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What is TOBA
・… was told many times

・ I focus on Phase-III TOBA
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Phase-III TOBA

!6

1st Shield 
(50 K)

2nd Shield 
(4 K)

Test 
masses

Cryogenic 
cooler

Intermediate 
mass

・Active vibration isolation


‣ isolation ratio ~ 102 

@ 0.1 - 1 Hz


‣reducing vibration caused 

by the cooler via heatlinks


・Cryogenic


‣ cooled down to 4 K

(Shimoda)


‣ Silicon wire with High Q 

(Q ~ 108)

(Ching Pin)
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Seismic Cross-Coupling Noise

!7

Cross-coupling 
noise

Coupling 
Coefficient

Translational 
Seismic Vibration

Requirement:

induced by asymmetry

of the system


(mirror tilt, TM tilt, etc.)


Translational 
Seismic Vibration

Yaw motion

Yaw signal 
(IFO output)

×=
10-16 rad/√Hz 


@ 0.1 Hz
10-9 m/rad

10-7 m/√Hz @ 0.1 Hz

10-10 m/√Hz @ 1Hz
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Seismic Cross-Coupling Noise
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Cross-coupling 
noise

Coupling 
Coefficient

Translational 
Seismic Vibration

Requirement:

induced by asymmetry

of the system


(mirror tilt, TM tilt, etc.)


Translational 
Seismic Vibration

Yaw motion

Yaw signal 
(IFO output)

×=
10-16 rad/√Hz 


@ 0.1 Hz
10-9 m/rad

10-7 m/√Hz @ 0.1 Hz

10-10 m/√Hz @ 1Hz

Phase-2.5 (2017)

Shimoda

NewWFS

Miyazaki

×
×

AVIT 
Takano
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Vibration from the Cooler via Heatlinks

‣ Reduce vibration of 
the heatlinks by AVIT 

before they shake IMs 
and TMs 

!9

Vibration of 

the cooler

‣ Heatlinks

‣ IMs

‣ TMs

Adiabatic rods:

Connect heatlinks and 

AVIT adiabatically
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Summary of Performance at Thesis

・Control each DoF independently

・ I failed in simultaneous control

!11

x y z

Stability

Max. 
reduction 

ratio
1/10 1/2 1/100

control band 0.2 - 2 Hz 0.2 - 1 Hz 0.1 - 3 Hz

x

z

y
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Performance at Thesis

!12

Resonant peaks

(x, y, z)

solid lines:

under control


(independently)

dotted lines:

free run

huge peak (y)



/  4123. 04. 2019 Midterm Seminar 2019

Problems
High Frequency

・Control Gain was small


‣ UGF was limited by frame 
resonance modes


‣ OLTF rotates > 180º


‣Make the frame stiffer
!13

Low Frequency

・Cross-over frequency was 

higher than 0.1 Hz

・Servo was unstable (especially 

in y)


‣ Tilt-horizontal coupling of 
Geophones


‣ Geophones are insensitive 
below 0.1 Hz


‣ Need another tilt sensor

✓
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New Frame Design
・Made by aluminum frames bought from MISUMI

・From simulation, resonant frequency of the first mode is ~ 40 Hz

・But...

!15
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Nightmare
・After construction of the 1st floor, I measured the vibration 

spectra.


・Peaks are at 5.5 Hz (x) and 7 Hz (y). 

・Almost the same as before.

・ It seed that these peaks was not due to the frame resonance.

!16
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・Casters!


・ I put lead bricks next to the base plate, then the peaks went to 
much higher frequency.

The Original Sin

!17
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New Frame
・Finally I finished to construct the new frame

・Resonant frequency of each DoF:


‣ x: 5 Hz → 12.7 Hz


‣ y: 6 Hz → 14 Hz 

‣ z: 17 Hz → 32 Hz

!18
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Performance on April (x)
・Performance got improved

!19

~ 1/100

Control band 
 got higher
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Performance on April (z)
・Performance got improved

!20

~ 1/300

Control band 
 got higher
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Next Task
・Change the casters to rigider foots


・Combine the frame and AVIT to the main vacuum chamber

!21
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Tiltmeter

・Even though the suspension point tilts, suspended mass does not 
tilt


‣ Relative tilt between the mass and the ground is the tilt of 
ground itself


・For AVIT, there are 2 functions:

๏ Measure the actuator efficiency of tilt to decouple 6 DoF of 

Hexapod

๏ Measure the ground tilt and control to reduce tilt-horizontal 

coupling
!23
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Horizontal coupling

・Translational motion of the 
suspension point induces 
tilt motion of the suspended 
mass


・The lower the res. freq., the 
lower the coupling 
efficiency

!24
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Current Status of Tiltmeter
・Suspended successfully 

!25

・Mechanical response were 
measured

Transfer Function of

Ground Roll →TM Roll
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Next Tasks
Optics

・Construct 2 optical levers

๏ Pitch and Roll (from bottom of TM)

๏ Yaw (from front of TM)

・Make a fiber feedthrough

๏ Commercial or Handmade


Lower resonant frequency

・Target: 0.03 Hz

・Current: 0.13 Hz

๏ Fine tuning of COM is necessary

๏ Balancing is a big problem

!26
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Balancing Problems
The lower the resonant frequency goes, the harder to balance TM 
horizontally

・Equilibrium tilt angle is calculated as:


・Resonant frequency of tilt:


‣If  ft is close to 0, θ0 is big even Δx is close to 0

!27

× Δx

Δz
COM

θ0

θ0 =
mgΔx

mgΔz + κ

ft =
1

2π
mgΔz + κ

I
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Tiltmeter with Coil-Coil Actuators
・To solve this, I plan to use coil-coil actuators to balance TM 

precisely (DC offset)

・Resonant frequency can be also adjusted by coil-coil actuators 

(AC control)

!28

× Δx

Δz
COM

θ0

τext

θ0 =
mgΔx + τext

mgΔz + κ
Parameters:

・m = 300 g

・ l = 80 mm

・Δx ~ 10 µm

‣Fext ~ 4×10-4 N 
‣Feasible value for 
coil-coil actuators

l



/  4123. 04. 2019 Midterm Seminar 2019

Future Plan
・Construct 2 optical levers

・Make or buy (or both) a fiber feedthrough

・Attach coil-coil actuators to TM

・Adjust position of COM to lower resonant frequency

・ Install the whole setup on AVIT

・…


So many things to do

!29
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Some Ideas

What I’m considering

!30
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Broader-Bandwidth Inertial Sensor
・Bad points of geophones

๏ Resonant frequency (~ 1Hz) is relatively high for our purpose

๏ In principle, a geophone is speedometer


‣ below its res. freq. sensitivity gets worse (        )

๏ Tilt-horizontal coupling is inevitable


・Some ideas for better inertial sensor

๏ Lower resonant frequency (~ 0.1 Hz?)


‣ IP, GAS, some kind of linkage, etc. could realize it

๏ Measuring displacement (not velocity)


‣MI, cavity, etc

๏ Using (a) pendulum(s)


‣ Avoidable tilt-horizontal coupling (as I explained)

!33
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How to Realize Low Resonant Frequency
・ Inverted Pendulum

๏ Horizontal translation

๏ good: well-used in our neighbors

๏ bad: difficult to use (?)


‣ I heard from Akutsu-san that Fujii-san said:

“I don’t recommend to use IP for VIS of TMS because its 
characteristics doesn’t fit our calculation and difficult to handle 
it.”


・GAS Filter

๏ Vertical translation


・Some other linkage:

๏ Folded pendulum

๏ Roberts linkage

!34

feed-back control systems). Furthermore the innovative application of laser optics techniques for the 
implementation of the FP monolithic readout (laser optical levers and laser interferometers), has 
improved its sensitivity, especially in the low frequency band, increasing, at the same time, its 
immunity to environmental noises (Acernese, et al., 2008). It is important to underline here that the 
sensitivity of the interferometric optical readout depends on many parameters, like the optical 
configuration, the quality of the laser, the open loop error signal extraction techniques used, etc.. Many 
configurations and techniques exist in literature suitable for this purpose, and applied to seismic 
sensors since long time, so that any improvement of the optical readout may be simply a matter of 
suitable choice and cost, and does not require special dedicated studies. 
 
Actually, the main problem that prevented the use of monolithic FP as seismometers (open loop 
configuration) was geometric. In fact, all the previous versions of FP were designed with the 
constraint that the four joints, necessary for the mechanical implementation, work in tension. This 
technical choice led to the implementation of FP with asymmetric arms. In particular, the moment of 
inertia of the inverted pendulum arm cannot be minimized, becoming a real problem for the quality of 
the FP dynamics. These asymmetries become very relevant in the open loop configuration FP sensor. 
In fact, being the rotation centre of the elliptic hinges time and position dependent, the coupling of the 
inverted pendulum arm motion with the central mass motion largely increases the couplings of 
different degrees of freedom, reducing the quality factor and increasing the noise on the horizontal 
axis. 
 
This problem was solved in the UNISA Horizontal Seismometer (Barone and Giordano, 2011), 
characterized by a symmetric FP configuration, that allows the optimization of the moments of inertia 
of both the arms according to the specific application. In this new design, the two joints of the inverted 
pendulum work in compression. In order to compare the results obtained with the UNISA Horizontal 
Seismometer and the previous monolithic FP versions we implemented this new Seismometer using 
the same material (Aluminium Alloy 7075-T6), the same dimensions (134	݉݉	 ൈ 134	݉݉	 ൈ
40	݉݉) and the same ellipticity (16/5) and thickness 100	݉ߤ of the hinges of the previous versions. 
In Fig. 3.1 the UNISA Horizontal Seismometer is shown. 
 

 
 

Figure 3.1. The UNISA Horizontal Seismometer. 
 
Therefore, a sensor with no feed-back control system has the great advantage that there are no 
limitations to the band and sensitivity introduced by the control electronics, so that the quality of the 
instrument mainly depends on a careful and optimized mechanical design. The real limitations to the 
performances of a mechanical monolithic sensor become then the thermal noise, the sensitivity to the 
external temperature and acoustic noise (in air) and the readout sensitivity. Being the latter actually a 
laser optical readout (optical lever and laser interferometer), its quality is a problem of cost and 
portability of the sensor. In particular the monolithic horizontal FP sensor can be used both as stand-
alone large-band high-dynamics seismometer/accelerometer for earthquake monitoring, for seismic 
noise monitoring for geophysics applications, for monitoring and control of civil and industrial 
buildings (dams, buildings, etc.) and as seismometer/accelerometer for the automatic control of 
mechanical multi/stage suspensions and inertial platforms (Acernese, et al.,2012b). 
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Roberts Linkage
Roberts linkage: a kind of linkage of which motion is approx. linear


・Once developed for VIS of AIGO

in Univ. of Western Australia


Garoi +, Rev. Sci. Instr. 74, 3487(2003)


๏ Suspended by 4 wires

๏ Resonant frequency: 54 mHz


・

!35

smooth translation of the entire isolation chain together with
the test mass by useful distances !e.g., millimeters". This can
be used to set optical cavity length and to counteract any
thermal expansion and earth tide effects.

In this article we will introduce the Roberts linkage ge-
ometry. Then we will present a theoretical model for the
linkage and the transfer function setup. Finally, we present
experimental results and compare them with the theoretical
predictions.

II. THE DEVICE

As is the case with devices such as the Watt’s linkage
and Scott–Russel linkage,5 the Roberts linkage preisolator
illustrated in Fig. 1 works by causing the mass suspension
point P to move in an almost flat horizontal plane, so that the
suspended mass gravitational potential energy is almost in-
dependent of displacement. Small modifications in the geom-
etry !such as by raising point P slightly above or below the
plane of the suspension points" allow point P to move in a
very shallow arc, which defines the effective length of an
equivalent pendulum for the Roberts linkage.

One usually imagines this arc to form a very shallow
potential well in which the suspended load moves, but in
order to obtain very low frequencies it may need to be a
significant potential hill !i.e., inverse pendulum" to cancel
other restoring forces such as the flexing of the suspension
wires, and the motion of the center of mass of the !ideally
massless" rigid Roberts linkage frame. If a significant pro-
portion of the restoring force is due to the suspended mass
moving in such a potential well or hill, then the device’s
resonance frequency tuning become strongly dependent on
the suspended load. A more useful arrangement is to attach
fixed mass to the rigid frame well above point P to balance
the mass of the structure below this point so that the center
of mass of the rigid frame is at the same level as this point
and at the level of the plane of the fixed wire suspension
points. In this case the tuning becomes almost independent
of the suspended load. The resonant frequency may then be
adjusted by moving a small amount of mass up or down on
the rigid frame, finely tuning the shallowness of the overall
potential well.

A one-dimensional Roberts linkage with a suspended
mass is shown in Fig. 1!a". It consists of a rigid frame at-
tached to two wires. This linkage can be imagined as a W
shape, where the sidelines represent the two suspension
wires and the central inverted V is the rigid frame. If we take
a copy of the one-dimensional linkage and rotate it 90°
around a vertical axis with an appropriate rigid central sec-
tion, a two-dimensional Roberts linkage5 is obtained as
shown in Fig. 1!b". This structure is overconstrained but in-
trinsic material flexibility and simple wire length adjustment
make it a practical solution. The overconstraint can be re-
moved by going to a three-wire design as we tested for the
small seismometer,7 but for installation in our cubic shaped
preisolator, a square structure was greatly preferred.

The classical Roberts linkage4 requires distances AB,
BP, PB! and A!B! to be equal and the distance AA! to be
twice the distance BB! as shown in Fig. 1!a". The two-
dimensional device illustrated is constructed of 60 mm!60
mm!60 mm aluminum angle with a height h"692 mm,
from the upper to the lower suspension point. The distance l,
as shown in Fig. 1!a", is equal to 273 mm. This gives a value
of 21.5° of arc for the angle #, between the vertical axis and
the suspension wire of the linkage.

The four suspension wires are anchored to the structure
at the bottom, and are supported by an adjustable threaded
housing at the top, allowing the tension in the suspension
wires to be matched and the linkage to be accurately posi-
tioned and leveled. The other stages of the suspension chain
designed at AIGO10 will be suspended from the Roberts link-
age, approximately at the point P indicated in Fig. 1. There is
extra weight on top of the frame, such that the position of the
Roberts linkage center of mass is near the suspension point
of the mass load !suspended mass in Fig. 1", to minimize the
sensitivity of resonance frequency to the suspended load.

III. THEORETICAL MODEL

In this section we review the transfer function of a
simple pendulum, and then generalize it to a physical
pendulum.

The transfer function and the phase angle for a simple
pendulum !see Fig. 2" have the following expressions:

!XoutputX input
!"" 1#Q$2

!1$!$/$ res"
2"2#Q$2# 1/2, !1"

%"arctan" $!$/$ res"
2

Q!1$!$/$ res"
2#Q$2"

# , !2"

where $ is the angular excitation frequency, $ res is the an-
gular resonance frequency, and the quality factor is given by
Q"1/&Pend . The pendulum loss has the following expres-
sion &Pend"&(kg#ks)/ks , where & is the material loss for
suspension wire, kg is the gravitational spring constant, and
ks!"ks(1#i&) is the flexure spring constant. In addition, the
spring constant of the pendulum !total spring constant" is
given by kPend"kg#ks!"'kg#ks(1#i&)("(kg#ks)(1
#i&Pend)"k(1#i&Pend), where k is the real part of the total
spring constant.

FIG. 1. The Roberts linkage diagram: !a" one-dimensional Roberts linkage
with a suspended load from wire PM and !b" two-dimensional Roberts link-
age with a suspended load.
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height of the Roberts linkage suspension points plane !this
being what achieves the very low resonant frequency". A
swept sine transfer function was recorded. To measure the
transfer function shadow sensors were located as shown in
Fig. 4, allowing measurement of the displacement of the first
preisolator stage and the displacement of the Roberts linkage
with respect to the ground.

The excitation signal was applied with a loudspeaker
calibrated to provide a force of 6 N/A. This signal was ap-
plied at approximately 45° with respect to the two eigen-
mode directions of oscillation and the output was measured
in the same direction. In order to keep a good signal to noise
ratio, the measurement was made over three different fre-
quency ranges with appropriate source amplitudes !2 V am-
plitude for 20–400 mHz, 1 V for 350 mHz–1 Hz, and 3 V
for 1–10 Hz". For the experiments reported here differences
between the periods of oscillation in the two orthogonal di-
rections were encountered, such that one had 18.5 s period
and the other had 25.5 s period. The reason for these differ-
ences can be assigned to small differences in distances be-
tween suspension points of the Roberts linkage in the two
orthogonal directions as well as to imperfections in the sus-
pension wire cylindricity and clamping isotropy. These last
two factors could be improved by lapping the wires to match
the collets as described in Ref. 11. Cross coupling between
these two modes leads to a double peak response in the trans-
fer function as is seen in Fig. 5. The main peak at 54 mHz
shows the resonance frequency of the Roberts linkage in the
measurement direction and the other small peak at 39 mHz is
due to cross coupling with the perpendicular direction of
oscillation. This arises because the excited direction is not

exactly in line with a modal axis. The two dashed lines in
Fig. 5!a" show theoretical transfer functions for the center of
percussion (A!0) and for A!"0.03. We also present the
phase plots, for the measured data and for the physical pen-
dulum model !dashed line" in Fig. 5!b". We used a value of
3.7 for the quality factor in this model.

Figure 5 shows the isolation of the Roberts linkage to be
that expected for a physical pendulum when the constant A
has a value of "0.03, yielding a maximum isolation of 32
dB. For use as a preisolator this is an adequate level of
isolation.

Better isolation can be achieved for frequencies greater
than 0.2 Hz if we suspend the isolation chain from the center
of percussion of the Roberts linkage. However, suspending
the load at the center of percussion will make the tuning and
stability of the Roberts linkage dependent on loading and is
therefore not desirable. An ideal design would achieve both
low frequency tuning and high frequency isolation by plac-
ing both the center of percussion and the center of mass at
the desired suspension point. In practice, this is impossible
with rigid structure.

As normally occurs with low frequency structures, the Q
factor is low because the negative spring created by the ge-
ometry cancels the real spring constant but leaves the dissi-
pative terms unchanged.

V. DISCUSSION

A very low frequency horizontal vibration isolation de-
vice based on the Roberts linkage has been presented. The
device has advantages in simplicity of design and economi-
cal usage of the space. The simplicity is also reflected in ease
of setup. The device !only partially loaded" achieved a Q
factor of #4 with a resonance period of #20 s. This suggests
that with drift compensating feedback, the resonance period
could be increased to 40 s !Q factor falls with resonance
frequency squared for structural damping", particularly if the
device were adequately loaded. With a resonance period of
18.5 s, an isolation of 32 dB at 1 Hz was obtained. This is
sufficient to significantly attenuate the seismic excitation of
the normal modes of an isolation chain. The 32 dB isolation
floor is due to the distributed nature of the Roberts linkage
mass, which prevents the center of percussion from being
located at the center of mass. Better isolation could be
achieved by reducing the mass of Roberts linkage frame
compared to its mass load or by having the isolation chain
attached to the center of percussion of the Roberts linkage.
An isolation improvement of about 20 dB at 1 Hz should
then be achieved. We point out, however, that suspending the
following isolation stages from the center of percussion point
makes the Roberts stage sensitive to the total mass load be-
low it. Since it is impossible with a rigid structure to locate
the center of percussion at the same point as the center of
mass, a possible solution may be to add one or more load
pendulum masses, which can change the center of mass !at
ultralow resonance frequency" without affecting the high fre-
quency dynamic response and the center of percussion.

Because of imperfections in construction the two or-
thogonal directions of oscillation of the Roberts linkage typi-

FIG. 5. !a" Roberts linkage transfer function. The two dashed lines repre-
sent physical pendulum model transfer functions for A!0 !at the center of
percussion" and for A!"0.03, the last one fitting our experimental data. !b"
Phase plots. The dashed line shows theoretical prediction !with A!"0.03".

3490 Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Garoi et al.
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54 mHz
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Read out
・A geophone reads relative velocity between the internal mass and  

housing by EMF

・The sensitivity is good at frequency above f0, 


but gets worse drastically below f0

‣ Let’s measure its displacement directly


‣MI or FP Cavity


・How to control the IFO in its linear range ?

๏ RMS of seismic vibration: ~ 10 µm

๏ Typical wavelength of laser: ~ 1 µm

・Solution

๏ Use actuators which have very large range

๏ Use IFO with broader linear range -> Quadrature phase MI

!36

Figure 4: Working principle of a geophone.

the ω0 is decreased. This is the main reason why seismic accelerometers usually rely on a
soft mounting of the seismic mass and a coil, a capacitive or a piezoelectric transducer to
measure y, while in broadband accelerometers, only a piezoelectric ceramic is often used,
providing both a stiff mount and a measurement of y. Still, some attempts of low frequency
piezoelectric accelerometers are reported in the literature [15, 16, 17], but cannot outperform
the electromagnetic systems treated in section 3.2.

3.1 Geophone

The working principle of the geophone is explained in Fig. 4 [18]. The seismic mass m
is moving in a coil, which is loaded by a resistance R.

The independent variables of the system are x and q, and the equations of the system
are:

mẍ+ c(ẋ− ẇ) + k(x− w) + T q̇ = 0 (14)

for the mechanical part and
Lq̈ − T (ẋ− ẇ) + Rq̇ = 0 (15)

for the electrical part. L is the inductance of the coil, and T = 2πnrB is the constant of the
coil, expressed (Tm) or V/(m/s).

Defining y = x− w, we get in the Laplace domain

ms2Y + csY + kY + TsQ = −ms2W (16)

Ls2Q− TsW +RsQ = 0 (17)

The output of the sensor is the voltage V0 across the resistance R, Vo = RsQ.

6
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Long Range Actuator
・Piezoelectric actuator

๏ Already used for AVIT

๏ Range is enough


・Temperature-driven actuator

๏ make use of thermal expansion

๏ A metal bar with Peltier device

๏ example: an aluminum bar with 10 cm long


‣ Coefficient of thermal expansion: 23 × 10-6 / K


‣Max. temp. difference: 70 K


‣Max. expansion range: ~ 160 µm → sufficient

!37
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Quadrature Phase Interferometer
Quadrature phase interferometer:

・Using of polarization of the light

・Have infinite range theoretically

・Used in many field:


‣ Phase-I TOBA (by Okada-san)


‣ GIF (the longest QPI, probably)


‣ [Miyazaki-kun almost tried it (but finally gave up)]


‣ A group in Univ. of Birmingham
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iodine-saturated absorption spectrum and attains an 
Allan variance of 3  ×  10−13 as the lowest relative fre-
quency stability (Araya et al. 2002). The stabilized laser 
beam is introduced into the input path through a polari-
zation-maintaining optical fiber. The interference fringes 
are detected using two photodetectors on the input opti-
cal bench. A quadrature detection technique, as shown 
in Fig.  3, is used. Using a quarter-wave plate inserted 
in the reference arm of the interferometer, the optical 
phase is shifted by π/2 between the horizontal and verti-
cal polarizations, and thus, quadrature fringe signals are 
obtained for both polarizations. The Lissajous curve pro-
duced from the two complementary fringe signals allows 
bidirectional detection of the mirror motion. The dis-
placement resolution depends on both the wavelength 
and its detectable fraction, as in ordinary interferome-
ters. However, the measurement range is arbitrarily wide 
because the fringes are periodic, unless they are lost 
due to misalignment or a low sampling rate. The fringe 
signals are sampled using 24-bit analog-to-digital con-
verters (ADCs, PXI-5922, National Instruments Corp.) 
located onsite with a sampling rate of 50  kHz, which 
is synchronized with a rubidium atomic clock. The 
recorded data can be accessed from outside the tunnel 
and downloaded every minute to a storage device out-
side the mine, and the stored data are converted to strain 
automatically as follows.

The Lissajous curve is fitted to an ellipse (Heydemann 
1981; Zumberge et al. 2004) and normalized to a unit cir-
cle to obtain the optical phase, ϕ, which is proportional to 
the change in the interferometer arm length, !L,

Therefore, the strain, ε, can be obtained from the 
formula

where L is the baseline length of 1500 m. The raw strain 
data (50  kHz samples) are filtered and averaged to 
produce 5  kHz, 200  Hz, or 20  Hz data. These data are 
stored and used for maintenance, seismic, and geodetic 
analyses.

Results and discussion
In Fig. 4, a typical strain change observed by the 1500-m 
laser strainmeter (blue) is shown together with the the-
oretical tidal change (green) calculated with the tidal 
calculation program GOTIC2 (Matsumoto et  al. 2001), 
including both solid and ocean tides. The waveforms are 
in good agreement with each other; however, a slight 
difference in amplitudes can be seen. An approximately 
13% reduction in the theoretical amplitude (red) fits the 

(1)ϕ =
4 π

!
#L.

(2)ε =
"L

L
=

!

4 πL
ϕ,

Fig. 3 Quadrature interferometer used in the 1500-m laser strainmeter (left). A quarter-wave plate inserted in the interferometer produces a 90° 
phase shift between the horizontal and vertical polarizations. As a result, the intensities of the interference beams for both polarizations separated 
by the polarizing beam splitter complementarily change as sine and cosine (bottom right). By normalizing the observed elliptic Lissajous curve (top 
right) into a circular one, mirror motion can be determined from the phase angle

6

with a resolution of a few microns, but the coupling was much larger than predicted. This is 
attributed to interference from stray light. The residual coupling can be quantified by an effec-
tive arm-length mismatch of 0.7 mm. Assuming laser frequency fluctuations of 104 × [ 1

f ] Hz √
Hz

−1
, we predict the red curve shown in figure 3.

The electronic noise (the black curve in figure 3) is measured by replacing the photodiode 
inputs with a constant current using a resistor connected to a bias voltage. The resistor values 
are such that the 3 input currents simulate a specific optical phase for the three photodiodes.

The baseplate was placed on rubber ‘feet’ on an optical bench and sampled at 20 kHz over 
a 10 hour period. Figure 3 shows the amplitude spectral density of the measurement over a 
ten minute segment of this data. The interferometer reaches a peak sensitivity of 2 × 10−14 m √

Hz−1  at 70 Hz. At 10 mHz a sensitivity of 7 × 10−11 m 
√

Hz−1  is achieved.
The total sensitivity is probably limited by electronic noise at frequencies near 0.5 Hz. 

Below this, the limiting factor is assumed to be a combination of air currents, temperature 
fluctuations, and frequency noise. Above 1 Hz, the sources of noise are less well understood 
except for the peak near 18 Hz, that is caused by mechanical vibration of the optical table, and 
the large peak at 50 Hz, caused by pickup in the unshielded photodiode cables.

Figure 2. The prototype version of HoQI, the base plate is 170 × 100 mm with 10 mm 
gaps between components.

Figure 3. Sensitivity of the fibre-coupled prototype HoQI showing the interferometer 
signal (blue), the measured readout noise (black), and an estimate of the frequency 
noise that couples into the interferometer (red).

S J Cooper et alClass. Quantum Grav. 35 (2018) 095007
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Examples of Setup (1)

!39

Roberts linkage

GAS

Mass

Resonant frequency

Trans, Long: Roberts linkage

Vert: GAS or blade springs

Yaw: Torsion pendulum

Pitch, Roll: Adjusting COM

Readout

Trans, Long, Vert: QPI (without control)

Pitch, Roll, Yaw: MI (controlled by Actuators)

Actuator
Trans

Long

Vert

Roll
Pitch

Yaw
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Examples of Setup (2)
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Roberts linkage

GAS

Mass

Resonant frequency

Trans, Long: Roberts linkage

Vert: GAS or blade springs

Yaw: Torsion pendulum

Pitch, Roll: Adjusting COM

Trans

Long

Vert

Roll
Pitch

Yaw

Readout

Trans, Long, Vert: Cavity (controlled by Actuators)

Pitch, Roll, Yaw: WFS (controlled by Actuators)


or MI (controlled by Actuators)

Actuator
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Summary
・Active Vibration Isolation


‣ New frame: almost done, seems good


‣ Replacement of caster: planning


‣ Tiltmeter: a lot of things to do

・Broader-Bandwidth Inertial Sensor


‣ Just considering some basic concept


‣Will anyone make it?
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END


