. Vibration of the platform is measured by inertial sensors (seismometers), which
sense the platform accelerations in an inertial frame, and the signals are sent to the feedback
controller. Since inertial sensors have poor sensitivties at low frequencies, the platform is
positioned at DC with respect to the support structure by using relative position sensors.
In the feedback controller, signals from inertial sensors and position sensors are blended to
compromise the two control loops. Additional isolation performance is obtained by using
feedforward inertial sensors measuring the ground vibration. Detailed discussion on the
active isolation system can be found in reference [49].

(@) relative position inertial sensor (b)
sensor (S1)  for feedback (S2) [S01
/ L 1
/] / inertial sensor
/] for feedforward (S0)
g —
j Suspended
Platform
/0 X
/A A
/|Actuator
S S/

Figure 2.13: (a) A schematic drawing of an active isolation system . (b) A block diagram
of the active control scheme.

2.5 Vibration isolation systems in detector projects

This section briefly introduces various vibration isolation systems implemented for
large-scale terrestrial gravitational wave detectors.

2.5.1 Vibration isolation stack

LIGO, GEO and initial configuration of TAMA employ a multiple-stage vibration iso-
lation system called a stack, which consist of alternating layers of metalic masses and
elastomer springs, for core optics of the interferometers [50, 51]. Tts visual impression is
shown in figure 2.14. Elastomers have internal viscoelastic damping, which reduces the
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quality factors of the mechanical resonances in the order of 1-10. The resonant frequencies
typically locates at 2-10 Hz for horizontal modes and 5-20 Hz for vertical modes. It can
attenuate seismic vibration above several tens of Hz and provide attenuation factors of
1073-107% at 100 Hz. The stack supports a breadboard from which a core optic of the
interferometer is suspended through a single or multiple-stage suspension.

The vibration isolation stack is a fully passive and simple system and thus has an
advantage in easy implementation. However, the resonant frequencies are relatively high
and vibration isolation performance at low frequencies (10-50 Hz) is not sufficient for
allowing gravitational wave detection in the frequency band. Additionally, elastromer
springs suffer from large creep, which requires the user to adjust the height and tilt of the
structure periodically.

2.5.2 Superattenuator

Virgo pioneers in developing low-frequency vibration isolation systems aiming for ex-
tending the detection band of gravitational waves to lower frequencies. The core optic of
the interferometer is suspended from a vibration isolation system called the Superatten-
uator [52], which consists of a preisolation stage with inverted pendulums and a chain of
mechanical filters (see figure 2.15). A mechanical filter attenuates vertical vibration by the
use of metal cantilever springs with a resonant frequecy lowered by magnetic antispring
technology [53]. The penultimate stage of the suspension chain is called the marionette,
which supports the mirror by four wires and can be steered by coil-magnet actuators from
the stage above.

The performance of the superattenuator has been tested in the facility with the inter-
ferometer, by actuating the top stage vibration with sinusoidal excitation and measuring
the resulting output signals from the interferometer. The experiment demonstrates that
the superattenuator achieves in attenuating the vibration by more than 10 order of mag-
nitudes in the detection band of gravitational waves (> 10 Hz) [54]. Virgo reached the

- _metal mass
/

elastomer spring

Figure 2.14: Perspective drawing of a vibration isolation stack [50].
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design sensitivity in the second science run (VSR2 in 2009) and achieved a significantly
low noise level of 1072 [1/4/Hz| at 10 Hz in spacetime strain equivalent.

Inverted Vertical
pendulum\ = M~ Filter
N
f
N
- 8m
marionette
mirror
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=

Figure 2.15: An illustration of the Virgo Superattenuator [54].

2.5.3 Seismic attuation system

TAMA replaced its vibration isolation systems for the core optics in 2005-2006 from
conventional vibration isolation stacks to low-frequency vibration isolation system called
the TAMA-Seismic Attenuation System (SAS) [55]. SAS features in employing mechanical
filters with low natural frequencies, i.e. inverted pendulums (IPs) and Geometric Anti-
Spring (GAS) filters. The low frequency oscillators contribute in cutting off the seismic
noise from a frequency as low as few Hz and extending the detection band of gravitational
waves to low frequencies. The second generation detector KAGRA also plans to implement
SASs for core optics of the interferometer. More details on SAS will be discussed in the

following chapter.
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2.5.4 Active isolation platform

Vibration isolation systems in advanced LIGO feature in having active isolated plat-
forms by the use of various vibration sensors and actuators implemented for feedback and
feedforward controls. Figure 2.16 shows schematic and CAD drawings of the vibration
isolation systems for the core optics, which are placed inside and around vacuum envelops
called the Basic Symmetric Chambers (BSC). Three systems are cascaded to provide up
to seven stages of seismic isolation to the core optics; the Hydraulic External Prelsolator
(HEPI), the Internal Seismic Isolation platform (ISI) and the quadruple pendulum sus-
pension. HEPI and ISI provide precise positioining and active isolation of a suspension
platform, from which the core optic is suspended. The platform is isolated from the seis-
mic vibration from a low frequency ( < 0.1 Hz) and into the level of ~ 1072 m/v/Hz at
10 Hz. The seismic isolation systems were installed to the detectors and their robustness
and effectiveness have been proved through years of comissioning on the interferometers.
The detailed control strategy and measured performance of active isolation system can be
found in reference [49].

(a) (b)

Suspended _
- test mass

Figure 2.16: (a) Schematic and (b) CAD drawings of the vibration isolation systems
supporting the core optics of the advanced LIGO interferometer [49].






Seismic Attenuation System
Chapter 3

Vibration isolation systems invented for various gravitational wave detectors were intro-
duced in the previous chapter. This chapter focuses on low-frequency vibration isolation
system called the Seismic Attenuation System (SAS). Its general concept and working
principles of key mechanical components are briefly introduced in sections 3.1-3.3.

3.1 General concept

As explained in chapter 2, a mechanical oscillator can provide vibration isolation at
frequencies higher than its natural resonant frequency, and thus one of the simplest way to
improve the attenuation performance is reducing the natural frequency of the mechanical
filter. The Seismic Attenuation System (SAS) aims for improving its seismic attenuation
performance at low frequencies by pushing down the natural frequencies of mechanical
resonators with the aid of anti-spring technologies.

SAS contains two key mechanical components called the Inverted Pendulum (IP) and
the Geometric Anti-Spring (GAS) filter, which provide horizontal and vertical vibration
isolation respectively. The resonant frequency of the IP can be lowered to ~30 mHz and
thus it can passively attenuate the ground motion at the microseismic peak (0.2-0.5 Hz),
which contributes the RMS amplitude of the mirror displacement /velocity in a large extent.
The resonant frequency of the GAS filter can be lowered to ~200 mHz and it enable us to
achive vertical attenuation performance comparable to that obtained by pendulums in the
horizontal direction. Note that the lowest natural frequencies of the IP and GAS filters
are limited by hystheretic behaviors of elastic components and thus can be potentially
improved by investigating better elastic material in the future.

SAS is basically a passive system and thus has advantages in robustness and ease of
maintainance once it is installed. Nevertheless the system cannot be completely passive and
active controls are required for compensating thermal drift and damping the mechanical
resonances.

47
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3.2 Inverted pendulum

3.2.1 Basic working principle

An Inverted Pendulum (IP) is a horizontal mechanical oscillator whose resonant fre-
quency is tunable and can be reduced lower than 0.1 Hz. It provides seismic attenuation
at the microseismic peak frequency (0.2-0.5 Hz) by one order of magnitude and horizontal
mobility of the suspended platform in soft manners. A simple model of the IP is shown in
figure 3.1. The IP consists of a flexure fixed to the ground, a rigid cylindrical leg connected
onto it and a mass on the top of the leg. When the mass is displaced horizontally from
the vertical point, a restoring force acts on it with an effective spring constant of

k M

kot = L—Z—Tg. (3.1)
kg is the bending spring constant of the flexure (the torque induced by unit bending angle),
M is the mass of the payload and L is the length of the leg. Here the mass of the leg
m is assumed to be negligibly small, i.e. m < M. The first term of kg corresponds
to the elastic restoring force of the flexure and the rest represents a repulsive force with
gravitational anti-spring effect. The effective stiffness of the IP decreases as the mass of
the payload increases and it bunishes when the mass reaches M, = kg/gL. This mass is
called the critical mass. Within the stable region (M < M,) the resonant frequency of the

IP is expressed as
g (M.— M
=4/=(——). 3.2
o \/L( ) 3:2)

Figure 3.1: An illustration of the IP.
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3.2.2 Anelasticity and quality factors

In the case of real IPs, inelastic damping effect due to the internal friction of the flexure
must be taken into account. Introducing an imaginary part with an intrinsic loss angle ¢
to the flexure spring constant, the effective spring constant becomes

/ kﬁ'

(o= 2 x (1 tig) — 2. (3.3)

L

One can define the effective loss angle of the system as

Ko

- LQ—keH¢ (34)

(bcff

The quality factor of the IP resonance decreases as the effective spring constant is reduced
by gravitational anti-spring effect. This is an important and useful property of the IP,
because an IP tuned at sufficiently low frequency needs no external damping. Figure 3.2
shows the measured quality factor with the resonant frequnecy of the IP which has been
developed for LIGO [56]. The downside of this loss mechanism is that when the IP is
tuned at extremely low frequency and the quality factor approaches to @ ~ 1, the IP
shows hysteretic behaviors and instablity. Therefore in most cases the IP is tuned at not
lower than 30 mHz when it is used as a seismic isolator in gravitational wave detectors.
This practically limits the seismic attenuation at very low frequencies with IPs.

3000 7

500 1

2000 1 7

1500 4 7

Quality Factor (Q)

0 100 200 J00 400 =1l1]
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Figure 3.2: Measured quality factor versus resonant frequency of the HAM-SAS IP devel-
oped for LIGO [56].
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3.2.3 Attenuation performance

Considering the frequence response of the IP to the ground motion, one has to take
into account the mass distribution of the IP leg. Assuming that the leg has uniform mass
distribution between the flexure and the payload with total mass of m and moment of in-
ertia of I, the trasnfer function from the ground displacement to the payload displacement
is written as [55]

A+ Bw?
Hip(w) = ———, (3.5)
keff T = L2
where A= ————, =—24 L (3.6)

Figure 3.3 shows the amplitude of Hip(w) as a function of frequency. The attenuation
ratio saturates at high frequencies due to the coefficient B in equation (3.5). This behavior
is physically related to the Center of Percussion (CoP) effect [57, 55]. The IP legs should
be made as light as possible to minimize the CoP effect and improve the attenuation
performance at high frequencies. In order to further compensate the CoP effect, the mass
distribution of the leg can be changed by introducing a counter weight at the bottom of
the leg (figure 3.4).
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Figure 3.3: The transfer function of an IP with the resonant frequnecy of 0.1 Hz and the
saturation level of 1072, The measurement data fit with a quadratic function.

The IP of the HAM-SAS developed for advanced LIGO [58] has an aluminum pipe
with 1 mm thickness and 50 cm length as a leg. With the aid of the lightness of the leg
(m ~ 0.2 kg), the attenuation performance reaches ~ 1073 without couter weights and
107°-10~* with them.
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Figure 3.4: An illustration of the IP with the counter weight mounted at the bottom of
the leg.

3.2.4 Horizontal modes of IP-stage

In the Seismic Attenuation System for gravitational wave detectors, IPs are used in
the primary isolation stage, which provides pre-isolation of seismic vibration in horizontal
directions with a platform supported by three IP legs. Neglecting the vertical elasticity of
the IP legs, the platform has three normal modes with two translation and one rotation
DoFs. A model of the isolation platform is illustrated in figure 3.6. There is a round rigid-
body platform connected to three horizontal springs, which correspond to the IPs with
effective spring constants of k1, ko and k3. The IPs are arragend in a distance of R from
the central point and seperated by 120° with each other. The motion of the rigid-body
is characterized by a vector defined by the position and rotation angle (z,y, R¢) in the
Cartesian coordinate system. By giving a small perturbation in each degree of freedom,
one obtains the following stiffness matrix of the system:

ki + ko + ks 0 By + k3)
K = 0 Rtk ks L2k — ko —ks) | (3.7)

\/75(—]{72 +ks) 32k —ka—ks)  ki+hka+ks

In the symmetric system with ky = ko = k3, the non-diagonal elements of the stiffness
matrix diminish and the eigen modes are seperated into pure translation modes in the x, y
directions and a rotation mode about ¢. In actual system, there exists asymmetry in the
effective stiffness and thus translation and rotation modes are coupled with each other.

3.2.5 Response to ground tilt

When the ground tilts by an angle of 6, it introduces additional force of % to the
suspended payload. The transfer function from the ground tilt to the induced payload
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Figure 3.5: A rigid-body model of the isolation platform with three IP legs.

displacement is then described as

AC kg
:m,, where C: L/{}eﬂc.

Hip gt (w) (3.8)

In the low frequency limit, the transfer function approaches C'. The coupling coeffcient
increases as the effective spring constant k.g is reduced by gravitational anti-spring effect.
This means the system with lower resonant frequency gets more sensitive to the DC ground
tilt. The DC tilt of the IP support strcture may reach 10~° rad, which would be induced
by crustal movement of the earth, human activities around the system and thermal defor-
mation of the structure. It would induce the payload displacement of sub-millimeters and
thus should be compensated by active control systems.

In the isolation platform supported by multiple IP legs, couplings by the ground tilt
at high frequencies would be dominated by contribution from the rigid-body motion of
the platform. Since the IP legs are rigid in the vertical direction, the ground tilt induces
the tilt of the platform in the same rotation angle. When the measurement point is
vertically seperated from the center of platform rotation by a distance of d, the rotation
angle 6 directly couples to the displacement at the measurement point by df. Therefore
the transfer function from the ground tilt is revised as

_AC
A W2

Hip sin(w) +d (3.9)

in the frequency region where the IP legs and the payload can be regarded as rigid bodies.
Figure 3.7 shows the amplitude of the transfer function with the coupling coefficient of

C' =30 m/rad and d = 50 mm.
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Figure 3.6: Ground tilt coupling through rigid-body motion of the platform.
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Figure 3.7: Expected ground tilt coupling of the IP as a function of frequency, assuming
C' =30 m/rad and d = 50 mm.



o4 CHAPTER 3. SEISMIC ATTENUATION SYSTEM

3.3 Geometric Anti-Spring (GAS) Filter

3.3.1 Low-frequency vertical isolator

One of the major difficulties in designing vibration isolation systems for gravitational
wave detecotrs is to achive vertical attenuation performance comparable to that obtainable
in the horizontal direction. For achiving low frequency seismic isolation one needs to
implement soft springs, while at the same time the sprigns must support the weight of the
suspended payload.

One solution to the problem is based on magnetic anti-spring technology [53], which
has been implemented in the superattenuator for the Virgo detector. It utilizes perma-
nent magnets faced each other in a horizontal plane with the same magnetic pole. These
magnets produce a repulsive force and it transmits to the vertical direction as they are
displaced vertically. This replusive force works as an anti-spring force and reduces the effec-
tive stiffness of the vertical spring. A drawback of using the technology is that the resonant
frequency fluctuates by temperature shift, since the magnetic field strength strongly de-
pends on the temperture. Also the additional components such as permanent magnets
and centering devices induce unwanted mechanical resonaces around few tens of Hz, which
degradate the attenuation performance in the detection band of gravitational waves.

A considerable improvement of the magnetic anti-spring is the Geometric Anti-Spring
(GAS) technique [59], which allows increases of attenuation performance, thermal stabilty
and simpleness of the mechanics. This section briefly explains the working mechanism and
expected mechanical properties of the vertical isolator with GAS technology, called the
GAS filter.

3.3.2 Basic working principle

cantilever
blade

keystone

suspension
wire
clamp
to payloadl

Figure 3.8: A schematic drawing of the GAS filter.

The GAS filter consists of a set of radially-arranged cantilever blades clamped on the
base frame and to the central disk called the keystone. (figure 3.8). The blades are flat
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when they are manufactured and bend like fishing rods when they are loaded. The working
principle of the GAS filter is mathematically described in reference [59], while its behavior
can be understood by means of a simple analytical model shown in figure 3.9. In this
model, a cantilever spring is represented as a combination of vertical and horizontal linear
springs. Due to the symmetry of the system, one can simplify the model to a single blade
model with the constraint that the tip of the blade moves only along the vertical axis.

Expanded

Figure 3.9: An analytical model of the GAS filter.

The payload of mass M is suspended by a vertical spring of elastic constant k£, and a
horizontal spring of elastic constant k,. The angle formed by the horizontal spring and the
horizontal axis # is zero when the tip of the blade is at the equilibrium position (z = zeq)-
Then the equation of motion in the vertical axis is written as

M% = —k,(2 — zeq) — kuo(l — loy) sin 6, (3.10)

where [ is the actual length of the horizontal spring and [y, is its natural length. Expanding
the equation of motion around the working point ze, to the first order of z, one obtains
the following linearized equation of motion:

Mz =— [kz - (Z)—m — 1) k:x} (2 = Zeq) = ket (2 — 2eq)- (3.11)
0

Here x( is the horizontal distance between the central keystone and the support point
of the horizontal spring. When the horizontal spring is under compression (z¢ < lo;), it
causes a repulsive force in the vertical direction and therefore the effective spring constant
is reduced from the spring constant of the vertical spring (keg < k,). This is the principle
of the anti-spring effect in the GAS springs. The name of Geometric Anti-Spring stands for
the fact that the anti-spring is realized by a specific geometry of the cantilever blade. The
effective stiffness and the resonant frequency can be reduced by increasing the compression
of the blades (decreasing z).



96 CHAPTER 3. SEISMIC ATTENUATION SYSTEM

3.3.3 Quality factor

When the GAS filter is tuned toward lower resonant frequencies, its quality factor
decreases progressively, as observed in the IP. Figure 3.10 shows measurement results of
the quality factor versus resonant frequency of the GAS filters [60]. In contrast to the
quality factor of the IP, the measurement data do not show quadratic behavior with the
structural damping model. This indicates contribution of other damping mechanisms such
as thermoelastic damping. One possible explanation of the behavior by the Self Organized
Criticality (SOC) of the dislocation can be found in reference [61].
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Figure 3.10: The measured quality factor versus resonant frequency of the GAS filters [60].

3.3.4 Attenuation performance

The transfer function of the GAS filter from the vertical displacement of the frame to
that of the keystone is written in the same form as that of the IP, equation (3.5). Due to
the CoP effect, the attenuation performance saturates at high frequencies and is typically
limited to ~ 1072 (see figure 3.11). It can be compensated by adding a wand with a
counter weight in parallel to the blades, so-called the magic wand (figure 3.12), which
allows to improve the attenuation level down to 107%. [62].

3.3.5 Thermal drift

The GAS filter achives siginificant softness by balancing the anti-spring effect by hor-
izontal compressive force and intrinsic vertical stiffness of the cantilever blade. Due to
the softness, the vertical position of the keystone moves easily by a small change of the
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Figure 3.11: Attenuation performance of the GAS filter without the magic wand [62].
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Figure 3.12: The magic wand used to compensate the CoP effect.
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payload mass and the blade springs’ physical properties. Especially the thermal drift due
to the temperature dependence of the Young’s modulus of the spring material is a big
issue in operating the GAS filter. Assume that the GAS filter is balanced at the working
point with the payload mass of M, the optimal load to keep the keystone in the working
point is shifted with the temperature change by:

M OFE

AM ~ ——AT. 12
E or (3:12)

Here FE is the Young’s modulus of the spring material and AT is the shift of the temper-
ature. In a small perturbation, this change is equivalent to an additional force applied to
the keystone by AF = AMg. Since the system has an effective spring constant of kg, the
displacement caused by thermal shift is calculated as

AF g OF

A== 9 T2 Ap,
T ks  EL2OT

(3.13)
Here the resonant frequency of the GAS filter is tuned at wy and thus the effective spring
constant is written as ks = Mw?. The system gets more sensitive to the temperature
change as the resonant frequency is reduced by anti-spring effect. By the use of typical
parameters, the temperature dependence is calculated as

Az 0.33 Hz\* 148
7 = 0-69 [mm /K] < /2 ) (3.0 - 1034 [1/K]> : (3.14)

3.4 SAS for gravitational wave detector

3.4.1 Various SASs in detector projects

The SAS technology has been adopted to several vibration isolation systems for grav-
itational wave detectors, such as HAM-SAS developed for advanced LIGO [58], AEI-SAS
for 10-m prototype detector in Hannover [63], EIB-SAS and Multi-SAS for advanced Virgo
[64]. A visual impression of one of the systems is shown in figure 3.13. They are designed to
provide seismic attenuation for optical benches which various optics for the interferometers
are fixed to or suspended from. They basically provide 1-2 stages of seismic attenuation
for all six DoF's of the bench rigid-body motions, with attenuation factors of 1072-107% in
the detection band of gravitational waves.

The SAS aiming for directly suspending the core optics of the interferometer is devel-
oped in TAMA and called the TAMA-SAS [55]. A schematic drawing of the TAMA-SAS
is shown in figure 3.14. The TAMA-SAS provides 5-stage attnuation (including the IP
stage) for the horizontal motions and 3-stage attenuation for the vertical motions to the
suspended optic. The top stage supported by three IPs is actively controlled by using
position sensors and accelerometers. The internal modes of the suspension system is pas-
sively damped by the use of an eddy-current damper implemented just above the optic.
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GAS filter
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Figure 3.13: A visual impression of the EIB-SAS developed for advanced Virgo [65].

The TAMA-SAS should provide enough seismic attenuation performance at 10 Hz so that
the contribution from seismic noise gets much less than that from other fundamental noise
sources.

3.4.2 Interferometer operation with TAMA-SAS

The vibration isolation systems for TAMA were replaced from conventional vibration
isolation stacks to TAMA-SAS, and the interferometer started its operation with TAMA-
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G D

Inverted Pendulum — ]';D i

+-—_ Standard Filter
T Monelithic GAS

—t
|

Mirror Suspension
P - | |- Passive Damper

__|-Recoil Mass
" | _-Mirror

Figure 3.14: A schematic drawing of the TAMA-SAS [55].
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SAS from 2006. Figure 3.15 shows the achieved displacement noise level of the detector
and the noise budget. The noise level below 200 Hz was improved by introducing TAMA-
SAS, owing to reduced alignment control noise of the interferometer. This was achieved
by reduction of angular motion of the test mass in the 1-10 Hz band.

Although the noise level was improved by introducing SAS, the detector sensitivity of
TAMA is still limited by practical noises rather than fundamental noises such as thermal
noise and quantum noise. The main contribution in the 100-500 Hz band comes from up-
conversion noise, which is induced by feedback forces applied on the test masses in a low
frequency band (< 1 Hz). The noise is expected to be related with acoustic noise emission
from Nd-Fe-B magnets attached on the mirrors, due to discontinuous jumps of the magne-
tization (Barkhausen effect [66]). The alignment control noise limits the sensitivity below
100 Hz and further reduction of control bandwidth is required to expand the detection
band of gravitational waves down to ~10 Hz. The observation in TAMA indicates that it
is mandatory to reduce low frequency fluctuation of the mirror displacements and angles
with appropriate control loops. The attenuation performance of SAS is otherwise spoiled
by control noise couplings and upconversion noise.

Another learning from the operation of TAMA-SAS was that one has to make sure
that all the low-frequency resonances are appropriately damped by passive/active damping
mechanisms. In case of TAMA, the operation of the interferometer was often disturbed by
yaw rotation of the suspended optics, which arises through excitation of the torsion modes
of the suspension wires. Since the GAS filters and the lower stages are connected through
single-wire suspensions, they form a multi-stage torsion pendulum with significantly low
resonant frequencies (in the order of ~ 10 mHz). The torsion modes have long decay time
(in the order of 103-10* sec) unless they are appropriately damped. Thence TAMA-SAS
afterwards introduced motion sensors to detect the torsion modes and actively damped
them [67].
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Figure 3.15: (a) Comparison of the detector sensitivity before and after the TAMA-SAS
installation. (b) Noise budget of the interferometer with TAMA-SAS [24].






Seismic attenuation in KAGRA
Chapter 4

The previous section introduces the general concept of SAS and basic working principles
of the mechanical components. This section forcuses on SAS developed for KAGRA, the
Japanese second generation detector. As described in chapter 1, the second generation
detectors aim for expanding the detection band of gravitational waves toward ~10 Hz in
the low frequency region. To achieve this goal, KAGRA employ SAS technologies for core
optics vibration isolation, based on the studies obtained in the TAMA-SAS operation. This
chapter describes conceptual design of KAGRA-SAS, mechanical simulations for verifying
the performance and some detailed design of mechanical components.

4.1 Basic requirement

4.1.1 General consideration

Seimic isolation systems for the core optics of the interferometric gravitational wave
detectors must possess the following features in general:

e Passive attenuation capability to suppress the seismic noise level well below the grav-
itational wave signal level or other noise levels in the detection band of gravitational
waves.

e Capability of suppressing the RMS velocity/displacement of the suspended optics,
which are typically concentrated at low frequencies below 1 Hz, for fast lock acqui-
sition and stable operation of the interferometer.

e Active/passive damping capability of low-frequency mechanical resonances for fast
recovery from unwanted excitation states.

e Sufficeint actuation range of the suspended optics in several DoFs to allow lock
acquistion, alignment tuning and beam spot optimization of the interferometer.

e Stability of the mechanics and active components to allow long-term observation of
gravitational waves.

63
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e Ultra-High Vacuum (UHV) compatibility so as not to degradate the detector sensi-
tivity through the residual gas noise or contamination on the mirror surfaces.

This section mainly discusses the in-band requirement of the seismic attenuation per-
formance at frequencies above ~ 10 Hz. The out-band requirement below 10 Hz, damping
capability and mobility of the optics will be further discussed in chepter 5.

4.1.2 Displacement noise requirement

As described in section 1.4, the second generation detectors employ dual-recycled
Fabry-Perot Michelson interferometers for enhancing and optimizing the detector sensi-
tivities. Differential length variation of the long Fabry-Perot cavities (so-called DARM)
contains gravitational wave signals and thus it is the most important DoF in the gravita-
tional wave detectors. Since the displacement noise of the test masses directly couples to
the DARM signals, they have the strictest requirement on their displacement noise. Dis-
placement noise of auxiliary optics also affects the detector sensitivity due to the couplings
in the length sensing and control schemes of the interferometer [68], but to a much lower
extent than the test masses.

Besides the seismic noise, the sensitivity of the interferometer is fundamentally limited
by the thermal noise and the quantum noise (see figure 1.8). The goal of the vibration
isolation system is suppressing the seismic noise level well below these noise levels in the
detection band of gravitational waves. More specifically, the requirement for the seismic
noise level is to be lower by a factor of 10 in amplitude spectrum densities than other noise
levels in the frequency region above 10 Hz. Required displacement noise level of the core
optcs of the KAGRA interferometer in two different detection modes is shown in figure
4.1 [69]. KAGRA has two optional detection modes called BRSE (Broadband Resonant
Sideband Extraction) and DRSE (Detuned Resonant Sideband Extraction) [32]. These two
modes can be switched by changing the resonant condition of the signal recycling cavity.
The DRSE mode has better sensitivity around 100 Hz, aiming for detecting gravitational
waves from binary neutron stars, while it spoils the sensitivity in the high frequency region.

The maximum permitted displacement noise level at 10 Hz is summarized in table 5.3.
It takes lower values of the displacement noise required in the two detection modes. The
auxiliary optics are allowed to have larger displacement noise than test masses, by a factor
of ~ 10? for the beam splitter and signal recyclers, and by a factor of ~ 10* for the power
recyclers. Folding mirrors for the power/signal recycling cavity have stricter requirement
than PRM/SRM, since their longitudinal displacement alters the cavity length by twice
of the distance.

As described in chapter 2, 0.1-1% of the vertical motion is transferred to the longi-
tudinal direction by mechanical cross-couplings, therefore vertical seismic attenuation is
also required. Even without mechanical couplings, the vertical motion is coupled to the
longitudinal direction at least by 0.3% in the KAGRA detector. This coupling comes from
the fact that the KAGRA interferometer is not constructed in the horizontal plane for
a practical reason. As there are many groundwater sources in the Kamioka mine (site
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Figure 4.1: Longitudinal displacement noise requirements on core optics of the KAGRA
interferometer, in two different detection modes. [69].

spectrum density at 10 Hz
™ 1x 107" m/v/Hz
BS 1x 1077 m/v/Hz
PRM 2 x 107" m/v/Hz
PR2, PR3 | 1 x 107'* m/v/Hz
SRM 1x 1077 m/v/Hz
SR2, SR3 | 5 x 1078 m/v/Hz

Table 4.1: Requirement on longitudinal displacement noise of the core optics for the KA-
GRA interferometer.

of the KAGRA detector), one needs to flow the water outside the tunnel and therefore
the interferometers is constructed in a tunnel with a tilt of 1/300. Here in the following
investigation, vertical-horizontal coupling of 1% is assumed.

4.1.3 Seismic vibration in the Kamioka mine

KAGRA features in the underground environment with significantly low seismic vi-
bration as described in section 2.1. The seismic vibration in the Kamioka mine has been
monitored in a long term as a joint research of Disaster Prevention Research Institute and
Cryogenic Laser Interferometer Observatory (CLIO) [70] Project. Analysis of the 1.5-year
(2009.9-2011.2) data of ambient seism motion, taken by a Giiralp CMG-3T seismometer
located at the CLIO site, obtains the following noise spectrum models shown in figure 4.2.

The plots below 1 Hz shows measured seismic spectra in 10, 50 and 90 percentile lev-
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Figure 4.2: Seismic vibration spectrum of the Kamioka site.

els and the spectra above 1 Hz are fit curves proportional to f~2. The seismic spectrum
around the microseismic peak widely spreads in magnitude, since the amplitude highly
dependes on the oceanic activities and thus on the weather conditions. The RMS dis-
placement of the seismic motion (integrated down to 1072 Hz) varies from 0.08 to 0.5 pm,
in the 10-90 percentile range. Although CMG-3T is not sensitive enough to measure the
seismic vibration of the Kamioka site in the high frequency region above 1 Hz, another
measurement set out with a Trillium 240 seismometer confirms the displacement spectrum
in proportion to f~2 at high frequencies. More details on the analysis of the seismic spec-
trum measurement in the Kamioka mine are described in reference [71]. In the following
investigation, the high noise model in figure 4.2 is assumed as the seismic vibration for
conservative estimation.

Since the seismic vibration level of the Kamioka site is ~ 107" [m/v/Hz] at 10 Hz,
required attenuation ratio at the frequency is roughly 1078 for the test masses, 107¢ for
the beam splitter and signal recycling mirrors, and 10~* for the power recycling mirrors.
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4.2 System Overview

4.2.1 Conceptual design

To meet the requirements described above, KAGRA employs several types of suspen-
sion systems for the core optics depending on the required seismic attenuation levels. The
conceptual designs of three types of KAGRA-SAS are illustrated in figure 4.3 and their
disposition is shown in figure 4.4. Table 4.2 shows their basic specifications.

The largest suspension system, so-called the type-A SAS, provide 8 stages of horizontal
attenuation and 6 stages of vertical attenuation for the test masses. To take an advantage
of the underground environment, the type-A SAS is constructed in a bilayer tunnel and
the base of the suspension system sits directly on the upper floor. The IP stage at the
top of the chain provides pre-isolation and static-control of the whole suspension system.
The attenuation chain resides inside a borehole of 1.2 m diameter and connected to the

5

Type-A Type-B Type-Bp

Figure 4.3: Conceptual designs of SAS for the KAGRA detector. The vacuum envelopes
are not illustrated for simplicity. FO-F5 denote the GAS filters for vertical seismc atten-
uation. MD represents the magnetic damper, which is placed just above F1 and aims for
damping the torsion modes of the attenuation chain. IM represents the intermediate mass,
from which the optic is hung with suspension wires.
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Figure 4.4: Disposition of SAS in the KAGRA main interferometer.

mirror suspension located in the lower tunnel. Several lower stages are cooled down into
cryogenic temperature for thermal noise reduction. The cryogenic part is coverred with
aluminum boxes to shield black-body radiation from room temperature components.

The type-B SAS, used for seismic islation of BS and signal recycling mirrors, has
smaller number of attenuation stages and a room temperature payload. The base of the
suspension sytem sits on an external support frame enveloping the attenuation chain. The
support frame is supposed to be a rigid structure and transmit the seismic vibration to the
suspension system straightforwardly. However, in practice, it has unavoidable mechanical
resonances and thus enhances the vibration injected to the suspension system. The type-B
SAS also has the IP stage for pre-islatoion and static-control of the suspension chain, as
the type-A SAS. Three stages of GAS filters provide vertical seismic attenuation in the
detection band of gravitational waves. The optic is suspended from the upper stage called
the intermediate mass by two-loops of wires. It works as a marionette and the alignment

‘ H Type-A ‘ Type-B ‘ Type-Bp
suspended optics ™ BS, SRM, SR2, SR3 | PRM, PR2, PR3
horizontal stage # 8 (include IP) 5 (include IP) 3
vertical stage # 6 3 2

payload temperature

cryogenic (< 20 K)

room-temperature

room-temperature

Table 4.2:

Basic specification of three types of KAGRA-SAS.
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of the optic can be adjusted through rotating the intermediate mass.

The type-Bp SAS is a reduced version of the type-B SAS and employed to the optics
for the power recycling cavity. Although the power recyclers were planned to employ the
type-B SAS in the preliminary design of the KAGRA detector, their suspension systems
were reduced due to budgetary constrains. The type-Bp system does not contain the pre-
isolation stage with IP and have only two stages of GAS filters for veritcal isolation. In
order to control the horizontal static position of the suspended optic, a motorized stage
called the traverser is implemented on the top of the chain. This system however does
not provide pre-isolation of horizontal vibration in contrast to the IP stage, and thus the
suspended optics are expected to suffer from large RMS displacement /velocity.

4.2.2 Expected isolation performance

The seismic attenuation performance of the KAGRA-SAS is predicted by mechanical
simulation with rigid-body models [72]. The rigid-body modeling assumes the suspension
system as a combination of rigid-bodies and elastic elements connecting with them. The
rigid-body approximation is valid only at low frequencies ( < 50 Hz in KAGRA-SAS),
and thus one has to keep in mind that the predicted performance can be degraded to
some extent in the high frequency region due to internal resonances of the suspension
components. Details of the modeling and the parameters of the suspension systems are
further described in appendix A.

Figure 4.5 shows the predicted displacement noise level of the suspended optics with
the three types of KAGRA-SAS and comparison with the requirement. The seismic vi-
bration assumes the high noise model of the Kamioka site as described in section 4.1. The
graphs show the displacement noise spectra of the ground vibration, horizontal vibration
of the suspended optics, contribution from the vertical vibration of the optics assuming
1% vertical-longitudinal couplings, and the requirements described in section 4.1. Since
the systems have smaller number of attenuation stages in vertical directions, the couplings
from vertical vibration dominate the displacement noise at high frequencies ( 2 2 Hz for
type-A and type-B, and 2 10 Hz for type-Bp). The suspension systems meet the seismic
attenuation requirement in the frequecy region above 10 Hz, and even open the detection
band toward a few-Hz level. The type-A SAS has safety margin of roughly 8 orders of
magnutide at 10 Hz, and others have safety margin of 2 orders of magnitude. Taking into
account that attenuation performance is degraded by internal resonances above 50 Hz, it
is reasonable to have large safety margin in the requency region.

4.3 Detailed mechanical design

This section describes more details on mechanical designs of the suspension components
of KAGRA-SAS. The isolation system can be generally divided into the following three
separated parts:
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Figure 4.5: Predicted seismic attenuation performance of the three types of KAGRA-SAS

and comparision with the requirement.
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1. The pre-isolation and static-control stage at the top of the chain.
2. The chain of mechanical filters to achieve the required seismic attenuation.
3. The mirror suspension providing control forces for lock acquisition and alignment.

Although there is no actual physical separation, the first and second parts are convention-
ally known as SAS, and the last part is often called the payload of the seismic attenuation
chain. The first part is taken by the IP stage in the type-A and type-B, while the type-Bp
system does not contain the pre-isolation mechanism. Instead, it has a motorized stage
called the traverser at the top of the chain for static-control. The second part is taken
by the cascaded GAS filters in all the system. The design of the third part (payload) is
substantially different in the type-A and other systems, since the payload in the type-A
SAS has to be cooled down for thermal noise reduction.

4.3.1 1P pre-isolation stage

The stage is in charge of seismic attenuation starting from ~ 0.1 Hz and static-control
of the suspension point position and yaw orientation of the chain. Figure 4.6 shows the
overview of the pre-isolator. The stage is supported from the ground or the support
structure by three IP legs, which provide seismic attenuation in the horizontal plane. At
the top of the stage, there is a large GAS filter for vertical seismic attenuation. It is
twice as large in diameter as the lower GAS filters, and called the top filter or the Filter
0 (FO). In order to achieve seismic attenuation at the microseismic peak (0.2-0.5 Hz) and
reduce the RMS amplitude of the mirror displacement, the IP will be tuned at resonant
frequencies lower than 0.1 Hz.

The horizontal motion of the top stage is controlled by the use of three single-axis
seismometers, three Linear Variable Differential Transducers (LVDTs) [73] and three coil-
magnet actuators [74]. The LVDT measures the relative motion of the stage with respect
to an external frame fixed to the ground, while the seismometer measures the acceleration
of the top stage in an inertial frame. The static position of the top stage is tuned by the use
of three motorized springs with thin cantilever blades. The design of the control system
is essentially the same as developed for the TAMA-SAS and the Virgo Superattenuator
[75, 76].

Mechanical design of IP

The IP for the KAGRA-SAS is essentially the copy of that for the HAM-SAS (developed
for the advanced LIGO detector) [58]. Figure 4.7 shows the cutview drawing of an IP leg.
An aluminum pipe with 1 mm thickness and about 50 cm length is supported from the base
structure with a thick metal pillar which works as a flexure providing the elastic stiffness
of the IP. The isolation stage is suspended from the top of the pipe by a thin flexure with 3
mm diameter. The flexures are made of maraging steel [77], which is known for possessing
superior strength and a particularly good creep characteristic [78]. The lightness of the leg
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(about 0.2 kg) mitigates the saturation of the attenuation performance due to CoP effect
(see section 3.2). The attenuation ratio naturally reaches ~ 10~® and can be improved to
107°-10~% by introducing counter weights.

The length and thickness of the bottom flexure are tuned to conform the critical load
of the IP to the weight of the suspension system. The bending stiffness of the flexure is
calculated in the following formula:

rEd*

330 (4.1)

g~
where ¢ and d represents the length and diameter of the cylinder respectively, and F is the
Young’s modulus of the flexure material. Since the spring constant is proportional to the
forth power of the diameter, the critical load of the IP dramatically increases as the the
flexure thickness increases. The IP in the KAGRA-SAS utilizes flexures of about 10 mm
in diameters and about 50 mm in lengths, which results in about 1000 kg optimal load
with three flexures.

Figure 4.6: The 3D-CAD drawing of the pre-isolator. 1) The base ring, 2) the IP leg,
3) the coil support frame rigidly connected to the base ring, 4) the top stage isolated by
IP, 5) the top filter for vertical isolation, 6) the seismometer (L-4C geophone) capsulated
in the vacuum envelope, 7) the Linear Variable Differential Transducer (LVDT), 8) the
coil-magnet actuator, 9) the motorized spring for the static position control of the top
stage, 10) the locking and range-limiting screw.
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Figure 4.7: A cut-view drawing of the IP leg. 1) The support structure of the IP, 2) the
counter-weight for compensating the CoP effect, 3) the main flexure of the IP, 4) the IP
leg; an aluminum pipe with 1 mm thickness, 5) the top flexure, 6) a metal block rigidly
connected to the top stage.

4.3.2 GAS filter chain

Standard GAS filter

In order to achieve required seismic attenuation both in horizontal and vertical direc-
tions, a chain of standard GAS filters are suspended from top stage. A drawing of the filter
is shown in figure 4.8. Each GAS filter is suspended by a single wire, and its suspension
points are placed nearby its center of mass. In this configuration, the motion of the filter
is attenuated in every translational and rotational DoF. The cantilever blades and the
suspension wires are made of maraging steel [77] as well as the IP flexures, to avoid creep
under highly stressed conditions. The cantilever blades are clamped to the base plate with
45° inclination and their tips are attached to the central keystone with incidence angle of
—33°. The relative position of the keystone and the outer frame is controlled by the use
of an LVDT and a coil-magnet actuator. The static position can be tuned by a motorized
spring with a thin cantilever blade.
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Blade design

The width and number of the cantilever blades are adjusted so that the optimal load
of the GAS filter coincides with the weight of the payload. The shape and dimension
of a cantilever blade for the standard GAS filter are shown in figure 4.9. The blades
are designed to have uniform stress distribution in the working configuration. All the
GAS blades in the KAGRA-SAS have similarity shape with the standard one while the
dimension is adjusted depending on the required load. The optimal load of a GAS blade

Figure 4.8: A cutview drawing of the standard GAS filter and the oblique view without
the cap. 1) The cantilever blade, 2) the blade clamp, 3) the keystone, 4) the upper
suspension wire, 5) the lower suspension wire, 6) the LVDT to measure the displacement
of the keystone, 7) the coil-magnet actuator, 8) the magic-wand for compensating CoP
effect, 9) the motorized spring for static-positioning of the keystone, 10) the locking and
range-limiting screws.
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is estimated as [59)]

Ets’LUQ

Fopy = G——"
ot = G

(4.2)
where t, L and wy represent the thickness, length and base width of the cantilever blade.
E' is the Young’s modulus of the blade material. G is the geometry factor depending on
the blade shape and it is 1.71 in the standard blade. Note that the surface stress o is
proportional to the thickness and inverse proportional to the length (o o< /L) and thus
the blade is normally designed to keep the ratio in constant.

313

24 | 30 X v
| 0.00 | 40.00

Y 54.52 | 39.58
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109.04 | 35.13
$ X 136.30 | 31.53

Figure 4.9: Dimension of the standard GAS blade.

The following figures show the mechanical simulations on the standard GAS blade
with Finite Element Model (FEM) analyses. Figures 4.10 shows the load on the blade
versus the vertical position of the tip (keystone) with various horizontal compression. z/L
denotes the horizontal distance between the base and tip of the blade, normalized by the
blade length. The slope of the curve gets steep around the optimal load (39.5 kg) and
the steepness increases as the horizontal compression increases (r/L decreases). In the
steep region, a small change of vertical force induces a large vertical movement around the
equilibrium point, and thus the spring has a small restoring force. The gradient diverges
with the ciritical compression /L = 0.896 and the spring shows bistable characteristic
with further compression. Figure 4.11 shows the stress distibution in a standard GAS
blade at the optimal working point. The maximum stress on the top surface of the blade
reaches 1.7 GPa, which is lower than the tensile strength of maraging steel (2.0 GPa).

Torsion mode damping

The attenuation chain of single-wire suspensions forms a multi-stage torsion pendulum
with significantly low resonant frequencies (in the order of 10 mHz). Although the yaw
motions of the attenuation chain are isolated well in this configuration, these modes nat-
urally have long decay time due to their high quality factors ( 2 100) and thus the filters
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Figure 4.10: The equilibrium points of a GAS blade as a function of the vertical load
predicted from an FEM analysis. Several loci with various horizontal compression (z/L)
are plotted.
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Figure 4.11: The top-surface stress distribution of a standard GAS blade at the optimal
working point with horizontal compression of x/L = 0.900, calculated by COMSOL Multi-
physics. The image only shows the half-side of the blade, which is symmetric with respect
to the xz plane.
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will keep oscillating once these modes are excited. So as not to disturb the interferome-
ter operation by these motions, the torsion modes are passively damped by eddy-current
dampers. The conceptual design of the torsion mode damper is illustrated in figure 4.12.
A disc with numbers of permanent magnets is suspended from the preisolation stage by
three wires and placed just above the first standard filter (written as F1). A conductive
plate attached to F'1 and the permanent magnets attached to the damper produce breaking
torque between the damper and F1.

(a) (b)

FO N-pole S-pole
IP —
Eddy current
/ damper
A==\
Conductive
plate

| Lower Stages

Figure 4.12: (a) Disposition of the eddy current damper in the type-A and type-B atten-
uation chain. (b) A bottom view of the eddy current damper showing the arrangement of
the permanent magnets.

The thickness of the suspension wires is adjusted so that all the torsion modes are
coupled to the movement of F1 and effectively damped by the eddy current damper [72].
The torsional stiffness constant of a suspension wire is expressed as

wd*

]{ft - G32—L,

(4.3)

where d and L are the diameter and length of the wire, and G is the shear modulus of the
wire material. Although the torsional stiffness of the wires can be increased by thickening
them, wires with large thickness may possibly degrade the horizontal attenuation perfor-
mance of the suspension sytem due to the bending elasticity [79]. The bending elasticity of
a wire depends on the wire thickness in the first few cm from the suspension points, while
the torsional stiffness depends on the thickness integrated over the wire length. Therefore,
the wires are designed with large thickness in the middle and small thickness at the ends
as illustrated in figure 4.13. The suspension wire is hooked to the suspension bodies by
the nail heads attached to the both ends of the wire.
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Figure 4.13: Design of the suspension wire.

4.3.3 Mirror supension (payload)

This part is located at the very bottom of the attenuation chain. It plays a role to
precisely control the mirror position and orientation and to provide additional seismic
attenuation. As they hold directly the optics of the interferometer, suspensions must be
carefully designed so that they do not generate thermal noise or acoustic noise above the
acceptable level.

Type-A Type-B (Bp)

Bottom
GAS filter

Intermediate mass
& its recoil mass

Mirror &
the recoil mass

Figure 4.14: Visual impression of the payloads in the type-A and type-B systems.

Figure 4.14 shows the visual impression of the payloads in the type-A and type-B
systems. The mirror is suspended from the upper stage called the intermedimate mass
by four wires, and the intermediate mass is suspended from the bottom GAS filter by a
single wire. This configuration allows us to adjust the mirror orientation by rotating the
intermediate mass like a marionette. The control force and torque are exerted onto the
mirror from the coil-magnet actuators on its recoil mass, which is also suspended from the
upper stage. The intermediate recoil mass hanging from the bottom GAS filter is added to
provide actuation to the intermediate mass. A two level control is necessary because only
very delicate forces can be applied on the mirror, while larger authority can be applied on
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the intermediate mass. The concept of using a recoil mass (reaction mass) hung in parallel
to the mirror suspension was introduced in Virgo last stage suspension system [80] and
adopted in TAMA-SAS [81]. There are several technical advantages of using a recoil mass:

e The actuator is isolated from seismic disturbance, and therefore the fluctuation of
the actuation efficiency due to the change of the relative position between the mirror
and actuation mass is suppressed.

e The actuation on the mirror is isolated from the upper stages, because the reaction
from the mass and its recoil mass compensate each other at the upper stage. It
simplifies the servo design for the control.

The recoil mass for the intermediate mass is equipped with actuators and position sensors
to control the motion of the intermediate mass. In the type-B system, Optical Sensor and
Electro-Magnetic actuator (OSEM) [82], which has been developed for advanced LIGO,
will be used for the position sensing and controls.

Cryogenic issues

In type-A system, the payload is cooled down at cryogenic temperature to reduce
the thermal noise. In order to transfer the heat absorbed in the mirror from the laser
beams, the test mass is suspended by four sapphire fibers with 1.6 mm diameter and 350
mm length. The heat is transferred to the upper stage, and then finally transferred to
the inner shield of the cryostat via heat links made of pure aluminum [83]. The heat
flow in the cryogenic payload is illustrated in figure 4.15. Due to the large thickness of the
sapphire fibers, the mirror suspension gets significantly stiff in the vertical direction, which
results in large suspension thermal noise in the detection band of gravitational waves. In
order to mitigate the vertical stiffness, blade springs made of sapphire are designed and
implemented to the mirror suspension, which lower the vertical bounce mode frequency to
~14 Hz [84].

Since the heat links are mechanically connected to the cryostat, which is firmly fixed
to the ground, extra vibration from the cryostat is introduced to the suspension system
through the heat links. Although the heat links are loosely-connected so that they do
not provide much DC stiffness, the vibration transmissivity is enhanced at high frequen-
cies by the internal resonances of the wires. Figure 4.16 shows the calculated vibration
transmissivity of an aluminum wire configured in a semi-ellipsoidal shape, assuming that
the wire is attached to a 50-kg mass. The resonant peaks appearing above 4 Hz affect
the transmissivity and result in 1073-10~* vibration transmission in the detection band of
gravitational waves.

Figure 4.17 shows the estimated displacement noise level of the test mass due to the
vibration transmission via heat links. The simulation assumes that the inetermediate recoil
mass and the cryostat inner shield are connected by eight aluminum wires with the same
parameters as assumed in figure 4.16. It also assumes that the vibration of the cryostat
is at the same level of the ground vibration. The vibration from the cryostat exceeds
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Figure 4.15: Schematic heat-flow diagram in the cryogenic payload.
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Figure 4.16: An illustration of the heat link wire and its vibration transmissivity predicted
from an FEM analysis using COMSOL Multiphysics.
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the vibration from the upper floor at frequencies above 1.5 Hz, and the coupling from
the vertical vibration exceeds the required noise level in the detection band. Note that
vibration of the cryostat may be enhanced due to its internal resonances and cryocooler
operations by 1-2 orders of magnutude in the detection band, as observed in the CLIO
cryostat [85]. It means that vibration from the heat links need to be further suppressed
by 3-4 orders of magnutude in the detection band. This can be achieved by pre-isolating
the heat link vibration before connecting to the suspension system, with 2-3 attenuation
stages having few Hz natural frequencies. The pre-isolation system for the heat links is
currently under development.
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Figure 4.17: Impact of vibration transmission via heat links in the type-A SAS.






Active suspension controls
Chapter 5

The previous section explained the mechanical design and passive attenuation per-
formance of the KAGRA-SAS. This section focuses on the active control systems of the
suspension systems, which suppress the low frequency fluctuation of the suspension com-
ponents and are required for stable operation of the interferometer.

5.1 Motivation of active controls

Mechanics of suspension systems are designed so that they achieve sufficient vibration
isolation in the frequency band of gravitational wave observation. On the other hand,
the suspension systems also have to suppress the out-band mirror vibration, for smooth
and stable operation of the interferometer. Without any damping mechanisms, mirror
vibration tends to be enhanced at low frequencies by mechanical resonces which typically
possess high quality factors. Also, low frequency oscillators of SAS such as IP and GAS
filters often suffer from thermal drifts or creeps, which blow the suspended mirrors away
from the operation points of the interferometer.

In order to suppress the low frequency vibration due to these mechanical characteristics,
active controls are applied by the use of vibration sensors, actuators and servo systems. The
damping of mechanical resonances can be also achieved by passive dampers such as eddy-
current dampers, which have advantages in stability and and ease of maintainance once
they are installed to the suspension systems. Active control systems are rather delicate
and one has to design the control servo carefully for stable operation. On the other hand,
active systems are more flexible and can be switched easily after installed to the suspension
systems. We often need the flexiblity since different controls are required depending on the
states of the interferometer and surrounding environment such as temperature and seismic
vibration levels. This becomes a big motivation of using active control systems regardless
of the complexity.

Another point which has to be taken care regarding the active control systems is the
control noise. The control noise is introduced by electronics of sensors and actuators,
and also by servo systems, which for instance bring quantization errors in the digitization

83
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processes. One has to make sure that the control noises do not degrade the interferometer
sensitivity above the acceptable level in the detection band.

5.2 Requirement on active controls

5.2.1 Interferometer phases and requirements

As mentioned in the previous section. there are different requirements on the active
controls depending on the operation status of the interferometer. The status of the inter-
ferometer can be categorized into three phases:

1. the calm-down phase,
2. the lock-acquisition phase,
3. the observation phase.

In the calm down phase, the suspension systems are under large disturbances and the
optics are swinging in large amplitudes. In this phase, signals for some delicate sensors
and week actuators may saturate due to the large oscillation. One has to calm down
the vibration using sensors and actuators with sufficient range, and set the position or
orientation of masses back to the nominal places. Active suspension controls in this phase
require robustness rather than quietness, and need to mainly exert damping controls of
mechanical resonances. The requirement is set that the 1/e decay time of the mechanical
resonances regarding the interferometer operation has to be suppressed below 1 minute.

In the lock acquisition phase, the optics in the interferometer are brought to their op-
eration points to get ready for gravtitaional wave observation. For smooth lock acquisition
of the interferometer, velocities of the mirrors have to be suppressed so that control forces
can freeze their motion and trap them into the linear regime of the interferometer signals.
Thence in the lock-acquisition phase, the active suspension controls are required to mini-
mize the velocities of the suspended optics. Typically the RMS velocities of the suspended
mirrors have to be suppressed less than 1 pum/sec for smooth lock acquisition of optical
cavities. Note that the RMS velocity of the ground vibration is roughly 1 um/sec and the
RMS velocities of the suspended mirrors tend to be enhanced by mechanical resonances
with high Q factors at low frequencies. The mirror rotation angles about pitch and yaw
should be also suppressed, since these mirror rotation causes fluctuation of the beam spot
and contaminates the length control signals of the interferometer. The requirements on
the mirror velocities and rotation angles will be further discussed later.

After the interferometer is locked successfully, it gets into the observation phase in
which gravitational wave observations are taken in place. In this phase, silent controls are
required so that the control noises do not degradate the detector sensitivity in the detection
band of gravitational waves(> 10 Hz). Some noisy control loops should be opened or their
control gains should be reduced. While at the same time the mirror displacements and
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orientation have to be kept in a certain range so that the interferometer is kept with
good sensitivity to gravitational waves. The operation phases of the interferometer and
requirements on the active suspension controls are summarized in figure. 5.1.

1. Calm-down phase ( )
Requirement:
- Decay time <1 min.
w - — —
g Settled . )
3 - e )
E 2. Lock-acquisition phase
2 Requirement:
g - RMS mirror velocity <1 um/s
o - RMS mirror angle < 1 urad -
3 \ y
Interferometer
locked ( A
3. Observation phase
Requirement:
- Low control noise at >10 Hz
\ J

Figure 5.1: Operation phases of the interferometer and the basic requirements on the
active suspension controls.

5.2.2 Mirror velocity requirement
Interferometer lock acquisition

The length sensing and controls of the interferometer adopts so-called the frontal mod-
ulation techniques [86], in which the laser frequency or amplitude is modulated at radio
frequencies before injected to the interferometer. By demodulating detected laser power
in a proper phase, one can obtain a control signal proportional to the length variation
around the operation point. Figure 5.2 shows a typical sensing signal with respect to the
length variation of an optical cavity. The width of the linear regime is calculated from the
finesse of the cavity (F) and wave-length of the laser light (\) as

A
ALy, = —. 5.1
= o (5.1
The finesses of the cavities are 38 for the signal recycling cavity, 57 for the power recy-
cling cavity and 1550 for the arm cavities (and 1 for the Michelson interferometer) in the
KAGRA interferometer. The wave-length of the laser is 1064 nm. For supporting the
lock acquisition of the arm cavities, the KAGRA detector employs so-called the green-lock
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scheme [87], which introduces auxiliary green laser with half wave-length of the main laser
(A =532 nm). The auxiliary laser resonates in the arm cavities with lower finesse (~50).

Signal [a.u.]
o

-0.5} 1

-40 -20 0 20 40
Arm length variation [nm]

Figure 5.2: A typical length sensing signal around the operation point of the linear optical
cavity with finesse of 57.

In order to acquire the lock of an optical cavity, the velocity of cavity length change
should be nulled by feedback forces applied to suspended mirrors while the mirrors pass
through the linear regime. The momentum applicable to the suspended mirror by feedback
force is limited by staying time of mirrors in the linear regime, the control bandwidth and
the maximum actuation power.

Bandwith limit

When the control bandwidth is not large enough, the servo responds too slowly and fails
to apply sufficient feedback force before the mirrors pass by the linear regime. The control
bandwidth is limited by response of actuators and existence of mechanical resonances. The
violin modes of the mirror suspension wires produce resonant peaks around 200 Hz and
thus the control bandwidth with coil-magenet actuators is practically limited by ~50 Hz.

For the lock acquisition of the arm cavities, the cavity length signals are fed back to
Voltage Controlled Oscillators (VCOs) which modulate the frequencies of the auxiliary
(green) laser. This means that the phase of the auxiliary laser is locked to the arm cavity
length variation. The VCOs are free from mechanical resonaces of the supsension systems
and thus the control bandwidth can be set as high as 10 kHz. The frequency of the
auxiliary laser is then compared to that of the main laser by measuring the frequency
of their heterodyne beat. The beat frequency indicates how far the main laser is from
resonating in the arm cavity. Feedback controls are applied using these signals to the
coil-magnet actuators on the test masses. This scheme significantly expands the linear
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range of the cavity length measurement and thus moderates the velocity requirement of
the test masses.

Assume that the actuators have sufficient actuation power and feedback controls are
applied only during the time mirrors are in the linear regime. In this case, the requirement
on the incident velocity to acquire the cavity lock is calculated as

wb)\

in /S AL in — . 5.2
v Wy 1 9 Jl__, ( )
Here wy, deontes the control bandwidth. The typical velocity limit in this model is calcu-

lated as 3.3 pm/sec for wy/2m = 50 Hz, A = 1064 nm and F = 50.

Actuation power limit

In actual cases, maximum forces applicable from the mechanical actuators are limited
from the point of view of control noise requirement. The stronger actuators are used, the
larger noise is introduced from the electronics of the actuators in the detection band of
gravitational waves. Typically the voltage applied on the coil magnet actuators has a noise
level V, ~ 1078 V/ vHz above 10 Hz and the maximum applicable voltage is Vi =10
V. The coil driving noise should be suppresed lower than the required displacement noise
of the mirrors. Thence maximum acceleration applicable on the mirror is calculated as

Vmax

~, 2

Omax = —=  LreqWobs* (53)
Va

Here o4 is the required displacement noise level (in m/v/Hz) due to the actuator noise
and wyps is the frequency at which the noise requirement should be satisfied. In the case
of KAGRA, the requirement gets the strictest at fo,s = 10 Hz.

Here one sets different assumption that the control bandwidth is large enough but the
actuators can only apply limited acceleration (auax) on the mirrors. The requirement on
the incident velocity to acquire the cavity lock is then calculated as

Vin 5 V 2amaxALlin- (54)

RMS velocity requirement

Table 5.1 summarized the requirements on the velocity of cavity length variation cal-
culated from equations (5.2) and (5.4). It assumes that control bandwidths are set 10 kHz
for the arm cavities and 50 Hz for other cavities. The arm cavities are locked to the green
laser and assumed to have finesse of 50 to it. The required displacement noise level from
the coil drivers Z,¢ is set 3 times lower than the required seismic noise level of the optics
(see table 5.3). As the VCOs used for the locking arm cavities have significantly large
actuation range, the velocity limit due to maximum actuation power is not defined for the
arm cavities.
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Cavity /interferometer BW limit [pm/s] | amayx limit [pm/s]
Arm cavities 330 —
Power recycling cavity 2.9 4.7
Signal recycling cavity 4.4 0.6
Michelson interferometer 170 3.5

Table 5.1: Requirements of the velocity of the cavity length variation.

As the mirrors consisting the optical cavity move randomely, the incident velocity varies
each time the mirrors pass by the linear regime. On the assumption that the velocity of
the mirrors has gaussian distribution, the incident velocity of the optical cavity would have
the following probability distribution [88]:

fv) = Ziexp( v ) (5.5)

2
rms 2v

rms

where vy,s denotes the RMS velocity of the cavity length variation. In order to achieve
the lock acquisition with higher than 50% probability in this model, the RMS velocity of
the length variation should be suppressed lower than 0.72v,eq, Where vyeq is the maximum
permitted velocity to acquire the cavity lock. From these consideration, requirement on
the RMS velocity of the suspended mirrors with the KAGRA-SAS is set 0.5 pum/s for the
type-A and type-B SAS, and 2 pm/s for the type-Bp system. Although the arm cavities
have moderate requirement on the velocity, the motion of the input test masses also affects
the length of power and signal recycling cavities and thus the type-A SAS is imposed with
as strict requirement as that of the type-B SAS.

5.2.3 Angular motion requirement

The mirror angular motion causes the beam spot fluctuation and spatial mode mis-
match in the interferometer. Since the test masses are killometers apart, small fluctuation
of the mirror angles produces large beam spot fluctuation. For operating the interferometer
stably and avoiding degradation of the detector sensitivity due to the mode mismatch, the
mirror RMS angles are to be suppressed so that they do not produce beam spot fluctuation
on the optics larger than 1 mm in RMS [31]. Table 5.2 shows the maximum permitted
mirror rotation angles to meet the above-mentioned requirement [89]. The requirement on
the RMS angles of the mirrors suspended with the KAGRA-SAS is therefore set 0.2 urad
for the type-A, 1 urad for the type-B, and 2 prad for the type-Bp system. The system
should meet the requirement both in lock-acquisition and observation phase.

5.2.4 Longitudinal displacement requirement

In the observation phase, the mirror longitudinal position should be kept locked with
the interferometer control signals by implemented coil-magnet actutors. In order to keep
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Optics | Requirement [prad]
™ 0.2

BS 4

PRM 45

PR2 20

PR3 2

SRM 25

SR2 10

SR3 1

Table 5.2: The requirements on the RMS mirror angles in the KAGRA interferometer.

the interferometer lock, the amplitude of the control forces should be kept within the
maximum applicable forces of the coil-magnet actuators. The maximum applicable force
on the mirror is derived as Fj.x = My, amayx using the maximum acceleration a@,mq. defined
in equation (5.3), where M,, represents the mass of the mirror. As the mirror displacement
RMS is mainly contributed from the low frequency (< 0.5 Hz) components, the control
force exerted on the mirror F, can be approximately derived from the seismically-induced
mirror displacement xgas

F. & kgyss = Mpw?. 2. (5.6)

sus

Here kg,s denotes the spring constant of the mirror suspension in the longitudinal direction,
and wyg,s is the resonant frequency. The resonant frequency of the suspension is 1 Hz for
the type-A SAS and 0.6 Hz for the type-B (type-Bp) SAS. The maximum permitted mirror
displacement (before suppressed by the interferometer control) to keep the interferometer
lock with the mirror actuators is then calculated as

2
Fmax o Vmax Wobs ~

Tmax = 7 = 7w Treq- (5.7)

Table 5.3 shows the maximum applicable force on the mirror and the maximum permitted
mirror displacement estiamted from the equation. The mirror displacement RMS should
be suppressed much lower than these values, to avoid saturation in actuators. Here the
requirement on RMS is set 1/4 of the maximum permitted displacement!. Thence the
requirements are 2 nm for the type-A, 0.4 um for the type-B and 70 pm for the type-Bp
system. The requirement on the long-term drift in the longitudinal direction is also set to
the same value.

Note that the requirement values are set with the assumption that the interferometer
lock is maintained only by the actuators on the mirrors. On the other hand, one can
distribute the low frequency component of the interferometer control signals to the upper-
stage actuators, which are allowed to have larger actuation range. This scheme is called

n the gaussian distribution, the fraction outside 40 (¢ =RMS) is 6 x 107°.
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Optics Fiax [N] | Zmax [pm]
T™ 9x10°° 0.010
BS 7x107% 3.3
SRM 4x1074 3.3
SR2,SR3 | 2 x 10~ 1.6
PRM 9 x 1072 560
PR2,PR3 | 4 x 1072 280

Table 5.3: The maximum force applicable on the mirror and the maximum permitted
mirror displacement to keep the interferometer lock with the mirror actuators.

the hierarchical control [94] and would be required especially for the type-A system, in
which the applicable force by the mirror actators is extermely weak.

5.2.5 Requirement in type-B SAS

The requirement set on the active controls for the type-B SAS is summarized in table
5.4. In the calm-down phase, the most important requirement is set on the 1/e decay time
of the mechanical resonances and it should be suppressed lower than 1 min. The residual
longitudinal displacement and angle of the mirror should be suppressed lower than the
level of ~ 50 ym and ~ 50 prad, so that the control can be smoothly switched to that
for the lock-acquisition phase. In the lock-acquisition phase, the mirror RMS velocity and
RMS angle should be suppressed lower than the level for achieving the interferometer lock.
Here the RMS values are defined as integration of the spectrum densities down to 0.01
Hz. The corresponding time scale (100 sec.) is long enough to cover the lock-acquisition
process, and the integration cover the frequency band of microseismic peak (0.2-0.5 Hz),
which largely contributes to the RMS velocity or angle.

In the observation phase, the longitudinal mirror displacement should be suppressed,
to avoid saturation of actuation forces by the interferometer control. The mirror transver-
sal/vertical displacement and mirror angle are to be suppressed at the same time to keep
the beam spot centering. Not only the RMS displacement/angle in a relatively short time
scale ( < min), but also long-term ( 2 min) drift of the mirror displacement/angle should
be suppressed, to allow the long-term observation. On the other hand, the control noise
coupling to the mirror longitudinal displacement in the detection band (> 10H z) should
be suppressed lower than the required vibration level of the type-B SAS. This practically
limits the bandwidth of the active suspension control lower than ~ 1 Hz.
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1. The calm-down phase

items rquirements references
1/e decay time of mechanical resonances < 1 min §5.2.1
(residual) RMS displacement (longitudinal) < 50 pm §5.2.5
(residual) RMS displacement (transversal,vertical) | < 1 mm §5.2.3
(residual) RMS angle (pitch, yaw) < 50 prad §5.2.5

2. The lock-acquisition phase

items rquirements references
RMS velocity (longitudinal) < 0.5 pum/sec §5.2.4
RMS displacement (transversal, vertical) <1 mm §5.2.3
RMS angle (pitch, yaw) <1 prad §5.2.3

3. The observation phase

items rquirements references
control noise at 10 Hz (longitudinal) <5x 107" m/vHz | §4.1.2
RMS displacement (longitudinal) < 0.4 pm §5.2.4
RMS displacement (transversal, vertical) <1 mm §5.2.3
RMS angle (pitch, yaw) < 1 prad §5.2.3
displacement long-term drift (longitudinal) < 0.4 pm §5.2.4
displacement long-term drift (transversal, vertical) | < 1 mm §5.2.3
angle long-term drift (transversal, vertical) < 1 prad §5.2.3

Table 5.4: Requirements on the active controls for the type-B SAS. The end column shows
the subsection explaining the reasons for the requirements. The RMS values are to be
obtained by itegrating the power spectrum density down to 0.01 Hz. The long-term drift
is defined in the time scale longer than ~ 1 min.
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Figure 5.3: Schematics of the active control structure for the KAGRA-SAS.
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5.3 Active control system for KAGRA-SAS

Active control system for the KAGRA-SAS plays roles in damping the mechanical res-
onances and compensating the drift of low-frequency oscillators. The schematic diamgram
of the active control system is illustrated in figure 5.3. It has three main control loops;
the IP control, the GAS filter control, and the payload control. The IP control sustains
the static-positioning of the top stage and damping of the pendulum modes of the atten-
uation chain. The GAS filter control mainly deals with compensation of the thermal drift
of the GAS filters. The payload control performs damping of the mechanical resonances
of the mirror suspension, and alignment control of the suspended optics. The design of
the servo filters and expected performance of the controls are discussed in the following
subsection. The simulations mainly focus on active controls of the type-B SAS, which are
experimentally investigated in the prototype test as described in chapter 8.

5.3.1 IP controls

As shown in figure 4.6, the IP pre-isolation stage equips with three sets of LVDT
position sensors, seismometers and coil-magnet actuators to control the top stage motion
in three DoF's (longitudinal, transversal and yaw). The LVDT position sensors measure
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the relative position between the top stage and the outer frame fixed to the ground, while
the seismometers measure the inertial vibration of the top stage. The KAGRA-SAS plans
to use the L-4C geophones from Mark Products as seismometers. The geophone is a
passive device that converts ground velocity into voltage and has good enough sensitivity
to measure the seismic vibration in the KAGRA site. Figure 5.4 shows a conceptual block
diagram of the IP control. The measurements of the LVDT and geophone are combined
into one super-sensor using complementaly blending filters (Byp and Brp). The combined
sensor signal is then sent to the servo filter and to the coil-magnet actuators. Sensors and
actuators have electronics noise from the driver circuits and that introduces additional
vibration to the top stage and consequently to the suspended mirror.
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filter Signal
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Figure 5.4: The block diagram of the IP control.

Servo filter

The servo filter for the IP control is designed so that it performs damping of the
pendulum modes around 0.2-1 Hz and static-positioning of the top stage below 10 mHz.
Thence the servo should provide differentiation filter above 0.2 Hz to produce feedback
signals proportional to the top stage velocity, and enough control gain below 10 mHz.
Figure 5.5 shows the designed servo filter for the IP control in the type-B SAS and the
expected open-loop gain. The resonant peaks at 0.41 and 0.64 Hz correspond to the
pendulum mode of the attenuation chain. The control gain is raised at low frequencies
and reaches 10 at 10~* Hz.
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Figure 5.5: Servo filter design of the IP control in the type-B SAS. The IP response shows
the calculated transfer function from external longitudinal force onto the top stage to the
longitudinal displacement (normalized at DC).

Sensor blending

The supser-sensor combines the low frequency LVDT signals with the high frequency
geophone signal. This is done by applying a lowpass filter with frequency response Bpp(s)
to the LVDT signal and a complimentary highpass filter Byp = 1 — Brp to the geophone
signal. This ensures that there is no phase distortion around the blending frequency. The
blending filters are derived from seventh order polynomial function about the Laplace

variable (s) as

35wy s + 21wy s? + Twp's + wf

BLP(S) = (S T Wb)7 ) (58)
ST+ Twps® + 21w?s® + 35wis?
BHP(S) = (S I w:>7 b . (59)

Here wy represents the crossover frequency of the two blending filters. Figure 5.6 shows
the bode plots of the blending filters with wy, /27 = 0.1 Hz. The seventh order polynomial
is chosen so that the forth-order highpass filter omits the low-frequency geophone noise,
which raises by ~ 3% at low frequencies.

Since the LVDT measures the reletive position between the top stage and the ground,
the active control using the LVDT may re-introduce seismic vibration to the top stage.
The blending crossover frequency should be set below 0.1 Hz, to avoid degradation of
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Figure 5.6: Bode plots of the bleinding filters with the crossover frequency of 0.1 Hz.

attenuation performance around the microseismic peak (0.2-0.5 Hz). Figure 5.7 shows
the calculated seismic noise spectra in the actively controlled type-B SAS with various
crossover frequencies. They are compared with the spectrum in the passive system (plotted
in the black curves). The resonant peak at 0.41 Hz, which contributes to the RMS velocity
of the mirror in the passive system, is suppressed successfully in the actively controlled
system. On the other hand, when the blending frequency is set higher than ~50 mHz, the
attenuation performance around the microseismic peak is degraded and that worsens the
mirror RMS velocity.

Sensor noise couplings

Although the crossover frequency of the sensor blending should be lowered in terms
of seismic attenuation performnace, using the geophone signal at low frequencies may
introduce a large amount of control noise due to the poor sensitivity of the geophone at
low frequencies. Figure 5.8 shows typical sensing noise curves of the LVDT and geophone
L-4C (based on the measurement in the prototype, see section 6.1). The sensing noise of
the geophone rapidly increases below 1 Hz, with the tendency of ~ f~3°. Since the noise
curves of the LVDT and geophone cross at 80 mHz, the sensor noise coupling would be
minimized when the crossover frequency is set around this frequency.

Figures 5.9 and 5.10 show the expected sensor noise couplings to the mirror velocity,
with various crossover frequencies of the blending filters. When the crossover frequency is
lower than 50 mHz, the sensor noise coupling from the geophone introduces low-frequency
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Figure 5.7: The seismically-induced mirror velocity spectra in the type-B SAS with and
without the IP controls. The crossover frequency of the signal blending is altered.
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Figure 5.8: The sensing noise of the LVDT and geophone L-4C (compared with the seismic
noise level in the Kamioka site).
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fluctuation of the mirror position and that worsens the mirror RMS velocity. Taking the
balance of the attenuation performance and the sensor noise coupling, the RMS velocity
of the suspended mirror is minimized when the crossover frequency is set 50 mHz.
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Figure 5.9: Predicted sensor (geophone) noise couplings to the mirror velocity, with various
crossover frequency of the blanding filters.

The control noise of the IP control does not affect the detector sensivity in the detection
band of gravitational waves, since control bandwith is much lower (< 1 Hz) and the type-A
and type-B systems have sufficient attenuation performance in the horizontal direction.

5.3.2 GAS filter control

Servo design

The GAS filter control mainly deals with the static control of the GAS filters, which
tend to drift in a large amount by temperature change. Each GAS filter equips with a
set of the LVDT position sensor and coil-magnet actuator as illustrated in figure 4.8. The
control loop is basically closed in each set of the LVDT and actuator so that the position
of the keystone is statically locked in each filter. Figure 5.11 shows the designed servo
filter for thermal drift compensation and expected open loop gain (for the top GAS filter,
F0). The bandwidth is set around 20 mHz, well below the resonant frequencies of the GAS
filters (0.2-0.8 Hz). The DC control gain is about 100. As discussed in section 3.3, the
GAS filter intrinsically has the thermal response of ~ 0.8 [mm/K]. When the GAS filter
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Figure 5.10: Predicted sensor (LVDT) noise couplings to the mirror velocity, with various
crossover frequency of the blanding filters.

control is applied. it is reduced to the level of ~ 8 [pum/K], which is sufficiently low for
keeping the mirror vertical position in ~1 mm precision.

Sensor noise couplings

The GAS filter control loops should be constantly closed in any operation phase of
the interferometer, and thus the control noise in the observation phase should be cared.
Vertical vibration introduced to the lower-stage GAS filter transmits to the mirror with
small attenuation, and thus the noise from the control system can affect the in-band
detector sensitivity. Figure 5.12 shows the estimated sensor noise coupling from LVDT
on each GAS filter stage in the type-B SAS, assuming 1% vertical-horizontal couplings.
The simulation ensures that control noise due to the LVDT sensing noise is well below the
required noise level in the type-B SAS.

5.3.3 Payload control

Damping with position sensors

The vibration of the payload is observed by the use of displacement sensors which
measure the relative displacements of the intermediate mass and mirror with respect to
their recoil masses. They are used to damp mechanical resonances of the payload which
cannot be damped by the IP control. Especially, tilt motions of the mirror can be only
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Figure 5.11: Design of the servo filter for the GAS filter control. The mechanical response
shows the (normalized) transfer function from the coil-magnet actuator to the LVDT
implemeted to the top GAS filter (FO0).
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Figure 5.12: Sensor noise couplings of the GAS filter controls in the type-B SAS.
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controlled in this part since the intermediate mass is suspended by a single wire and the
tilt motions are seperated from the tilt of upper stages.

In the type-B and type-Bp system, Optical Sensor and Electro-Magnetic actuator
(OSEM) [82] is used for the position sensing and controls. The OSEMs are arranged so
that they can control the intermediate mass motions in six DoF's and the mirror motions
in three DoF's (longitudinal, pitch and yaw). The sensor signal about a DoF is fed back to
the actuator about the corresponding DoF (longitudinal to longitudinal, for instance), and
thus the control system has nine individual control loops. Figure 5.13 shows the designed
servo filters and expected open loop gains about the intermediate mass longitudinal and
pitch controls. To apply damping forces, signals from the position sensors are converted
to the velocity signals with differentiation filters. The gains of the differentiation filters
are tuned to provide sufficient damping strength to all the mechanical resonances with
frequencies below 20 Hz.
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Figure 5.13: Servo filter design of the payload control in the type-B SAS.

To see the performance of the damping controls, the 1/e decay time of the mechanical
resonaces is investigated. The plot in figure 5.14 shows the predicted 1/e decay time
of mechanical resonances versus the resonant frequencies in the type-B SAS, with and
without active controls. The active controls also include the IP control, which provides
the pendulum mode damping of the attenuation chain. In the passive system, there are
many mechanical resonances with long decay time in the 0.1-1 Hz region. The active
controls efficiently damp these modes and suppress the 1/e decay time of most resonances
lower than 1 minute, which is the required in the calm-down phase. There exists one
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resonance whose decay time exceeds 1 minute in the actively controlled system, but the
mode is related with the tranversal motions of the mirror (the mode shape is illustrated
in figure 5.14) and does not disturb the interferometer operation.
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Figure 5.14: Predicted decay time versus the resonant frequencies of the mechanical re-
spoances in the type-B SAS with and without active controls.

Sensor noise couplings in damping control

The OSEM position sensor typically has the noise level of ~ 1072 m/ VHz in the
detection band of gravitational waves. Figure 5.15 shows expected noise couplings from
the OSEM position sensors implemented in the intermediate mass and mirror levels. The
sensor noise induces the mirror displacement noise much larger than the acceptable level.
Therefore the control loops should be opened in the observation phase.

Alignment control

Another important role of the payload control is aligning the mirror to the interferom-
eter beam and reduce the RMS angles about the pitch and yaw motions. The mirror pitch
and yaw angles are monitored by the optical lever, which is a device composed with a light
source illuminating the mirror and a Quadrant Photo-Diode (QPD) to detect the beam
spot position of the reflected light. After the lock acquisition of the interferometer, the
sensor signals are replaced to the signals from the Wave-Front Sensors (WFSs), which use
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Figure 5.15: Sensor noise couplings of the payload damping controls in the type-B SAS.

the interferometer beam as a reference and have better sensitivity. The feedback signals
are applied to the actuators on the intermediate mass, since the mechanical resonances
of the intermediate mass contribute a lot to the RMS angles of the mirror and thus the
motions should be suppressed on that level. The conceptual design of the mirror alignment
control system is illustrated in figure 5.16.

Figure 5.17 shows the designed servo filters for the alignment control in the type-B (Bp)
system. The servo filters get rather complicated, since the angles observed in the mirror
level are fed back to the upper stage and thus one needs to compensate the phase delay in
the mechanical response. In the high frequency region, the amplitude of the mechanical
response drops by ~ f~* and the phase delays by 360 deg. The servo filter gain is raised
around the unity gain frequency (~ 1 Hz) by ~ f? to compensate this mechanical response.
The sharp notch at 4.9 Hz in the pitch servo filter is introduced to avoid the instability
due to the mechanical resonance corresponding to the pitch mode of the recoil mass. The
sharrow notch at 10 Hz is introduced to mitigate the sensor noise coupling around this
frequency.

Alignment control noise

In order to allow the gravitational-wave detection in the low frequency region down
to 10 Hz, it is required to suppress the bandwith of the alignment control lower than ~1
Hz so that the sensing noise from WFS does not contaminate the detector sensitivity [31].
The WFS would have the sensing noise level of 107'2-10~** rad/v/Hz which is limited by
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the shot noise of the photo-detectors. The sensing noise couples to the mirror angular
motion through the alignment control, and the angular motion induces the longitudinal
displacement of the interferometer due to the mis-centering of the beam spot as discussed
in subsection 2.2.3. The more details on the alignment seising and control of the KAGRA
interferometer are found in reference [31]. From these considerations, the bandwith of the
alignment control is set 0.9 Hz for the pitch control and 1.3 Hz for the yaw control.

Figure 5.18 shows the estimation of the alignment control noise coupling to the inter-
ferometer signal. The simulation assumes sensing noise of 1072 rad/ VHz as a typical shot
noise level of the WFS. It also assumes the miscentering of the interfermeter beam spot
by 1 mm. The calculated control noise coupling is lower than the required vibration level
in the detection band.
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Figure 5.18: Alignment control noise coupling estimation, assuming the sensing noise of
the WFS as 107'2 rad/v/Hz.

Mirror rotation and control performance

The rotational motion of a suspended mass is coupled to the translation motion by
the mismatch of the suspension point and the center of mass. The longitudinal and pitch
motion is inevitably coupled in the suspension system, since the clamp point and center of
mass have to be vertically separated so that the suspended mass is stably balanced. On the
other hand, the yaw motion is coupled to the translation motion through the asymmetry
of the system such as variation in the IP stiffness (see section 3.2) and misbalance in
the suspended mass. Figure 5.19 shows illustrations of the translation-rotation couplings
induced in the suspension system. As the amount of the yaw rotation depends on the level
of the asymmmetry, the precise rotation spectrum is not easily predicted. In the following
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simulation, 1 mm horizontal separation between the suspension point and the center of
mass is assumed in each suspension, and about 30% variation of the effective stiffness of
IP is assumed for estimating the yaw motion spectrum.

(a) (b)
) (0] J)
s }
®

Figure 5.19: Illustrations about (a) the translation-pitch coupling and (b) the translation-
yaw coupling induced in the suspension system.

Figure 5.20 shows the predicted angular noise spectrum in the type-B SAS with and
without active controls. The active controls also include the IP control, which suppress
the microsesmic vibration at 0.2-0.5 Hz and contributes on the reduction of the mirror
RMS angles. Without the active controls, the RMS mirror angle reaches 0.6 urad for the
pitch rotation and 1.5 prad for the yaw rotation. The active controls suppress the RMS
angles by about one order of magnitude and below the required level of the type-B system
(1 prad).
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Figure 5.20: Predicted angular noise spectrum of the suspended mirror in the type-B SAS,
with and without active controls.



Performance test of SAS components
Chapter 6

This chapter describes experimental tests on the individual SAS components which
are going to be implemented in the type-B SAS prototype described in chapter 7. The
type-B SAS is divided into three parts and respective parts are tested separatly; the IP
pre-isolation stage, the standard GAS filter and the payload.

6.1 IP pre-isolation stage

The performnace and controllability of the IP pre-isolation system are investigated
in a simplified configuration as illustrated in figure 6.1. This section describes the basic
mechanical properties of the IP, characterization of the sensors and actuators, vibration
isolation performance of the pre-isolation system, and demonstration of the active controls
with a simplified servo filter.

6.1.1 Experimental setup

Figure 6.1 shows the experimental setup of the test of the IP pre-isolation system. The
pre-isolation system is supported from the ground by a rigid metal frame and hydraulic
pistons which are driven by an oil pump and used to level the pre-isolation system. The
top stage containing the top GAS filter is supported by the IP, and a dummy payload is
suspended from it by a suspension wire made of maraging steel. The top stage motion is
sensed by three sets of LVDTs and L-4C geophones. The sensing signals are introduced
to the digital system and the processed signals are sent back to the coil-magnet actuators.
The details on the digital system are described in section 7.4.

The disposition of the sensors and actuators is illustrated in figure 6.2. The LVDTs and
geophones are arranged in a pinwheel configuration with angular separation of 120° to sense
the top stage motion in three DoFs. The coil-magnet actuators are placed coaxially with
the LVDTs. The static positioning of the IP is achieved by the three sets of motorized
springs driven by stepper motors. Additional geophone in the longitudinal direction is
introduced to monitor the top stage motion as an out-of-loop observer,

107
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Figure 6.1: Experimental setup of the pre-irolator test.
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Figure 6.2: Disposition of the sensors and actuators on the top stage.
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6.1.2 Tuning of IP

The resonant frequencies of the IP are tuned by adjusted the total weight of the top
stage and the suspended payload. The thickness of the IP flexures (10.50 mm in diameters)
is chosen so that they support about ~ 1000 kg mass when the IP is critically loaded.
Figure 6.3 shows the resonant frequency transition about the translation mode versus the
load on the IP. The meausrement result is fitted by equation (3.2) with L = 0.48 m. The
critical load of this IP is estimated as M, = 1096 £ 5 kg from the fitting result.
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Figure 6.3: The resonant frequency of the IP translation mode versus load on the IP.

6.1.3 Senors and actuators

LVDT

The LVDT is a relative position sensor utilizing coil inductance and modulating mag-
netic fileds. Figure 6.4 shows the working principle of the LVDT. A sinusoidal excitation
signal of ~10 kHz is sent to the central emitter coil which produces oscillating magnetic
field around. The two receiver coils coaxially mounted to the emitter coil sense the mag-
netic field and provide oscillating voltages. Since the two receiver coils are identical and
counter-wounded, the induced voltage is cancelled when the emitter coil positions at the
center of the two coils. When the emitter coil is displaced from the center, the mutual
inductance is changed and that makes a difference in the induced voltages. The induced
differential voltage is then introduced to a mixer which demodulates the oscillation signals
and produce DC signals proportional to the oscillation amplitude.

In the pre-isolator, the LVDT is arranged coaxially with the coil-magnet actuator as
illustrated in figure 6.5. The emittor coil is fixed to the top stage and the receiver coils
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Figure 6.4: Working principle of the LVDT.

are fixed to the outer frame rigidly connected to the ground. The driving circiut of the
LVDT used in the experiment is the one developed for advanced Virgo, and the details are
described in [90].
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Figure 6.5: A unit of LVDT and coil-magnet actuator mouted on the pre-isolator.

Figure 6.6 shows the calibration result and the readout noise of an LVDT. The LVDT
shows a linear response in the range of 5 mm from the central position with the sensitivity
of ~ 2 V/mm. The readout noise of the LVDT is currently limited by the noise in
the data acquisition system of the digital system (quantization error in the Analog-to-
Digital Converter). The measured noise level at 10 Hz is 4 uV/ v/Hz, which corresponds
to 2 nm/v/Hz in the displacement noise level.

Geophone

The geophone is a transducer which converts the velocity to vlotage signals using
electromagnetic induction. The geophone has an mechanical oscillator with a coil inside,
and the relative movement between the coil and the permanent magnets attached to the
outer frame induces electromotive force in proportion to the relative velocity. In the
frequency region higher than the resonant frequency of the oscillator, the induced voltage
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Figure 6.6: (left) The calibration result and (right) the measured noise level of an LVDT
for the IP control.

is porportional to the ground velocity. The geophone itself is a passive device and does
not need any controls for the internal oscillator. The frequency response of the geophone
to the ground velocity is expressed as

G.w?
— - ,
wi + 2inwow — w?

Hgeo(w) (6.1)
where G, is the generator constant which denotes the sensitivity in the high frequency
region. wy is the resonant frequency of the internal oscillator and 7 is its damping ratio.

The typical parameter of the 1.-4C geophone and the frequency response are shown in
table 6.1 and figure 6.7.

Generator constant (sensitivity) 276 V/(m/sec)
Mass of the oscillator 0.970 kg
Resonant frequency of the oscillator 1.0 Hz
Intrinsic damping ratio 0.28

Coil resistance 5500 €2

Table 6.1: Typical parameters of the L-4C geophone.

The induced voltage is amplified by an amplification circuit before introduced to the
control system, and it mostly determines the sensing noise of the ground velocity. The
pre-amplifer used in KAGRA-SAS is the one designed in NIKHEF for the advanced Virgo
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Figure 6.7: Typical frequency response of the L-4C geophone to the ground velocity.

detector 6.8. Figure 6.8 shows the photo of the preamp and the conceptual circuit diagram
of the primary amplification stage. The signals from the geophone is amplified by a factor
of 376 in the primary stage and then converted to the differential signals with a gain of 5
in the second amplification stage. The operational amplifier CS3002 is chose since it has
low voltage noise in the low frequency region (< 0.1 Hz).

2.7n
|1
1T
267 100K
| to second amp.
geophone coil
© 2 83002

100K

geophone coil

Figure 6.8: (Left) A picture of the geophone preamp. (Right) The conceptual circuit
diagram of the primary amplification stage.

The detection noise is determined by the voltage and current noise of the primary-
stage operational amplifier (CS3002), and the thermal noise of the resistance. The power
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spectrum of the pre-amplifier in the input voltage noise P,,(f) is calculated as follows:

Pun(f) = Vin <1 + f?) + Ion (1 - f?) R? + 47kpRT. (6.2)

The first and second terms are the contribution from the voltage and current noise of
the operational amplifier respectively, and the third term is the thermal noise from the
resistance (Johnson noise). Here R is the input resistance of the circuit, kp is the Boltz-
mann constant and 7T is the temparature. The noise spectrum of the operational amplifier
typically increases by 1/f in a low frequency region and fe.,, f. represent the corner
frequencies.

Figure 6.9 shows the noise budget and the measured input voltage noise of the preamp.
The measurement is done with closing the pre-amplifier inputs by a resistor of 5500 (2,
which is the resistance of the coil in the 1-4C geophone. The curve (1) shows the mea-
surement result in the condition that the preamp is exposed to the air and (2) is the result
with the preamp packed in a heat insulation box. It is expected that the temperature flu-
cutation of the preamp due to the thermal ejection from the circuit introduces excess noise
below 0.1 Hz due to thermocouple effect or flctuation of the resistance values. When the
preamp is well thermally insulated, the measurement noise fits well with the prediction.

10°® - B . L% A PO S P L LR R S PO Y S
R R i R N R measurement (1) —
measurement (2) ——
Johnson noise
voltage noise
current noise

ADC noise

total noise estimate

—
<
~

A RTIE

Input Noise [V/Hz!/?]

10-9 Il \\\\H‘ Il \\\\H‘ Il \\\\H‘ Il I I |
1072 101 100 10! 102
Frequency [Hz]

Figure 6.9: The input voltage noise of the geophone preamp. The red and blue lines show
the measurement data, while the others show the expected noise spectra.
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Coil-magnet actuators

The coil-magnet actuators for the IP control illustrated in figure 6.5 is designed to have
constant actuation efficiencly over the top stage displacement [74]. The efficiency of each
actuator is about 9 N/A. The actuators are driven by homemade coil-driver circuits de-
veloped for TAMA-SAS, whose conceptual diagram is shown in figure 6.10. Each actuator
provides the maximum force of ~ 1.4 N, which can move the top stage statically by £7
mm when the resonant frequency of the IP is tuned at 0.1 Hz.

+24V

1] LM3886

10/2W  Output P
11 *J

T | L
Output N

-24V 0.7u

910[] Yy — — 0.1/2W
\ 100 910

[12
A\ +L°

Figure 6.10: Circuit diagram of the coil driver.

6.1.4 Control diagram

The control diagram of the IP pre-isolation stage is shown in figure 6.11. The signals
from the LVDTs and geophones are converted to the displacement signals by mulitplying
calibration factors or the frequency response. The signals are then converted to the top
stage displacements in the Cartesian coordinate (z, y, 6) by the 3 x 3 sensor matrix. The
signals from two kinds of sensors are blended and sent to the servo filters. The actuation
signals in the Cartesian coordinate are converted to the individual actuator signals by the
3 x 3 coil matrix, and then sent to the coil-magnet actuators.

6.1.5 Top stage displacement spectrum

The individual sensor signals (57, Sa, S3) are converted to the displacement vectors in
the Cartesian coordinate system (z,y, §) with the sensor matrix as:
x 1/3 /3  —-2/3 Si
y | =113 —1/v/3 0 Sy | . (6.3)
6 1/3 1/3 1/3 S3

S
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Figure 6.11: Control diagram of the IP.

Here r denotes the distance of the sensor position from the stage center. The distance is
r = 0.7 m for the LVDTs and r = 0.5 m for the geophones.

Figure 6.12 shows the top stage vibration spectra in the stationary state measured by
LVDTs when the IP is tuned at 0.12 Hz. The upper graph shows the displacement spectra
in the sensor basis and the lower graph shows the spectra in the Cartesian coordinate. The
resonant peaks are separated in the Cartesian coorsinate and thus one can extrapolate the
eigen-modes corresponding to the resonant peaks. At the bottom right of figure 6.12, the
eigen-modes predicted from the rigid-body model are illustrated. The sharp resonance at
0.37 Hz corresponds to the pendulum modes of the payload, and that mainly contributes
to the RMS displacement of the top stage.

6.1.6 Actuator diagonalization

In order to control the top stage motion in the Cartesian coordinate basis (x,y,0),
it is required to know the distribution on individual actuators for moving the top stage
in respective directions. The process of determining the distribution is often called the
actuator diagonalization. The desired displacement induced by the virtucal actuators in
respective DoF's (ug, uy, ug) are converted to the real actuators signals (A, Ay, A3) by the
diagonalization matrix (coil matrix) D as

Ay Dl,x D1,y D1,9 Uy
A2 = D2,:p D27y DQ’Q Uy . (64)
As D3,x D3,y D3,9 Up

D

When A;-Aj represents the voltages sent to the actuator, the matrix elements have units
of [V/m]. The matrix D is determined by the following procedure:
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. The diagonalization matrix D is given arbitrary. One can for instance plug in the

3 x 3 identity matrix for D as a first guess.

. Each virtual actuator is driven by a sinusoidal wave with a frequency fp well below

the resonant frequencies of the suspension system (fp = 10 mHz is adopted in this
experiment), and the induced displacements (z,y, ) are measured. The magnitude
of the transmission between the measured displacements and the excitation signals
is calculated and populates the following transfer coefficient matrix E:

/i, /a4, /i
E=| j/i, i/, &/ . (6.5)
0/i. 0/F, 0/iy | ,_,

The diagonalization matrix is updated by multiplying with the inverse of E as
Dnew = EilDold-

Steps 2 and 3 are repeated until the couplings between the different DoF's are well
suppressed. When the system is perfectly diagonalized, E becomes the identity
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Figure 6.12: The top stage vibration measured by LVDTs and identification of the me-
chanical resonances.
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matrix and the excitation signal @, coincides with the induced displacement z. In
the prototype test, the diagonalization process is repeated until the non-diagonal
elements of the matrix E are suppressed below 1072

Figure 6.13 shows the measured transfer functions from the diagonlaized virtual actu-
ators to the top stage displacements, injecting white noise to the virtual actuators. The
couplings at low frequencies is suppressed lower than 1%, while the couplings get larger
around and above the resonant frequencies. Since the effective stiffness of the three IP
flexures has asymmetry, the actuators diagonalized at a low frequency does not provide
pure translation forces in x,y directions or torque around the vertical axis.
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Figure 6.13: Measured transfer functions from the diagonalized virtual actuators to the
top stage displacements.

6.1.7 Isolation performance of IP

The passive vibration isolation performance of the IP stage is measured by comparing
the top stage vibration with the IP base vibration taken by L-4C geophones. Figure
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6.14 shows the measurement results. The measured transfer function fits well with the
predicted curve below 5 Hz and the isolation ratio reaches ~ 1073 around 5 Hz. However,
the measured transfer function deviates from the prediction and the vibration isolation
ratio is degraded in the high frequency region. A possible reason is that the vibration at
high frequencies is dominated by the coupling from the tilt of the IP base and the top
stage.
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Figure 6.14: The isolation performance measurement of the IP pre-isolation stage. (Left)
Measured vibration spectra of the top stage and the IP base, and the coherence between
the signals. (Right) The measured vibration transfer function and the prediction by the
rigid-body model.

6.1.8 Damping control demonstration

As a light demonstration of the IP control, simple damping filters are introduced to the
servo loops for respective DoFs. Figure 6.15 shows the design of the servo filter used for
the simple control test. It has a frequency response proportional to f at low frequencies,
aiming for damping the mechanical resonances in the 0.1-1 Hz band, and the gain is cut
off above 10 Hz to avoid noise injection at high frequencies.

Figure 6.16 shows the displacement noise spectra of the top stage in a stationary state,
with and without the damping control. The control signals are taken only from LVDTs and
the sensor blending filters are switched off in this measurement. Mechanical resonances
at 0.1-1 Hz are nicely suppressed and some of them are critically damped by the active
controls.
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Figure 6.15: The servo filter designed for the simple damping test.
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Figure 6.16: The top stage displaeccment measured by LVDTs, with and without the
damping control using LVDT signals.
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Figure 6.17 shows the longitudinal displacement spectra of the top stage measured
by the out-of-loop geophone sensor. In this measurement, two kinds of control loops are
tested; one utilizing LVDTs and the other utilizing geophones as feedback sensors. When
the LVDTs are used for the feedback controls, re-injection of the seismic vibration occurs
and thus the attenuation performance above 0.1 Hz is degraded. Such degradation of the
attenuation performnace does not occur when the geophones are used as feedback sensors.
Owing to the suppression of the resonant peaks at 0.10 and 0.34 Hz, the RMS displacement
of the top stage (integrated down to 0.1 Hz) is suppressed by a factor of ~ 3 with the
LVDT controls and ~ 10 with the geophone controls.

103
102
107
100
10"

102 | | — spectrum (undamped)
— spectrum (damped-LVDT)
10-3| | — spectrum (damped-GEO)

Spectrum [um/Hz'/2]
RMS [um]

== RMS (undamped)
104 RMS (damped-LVDT)
RMS (damped-GEOQO)
10°
102 10" 100 101

Frequency [Hz]

Figure 6.17: The top stage longitudinal displacement measured by the observer geophone,
with and without the damping control.

6.2 Standard GAS filter

The experiment described in this section checks out the mechanical properties of the
standard GAS filter and its vibration isolation performance. The capability of torsion
mode damping of the GAS filter chain is also investigated.
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6.2.1 GAS filter setup and basic characteristics

Figure 6.18 shows a picture of the prototype standard GAS filter invetigated in the
following tests. The prototype filter equips with six standard GAS blades made of maraging
steel (see figure 4.9). The blades are connected to the central keystone, and a dummy
payload is suspended from it with a maraging steel wire. The weight of the payload is
tuned so that the keystone stays in the operation point. The optimal load for the prototype
GAS filter is measured as 232 kg, and thus the nominal load for one GAS blade is 38.7 kg,
which is ~2% lighter than the expected value from an FEM.

’

/JJ’g for blade_

..compression ¥,

e ————

Figure 6.18: A picture of the prototype GAS filter.

The horizontal comprresion of the blades is adjusted by using a jig which pushes the
blade base in the radial direction with two screws. The blades are compressed symmatri-
cally so that the keystone is not horizontally displaced or tilted. As the blade is radially
compressed, the resonant frequency of the GAS filter is lowered by the anti-spring effect.
Figure 6.19 shows the measured resonant frequency versus the average radial compression
distance of the blades. The resonant frequency would be nulled when the compression
reaches 17 mm, but in practice the frequency cannot be decreased lower than ~0.15 Hz as
the GAS filter shows hystheretic behavior and instability.

Figure 6.20 shows the temperature dependence of the vertical working point of the
GAS filter, taken by monitoring the keystone position and temperature in a long term.
The resonant frequency of the GAS filter is tuned at 0.33 Hz in this measurement. The
vertical displacement of the keystone is measured by the implemented LVDT. The mea-
sured temperature dependence is 0.70 mm /K, which is consisitent with the expected value
from equation (3.14).
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Figure 6.19: Transition of the resonant frequency with changing the radial compression
the GAS blades.
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Figure 6.20: The thermal drift measurement of the GAS filter.
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6.2.2 Vibration isolation performance measurement

In order to investigate the vibration isolation performance the prototype GAS filter, a
measurement setup illustrated in figure 6.21 is constructed. The base plate of the GAS
filter is suspended from a rigid metal frame by four coil springs and its vertical motion
is driven by a voice-coil actuator with a sinusoidal excitation signal. Vibration at the
filter and the suspended payload is measured by piezoelectric accelerometers SA-710 from
TEAC. These accelerometers contains FET pre-amplifiers inside, and the power supply to
the preamp and signal readout are taken by a TEAC SA-610 amplifier box. In order to
avoid couplings from tilt modes, the accelerometers are attached in the same axis as that of
the suspension wire. The attenuation performance of the GAS filter is obtained by taking
the ratio of the two acceleration signals. The frequency of the excitation signal is swept
so that the frequency response of the attenuation ratio is obtained. The measurement is
taken by an HP35670A spectrum analyzer.

voice-coil actuator
accelerometer @C
ﬁ helical
1 coil spring
GAS
filter

dummy
payload

accelerometer
L1
77777777777 777777

Figure 6.21: Experimental setup of the attenuation ratio measurement of the prototype
GAS filter.

Figure 6.22 shows the measured transfer function of the prototype GAS filter, when
the resonant frequency is tuned at 0.58 Hz. The measurement data fit well with the
prediction curve below 30 Hz, and the attenuation ratio reaches ~ 1073, The performance
is degradated in a high frequency region due to the internal resonances of the GAS filters
and measurement systems. The large resonant peak observed at 70 Hz corresponds to the
drum mode of the base plate, which affects the measurement since the accelerometer is
attached to the center of the base plate while the GAS blades are clamped to the base
plate at the circumference. Note that this drum mode would not affect the attenuation
performance in actual suspension systems, since the vibration from the upper stage is
transmitted to the circumference of the base plate through the outer shielding (the cap of
the GAS filter, see figure 4.8).
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Figure 6.22: Measured transfer function of the prototype GAS filter.

6.2.3 Magic wand and attenuation ratio improvement

In order to improve the attenuation performance of the GAS filter, the compensation
wand with counter-weights (so-called the magic wand) is introduced. Figure 6.23 shows
a picture of the magic wand introduecd to the prototype system. A rigid cylindrical bar
made of silicon carbide is hinged to the centeral keystone, and a counter-weight M., is
attached to the other end of the cylindrical bar. The bar is hinged to the based plate in
the middle point which divides the segment between the keystone and the counter-weight
by L : I. When the mass of the bar my, is neglected, the transfer fucntion of the GAS filter
with the magic wand is calculated as [62]

B wo2 (1 +i¢) — Buw?

Hoas(w) = = w2 T i0) = (6.6)
b= % mb—Mcwl(LL—jl) (6.7)

Here M is the payload mass supported by the GAS filter, wy is the resonant frequency,
my is the effective mass of the GAS blades affecting the attenuation performance. The
parameters used in the prototype test is summarized in table 6.2. The effective mass of the
blade is estimated from the saturation level without the magic wand (8 = m,/M ~ 1073).

Figure 6.24 shows the measured transfer function amplitudes with the magic wand. In
this measurement, the top accelerometer is moved to the circumfence of the base plate, to
avoid the drum mode coupling at 70 Hz. The attenuation ratio in the 20-100 Hz region is
improved by ~ 10 dB by introducing the magic wand and could be further improved by
adding more counter-weight. The attenuation parformance in the high frequency region
(>100 Hz) is not improved, since the transfer function is dominated by internal resonance
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Figure 6.23: Magic wand introduced to the prototype GAS filter.

M | Payload mass 232 kg
my | Effective mass of blade 0.23 kg
m, | Magic wand mass 0.053 kg
Mew | Counter-weight mass 0.3 —-0.5 kg
L Length between keystone and pivot | 280 mm
l Length between pivot and CW 50-65 mm

Table 6.2: The parameters about the magic wand
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couplings in this region. Note that the notch and peak appearing at 100 Hz are caused by
the internal resonances of the helical coil springs, and would not appear in actual system.
The resoances at higher frequencies would be related to the mechanical resonances of the
suspension system, such as violin modes and bounce modes of the suspension wire.
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Figure 6.24: Measured transfer function of the GAS filter with magic wands.

6.2.4 Torsion mode damping

The magnetic damper introduces braking torques on the standard GAS filter for damp-
ing the torsion modes of the attenuation chain. The efficiency of the torsion mode damper
is experimentally checked using the prototype GAS filter suspended by a single wire as
illustrated in figure 6.25. The GAS filter is suspended from the top plate by a single wire
made of maraging steel. The diameter and length of the wire are 4.5 mm and 0.7 m,
respectively. The prototype GAS filter mounts a copper ring with 8 mm thickness on top
of it. The magnetic damper is suspended from the top plate by three maraging-steel wires
and placed just above the copper ring. The damper consists of an iron ring with 15 mm
thickness and a number of 1-cm cubic neodymium magnets attached on the bottom of it.
The yaw motion of the GAS filter is sensed by a handmade photo-reflective sensor, whose
working principle is illustrated in figure 7.13. The sensor signals are sent to the SR560
pre-amplifier to remove the unnecessary high frequency components and then introduced
to the DL850 logger to acquire the data with a sampling rate of 10 Hz.

Figure 6.26 shows a typical decay signal of the torsion mode. The resonant frequency
of the mode is about 0.14 Hz. The signal is fit by a exponential decay sine wave and the
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Figure 6.25: (a) Experimental setup of the torsion mode damping test. (b) A picture of
the magnetic damper with 72 neodymium magnets attached.

1/e decay time constant (7 [sec]) is extracted. The damping coefficient of the magnetic
damper 7 [kgm?/sec] can be calculated from the decay time constant as

21,

= (6.8)

where I, is the moment of inertia of the GAS filter and is estimated from the 3D CAD
drawing as 6.7 kg m?. Note that the decay time of the torsion mode without the magnetic
damper is 7 = 9.1 x 10? sec.
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Figure 6.26: A typical decay signal of the torsion mode.

Figure 6.27 shows the measured damping coefficients with different number of magnets
and distance between the magnets and the copper ring. The damping strength depends on
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the relative ditance, because the magnetic field on the copper ring increases as it approaces
to the magnets. The torsion mode is damped in a few cycle when the damping coefficient
reaches ~ 2 kgm?/sec. For the efficient damping of the torsion modes of the GAS filter
chain, the damping coefficient of 2-4 kgm? /sec is required. This can be achived by placing
72 magnets on the damper and setting the distance between the magnet and copper plate
~ 5 mm.
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Figure 6.27: Measured damping coefficients of the magnetic damper about yaw motions.

6.3 Payload prototype

This section describes the mechanics and electronics of the payload prototype, and
some preliminary tests for verifying the soundness of the mechanical responses and control
systems.

6.3.1 Mechanical overview

Figure 6.28 shows a picture and 2D drawing of the payload prototype constructed for
the performance test. It consists of the dummy mirror made of aluminum instead of silica,
the recoil mass (RM), the intermediate mass (IM), the intermediate recoil mass (IRM)
and the bottom GAS filter. The mass of the dummy mirror is adjusted to that of the
actual mirror (10.7 kg), with having a number of bore holes for compensating the density
difference of glass and aluminum.

The dummy mirror, which is conventionally called the test mass (TM) in this section,
and RM are suspended by two loops of metal wires respectively. The wires for TM are 0.2
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Figure 6.28: (a) The picture and (b) 2D rawing of the payload prototype.

mm in thickness and made of high-carbon steel (piano-wire). The wires for RM are 0.6
mm in thickness and made of tungsten. The length of the wires is about 580 mm. The
two loops of wires are separated by a distance of 10 mm in the TM suspension and 20
mm in the RM suspension, which determine the pitch stiffness of the TM and RM. The
suspension wires are clamped onto the IM body at the same hight of the nominal center
of mass of IM.

Figure 6.29 shows a cutview drawing of the IM. The IM is suspended from the bottom
filter with a single maraging steel wire to allow softness in controlling the three rotational
DoF's. The suspension wire is hooked into a piece whose lower setion is screwed into the IM
floor. This device provides the means to adjust the hight of the suspension point and thus
to change the stiffness in the pitch and roll motions. The hight of the suspension is adjusted
so that the resonant frequency of the IM pitch mode becomes 0.3-0.4 Hz. The IM houses
mechanisms for remotely tuning the IM tilt in pitch and roll. The mechanism is composed
of a stainless steel body of ~ 1 kg mass that moves back and forth under the action of a
picomotor and a spring compressing the body against the picomotor. The mechanism for
tuning the roll angle is illustrated in figure 6.29. The tuning masses attached on the top
of the IM are used for adjusting the total weight of IM, RM and TM to the optimal load
of the GAS filter (~ 50 kg). The IRM is suspended from the base plate of the bottom
GAS filter by three maraging steel wires.

6.3.2 OSEM

In order to monitor the movement of the suspended bodies and damp the mechanical
resonances, the Optical Sensor and Electro-Magnetic actuators (OSEMs) are implemented.
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Figure 6.29: A cutview drawing of IM.

The payload contains ten OSEMs in total; six mouted on the IRM and four on the RM.
They are used for controlling the rigid-body motions in three DoFs (longitudinal, pitch
and yaw) at the TM level and six DoF's (longitudinal, transversal, vertical, pitch, roll and
yaw) at the IM level. Disposition of the OSEMs at the IM and TM levels is illustrated in
figure 6.30.

TM-OSEM IM-OSEM Longitudinal
H1 <—<1;

Vertical
H1 m Transversal

Vertical
Longitudinal B ®V1
H4 H2 H3
Transversal
® O |
V3 V2 H2
H3
(Back view) (Top view)

Figure 6.30: Disposition of the OSEMs at the IM and TM levels.

Figure 6.31 shows drawings of the OSEM. The OSEM is a unit of a shadow sensor and
a coil-magnet actuator. The sesing part consists of an LED (Optek OP232), a photodiode
(Hamamatsu S1223-01), a collimation lens, and an aluminum flag which shadows the
light emitted from the LED. The optics are fixed to the OSEM body which is attached
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to RM/IRM, while the flag is attached to TM/IM. The movement of the flag along the
longitudinal axis changes the amount of light reaching the photodiode and thus one can
detect the relative displacement between the OSEM body and the flag. The flag also
contains a permanent magnet inside and the motion can be actuated by an actuator
coil wounded on the OSEM body. The OSEMs for the TM and IM use different size of
neodymium magnets: ¢6 x t3 mm for TM and ¢10 x t10 mm for IM, since the actuators
on the IM require stronger control forces.

(@ (b)

actuator coil

Attached to
test body

Attached to
recoil body

Figure 6.31: (a) An isometric and (b) cutview drawings of the TM-OSEM.

Figure 6.32 shows the calibration results of several OSEM shadow sensors. The shadow
sensor provide linear response and maximum sensitivity around the point where the flag
blocks half of the LED light. The obtained sensitivity around the point is 7-8 V/mm in
the linear range of 0.5 mm. Figure 6.33 shows the noise spectra of the sensors taken by
the digital system. The achieved noise level is 2 nV/v/Hz at 1 Hz and 0.8 nV/v/Hz at 10
Hz. The high frequency noise is limited by the quantization errors in ADCs, while the low
frequency noise is limited by the electronical noise in the readout circuits.

The actuation efficieincy of the coil-magnet actuator changes as the permanent magnet
is displaced with respect to the coil. Figure 6.34 shows measured actuation efficiency of
the coil-magnet actuator in an IM-OSEM, with different axial position of the permanent
magnet. The actuator provides the maximum efficiency at the point 6.2 mm from the coil
center. The OSEM flag is designed so that the nominal position of the flag providing the
maximum sensitivity of the shadow sensor coincides with the position giving the maximum
actuation efficiency.

6.3.3 Control diagram

The control diagram of the payload prototype is shown in figure 6.35, which is similar
to the control diagram of the IP. The main difference from the IP control is that there is
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Figure 6.32: Calibration results of the OSEM shadow sensors.
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Figure 6.33: Measured noise level of the OSEM shadow sensors.
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Figure 6.34: Efficiency of the coil-magnet actuator for an IM-OSEM, as a function of the
magnet position.

no sensor blending in the payload control. The signals from ten OSEM shadow sensors
are calibrated to displacement signals and then converted to the virtual sensor signals in 6
DoF's of IM and 3 Dofs of TM with 6 x 6 and 4 x 3 sensing matrices. The virtual actuator
signals in respective DoF's are distributed to the real actuators with the coil matrices and
excite the motions.

The sensing matrices converting the real sensor signals to the virtucal sensor signals are
expressed in equations (6.9) and (6.10). Names of the coordinate variables (L, T, V, R, P,Y")
are taken from the first letters of the terminology: longitudinal, transverasl, vertical,
roll, pitch and yaw. The elements of the coil matrices are determined by the actuator
diagonalization as described in subsection 6.1.6. The actuators are diagonalized at 100
mHz for the TM level and 30 mHz for the IM level.

Lty 025 025 025 0.25 gTMOSEMle
Pry | =] 05 0 —-05 0 STM—OSEM,HQ ’ (6.9)
Yrm 0 0.5 0 —0.5 TM—OSEM,H3

h STM—OSEM, H4

g

STM
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Figure 6.35: Control diagram of the payload prototype.
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6.3.4 Actuator response check

In order to confirm that the payload behaves properly without any mechanical contact
or friction, the mechanical responses to the actuators are investigated. Figures 6.36 and
6.37 show the measured diagonal transfer functions from the virtual actuators to the
virtual sensors, and comparison with the predictions from rigid-body model simulations.
The measurement fit very well with the prediction. The deviation at high frequencies is
caused by the electro-magnetic couplings between the sensors and actuators.

6.3.5 Damping test

The mechanical resonances appearing in the transfer functions are suppressed by closing
9 damping control loops for respective DoF's of the TM and IM motions. Figure 6.38 shows
the implemented servo filter. As a preliminary test, the identicaly servo filters are used for
all the control loops. Figure 6.38 shows the vibration spectra measured by OSEMs about
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Figure 6.36: Comparison of diagonal transfer functions measured by TM-OSEMs (shown
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Figure 6.37: Comparison of diagonal transfer functions measured by IM-OSEMs (shown in
colored lines) and prediction from the rigid-body model simulation (shown in black lines).
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the IM logitudinal and IM pitch motions. The resonant peaks in the 0.1-1 Hz region are
successfully suppressed and that results in the reduction of the RMS displacement /angles
by roughly one order of magnitudes. Note that the vibration in the 0.1-1 Hz regions are
further suppressed by the IP preisolation stage in the full suspension system.
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Figure 6.38: The designed servo filter for the payload control
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Figure 6.39: Measured vibration spectra with IM OSEM shadow sensors about longitudinal
and pitch DoF's, with and without damping controls.






Type-B SAS prototype
Chapter 7

A prototype of the type-B SAS for KAGRA is assembled and tested in the facility of
TAMAS300, located in Mitaka Campus of National Astronomical Observatory of Japan.
The prototype is made for the purpose of checking the assemblability, vibration isolation
performance and controllabilty with digital system, and providing feedback on the actual
design of vibration isolation systems for KAGRA.

In this chapter, the experimental setups of the type-B SAS prototype are explained in
detail. Section 7.1 describes an overview of the experimental setups and associated facili-
ties. Section 7.2 describes mechanics of the type-B SAS prototype. Section 7.3 describes
sensors and actuators for active controls and some auxiliary sensors as observatories. Sec-
tion 7.4 describes digital system and design of control servos.

Type-B SAS Prototype
inside the vacuum chamber

Analogue circuits &
Digital System Rack
Assembly Frame
Ethernet
connection

Cables for

Electronics Client

EE

Figure 7.1: A schematic view of the experimental setup for the type-B SAS prototype test.
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Figure 7.2: (Left) The type-B SAS prototype on an assembly frame waiting for installation
into the vacuum chamber on the left. (Right) A rack containing digital system and analogue
circuits for sensors and actuators. Electrical cables from the suspension system have not
been connected yet.

7.1 Overview

A schematic view and pictures of the experimental setup are shown in figures 7.1 and
7.2, respectively. The type-B SAS prototype constructed in TAMA300 is an integration
of the vibration isolation components described in chapter 6. It suspends a dummy mir-
ror made of aluminum instead of an actual mirror made of silica glass. The suspension
system contains sensors and actuators for active controls, and auxiliary sensors for the
performance check. The signals from the sensors and toward the actuators are integrated
into digital system placed next to the type-B SAS prototype. The digital system applies
active controls, actuates the suspension for the performance check and stores data of in-
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: Vacuum chamber

: Suspension system
: Security frame

: Hydraulic pistons

: Outer frame

Figure 7.3: A schematic view of the suspension system and surrouding mechanical struc-
tures. Respective mechanical components are marked with colored boxes.

put/output signals. The suspension system is assembled on an aluminum assembly frame
and then installed into the vacuum chamber. The chamber is evacuated using an oil-free
vacuum pump, for reduction of acoustic and air-current noise.

7.2 Mechanics

This section explains the mechanics of the suspension system and related structures.
The type-B SAS prototype and surrounding mechanical components are illustrated in
figure 7.3. The suspension system locates inside the vacuum chamber and holds the dummy
mirror at a height of 1.4 m from the ground. A metal frame structure, called the security
frame, is constructed around the suspnesion system in order to secure the suspension
components in case mechanical failue occurs in suspension wires.

The base of the suspension system, which locates in the middle of the vacuum chamber,
is supported by hydraulic pistons from outside the vacuum chamber. The hydraulic pistons
are used for adjustment of the tilt of the suspension system base structure. The hydraulic
pistons are supported from the ground by a steel frame called the outer frame, which
surrounds the vacuum chamber and stands on the ground by four legs.

7.2.1 Suspension system

A picture of the assembled type-B SAS prototype is shown in figure 7.4. The bottom
three stages of the suspension system, including the dummy mirror or the test mass (TM),
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Intermediatem Mass (IM)

Recoil Mass (RM)
Test Mass (TM)

Figure 7.4: A picture of the type-B SAS prototype withdrawn from the vacuum chamber
by a crane. The suspension components are fixed to the security frame during the crane
operation.

the recoil mass (RM), the intermediate mass (IM), the intermediate recoil mass (IR) and
the bottom filter (BF), are the same as the payload prototype described in section 6.3.
They are suspended from the standard filter (F1) and the from the top filter (F0) by single-
wire suspensions. The magnetic damper (MD) is placed above F1 to damp the torsion
modes of the single-wire suspensions. F0 is supported from the base structure by inverted
pendulum (IP) as described in section 6.1.

Suspension wires connecting the suspension components above IM are made of marag-
ing steel. They have nail head structures and are hooked into the masses. The wires are
manufactured from rods and turned off into the structure with nail heads. The wires are
heat treated after machining to increase the tensile strength.

GAS filters

Three GAS filters implemented in the type-B SAS prototype (FO, F1 and BF) have
different numbers of cantilever blades with different dimensions. They are designed so that
their optimal loads fit with the weight of their payloads. Table 7.1 shows parameters of
the cantilever blades and measured properties of the GAS filters.

Resonant frequencies of GAS filters are tuned beforehand by changing the radial com-
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pression of cantilever blades. They are set between 0.3 and 0.5 Hz, so that the filters
provide enough isolation performance but do not suffer from hysteretic behavior. The

magic wands are not attached to them.

BF | SF TF
Thickness [mm] | 2.4 |24 5.0
Base width [mm] | 35.3 | 80.0 | 125
Length [mm] | 274 | 274 | 606
Number of blades 3 4 3
Optimal load [kg] | 50.1 | 165.2 | 276.2
Resonant frequency [Hz] | 0.44 | 0.38 | 0.33

Table 7.1: Parameters on the GAS filters used in the type-B SAS prototype. Upper four
raws describe the parameters on cantilever blades and lower two raws desribe measured
properties of asesmbled GAS filters.

Mass distribution

Since GAS filters only work when appropriate loads are applied, the mass of each
stage in the suspension system must be adjusted in ~0.1 kg precision. Fine tuning of
the weight distribution is achieved by attaching small metal discs (same as used in the
payload prototype illustrtated in figure 6.29) on the suspended components. The discs
are also used to balance the tilt of each stage with their horizontal positions. The mass
distribution of the type-B SAS prototype is shown in table 7.2.

\ | Mass [kg] || Sum [kg] | Note \

Table 7.2: Mass distribution of the type-B SAS prototype. Mass of each stage is tuned so

™™ | 11.1

RM | 12.5

IM |26.5 50.1 Load of BF
IR | 8.1

BF | 107.0 165.2 Load of F1
F1 111.0 276.2 Load of FO
MD | 17.8

FO | 545 839 Load of IP

that the loads on GAS filters and IP are optimized.
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Tuning of inverted pendulum

The diameters of the bottom flexure joints of IP are originally 10.50 mm and the
corresponding critical load is 1096 kg as described in section 6.1. Weight of F0 is 300 kg
without ballast masses, while the required weight of FO to operate IP with low resonant
frequencies is ~500 kg in addition. This is huge and there is no enough space on FO0 to
place such big amount of ballast masses. Thence the flexure joints of IP are trimmed
into the diameters of 9.70 mm by a turning machine, which reduces the critical load of IP
into ~845 kg. The weight of FO is adjusted ~545 kg so that resonant frequencies of the
translation modes becomes ~80-100 mHz.

Tuning of magnetic damper

Simulation shows that damping coeffecients between MD and F'1 about yaw motions
should be set ~2 [Nm/(rad/sec)] for efficient damping of torsion modes of single-wire sus-
pensions. From the results of damping strength measurement (subsection 6.2.4), number
of cubic magnets attached to MD is set 72 and the distance between MD and the copper
plate on F1 is set 5 mm.

7.2.2 Security frame

Figure 7.5 shows an illustration of the security frame designed for the type-B SAS
prototype. Below each stage of the suspension chain, there placed a metal disc to secure
the suspended masses in case they drop due to mechanical failure in suspension wires. The
discs holds range limiter which restricts the displacement of the suspended mass into few
millimeters during the operation. They also contain locking mechanism used when the
assembled system is transported.

Discs are connected to the IP base by metal pillars with enough thickness so that they
can hold the weight of suspension system in case of accidents. Basically the diameters
of the pillars are set 25 mm in design. However, in the prototype test, the diameters of
the pillars connecting upper two stages are reduced to 15 mm, because of limited space
in the vacuum envelope. The resonant frequency of the lowest-order mode is as low as
3 Hz according to an FEM simulation (see figure 7.5). The frequency increases to 7 Hz
when the pillars on the two stages are replaced to those in 25 mm diameter. Although the
flexibility of the security frame does not affect the vibration isolation performance of SAS
itself, its vibration may introduce scattered light noise in the interferometer and must be
treated carefully in the actual system.

7.2.3 Vacuum envelope

The vacuum envelope for the type-B SAS prototype consists of two vacuum chambers
and metal bellows connecting them. The bottom chamber, housing the payload part of the
suspension system (below F2), is a reuse of the vacuum chamber for the end test mass of
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Figure 7.5: An illustration of the security frame for the prototype system (left) and its
lowest-order resonant mode shape (right).

TAMAS300. It has several ducts with viewports, so the suspended mirror can be monitored
from outside the chamber. An optical lever to monitor the TM angle is also implemented
by using one of these ports.

The top chamber of mashroom shape is newly manufactured for the prototype test.
It has an inner diameter of 1500 mm and contains FO and the base ring structure of the
suspension system. It has several ducts with feedthroughs on side to derive the signals from
sensors and toward actuators outside the vacuum chamber. The top and bottom chambers
are connected by metal bellows with an inner diameter of 800 mm. The bellows contain
F1 and BF inside. The structure of the bellows is strengthen by four threaded tie-rods
to hold the weight of the top chamber. Length of the bellows is adjusted for positioning
the top chamber in an appropriate height with respect to the base of the suspension
system. On the bottom surface of the top chamber, there are three ports for mechanical
connection of the suspension system inside the vacuum with the hydraulic pistons outside
the vacuum. Figure 7.6 shows an extended view around the boundary between the base of
the suspension system and a hydraulic piston. The suspension system base is supported
by cone shape adapters placed just below IP legs, and each adapter sits on a hydraulic
piston. The adapters are welded to small metal bellows which separates the vacuum and
air parts.

The small bellows works as mechanical isolators separating the vibration of the sus-
pension system from that of the vacuum chamber. Since the vacuum chamber has huge
mass and its support is not robust, vibration of the chamber tends to be enhanced by me-
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Figure 7.6: An extended view of the boundary between the suspension system base and a
hydraulic piston.

chanical resonances at low frequencies (few Hz) and it tends to be an antenna of acoustic
noise. This may degradate performance of SAS and thus mechanical isolation between the
chamber and the suspension system is mandatory.

7.2.4 QOuter frame

The ground vibration is transmitted to the suspension system through the outer frame
surrounding the vacuum chamber. The rigidity of the outer frame is essential since its me-
chanical resonances can enhance the vibration of the suspension system base and degradate
the vibration isolation pefromance. In addition, flexibility of the outer frame causes back-
action in the actuators on FO, and thus can cause instability of active controls. It is
important to push the resonant frequencies as high as possible, at least higher than the
bandwith of the IP active controls (~ 1 Hz). According to an FEM simulation on the
currently designed outer frame, the resonant frequency of the lowest-order resonant mode
(the mode shape is illustrated in figure 7.7) is ~8 Hz, assuming 1400 kg load on top of the
frame.

Figure 7.8 shows measured vibration spectrum on top of the outer frame, compared
with that on the floor. Amplitude ratio of two spectra is also shown in the lower graph.
The measurement shows that, in high frequency region, the amplitude of the outer frame
vibration gets 1-2 orders of magnitude larger than that of the ground vibration, due
to mechanical resonances and pickup of acoustic noise. A large peak at 8.8 Hz would
correspond to the lowest-order resonant mode of the outer frame.
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Figure 7.7: An illustration of the lowest-order resonant mode of the outer frame predicted
from an FEM simulation. The simulation assumes ~ 1400 kg load on top of the frame.
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Figure 7.8: Comparison of horizontal vibration spectrua on the floor and on top of the
outer frame in velocities, measrured by a geophone L-4C. Amplitude ratio of two spectra
(Ztrame/ Tfioor) 18 shown in the lower graph.
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7.3 Sensors and actuators

A bunch of sensors and actuators are used in the prototype test for controlling and
characterizing the suspension system. Sensors and actuators are categorized into three
groups depending on purposes of their use.

For initialization.
The sensors and actuators in this group are used for DC positioning and alignment
of suspension components. They are used only in the initial setup or for the re-
covery after large disturbances like big earthquakes. They are not used during the
observation and are often switched off to avoid noise injection.

For active controls.
The sensors and actuators in this group are used for active vibration controls of
the suspension system. The noise level should be cared since they may introduce
vibration on the suspension components through the controls.

For characterization.
The auxiliary sensors and actuators in this group are and only used for the charac-
terization of the suspension system and surrounding environment. Some of them are
not implemented or are replaced with other ones in actual KAGRA detector.

Details about the sensors and actuator implemented in individual suspension com-
ponents are explained in chapter 6. This section describes sensors and actuators not
explained in the previous chapter, some devices for vacuum operation and controllability
as an integrated system.

7.3.1 Actuators for positioning and alignment

Actuators for initial positioing and alignment of the suspension components are summa-
rized in table 7.3. They are used for relative positioing and alignment between suspension
bodies, to avoid mechanical contact between them. They are used for DC positioning and
alignment of TM (with respect to the interferometer beam in the actual detector),

The three hydraulic pistons implemented below the suspension system base are used
for arranging equillibrium points of IP and the height of the whole suspension system.
The horizontal DC position of FO is adjusted by the motorized sliders (see figure 4.6)
and it also determines the horizontal DC position of TM. Adjustment of the vertical DC
position of TM is achieved by using a motorized spring called the fishing rod (see figure
4.8) implemented in F1. The fishing rod implemented in FO arranges the relative DC
position between MD and F1, which determines the damping strength between the two
bodies. Although the F2 fishing rod is not implemented in the prototype test due to lack
of attachment mechanisms, it should be used for tuning relative DC position of IM and IR
vertically. In the prototype test, this positioning is achieved by applying DC current to
the actuator coil on BF. Applying much DC current to actuator coils should be avoided in
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Position | Name Actuated DoF | Main purpose
Base Hydraulic pistons LF0, TFO, YFO | Make IP in operation state.
Rough vertical positioning of TM.

FO Motorized springs LFO, TFO, YFO | Horizontal positioning of TM.
Motorized springs VF1 Relative positioning of F1 and MD.
Rotation mechanism | YF1 Alignment of TM in yaw.

F1 Motorized springs VE2 Vertical positioning of TM.

F2 (Motorized springs) | (VIM) (Relative positioning of IM and IR.)
Moving masses PF2, RF2 Relative alignment of IM and IR.
Rotation mechanism || YIM Relatiev alignment of IM and IR.

IM Moving masses PIM, PTM Alignment of TM in pitch and roll.

Table 7.3: Actuators for initial positioning and alignment of the type-B SAS prototype.
The F2 motorized springs in the vertical direction is not implemented in the prototype
due to lack of attachment mechanism, but will be implemented in the actual system.

terms of noise injection and heating problems, so the F2 fishing rod will be implemented
in the actual detector.

The DC pitch and roll angles of TM are controlled by the moving masses with picomo-
tors on IM, as described in section 6.3. The moving masses are also implemented on BF,
while they are used for relative alignment and horizontal positioning between IM and IR.
The alignment of TM in the yaw angle is achieved by the rotation mechanism with a pi-
comotor implemented in the keystone of FO. The rotation mechanism is also implemented
in the keystone of BF and is used for taking relative alignment between IM and IR.

In the prototype system, no interferometer beam exists and therefore DC position and
alignment of TM is adjusted to a different standard. The motorized sliders on FO are
adjusted so that FO comes in the nominal center (where all the LVDT signals on F0O are
nulled). The fishing rod on F1 is adjusted so that the keystone comes in the nominal
working point (where the resonant frequency is minimized). The DC pitch and yaw angles

of TM are adjusted to the optical lever so that the beam spot comes in the center of the
QPD.

7.3.2 Sensors and actuators for active controls

Sensors and actuators for active controls are summarized in table 7.4. The LVDT,
geophone and coil-magnet actuators implemented on F0O in horizontal directions are used
for the IP control. On the keystones of GAS filters, LVDTs and coil-magnet actuators
are implemented in vertical directions and are used for damping and thermal-drift com-
pensation of GAS filters. OSEMs, units of optical sensors and coil-magnets actuatros, are
implemented on the IM and TM levels for active damping of mechanical resonances of the
bottom parts. An optical lever is implemented to monitor the alignment of TM about yaw
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Position | Name Sensed /actuated DoF

FO LVDT+Act | LFO-LGND, TFO-TGND, YFO-YGND
Geophone LFO, TFO, YFO

LVDT+Act | VF1-VGND

F1 LVDT+Act | VBF-VF1

BF LVDT+Act | VIM-VBF

IM OSEM LIM-LIR, TIM-TIR, VIM-VIR
RIM-RIR, PIM-PIR, YIM-YIR

™ OSEM LTM-LRM, PTM-PRM, YTM-YRM

Optical lever | PTM, YTM

Table 7.4: Sensors and actuators used for active controls of the type-B SAS prototype.

and pitch rotation.

Optical lever

A schematic view and a picture of the optical lever setup are shown in figures 7.9 and
7.10 respectively. The fiber-collimated light from a Super Luminescent Diode (SLD) is
injected to the aluminum-coated mirror attached at the center of TM, and the reflected
light is guided to a Quadrant Photo-Diode (QPD) fixed on an X-Z stage. A half mirror
is inserted between the TM and QPD, which works as an attenuator to adjust the light
power injected to QPD. The launcher after collimation and the QPD are placed as close as
to the viewports possible for reduction of aircurrent noise. The optics outside the chamber
are covered by a paper windshield for the same purpose.

Vacuum Chamber

Half Mirror
Test Mass 1.2my QPD
0.35m
[f— -
Fiber
Collimator

Light Source
(SLD)

Figure 7.9: A schematic drawing of the optical lever setup.
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@ollimaton W

Figure 7.10: A picture of the optical lever setup. The optics shown in the picture will be
covered by a windshield for air-current noise reduction.

The optics are horizontally arranged on optical tables at the level of TM. The cylindrical
supports for the optical tables are made of aluminum to have good thermal conductivity
and reduce the tilts of the optical tables due to thermal inhomogeneity in the supports.
The lowest mechanical resonant frequency of a support is around 40 Hz, which is much
higher than the bandwith of the optical lever controls (~1 Hz).

Vacuum pod for geophone

Since the geophone L-4C and its preamp are not vacuum compatible, they are packed
in vacuum pods made of stainless steel (see figure 7.11) and their insides are kept in
atmospheric pressure. Air leaks from the vacuum pods are checked beforehand in a small
vacuum chamber and are proved to be small enough to be operated in vacuum at least for
several months.

7.3.3 Auxiliary sensors

Several additional sensors are implemented for characterization of the prototype sys-
tem. Figure 7.12 shows their disposition.

Thermometer

Two thermometers are installed to monitor the temperature of the environment and
the suspension system. One of them is placed outside the vacuum chamber to measure
the air temperature, and the other is attached to the base ring of the suspension system
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Feedthrough

Preamp

Cables

Geophone
(L-4C)

Figure 7.11: A picture of a vacuum pod for the geophone L-4C and its cut view drawing.
In the picture the pod stands vertically, but is implemented on FO horizontally in actual.

inside the vacuum chamber. The thermometers utilize temperature sensors LM45, whose
output voltage is linearly proportional to the Centigrade temperature. The output voltage
of LM45 is enhanced by an amplifier circuit whose DC gain is set 10.

Seismometer

A geophone L-4C is placed on top of the outer frame to monitor the seismic vibration
injected to the suspension system. The output voltage from the geophone is enhanced by
a preamp as other geophones.

Photosensor

The longitudinal displacement of TM is monitored by photosensors attached to the
security frame. Figure 7.13 shows pictures of the photosensors and the detection mecha-
nism. Note that the photosensors detect the relative displacement between TM and the
secirity frame, while OSEMs on TM detect the relative displacement between TM and
RM. The photosensors adopt a detection scheme used for the space gravitational wave an-
tenna SWIMuv [91]. The target object (the back surface of TM) is illuminated by an LED
and the reflected light is detected by two photo detectors (PDs) placed next to the LED.
The total power detected by two PDs depends on the distance between the sensor and
the target. Symmetric configuration is adopted for the purpose of omiting the detector’s
sensitivity to the the target inclinement.

Displacement of the TM centeral point cannot be measured directly due to existence
of a central hole on TM. Therefore two photosensors are placed with horizontal seperation
and the average of two sensor readouts is used as a displacement readout of TM. Since the
positioning of two photosensors is not accurate, the displaement readout can suffer from
the coupling from TM yaw motion by ~5 [mm/rad] at most.
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Thermometer 1

Seismometer

Photosensor

Thermometer 2

Figure 7.12: Disposition of auxiliary sensors for characterization of the prototype system.

Figure 7.14 shows the calibration result of one of the photosensors. The calibration
is done by arranging the distance between an aluminum target and the photosensor with
a micrometer stage. The sensor output voltage increases as the target goes away from
the sensor until the distance reaches 5 mm. Then the voltage decreases if the target goes
further away Although the response is non-linear in a global regime, a linear response is
obtained in the distance between 2-3 mm and the obtained sensitivity is 2.65 V/mm.
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7
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Figure 7.13: (Left) A picture of the photosensors installed to the suspension system.
(Right) A closer look at a photosensor during the calibration and an illustration of the
detection mechanism.
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Figure 7.14: A calibration result of one of the two photosensors.

7.3.4 Cabling

Electrical cables from the sensors and actuators for the suspension system are guided
upwards and collected to the feedthrough on the top chamber. The cables are anchered
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to suspension stages and arranged loosely so as not to provide significant mechanical
stiffness between them (see figure 7.15). Twisted-paired ribbon cables are used for carrying
the electrical signals inside the vacuum chamber. They are plugged into 9-pin D-sub
connectors on the feedthrough. Outside the chamber, the signals are carried to the rack
containing digital system and electrical circuits by commercial 9-pin D-sub cables with
electromagnetic intereference shieldings.

i

Figure 7.15: A picture displaying electrical cables between BF and F1. Rainbow-colored
ribbon cables are clamped to the suspension stages and arranged loosely between them.

7.4 Digital control

Active controls of the suspension system require complicated Multiple Input Multiple
Output (MIMO) control loops and switching servo filters depending on the situation. It
is unrealistic to achieve such controls only by analogue circuits with manual operation
and thus digital control system is required. The digital system also plays a role in storing
data of signals, creating excitation signals for suspension system characterization, and
automatizing control procedures which are routinely and frequently used.

7.4.1 Digital system overview

The digital system implemented in the type-B SAS prototype is basically an import
from the LIGO detectors, which will be also adopted in the KAGRA detector for the
interferometer control and data storage.

Real-time signal processing for the digital control is performed by a real-time OS ma-
chine custamized for highspeed signal processing and data communication. The signal
processor is connected to a PCle extension board which contains a timing clock, Analog-
to-Digital Convertors (ADCs) and Digital-to-Analog Convertors (DACs). The real-time
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data of selected signals are stored in a 1 TB data storage hard-disc. Detailed contents
of signal processing are implemented and controlled from a Scientific Linux machine con-
nected to the real-time machine through a Local Area Network (LAN). Table 7.5 shows
the specification of the digital system used in the prototype test.

Figure 7.16 shows a typical flow of signals processed by the real-time signal processor.
Signals derived from numerous sensors are sent to the ADCs and digitized. The signals
are passed to the processor in which a number of Infinite Implulse Response (IIR) filters,
matrices, offsets and excitation signals are applied. After being processed, the signals are
sent to DACs and converted to analog signals for the actuation of the suspension system.

The internal variables of the signal processor, such as feedback gains, coefficientes of
the IIR filters and amount of the offsets, are controlled with the system called EPICS
(Experimental Physics and Industrial Control System) [92], which communicates with
the real-time system at 64 Hz. The EPICS variables can be rewritten from an interface
computer easily, which enables a user to program various control sequences with computer
language scripts.

Digital system requires signal conditioning filters called anti-aliasing (AA) and anti-
imaging (AI) filters as analog circuits. They cut off the signals at frequencies higher than
the Nyquist frequency to mitigate noise caused by quantization errors. The anti-aliasing
and anti-imaging filters implemented in the prototype system are identical circuits, which
have third order low-pass filters with 10 kHz cutoff and notch filters at 65536 Hz.

7.4.2 Loop delay and digitization noise

Although digital system provides significant flexibility and usability, the bandwith of
the digital control is limited typically by one or two orders of magnitude less than the
sampling frequency, because of time delay in the computing process. Figure 7.17 shows
a transfer function from a digital system output to an input, when they are connected
directly by an electrical cable. The transfer function includes the responses of analog AA

[tem Spec

Sampling rate 16384 Hz (sampled at 65536 Hz, decimated to 16384 Hz)
Number of ADC channels | 64 ch. (with 2 ADC cards)

Number of DAC channels | 32 ch. (with 2 DAC cards)

ADC/DAC bit resolution | 16-bit = 65536 digital counts

ADC voltage range 420 V (1 count = 0.61 mV)
DAC voltage range +10 V (1 count = 0.31 mV)
ADC noise level 3 uV/vHz (> 10 Hz)

DAC noise level 2 uV/vHz (> 10 Hz)
Through delay 80 psec

Table 7.5: Specification of the digital system for the type-B SAS prototype test.
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Figure 7.16: Block diagram of the real-time system for the suspension system controls.

DACs

and Al filters, while the cut-off at 5 kHz is caused by a software AA /Al filter implemented
in the digital system. The measured phase delay is 15 deg. at 100 Hz and 45 deg. at 300
Hz. The measurement indicates that control signals are subjected to group delay of ~420
psec through the digital system.So the control bandwith is limited by few hundred Hz using
the digital system. However, this is not a problem in suspension active controls, because
a typical control bandwith is few Hz at most and is much lower than the limitation.

Another drawback of using digital control is to suffer from larger sensing and actuation
noises due to quantization errors in digitization processes. The power spectrum density of
the quantization noise is estimated by the following formula [17].

A%\ 2
rn= (%) 5 (7.)
Here A is the step size of quantization and f, is the sampling rate. In the prototype
system, the noise level of the ADC is estimated to be 2 uV/ vHz, while the measured
noise level is 3 uV/ VvHz at high frequencies and increases by f~'/2 below 3 Hz as shown
in figure 7.18. This is huge compared with the typical noise level of analog circuits (in the
order of nV/v/Hz).

Although not implemented in the prototype test, the impacts from ADC and DAC
noise can be mitigated by introducing whitening and dewhitening filters in analog circuits.
Whitening filters enhance the sensing signals before injected to ADCs and dewhitening
filters diminish the actuation signals after DACs, at frequencies where sensitive controls
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Figure 7.17: A loop-delay of the digital system measured with connecting an AA filter
input and an Al filter output directly.
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Figure 7.18: A typical noise spectrum of ADCs.
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are required. The phases and loop gains are compensated by anti-whitening and anti-
dewhitening filters implemented in digital system. Signal-to-noise ratio around the fre-
quencies of interest is improved by this method, while the controllable range also decreases
at those frequencies.

7.4.3 Signal processing

Figure 7.19 shows overview of the signal processing part for the digital control of the
type-B SAS prototype. The sensing signals from LVDTs and geophones on F0O, OSEMs
on IM and TM, and LVDTs on GAS filters are used for the main streams of the active
controls. The signals after being processed are fed back to the coil-magnet actuators on
corresponsing stages. The signals from the optical lever and photosensors are processed
in side streams, and the correction signals from these sensors are added to the actuation
signals for IM and TM respectively. The signals from environmental sensors are processed
by multiplying calibration factors and keep flowing in the data streams. The sensing
signals including the signals from environmental monitors and feedback signals are stored
in the data storage after down-sampled to 256 Hz.

Figure 7.20 shows a typical flow in the signal processing part for active controls of
the suspension system. Raw signals from sensor readouts injected to ADCs are muliplied
by calibration factors, which are measured beforehand, and converted to displacements
or velocities at the sensing points. The real sensor signals are then transformed into
virtual sensor signals, which describe the rigid-body motions of the suspension bodies in
the Euclid coordinate system. This transformation is done by multiplying a sensor matrix
whose elements are determined from geometric layout of sensors. When several kinds of
virtual sensor signals are available for the same reconstructed DoF, the measurements are
blended into a super sensor signal. The virtual sensor signals are then injected to the servo
systems in the signal processor. The sensor signals are firstly applied with offsets, which
determines the DC operation points of the suspension bodies, and then applied with servo
filters to obtain feedback signals. The control gains are switched between 0 and —1, which
determines the active controls ON or OFF. The digital system can alter the control gains
and offsets gradually so that the system transits to different control states smoothly.

The digital system can inject excitation signals in arbitrary points of the signal paths.
When the characterization of the suspension system is performed, excitation signals are
injected just after the servo filters so that the motion of a certain DoF is excited. The
control signals from the optical lever and photosensors are also added to this point. Though
the photosensors are explained to be observatory sensors for characterization, the signals
are fed back to the actuators to demonstrate the lock of the interferometer.

The virtual actuator signals from the servo system are then converted to the real
actuator signals using a coil matrix. Coefficients of the coil matrix are determined from the
results of actuator diagonalization, as described in subsection 6.1.6. The actuator signals
are then injected to output filters, in which the sign of output voltage is compensated by
multiplying 41, depending on the direction of coil windings and magnet poles. The master
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Figure 7.19: Overview of digital control and environmental monitor system.

switch, placed after the output filters, regulates all the digital output and is switched off
in case of accidents.

7.4.4 Motor controls from digital system

Number of stepper motors and picomotors implemented for DC positioning and align-
ment of the suspension system are controlled from the digital system through EPICS.
Stepper motors are drived by using a TMCM-6110 controller/driver board, which sup-
ports up to 6 bipoler stepper motors and has various communication interfaces for digital
controls. The TMCM-6110 board is connected to the digital system LAN with RS485
(2-wire) serial interface, through an Ethernet-serial convertor NPort 5110A. Picomotors
are drived by using a Newport/New Focus 8752 Picomotor Controller and slaved 8753
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Figure 7.20: Block diagram of the signal processing in the digital system.

Picomotor Drivers, and the controller is connected to the digital sysytem LAN through an
Ethernet cable.

The digital system communicates with the motor controllers using PyEpics, the EPICS
Channel Access protocol interfaced by Python programming language. The direction,
speed and amount of rotation are controlled through the program. Motors can be activated
simultaneously and thus it is possible to move the suspension stage in a certain DoF by
distributing rotation angles accordingly.






Performance test of type-B SAS

prototype
Chapter 8

This chapter mentions the experimental performance test of the KAGRA type-B SAS
prototype, whose setups are describes in the previous chapter. The primary motivation of
the experiment is to demonstrate the active controls of the suspension system and confirm
their stability and feasibility.

In section 8.1, the mechanical response of the suspension system is checked with imple-
mented sensors and actuators, before having active controls. Measured frequency responses
are compared with simulation results using a rigid-body model and the results are fed-back
to the servo design of the active controls. Sections after 8.2 describe performance tests on
the active control systems. As discussed in 5.2, the active control system has to adopt dif-
ferent control topologies for three operation phases of the interferometer; the calm-down,
lock-acqusition and observation phase). Section 8.2 focuses on the control systems for
the calm-down phase and describes the performance of damping controls. Section 8.3 de-
scribes the active controls for the lock-acquisition phase, in which low RMS displacement
and rotation angles of TM are required. In section 8.4, the lock of the TM longitudinal
displacement is demonstrated using photosensors as substitution for a laser interferometer.
The noise couplings from the control system are discussed in terms of the impact on the
detector sensitivity in the observation phase. In section 8.5, a long-term control test of
the suspension system is performed. An automaton is constructed in the digital system so
that the control loops switches between the three control phases automatically. The TM
displacement is kept controlled for few days with the automaton operated.

8.1 Suspension mechanical responses

In this section, the mechanical responses of the type-B SAS prototype is investigated by
using implemented sensors and actuators. The measured frequency responses are compared
with simulation results and the results are fed back to the servo filter designs.

163
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8.1.1 Measurement setup

The frequency responses of the suspension system are measured in terms of rigid-body
motions of the suspension bodies in the Cartesian coordinate system. Virtual sensors
and actuators, which measure and excite the rigid-body motions in certain DoFs, are
constructed in the digital system with linear combination of the real sensors and actuators.
The measurement is done by injecting broadband gaussian noise from a virtual actuator
in a certain DoF and taking the resulting displacements measured by virtual sensors. The
virtual actuators are diagonalized beforehand with the diagonalization process described
in subsection 6.1.6. They are diagonalized at the frequency of 20 mHz for the IM and TM
controls, and 10 mHz for the IP control.

The amplitude and spectrum of the excitation signal are adjusted so that sufficient
S/N is obtained in the whole interested frequency band but do not excite the mechanical
resonances much, for letting the sensors staying in the linear regimes. The excitation
amplitude is reduced in the 0.1-1 Hz band where many mechanical resonances exist, and
notch filters are introduced for some specific resonances. The measurements at the TM
and IM levels are done by the use of OSEMs, while the measurements of the IP stage are
done with coil-magnet actuators and super-sensors, which blend the low-frequency LVDT
signals to the high-frequency geophone signals with blending filters described in section
5.3.1. The crossover frequency of the blending filters is set 50 mHz. The vertical transfer
functions of the GAS filters are measured by using the units of LVDTs and coil-magnet
actuators.

8.1.2 Diagonal transfer functions

Figures 8.1-8.4 show bode plots of the measured diagonal transfer functions (e.g. TM-
longitudinal — TM-longitudinal). The measurements are compared with predictions from
rigid-body model simulations, which are indicated by black curves in the graphs. Measured
transfer functions basically fit well with the prediction. This indicates that the suspension
system has no critical troubles like mechanical contact or friction between suspension
bodies. Nevertheless, several descrepancies between the measurement are observed. The
descrepancies and possible explanations are described below:

e Measured transfer functions deviate from the prediction above ~30 Hz for the mea-
surements with OSEMs and above ~5 Hz for the measurement with LVDTs. The
deviation is caused by electro-magnetic coupling between the actuation signal and
sensing signals. The measurements with LVDTs suffer from larger couplings since
the sensing coils are arranged coaxially with actuation coils and the signals couple
directly through the magnetic fields.

e Position of resonant peaks observed in the IM vertical, pitch and roll transfer func-
tions deviate largely from the prediction. The simulation predicts a resonance at
4.9 Hz in the pitch transfer function, while measured resonant frequency is 4.3 Hz.
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Also the measured resonant frequencies found around 45 Hz in vertical, and 60 Hz
in roll are lower than the prediction. These resonances corespond to the pitch, roll
and vertical bounce modes of the RM. A possible reason for the deviation is that
hanging condition of RM is not good and one of the 4 wires suspending RM may
not be loaded. The floating wire doesn’t contribute to the stiffness in pitch, roll and
vertical motions of RM and the spring constant is reduced by 25%. Consequently
the resonant frequencies of these mode are reduced by 13%, which is consistent with
the observed deviation.

e The frequency responses of the IP stage in transversal and yaw motions deviates
largely from the prediction at low frequencies. The deviation can be explained by
asumming asymmetry in the IP stiffness and large couplings between the transversal
and yaw motions. Actually the resonant peak corresponding to the transversal mode
of IP is also found in the transfer function in yaw, and vice versa. Note that the
prediction does not take into account the asymmetry.

e There are several resonant peaks observed at high frequencies but not predicted in
the rigid-body model simulation. The peaks at 50 Hz and its hermonics observed
in the TM longitudinal transfer function are due to the ham noise in electronics.
Resonances found around 70-80 Hz in the IM roll and pitch trasnfer functions are
caused by violin modes of the suspension wires for RM. Reosnant peaks above 20 Hz
in FO transfer functions are caused by the backaction of the outer frame.
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Figure 8.1: Comparison of diagonal transfer functions measured by TM-OSEMs (shown in
colored lines) and prediction from the rigid-body model simulation (shown in black lines).

8.1.3 Couplings with other DoF's

The measurement results described above only show the diagonal transfer functions,
looking at the same DoF's as those of the excitation. Here the couplings between other
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Figure 8.2: Comparison of diagonal transfer functions measured by IM-OSEMs (shown in
colored lines) and prediction from the rigid-body model simulation (shown in black lines).
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Figure 8.3: Comparison of diagonal transfer functions about FO (shown in colored lines)
and prediction from the rigid-body model simulation (shown in black lines).
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Figure 8.4: Comparison of transfer functions measured by LVDT-actuator units on GAS
filters (shown in colored lines) and prediction from the rigid-body model simulation (shown

in black lines).

DoF's are discussed. Figure 8.5 shows the transfer functions from the TM longitudinal
actuator to the TM motions including other DoFs than longitudinal. Since the actuators
are diagonalized at a low frequency, amplitudes of the off-diagonal transfer functions are
much lower than that of the diagonal one (few %) at low frequencies. On the other hand,
the transfer functions around and above the resonant frequencies show larger coupling
(~10% at 10 Hz).

The following tables show magnitude of coupling coefficients (amplitudes of transfer
functions) at a low frequency (10 mHz) and a high frequency (10 Hz). The response about
IM and TM actuators shows small coupling to other DoFs at the low frequency owing
to the actuator diagonalization. The response of IM actuators shows large couplings at
the high frequency. Especially couplings from rotational actuators (R, P and Y') to some
DoF's are huge. The couplings to the longitudinal motions could be problematic since they
can cause control noise coupling to the interferometer signals. The control noise coupling
to the TM longutidinal displacement will be further discussed later. Regardless of the
diagonalization, the couplings of FO actuators are huge at low frequencies. This is because
the diagonalization confition of the F(O actuators easily changes after a large movement of
the IP stage due to the hystheretic behavior of the IP, and thus one cannot diagonalize the
FO actuators precisely. In this condition, the low frequency control signal in a certain DoF
induces large displacement of the IP stage in other DoFs. However, the stage motions
at low frequencies are robustly locked by feedback controls in all three DoFs and such
movement is suppressed by control loops in other DoFs. As long as the IP stage is locked
in all three DoF's, the low frequency couplings do not affect the stability or feasiblity of

the control.
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Figure 8.5: Measured transfer functions from the TM-RM longitudinal actuator to the
displacements including the coupling with other DoF's.

sensor L sensor P sensor Y
10 mHz \ 10 Hz | 10 mHz \ 10 Hz | 10 mHz \ 10 Hz
actuator L 1 0.003 \ 0.075 0.021 0.035
actuator P 0.005 0.099 1 0.001 0.013
actuator Y 0.005 0.007 0.002 \ 0.011 1

Table 8.1: Coupling conefficeints in the TM stage.

H sensor L \ sensor 1’ \ sensor V \ sensor R \ sensor P \ sensor Y ‘

actuator L 1 0.001 0.002 0.002 0.011 0.001
actuator T’ 0.000 1 0.000 0.001 0.002 0.010
actuator V 0.003 0.001 1 0.010 0.004 0.002
actuator R 0.001 0.001 0.001 1 0.002 0.002
actuator P 0.005 0.003 0.011 0.023 1 0.010
actuator Y 0.000 0.007 0.004 0.003 0.000 1

Table 8.2: Coupling conefficeints in the IM stage at 10 mHz.
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’ H sensor L ‘ sensor 1’ ‘ sensor V ‘ sensor R ‘ sensor P ‘ sensor Y ‘

actuator L 1 0.001 0.007 0.011 0.001 0.027
actuator T’ 0.006 1 0.006 0.009 0.013 0.015
actuator V 0.027 0.003 1 0.032 0.018 0.011
actuator R 0.165 0.627 0.019 1 0.417 0.030
actuator P 0.267 0.008 0.025 0.017 1 0.023
actuator Y 0.113 0.622 0.035 0.018 0.034 1

Table 8.3: Coupling conefficeints in the IM stage at 10 Hz.

sensor L sensor T’ sensor Y
10 mHz ‘ 10 Hz | 10 mHz ‘ 10 Hz | 10 mHz ‘ 10 Hz
actuator L 1 0.874 ] 0.012 | 0.389 | 0.210
actuator T’ 0.253 0.014 1 0.466 0.116
actuator Y || 0.263 [ 0.186 | 0.739 [ 0.231 1

Table 8.4: Coupling conefficeints in the FO stage.

8.2 Controls in the calm-down phase

Here active damping servos are switched on and the decay time reduction of mechanical
resonances is performed. The servo filters are designed based on the frequency responses
from actuators to sensors mentioned above. Since measured frequency responses deviate
from simulated responses due to non-mechanical couplings at higher frequencies, one needs
to reduce the control gains at these frequencies with low-pass filters in suitable cut-off
frequencies. The decay time of mechanical resonances in the actively controlled system is
investigated and compared with that in the passive system.

8.2.1 Servo design

Figure 8.6 shows the schematic control diagram in the calm-down phase. Damping
control loops are built at the TM, IM and F0 levels using OSEMs or LVDT+coil-magnet
actuators. Resonances about vertical GAS filter modes are suppressed by the LVDT+coil-
magnet actuator unit implemented in the top GAS filter (F0). DC servos are also bulit in
the IP and GAS filter control loops to suppress the thermal drift of the IP and GAS filters.
The geophones and optical lever are not used. These sensors are sensitive but have narrow
linear ranges, and thus they are not suitable for the feedback controls in the calm-down
phase, which require robustness rather than quietness.

Figure 8.7 show bode plots of designed servo filters in the calm-down phase. To ob-
tain viscous damping forces, displacement signals obtained by OSEM shadow sensors and
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Figure 8.6: Schematic control diagram in the calm-down phase.

LVDTs are converted to velocities with differentiation filters and sent to the actuators with
appropriate gains. The feedback filters have gain proportional to f around the frequencies
of mechanical resonaces to be damped. The gains of damping filters are tuned to acquire
optmial damping strength. A resonant gain introduced around 0.16 Hz to the IM yaw
control is for intention of damping the torsion mode of the IM suspension wire efficiently.
For the FO and GAS controls, the control gains are boosted at low frequencies for drift
compensation. DC control gains are set 1000 for the FO control and 300 for the GAS con-
trols with a cutoff at 10~* Hz. The control gains at high frequencies are suppressed with
lowpass Butterworth filters with certain cut-off frequencies. The cut-off frequencies are set
lower than the frequencies where the electro-magnetic couplings of sensors and actuators
get dominant. The typical frequencies are 50 Hz for OSEMs and 5 Hz for LVDT-actuator
units. The cut-off frequencies are set even lower in some DoF's to avoid instability due to
the resonant peaks around these frequencies.

8.2.2 Decay time measurement

In order to verify the performance of the damping controls, mechanical resonances of
the suspension system are surveyed and their decay time constants are investigated. The
measurement is done in the following procedure. Firstly, the target mechanical resonance
is excited by sending a sinusoidal wave signal at the resonant frequency to an appropriate
virtual actuator. After the resonance is well excited, the actuator is switched off and a
decay signal is observed with implemented sensors. The observed decay signal is fitted by
an exponential-decay sine wave function:

f(t) = Aexp (—Ti) sin(27 fot + @) + xo. (8.1)

The time constant 7. denotes the 1/e decay time of the mechanical resonance. Sometimes
it is difficult to excite only one resonant mode and thus one obtains a superposition of two
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Figure 8.7: Servo filters in the calm-down phase.
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decay signals. This can happen when there exist mechanical resonaces with close eigen
frequencies. In such a case, the decay signals are fit by sum of two different decaying sine
waves:

f(t) = Ajexp (— ! > sin(27 fot + o) + 9. (8.2)

Te,1

t
) sin(27 f1t + ¢1) + Az exp (—

Te,2

Figure 8.8 shows an example of decay signals, regarding the pendulum mode of IM (mode
#17, see table 8.5). The left graph shows the measured decay signal in the passive system
and the right graph shows that with active damping controls. The signals are obtained
by the readout of longitudinal displacement with the IM OSEMs. Fittings are performed
using signals of the time between 0 and 15 sec. The oscillation decays faster when the
damping controls are applied, and the 1/e decay time is shorten by a factor more than 10
about this mode.

Note that the measured signal with damping controls deviates from the fitting curve
when the oscillation amplitude gets small. The decay time increases when the oscilla-
tion amplitude falls below a certain value (~ 10 pm for this mode). This indicates that
damping forces are not applied well for small amplitude oscillations. Explanations on this
phenomenon are described later.

Mode-17 decay signal (undamped) Mode-17 decay signal (damped)
250 T T T T T 250 ] I I I I
measurement measurement
€ 200 — fit — 200 + fit _
= T
S 150 H = 150 | : : -
7 5
a 100 , g 100 (t
° Q
2 ©
e 50 f 3 50
| 2
@ 0 f=0.543 Hz B 0r f=0.547 Hz B
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-50 | | | | | | -50 | | | | | |
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
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Figure 8.8: Decay signals about resonant mode #17 with and without damping control.
The signals are obtained by the longitudinal displacement readout from IM OSEMs.

Table 8.5 shows a list of mechanical resonances of the suspension system predicted in
a rigid-body model simulation. It shows the mechanical reosnances with eigen frequencies
lower than 20 Hz. The mode shapes of the mechanical resonances are summarized and
illustrated in Appendix B. The variable names used for expressing the mode shapes obey
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the following convention: the first letter denotes the direction of the motion (longitudinal,
transversal, vertical, pitch, roll or yaw) and the last two letters denote the rigid body
name.

Table 8.6 and 8.7 shows measured resonant frequencies and decay time of resonant
modes in the passive and actively controlled system, respectively. There are several res-
onant modes which are not visible by the implemented sensors; the modes ragarding the
MD motions (#13-15) and the F1 tilt modes (#18,23). They are not observed since the
modes do not strongly couple with the motions of FO, IM or TM, where the vibration
sensors are implemented. The torsion modes of the GAS filter chain (#1,5,6) are strongly
damped by the eddy-current damper and the decay time is suppressed lower than 1 min.
Thence the measurement results verify the effectiveness of the damping schemes of the
low-frequency torsion modes using the eddy-current damper.

In the passive system, there are several modes with significantly long decay time, which
is in the order of 10® sec. These resonant modes are successfully damped in the actively
controlled system and most of the decay time constants are suppressed lower than the
requirement (1 min.), as shown in figure 8.9. There is one resonant mode whose decay
time constant exceeds 1 min. and the mode is regarding with tranversal motions of TM
and RM. The mode shape is shown in figure 8.9. Since there is no device implemented for
sensing or actuating their transversal motions, it is not able to damp this mode efficiently.
However, the TM transversal motion do not interfer the interferometer operation unless
the amplitude exceeds ~1 mm, which is the requirement of the beam spot fluctuation on
the optics of the interferometer. As the amplitude of this oscillation mode never exceeds
1 mm due to mechanical constains between TM and RM, there is no problem of having
large decay time about this mode.

8.2.3 Residual vibration

Figures 8.10 and 8.11 show the residual mirror vibration about longitudinal, vertical,
pitch and yaw DoFs after the system calms down. The longitudinal vibration is measured
by the photo-sensor and the angular vibration is measured by the optical lever. The mirror
vertical vibration is estimated by summing signals of three LVDTs implemented on the
GAS filters. Table 8.8 summarize the measured RMS displacement/angle and comparison
with the requirement set in subsection 5.2.5. The residual mirror vibration is suppressed
lower than the required level.

8.2.4 Feedback signals

The spectra of feedback signals sent to several OSEM actuators in the stationary state
are shown in figure 8.12. The signals are measured in the digital system just before the
exits to the analog circuits. They are converted to the analog signals through DACs and
then sent to the coil driver analog circuits. As the RMS amplitude of the feedback signals
are less than 1 count in the stationary state, the oscillation signals are omitted through
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No. Frequency [Hz] Mode Shape Note
#1  0.0505 YF1, YF2, YIR, YIM, YRM, YTM wire torsion
#2  0.0794 LFO, LMD, LF1, LF2, LIR, LIM, LRM, LTM IP translation
#3  0.0794 TFO, TMD, TF1, TF2, TIR, TIM, TRM, TTM IP translation
#4  0.1232 -YFO, YIM, YRM, YTM IP rotation
#5  0.1390 -YF1, YIM, YRM, YTM wire torsion
#6  0.1616 -YF2, -YIR, YIM, YRM, YTM wire torsion
#7  0.2494 VF2, VIR, VIM, VRM, VITM GAS filter
#8  0.3021 RIM, RRM, RTM IM roll
#9  0.3418 PIM, PRM, PTM IM pitch
#10 0.4094 TIM, TRM, TTM, RTM main pendulum
#11  0.4196 LIM, LRM, LTM, PTM main pendulum
#12 0.5247 -VF1, -VF2, -VIR, VIM, VRM, VTM GAS filter
#13  0.5468 TMD MD pendulum
#14  0.5470 LMD MD pendulum
#15 0.5502 YMD MD yaw
#16 0.5740 RF2, RIR F2 roll
#17 0.5787 PF2, PIR F2 pitch
#18 0.5889 RF1 F1 roll
#19 0.6331 -PF1, LTM, -PTM main pendulum
#20 0.6485 RF1, TTM, RTM main pendulum
#21 0.6571 -LRM, LTM, -PTM TM-RM pendulum
#22  0.6580 TRM, TTM, RTM TM-RM pendulum
#23 0.6863 PF1 F1 pitch
#24  0.7923 VF1, -VF2, -VIR GAS filter
#25 0.8162 PTM TM pitch
#26 1.0009 -YIM, -YRM, YTM T™ yaw
#27 1.0325 YIR IR yaw
#28 1.1844 TIM, -TTM, -TRM IM pendulum
#29 1.1851 LIM, -LIM, -LRM IM pendulum
#30 1.2101 RF2, -TIR, RIR F2 roll
#31 1.2134 PF2, LIR, PIR F2 pitch
#32  1.3798 -YIM, YRM, YTM RM yaw
#33 1.4738 TIR IR pendulum
#34  1.4759 LIR IR pendulum
#35 4.8559 -PIM, PRM RM pitch
#36  11.320 VTM TM vertical
#37 15.528 RTM TM roll

Table 8.5: Eigen mode list predicted in a rigid-body model simulation.
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Figure 8.10: (Left) Residual mirror longitudinal vibration measured by the photo-sensor.

(right) Residual mirror vertical vibration constructed by three LVDTs implemented to
GAS filters.
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Frequency [Hz]

No. measured simulated difference [%] 7 [sec] Q factor exc. point
#1 0.061 0.0505 18 40 7.4 YFO
#2/#3 0.087 0.0794 9.6 16 4.3 LFO
#4 0.149 0.1232 20.9 6 3 YFO
#5 0.150 0.1390 7.7 50 24 YFO
#6 0.172 0.1616 6.2 13 7 YFO
#7 0.263 0.2494 5.6 15 13 VFO
#8 0.297 0.3021 1.9 138 129 RIM
#9 0.371 0.3418 8.4 170 198 PIM
#10 0.405 0.4094 1.0 10 12 TFO
#11 0.424 0.4196 1.0 13 17 LFO
#12 0.539 0.5247 2.7 6 9 VFO
#13 - 0.5468 - - - -
#14 - 0.5470 - - - -
#15 - 0.5502 - - - -
#16 0.545 0.5740 0.6 71 122 TIM
#17 0.543 0.5787 0.6 79 135 LIM
#18 - 0.5889 - - - -
#19/4#20 0.639 0.6331 1.1 77 154 LFO
#21 0.659 0.6571 0.7 1448 2996 LTM
#22 0.655 0.6580 0.4 442 909 TFO
#23 - 0.6863 - - - -
#24 0.861 0.7923 8.7 4 10 VFO
#25 0.793 0.8162 29 274 683 PTM
#26 1.000 1.0009 0.1 1295 4069 YTM
#27 1.020 1.0325 1.2 268 857 YIM
#28/#30 1.176 1.2101 2.8 39 144 TIM
#29/#31 1.178 1.2134 2.9 37 135 LIM
#32 1.406 1.3798 1.9 782 3456 YTM
#33/#34  1.456 1.4728 1.0 32 143 TFO
#35 4.361 4.8559 10.2 9 119 PTM
#36 11.11 11.320 1.9 7 237 VIM
#37 15.25 15.528 1.8 ) 235 RIM

Table 8.6: Measured resonant frequencies and decay time without control.
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Frequency [Hz|

No. damped undamped difference [%] 7 [sec] Q factor exc. point
#1 0.065 0.061 5.6 43 8.6 YFO
#2/4#3 0.156 0.081 45.6 4.2 2.1 LFO
44 ] 0.149 - ; ; ;
45/#6 0158  0.172 8.1 9 4.2 YFO
#7 0.288 0.263 8.5 6.6 6.6 VFO
#8 0.296 0.297 0.3 4.7 4.4 RIM
#9 0.380 0.371 0.3 4.6 5.6 PIM
#10 0.384 0.405 5.2 3.7 4.4 TFO
#11 0.405 0.424 4.5 2.8 3.9 LFO
#12 0.592 0.539 8.9 3.8 7.0 VFO
413 ] ] - ] ] ;
#14 - - - - - -
#15 - - - - - -
#16 0.548 0.549 0.2 5.1 8.8 TIM
#17 0.547 0.545 0.3 5.1 8.7 LIM
418 ] ] - ] ] ]
#19/4#20 0.627 0.639 1.8 6.5 13.0 LFO
#21 0.694 0.659 5.0 0.85 1.9 LTM
#22 0.654 0.655 0.2 242 496 TFO
493 ] ] - ] ) ;
494 ; 0.861 ; ; ] ;
#25 0.826 0.793 4.0 0.45 1.2 PTM
#26 1.030 1.000 3.0 6.7 21.8 YTM
#27 1.014 1.020 1.0 5.9 18.8 YIM
#28/#30 1.180 1.176 0.3 32.5 120 TFO
#29/4#31 1.180 1.176 0.3 22.5 84 LFO
#32 1.324 1.406 6.2 2.91 12 YTM
#33/#34  1.446 1.445 0.1 24.8 113 TFO
#35 4.383 4.361 0.5 1.9 26 PTM
#36 11.11 11.11 0.0 6.8 237 VIM
#37 15.30 15.25 0.3 13.6 654 RIM

Table 8.7: Measured resonant frequencies and decay time with control.
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requirement | measured RMS
longitudinal | 50 pm 13 pm
transversal | 1 mm -
vertical 1 mm 16 pm
pitch 50 prad 7 prad
yaw 50 prad 40 prad

Table 8.8: Residual vibration of the mirror in the calm-down phase.
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Figure 8.11: Residual mirror angular motion about pitch (left) and yaw (right) measured
by the optical level.
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the digitization process in the DACs and not sent to the coil-magnet actuators. This
means that the suspension system is not well controlled when the oscillation amplitudes
go below a certain level. The typical oscillation amplitudes to acquire the feedback signals
larger than 1 count are ~ 0.1 um for the IP controls, and ~ 10 pym for the IM and TM
controls. This is an inconvenient feature in suppressing the RMS oscillation amplitude of
the suspension components.

To acquire sound feedback signals in the stationary states, the efficiencies of the TM and
IM actuators have to be reduced by 1-2 orders of magnitude from the current prototye
system. This can be achieved by reducing the size of magnets, the winding number of
actuator coils, or the gains of the coil-driver circuits. Although this also reduces the
maximum forces of the actuators, it is not a problem because there is a big margin between
the maximum applicable voltage of DACs (10 V) and the maximum required voltage in
the calm-down phase (measured to be~50 mV in the current system). Reduction of the
actuation efficiency is also crucial in terms of actuator noise couplings in the detection
band of gravitational waves.
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Figure 8.12: Feedback signals sent to several OSEM actuators in the stationary state.
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8.3 Controls in the lock-acquisition phase

8.3.1 Control diagram

After the suspension system calms down, the active controls are switched to the low-
RMS controls, aiming for suppressing the RMS velocity and angles of the TM to allow the
lock-acquisition of the interferometer. Figure 8.13 shows the schematic control diagram
in the lock-acquisition phase. Reduction of the RMS longitudinal velocity of the TM
is achieved by controling the IP stage with combined sensor signals with LVDTs and
geophones. The signals of the geophones and LVDTs are blended with the crossover
frequency of 50 mHz, and then sent to the servo filters, which are identical to those used
in the calm-down phase. Reduction of the RMS pitch and yaw angles are performed by the
alignment controls using the optical lever. The TM pitch and yaw angles monitored by the
optical lever are fed back to the actuators at the IM level. When the optical lever controls
are switched on, the damping control loops about pitch and yaw with the OSEMs are
opened, to avoid competition between the optical lever and OSEM controls. The damping
control of the top GAS filter is switched off and the GAS filter controls only employ DC
Servos.

IP Control-------=--=-===----="----

A

Figure 8.13: Schematic control diagram in the lock-acquisition phase.

The servo filters for the optical lever controls are shown in figure 8.14. The open-loop
gains expected from the measured mechanical responses (from the IM actuators to the
optical lever signals) are also plotted. The servo filters are basically the same as those
used in the control simulation (see figure 5.17), but several modifications are made to the
pitch servo filter:

e The frequency of the notch around 5 Hz is precisely tuned so that it cancels out the
resonant peak of the RM pitch mode at 4.36 Hz.

e A sharrow notch at 1.2 Hz is added, since the resonant peak of the IM pendulum
mode coupled at the frequency destabilizes the control.
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The bandwidths are 0.9 Hz for the pitch and 1.5 Hz for the yaw control. The DC gain is
roughly 200, with a cutoff at 10~* Hz.
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Figure 8.14: (Left) Servo filters for the optical lever controls. (Right) Expected open loop
gains from the measured mechanical responses of the optical lever.

8.3.2 Performance of IP control

Figure 8.15 shows the vibration spectra of the top stage in the longitudinal direction
measured by the implemented geophones, with and without the IP control. The vibration
spectrum of the IP base is also plotted as a reference (shown in the black curves). The
RMS velocities are calculated by integrating the spectra below 1 Hz and are plotted by
dashed curves. The active controls suppress the top stage vibration in the 0.1-1 Hz band
and reduce the RMS velocity by a factor of ~2. The achieved RMS velocity of the top
stage is 0.5 pm/sec, which is compatible with the required mirror RMS velocity of the
type-B SAS.

Figure 8.16 shows measurement of the transfer function from the ground longitudinal
vibration (LGND) to the TM longitudinal vibration (LTM) in the actively controlled
system, and comparison with the simulation. The transfer function is derived from two
separated measurements; the transfer function from the ground vibration to the top stage
vibration (LGND—LFO0), and that from the top stage vibration to the TM vibration
(LFO—LTM). The former one is taken by comparing the signals of the geophones placed
on the TP base and on the top stage, induced by the natural seismic vibration (calculated
from the ratio of two velocity spectra shown in figure 8.15). The latter one is taken
by exciting the top stage motion with actuators and comparing the induced top stage
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Figure 8.15: Comparison of the top stage longitudinal velocities measured by geophones,
with and without the IP controls.

displacement with the photosensor signals on the TM. The respective transfer functions
are plotted in dashed curves in figure 8.16. The combined transfer function from LGND to
LTM fits nicely with the prediction at 0.1-1 Hz. The result demonstrates the attenuation
performnace of the actively controlled suspension system in the frequency band where
the spectrum contributes to a large fraction of the RMS velocity. The deviation at low
frequency < 0.1 Hz is due to poor sensitivities of geophones resulting in bad coherence in
the transfer function measurement from LGND to LFO.

Figure 8.17 shows estimation of the mirror longitudinal velocity spectrum with the
measured transfer function, assuming seismic vibration of the KAGRA site. The expected
mirror RMS velocity is 0.2 pm/sec, which meets the requirement set in table 5.4 (0.5

pm/sec).

8.3.3 Performance of alignment control

The angluar spectra of the TM pitch and yaw motions measured by the optical lever
are shown in figure 8.18. The curves captioned as ‘Alignment OFF’ are the measurement
data without the alignment control, and the curves captioned as ‘Alignment ON’ are those
with the alignment control. Note that the measured spectra with the alignment control are
taken by the ‘in-loop’ sensors, which are under requisition in the feedback control loops.
In both cases, the active controls other than alignment control (such as the IP controls,
and OSEM controls for other DoF's) are switched on. The angular motions lower than 0.5
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Figure 8.16: Longitudinal transfer functions of the type-B SAS prototype.
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Figure 8.17: The mirror longitudinal vibration spectra estimated with the meausred trans-
fer function, assuming seismic vibration in the KAGRA site.



184 CHAPTER 8. PERFORMANCE TEST OF TYPE-B SAS PROTOTYPE

Hz are suppressed by the alingment control, resulting in redunction of the RMS angles by
a factor of 3 for the pitch and 10 for the yaw motions.

The achieved RMS angles of the TM are 1.6 urad for pitch and 2.5 prad for yaw
respectively, while the requirement on the RMS angle is 1 prad for the type-B system. Note
that the seismic vibration in the laboratory was extremely large when the alignment control
tests were performed as the stormy ocean induced huge microseismic vibrations. The
seismic vibration in the Kamioka site is expected to be smaller by 1-2 order of magnitudes.
Figure 8.19 shows the estimation of the mirror angular spectra in the Kamioka site, scaled
by the ratio of the seismic spectrum in the laboratory and in the Kamioka site. Estimated
RMS angles are 0.1 prad for pitch and 0.3 prad for yaw, which meet the requirement set
in table 5.4.

8.4 Controls in the observation phase

8.4.1 Demonstration of lock acquisition

The active controls of the suspenion system are to be switched to those for the obser-
vation phase as the lock acquisition of the interferometer is achieved. Since there is no
interferometer in the prototype system, the lock of the TM position is demonstrated by
feeding the photosensor signal back to the TM longitudinal actuator. Figure 8.20 shows
the servo filter designed for the TM lock and the expected open loop gain. In the actual
interferometer, the control bandwith of the lock acquisition should be set around ~50 Hz
to drag the mirror into the linear regime of the interferometer with fast enough response.
The control bandwith of the lock acquisition with the photosensor is however limited to
10 Hz, since the large sensing noise of the photosensor causes saturation of the feedback
signals at high frequencies.

After the lock of the TM position is acquired, the damping controls with the OSEMs
are switched off, since the sensor noise couplings from the OSEM shadow sensors induce
large TM vibration in the detection band of gravitational waves as described in subsection
5.3.3. Figure 8.21 shows the conceptual control diagram in the observation phase. The IP
controls and GAS filter controls are kept the same as implemented in the lock-acquisition
phase.

Figure 8.22 shows a time-series of the photosensor signal and the OSEM control gain
when the control status transits from the lock-acquisition phase to the observation phase.
Before the lock acquisition, the photosensor signal oscillates in about +10 pym amplitude,
which is basically the microsesimic vibration of the frame that the photosensor is fixed to.
This low frequency oscillation is suppressed after the locking servo is introduced at t = 1.2
[min| and the TM position is kept controlled after the OSEM controls are switched off. As
the photosensor is fixed to the security frame rigidly connected to the ground, this control
re-injects seismic vibration to the TM. Although the situation is different from the actual
interferometer lock acquisition in this sense, the attempts demonstrate the stability of the
control topology.
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Figure 8.18: The angular spectra of the TM pich and yaw motions measured by the optical
lever, with and without the alignment control.
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Figure 8.21: Schematic control diagram in the observation phase.
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8.4.2 Residual longitudinal displacement

In the observation phase, the RMS longitudinal displacement of the mirror should be
suppressed within the controllable range with the interferometer control. Figure 8.23 shows
the residual longitudinal displecement spectra of the mirror estimated by the measured
vibration transfer function (figure 8.16), assuming the seismic vibration of the laboratory
(TAMA site) and the Kamioka site. The estimated RMS displacement with seismic vibra-
tion of the Kamioka site is 0.35 pm, which meets the requirement for the type-B SAS (0.4
pum).

-8 || ==spectrum (TAMA)
= spectrum (KAGRA)

Spectrum [m/Hz1/2]
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— = RMS (TAMA)
10° | RMS (KAGRA) :
= RMS requirement J
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Figure 8.23: The mirror longitudinal displacement spectra estimated with the meausred
transfer function, assuming seismic vibration in the TAMA laboratory and the Kamioka
site.

8.4.3 Sensor noise coupling

The important requirement of the active suspension control in the observation phase
is suppressing the control noise coupling in the observation band of gravitational waves.
The control noises are possibly introduced in the IP control, the GAS filter control, and
the alignment control loops. In the prototype test, the noise couplings from the F2 GAS
filter control and the alignment controls are investigated, which are expected to be the
main contributors on the in-band noise.

The noise coupling is measured by injecting a sinusoidal wave signal to the sensor
readout and detecting the resulting TM displacement with the photosensor. Figure 8.24
shows the measured coupling from the LVDT readout signal about the F2 GAS filter to
the photosensor signal. The coupling predicted by the simulation is also plotted, which
assumes 1% vertical-horizontal couplings. The measured noise coupling shows similar
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frequency response to the prediction, while the amplitude is about twice larger. This can
be explained by assuming about 1/50 radian tilt in the working direction of the F2 GAS
filter. The working direction of the GAS filter can be tilted when there is asymmetry in
the stiffness or radial compressive force of the GAS blades.
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Figure 8.24: Sensor noise coupling from the vertical LVDT on the F2 GAS filter.

Figure 8.25 shows the measured noise couplings from the optical lever readout signals
to the TM displacement. The simulation assumes that the measurement point of the
TM longitudinal vibration is displaced from the center of mass by 1 mm (i.e. it assumes
rotation-translation couplings of 1073 m/rad). The measured noise couplings are 1-2 orders
of magnitudes larger than the predictions. The results can be interpreted as follows:

e The measurement point of the TM longitudinal displamcement with the photosensor
can be off-centered by more than 1 mm. As the position of the photosensor is
manually adjusted with visual inspection, the measurement point can be displaced
~1 cm at most from the center of mass.

e Since the actuators are not perfectly diagonalized (see section 8.1), the IM virtual
actuators about pitch and yaw DoF's may excite the vibration of other DoFs. It is
suspected that the couplings to the vertical motions from these actuators contribute
to the measured noise couplings in the 10-20 Hz region, because the the resonance
appearing in the noise coupling at 11 Hz corresponds to the TM vertical mode.

The noise couplings can be mitigated by adjusting the measurement point of the TM longi-
tudinal vibration as close as possible to the TM center. Thence the centering of the beam
spot of the interferometer is essential in the gravitational wave detectors. Another impor-
tant point is the precision of the actuator diagonalization in the detection band. One can
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optimize signal distribution of the actuators so that noise couplings to the interferometer

signal is minimized.
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Figure 8.25: Sensor noise coupling from the optical lever.

Figre 8.26 shows the impact of the sensor noise couplings to the mirror displacement
spectrum, estimated by the measured frequency responses. Here the sensing noise of
10712 yrad/ VHz is assued for the alignment sensor, as a typical noise level of the WFS.
The coupling from F2 LVDT does not affect the detector sensitivity in the detection band,
while the sensor noise coupling of the alignment control induces the mirror displacement
larger than the required level between 10-20 Hz. The result highlights the importance of
control noise reduction in the frequency region.

8.5 Long-term control test

8.5.1 Automaton for suspension controls

As the gravitational wave detector is operated continuously for long time, it is con-
venient to automatize the operation of the interferometer and the composing suspension
systems using a computer system. The automation system not only reduces the burdens of
the human operators but also contributes in quick recovery from the transition states and
enhances the interferometer operation time. As a demonstration of the automation system
of the active controls of the KAGRA-SAS, a simple automatone (finite-state machine) is
constructed in the digital control system of the type-B SAS prototype.
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Figure 8.26: Impact of sensor noise couplings to the mirror displacement spectrum.

Figure 8.27 shows a conceptual diagram of the automatone in the prorotype system.
The digital control system provides several process variables which check out the condi-
tion of sensors and actuators. The automatone continuouslly check them and determine
whether it stay in the current state or move to another state. The automation logics are
programmed in python codes, and the programs are operated at the background in the
client PC. The states of the automaton are basically linked to the operation status of the
detector (the calm-down, lock-acquisition and observation phases). The active controls in
each phase are autotically swithed to those in another phase when the system satisfies a
certain condition. When sensor/actuator signals exceed certain thresholds due to large
excitation by an earthquake or control instability, the system is brought to the ground
state in which the active controls for the calm-down phase are applied. If the control
system finds fatal errors and the suspension is kept excited, all the active controls are shut
down and the system collapses into the emergency state. The automaton stays in this
emergency state until the problems are fixed and the system is manually brought back to
the operation states.

8.5.2 Long-term operation

In order to demonstrate the stability of the active control systems, the suspension
system is kept controlled under the automaton operation in a long term. Figure 8.28 shows
the transition of the automaton state during the operation of the automized control system
from August 26th to 31st in 2015. During the five days operation, the TM position is kept
locked to the photosensor most of the operation time. which guarantees the long-term
stability of the active control system in the observation phase. There was an earthquake
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Figure 8.27: Conceptual diagram of the automaton for the prototype SAS controls.



8.5. LONG-TERM CONTROL TEST 193

event which prevented the TM lock at 23:46 on August 28th. The earthquake had a
seismic intensity of 1 on the Japanese seismic scale. Although the TM position lock was
lost due to the earthquake, the system quickly recovered it at the interval of ~4 min. This
demonstrates the performance of the active control systems in the calm-down phase and
confirms the soundness of the state controls of the automaton.

= f:fﬁgvﬂigﬁion Type-B SAS Prototype

Il : Calm-down Control Status
Il : Emergency

8/26 20:00 8/27 02:00 8/27 08:00 8/27 14:00 8/27 20:00
8272000 | 6260200 | 8200800 | 8261400 626 20:00
B282000 8290200 | 6290800 | 8201400 | 8/2020:00
9302000 | 8300200 | B00B00  B301400 8202000
BI02000 | 8310200 | G310800  BG11400 6312000
Earthqake off the
Ibaraki coast (M4.8)
> _

8/28 23:44 23:46 23:48 23:50 23:52 23:54

Figure 8.28: Operation states of the active control system in the long-term control test.

8.5.3 Drift measurement

For the stable operation of the interferometer in the observation phase, drift of the
mirror position and angle needs to be suppressed by the active control system. The long-
term drift mainly comes from the creep and thermal drift of the low frequency oscillators
such as IP, GAS filters and torsion pendulums. Here the performance of the DC servos
of the IP, GAS filter and alignment control is investigated in the long-term control test.
Figures 8.29-8.31 show the time-domain signals of the IP stage displacements, the GAS
filter displacements and the mirror angles measured by the optical lever. Each measure-
ment data-point takes the signal averaged over 20 min and thus the frequency components
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higher than ~ 1 mHz are filtered out. The measured drift amplitudes in the long-term
measurement are summarized in table 8.9. The drift about the 5 DoF motion is successfully

suppressed by the active control system within the required amplitude.

Note that the termperature varience of the IP base structure is about 1.5 K over the
measurement time. The drift of the IP stage is correlated with the IP base termperature
and the dependence is 0.12 mm/K for longitudinal and 0.28 mm/K for transversal motion

without DC servos.

Device | DoF requirement | measured drift
IP longitudinal | 0.3 um 0.15 pm
transversal | 1 mm 0.35 pm
GAS vertical 1 mm 2.5 pm
OpLev | pitch 1 prad 0.08 prad
yaw 1 prad 0.02 prad

Table 8.9: Drift about the 5 DoFs motion measured in the long-term control test.
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Figure 8.29: The long-term drift of the IP stage displacement; (left) the residual displace-
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ments and (right) the displacements corrected by the feedback control.
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Figure 8.30: The long-term drift of the GAS filters; (left) the residual displacements and
(right) the displacements corrected by the feedback control.
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Figure 8.31: The long-term drift of the mirror angles measured by the optical lever; (left)
the residual angles and (right) the angles corrected by the feedback control.






Conclusion and future works

Chapter 9

9.1 Conclusion and discussion

In the experiment with the type-B SAS prototype, practical operation and performance
of the active control system are tested. Table 9.1 summarizes the requirements set to
the type-B SAS active control system and the measured performance (or estimation in
confirmity with the seismic vibration level of the Kamioka mine) in the prototype test. It
demonstrates that the designed active controls meet the basic requirement for smooth lock
acquisition and stable operation of the interferometer, which are essential for long-term
observation of gravitational waves.

An important learning from the experiment is that the alignment control noise coupling
can degrade the detector sensitivity at 10-20 Hz. The impact of the noise couplings
measured in the prototype test to the detector sensitivity is shown in figure 9.1. Detection
several spinning pulsars at 10-20 Hz becomes hopeless by the introudced noise coupling,
and the event rate of binary IMBH coalescence would be reduced by a factor of ~2 from
the design, as the low frequency limit of the detection band increases from 10 Hz to
~20 Hz. For opening the detection band toward 10 Hz and conserving detectabiligy of
these astronomical sources, reduction of control noise coupling is desired. The control
noise couplings are expected to be suppressed by improvement of actuator diagonalization
scheme, which will be discussed in the following section of future works.

Although the reduction of control noise couplings ramains an issues, the type-B SAS
with the designed active control system allows long-term observation of gravitational waves
with the detection frequency limit as low as 20 Hz. It allows the detection of gravitational
waves from spinning pulsars with rotation period longer than 0.1 sec, which include the
Vela pulsar possibly emitting strong gravitational waves at 22.39 Hz. Gravitational wave
signals from binary IMBH coalesences with < 103M, is also expected with the detection
probability of one event per several years.

197



198

CHAPTER 9. CONCLUSION AND FUTURE WORKS

1. The calm-down phase

items requirements experimental results | ref.
1/e decay time of resonances < 1 min. < 33 sec. §8.2.2
RMS displacement (longitudinal) < 50 pm 13 pm §8.2.3
RMS displacement (transversal) <1 mm not measured

RMS displacement (vertical) <1mm 16 pm §8.2.3
RMS angle (pitch) < 50 prad 7 prad £8.2.3
RMS angle (pitch) < 50 prad 40 prad 68.2.3
2. The lock-acquisition phase

items requirements experimental results | ref.
RMS velocity (longitudinal) < 0.5 pm/sec 0.2 um/sec £8.3.2
RMS displacement (transversal) <1 mm not measured

RMS displacement (vertical) <1 mm 16 pm §8.2.3
RMS angle (pitch) < 1 prad 0.1 prad (*) §8.3.3
RMS angle (yaw) < 1 prad 0.3 urad (*) 68.3.3
3. The observation phase

items requirements experimental results | ref.
control noise at 10 Hz (longitudinal) | <5 x 107® m/v/Hz | 2 x 10717 m/v/Hz | §8.4.3
RMS displacement (longitudinal) < 0.4 pm 0.35 um (*) §8.4.2
RMS displacement (transversal) <1 mm not measured

RMS displacement (vertical) <1 mm 16 pm §8.2.3
RMS angle (pitch) < 1 prad 0.1 prad (*) §8.3.3
RMS angle (yaw) < 1 prad 0.3 prad (*) £8.3.3
displacement drift (longitudinal) < 0.3 pm 0.15 pm §8.5.3
displacement drift (transversal) < 1 mm 0.35 um 68.5.3
displacement drift (vertical) <1 mm 2.5 pm §8.5.3
angle long-term drift (pitch) < 1 prad 0.08 prad 68.5.3
angle long-term drift (yaw) < 1 prad 0.02 prad 68.5.3

Table 9.1: Requirements on the active controls for the type-B SAS and the measurement
results in the prototype experiment. The results marked by (*) are conversion from mea-
sured values in conformity with the seismic vibration level in the Kamioka mine. The
last column shows the describing subsection of the measurement results. The blue shade
indicates that the requirements are not met in the experimental results.
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Figure 9.1: Impact of the control noise coupling in the type-B SAS to the KAGRA sensi-
tivity.

9.2 Future works

9.2.1 Actuator issues

In the prototype test, the driving circuits of the coil-magnet actuators are imported
from TAMA-SAS, which are not optimally designed for the control of the KAGRA-SAS.
The strong actuators not only cause a loss of ability to provide delicate control (as discussed
in subsection 8.2.4), but also inject large control noise from the electronics of the coil drivers
in the detection band of gravitational waves [93]. The gains of the coil driver circuits should
be adjusted so that the actuator noise coupling does not degradate the detector sensitivity
above 10 Hz. As the maximum appicable forces of the TM and IM actuators have to be
reduced due to the noise coupling issues, it is important to allocate the feedback control
signal from the interferometer not only to the TM actuators but also to the IM and FO
actuators (hierarchical control [94]). The hierarchical control is required in order to remove
the large DC component of the locking forces from the weak TM actuators.

The optimization of the actuator diagonalization is also an important issue in the
suspension controls. The diagonalization scheme described in subsection 6.1.6 introduces
large couplings in the high frequency region. The couplings can induce larger control
noise as discussed in section 8.4.3. A possible soultion to this problem is diagonalizing the
actuators both at low and high frequencies and connecting the two diagonalization matrices
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with smooth frequency response. In this scheme, the elements of the coil matrix D have
frequency dependent components and thus the scheme is called the frequency-dependent
diagonalization.

9.2.2 Controls of type-A and type-Bp SAS

For the operation the full interferometer of the KAGRA detector, the control systems
for other suspension systems (type-A and typeBp) should be also developed. The active
control of the type-A SAS requires the development of cryogenic-compatible sensors and
actuators, which are used for damping the mechanical resonances of the cryogenic payload.
There are several candidates for the cryogenic compatible vibration sensors, such as eddy-
current sensors and photoreflective sensors, but the detailed design has not been fixed yet
and their sensitivities and noise levels are under investigation. As the requirement on the
RMS mirror angles in the type-A SAS is stricter than that in the type-B SAS, the strategy
of the alignment control should be carefully investigated and the servo designs are under
development.

Since the type-Bp SAS does not have the IP pre-isolation stage, it is more difficult
to suppress the RMS velocity and angles of the suspended optics than other systems.
Figure 9.2 shows the predicted seismic noise level in the type-Bp SAS. The resonant peak
appearing at 0.42 Hz corresponds to the main pendulum mode of the attenuation chain,
and is not capable of being damped due to the lack of an appropriate sensor to monitor this
mode. The resulting RMS mirror velocity is 8 um/sec and it does not meet the velocity
requirement for the lock acquisition. A possible solution is introducing a longitudinal
sensor and actuator on the first suspension stage (F2), to apply damping control in the
lock-acquisition phase. Including the damping strategy of this mode, the mechanical and
control design of the type-Bp system should be polished further to allow stable operation
of the interferometer.
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Figure 9.2: Seismic noise level of the type-Bp SAS.






Rigid-body models of KAGRA-SAS
Appendix A

A.1 Overview

In order to check the attenuation performance and controllability of KAGRA-SAS,
their mathematical rigid-body models are constructed. The rigid-body modeling assumes
the suspension system as a combination of rigid-bodies and elastic elements connecting
with them. The more details on the modeling schemes and mathematical explanations are
described in reference [72].

A.2 Type-A SAS

fﬁ FO (supported by 3 IPs from GND)

MD (suspended by 3 wires from FO0)
F1 (suspended by 1 wire from FO0)

F2 (suspended by 1 wire from F1)
F3 (suspended by 1 wire from F2)

F4 (suspended by 1 wire from F3)

F5 (suspended by 1 wire from F4)
IR (suspended by 3 wire from F5)

IM (suspended by 1 wire from F5)
RM (suspended by 4 wire from IR)
TM (suspended by 4 wire from IM)

Figure A.1: Topology of type-A SAS.
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Figure A.2: Parameters of type-A SAS.
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A.3 Type-B/type-Bp SAS

fﬁ FO (supported by 3 IPs from GND)

MD (suspended by 3 wires from F0)
F1 (suspended by 1 wire from F0)

F2 (suspended by 1 wire from F1)

IR (suspended by 3 wire from F2)
IM (suspended by 1 wire from F2)
RM (suspended by 4 wire from IM)
TM (suspended by 4 wire from IM)

Figure A.3: Topology of type-B SAS.

F1 (= GND)
F2 (suspended by 1 wire from F1)

IR (suspended by 3 wire from F2)
IM (suspended by 1 wire from F2)
RM (suspended by 4 wire from IM)
TM (suspended by 4 wire from IM)

Figure A.4: Topology of type-Bp SAS.
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Figure A.5: Parameters of type-B / type-Bp SAS.
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