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Abstract

Gravitational wave detection will provide further insight into areas that are inacces-

sible by traditional electromagnetic astronomy methods such as black holes (Baker

et al., 2006). The Laser Interferometer Gravitational-wave Observatory (LIGO) is a

large project designed to detect directly gravitational waves from astrophysical sources

through the use of three, long-baseline interferometers and is funded by the National

Science Foundation (NSF). We have demonstrated a prototype system, the Seismic

Platform Interferometer (SPI), which could improve the operational reliability of the

observatory.

Initial LIGO, operating for 1 year of science data collection, had no known event

detections. To improve the estimated detection event rate by a factor of about 1,000,

the LIGO project is currently installing the Advanced LIGO (aLIGO) upgrade in-

creasing the sensitivity of the detectors (Harry and LSC, 2010), (Shoemaker, 2009),

and (Fritschel, 2009). Commissioning work for aLIGO has already started with the

upgrade scheduled to come on-line in 2015.

Several significant changes are being made to improve the detectors’ performance.

One of these changes is the installation of an upgraded seismic isolation system.

This is necessary to increase the attenuation of ground motion to the suspended

optics to 10 orders of magnitude at 10 Hz – an order of magnitude improvement over

current LIGO. Seismic isolation starts with quiet Hydraulic External Pre-Isolators

(HEPI) outside the vacuum system, Internal Seismic Isolation (ISI) platforms inside

the vacuum envelope, and then as many as four stages of pendulums culminating at

the final proof mass optic.
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As part of aLIGO, thirty Internal Seismic Isolation (ISI) platforms, actively con-

trolled in six degrees of freedom, are being installed to support and align each of the

optics that are part of the interferometer. These platforms are controlled relative

to inertial space utilizing seismometers. At low frequencies, however, the horizontal

feedback seismometers cannot distinguish horizontal accelerations from the compo-

nent of gravity, g, due to tilt. The ratio of a horizontal seismometer’s sensitivity to

rotation (signal per radian of angle) to the sensitivity to translation (signal per m)

at a particular frequency (denoted ω in rad/s) is represented by:

rotation response

translation response
=

−g

ω2
(1)

This tilt-horizontal coupling is one of the factors limiting the low frequency per-

formance of the ISI system (Lantz et al., 2009).

Several solutions could address the problems caused by the tilt-horizontal coupling

in the feedback inertial sensors. One set of solutions involves measuring the tilt

independently and then subtracting its effect from the horizontal inertial sensors’

signal. Possible solutions in this set include measuring tilt rate with a ring laser

gyroscope and integrating to obtain the tilt.

Alternatively, two or more linear inertial sensors (accelerometer or seismometer)

could be spatially arranged in such a way as to obtain tilt from the difference of their

signals. One method would involve two horizontally separated vertical inertial sensors.

In this arrangement, tilt is the differential signal between the two instruments. A

vertical seismometer with immunity to atmospheric pressure changes was designed

and prototyped for this purpose.

We have developed and demonstrated a different approach to address the excess

motion at low frequency imposed by the tilt-horizontal coupling in the inertial sen-

sors. An auxiliary sensor, the Seismic Platform Interferometer (SPI) was designed,

prototyped, and demonstrated in the Stanford Engineering Test Facility (ETF) mea-

suring and controlling the differential displacement between adjacent platforms at low

frequencies.

The dynamic range requirement of subsequent sensors, such as the main LIGO
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interferometer, is reduced by controlling this motion. While LIGO was operational,

motion reduction would help simplify lock acquisition of the main interferometer as

it effectively offloads some of the necessary control to isolation stages closer to the

ground. This offloading is also helpful in that these stages utilize actuators that

are better impedance matched to control low frequency motion and zero frequency

offsets and alignments than actuators acting directly on the test masses, optics, and

suspension systems.

In order to sense the excess motion resulting from tilt coupling into the horizontal

control loops, the SPI needs to measure the differential length between platforms.

The measurement of differential pitch and yaw also becomes necessary because the

attachment point for the suspension to the optics is not co-located at the center of

rotation of the platform but is approximately 1 m above it and up to 1 m to the side.

The SPI prototype signal was then used to control the differential motion of two

actively controlled isolation platforms in the ETF. These platforms were separated

by a distance of 8.9 m with one being a two-stage system and the other a single stage

platform. The two-stage platform served as the host platform.

Both of the platforms were locked together at low frequencies through the pro-

totype SPI in differential length, pitch, and yaw signal by controlling the remote

platform. The differential displacement motion reduction was recorded on two inde-

pendent GS-13 seismometers and displayed an order of magnitude reduction between

the frequencies of 100 mHz to 5 Hz.

The SPI prototype demonstrated success in measuring and controlling differential

pitch, yaw, and length between two active seismic isolation platforms. The in-loop

RMS differential motions were reduced by 11 times in pitch, 24 times in yaw, and

4,418 times in length by the SPI enabled control. The SPI therefore provides a

solution to induced, unwanted motion at low frequency caused by the tilt-horizontal

coupling in the feedback seismometers of the active ISI platforms in Advanced LIGO.

It is recommended that an SPI system be implemented in aLIGO.

The work contained in this thesis does not necessarily reflect the scientific opinion

of the LIGO Scientific Collaboration (LSC) as it was not required to be technically

reviewed by the LSC.
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Chapter 1

Introduction

The detection of gravitational waves will allow investigations into areas of science

that are currently inaccessible, one area being further insight into black holes, for

example (Baker et al., 2006). Several observational facilities have been constructed

in multiple countries with the sole purpose of the direct detection of gravitational

waves. The Laser Interferometer Gravitational-wave Observatory (LIGO) is one such

project. Detection of gravitational waves by LIGO is dependent on stringent seis-

mic vibration attenuation within an ultra-high vacuum envelope. To this end, this

work addresses the low frequency seismic isolation requirements and active alignment

between adjacent platforms using an auxiliary interferometer.

1.1 Gravitational Waves

Einstein’s theory of general relativity first predicted gravitational waves in 1916 and

provided a causal explanation for the gravitational force to an accelerating mass (Ein-

stein, 1918), (Einstein, 1916). These gravitational waves are predicted to travel at

the speed of light, expressed with a wave equation, in contrast to Newton’s theory

of gravity’s instantaneous attraction at a distance. While there have been no known,

direct observations of gravitational waves, careful measurements of the orbital fre-

quency decay of neutron star binary systems, such as the PSR B1913+16 by Hulse

and Taylor, resulted in an indirect observation of energy loss consistent to a few

1
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percent with the predictions of energy converted through the generation of resulting

gravitational waves (Hulse and Taylor, 1975), (Taylor and Weisberg, 1982), (Taylor

and Weisberg, 1989).

1.1.1 Visualizing Gravitational Waves

Gravitational waves can be visualized as disturbances to space-time caused by an ac-

celerating mass. According to the theory, this can be visualized by the mass distorting

the space-time fabric (as depicted in Figure 1.1 inset) on which it sits while this

space-time fabric dictates the movement of the mass. When massive astrophysical

objects accelerate, they create the gravitational waves, or “ripples” in the space-time

mesh, which then are theorized to radiate away, traveling at the speed of light, from

the disturbance source. Passing gravitational waves distort the space-time metric in

a detector and can be measured. A gravitational wave can be sensed with correlated

detectors at multiple locations, which can provide information as to the wave’s source.

1.1.2 Polarization of Gravitational Waves

Gravitational waves induce a differential strain in space-time they pass through, in

a plane orthogonal to the direction of travel. Gravitational waves, similar to elec-

tromagnetic waves, have two types of polarization of their differential planar strain

waves, plus (h+), and cross (hx), (Blair, 1991). As an h+ gravitational wave travels,

space-time will stretch in one dimension while it shrinks correspondingly in the other

orthogonal dimension. If, for example, the space-time metric is depicted in Figure

1.2 (a) and is then subjected to a passing gravitational wave (b) that is traveling

along a direction parallel to the longitudinal axis of the bar z, the x and y dimensions

of the bar will become distorted. These distortions of the space-time metric corre-

spond to different points along the period of the gravitational wave. If the space-time

metric were sectioned at these points, we would discover contours as in (c) for the

corresponding h+ and hx polarizations. As depicted, the h+ and hx polarizations are

rotated 45 ◦ with respect to each other.
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Figure 1.1: Depiction of space-time curvature caused by a mass (inset). When two
massive objects, such as binary black holes or coalescing neutron stars, are rotating
around each other, the disturbances in the space-time metric generates gravitational
waves which can be visualized as radiating ripples.

1.1.3 Amplitudes of Gravitational Waves

Gravitational waves are predicted to be generated by astro-physical events such as

supernovae, inspiraling black holes or binary neutron stars (Saulson, 1994a). The

amplitude of gravitational waves, generated by a pair of coalescing neutron stars,

traveling perpendicular to the x−y plane is shown in Equation 1.1 (Saulson, 1994b).

M is the mass of each neutron star, 2ro is the separation between the two stars, forbital

is their orbital frequency, and Dc is the distance from the observer to the center of the

neutron star system. The amount of strain induced in space-time rapidly diminishes

with distance from the source.

hxx =
32π2G

D4
c

Mr2of
2
orbital cos (4πforbitalt) (1.1)

hyy = −hxx (1.2)
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Figure 1.2: A passing gravitational wave propagating along the z axis of a space-time
metric (undisturbed in (a)) strains the space-time metric as depicted in (b), distorting
the x−y cross sections corresponding to different points along the gravitational wave’s
period. The strain induced by a passing gravitational wave is dependent on the wave’s
polarization. The h+ orientation is depicted in (b). For an hx wave, the axes of
maximum strain would be rotated by 45 ◦.
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Substituting f 2
orbital = GM/16π2r3o in Equation 1.1, the characteristic strain on

earth for a 1.4 solar mass neutron star system at 15 Mpc (corresponding to being in

the Virgo cluster) and orbiting at about 350 Hz is calculated at hxx = 10−21.

The gravitational wave sources mentioned are some selected examples but must

not be considered all-inclusive. Future discoveries may easily expand this list and are

difficult to predict. These sources can, however, be divided into different classes by the

various methods used for their discovery in a detector’s data including: 1) the burst

group, such as supernovae, 2) the inspiral group, such as when binary inspiral stars

coalesce, 3) the cw-band group, such as pulsars, and 4) the stochastic background

group, which is made up of many weaker sources blended together (Ju et al., 2000).

1.2 Detection of Gravitational Waves

Bar detectors marked the beginning of scientific devices specifically built and operated

in an attempt to measure gravitational waves with some of the first detectors being

built and operated in the United States (Weber, 1969), (Weber, 1970), (Forward,

1965). Several operational bar detectors are still in service in places such as Italy,

Switzerland, Australia, and the U.S. (Ju et al., 2000). These detectors operate on

the principle that as a gravitational wave travels through the bar it will excite the

specifically designed natural resonant modes of that bar. These bars are designed to

have high Q factors, meaning a long decay time, at those resonant frequencies. This

allows the signal to then be integrated over a period of time so that strain sensitivities

can be obtained down to a few 10−19/
√
Hz at the bar’s resonant frequency.

A slightly different measurement approach but one that still measures the strain

induced by a gravitational wave, would be to utilize a laser interferometer. This

could be ground based, such as multiple interferometric gravitational wave detectors

currently installed or being installed around the world, or space based, such as the

proposed Laser Interferometer Space Antenna (LISA).



6 CHAPTER 1. INTRODUCTION

1.2.1 Laser Interferometric Detection

A laser interferometer is especially well suited to gravitational wave detection because

the differential strain induced in the plane orthogonal to the wave’s propagation

direction can be differentially measured by a Michelson interferometer (Figure 1.3).

Rainer Weiss worked out the requirements in the 1970s for just such a system (Weiss,

1972). By the late 1970s, an operational laser interferometric detector was operating

at the Hughes Research Laboratories (Forward, 1978). The current operationally

maintained, ground-based, gravitational wave interferometers include the 300 meter

Japanese operated TAMA, the 600 meter German-English collaborative GEO-600,

the Italian-French 3 km VIRGO, and the three 4 km Advanced LIGO detectors, two

sited in the U.S. and one proposed to be located in India (IndIGO, 2011). There are

also some future earth-based gravitational wave observatories proposed such as AIGA

in Western Australia and a cryogenic observatory, KAGRA, in Japan. The space-

based LISA mission would provide an interferometer that is not bound by some of the

restrictions imposed on earth-based systems and would be able to detect gravitational

waves at significantly lower frequencies utilizing 5 · 106 km arms (Center, 2009).

Figure 1.3: A laser interferometer, such as a Michelson type, is well suited for detec-
tion of gravitational waves. If the mirrors at the ends of the interferometer’s arms are
as depicted on the perimeter of the blue circle with the beam splitter located in the
middle, then, as a gravitational wave passes, the resulting strain induced in space-
time can be measured by a differential arm length change. This resulting differential
arm length measurement can then be recorded as the gravitational wave signal.
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1.2.2 LIGO

The Laser Interferometer Gravitational-wave Observatory (LIGO) currently has two

observatory sites, one located on the Hanford Nuclear Reservation near Richland,

Washington, and one near Livingston, Louisiana. The observatories housed three in-

terferometer instruments: one at the Livingston site called L1 and two at the Hanford

site, H1 and H2 respectively for Initial LIGO. For Advanced LIGO (aLIGO) one of

the interferometers from Hanford is proposed be relocated to a new observatory site

to be constructed in India (IndIGO, 2011). In order to learn the most from a gravi-

tational wave detection, it is important that the instruments be located with a large

separation distance allowing for time-of-arrival triangulation and source localization.

This geographical separation also helps reduce the possibility of local disturbances

such as lightning and seismic noise from being mistakenly interpreted as a gravita-

tional wave signal. The LIGO observatories are currently going through a sensitivity

upgrade called aLIGO.

Since a passing gravitational wave generates a strain, as the interferometer’s arms

are lengthened, the motion induced by a given strain also increases. The aLIGO inter-

ferometers will all utilize 4 km long arms. Another method used by aLIGO to increase

sensitivity is to resonate the light in each arm in a Fabry-Perot cavity. This can be

recognized by visualizing the extra round-trips of the light in the resonate cavity as

effectively lengthening the arms. Thus the strain sensitivity of the interferometer in-

creases. This does not happen without some expense, as it only increases sensitivity

for sources that generate gravitational waves that have periods longer than the light

storage time of the cavities in the science frequency band, which was 0.84 milliseconds

(ms) in initial LIGO but expected to be around 1.7 ms for aLIGO (Shoemaker, 2009).

Each observatory maintains a single ultra-high vacuum (UHV) system (Figure

1.4). The vacuum system includes the 4 km long beam tubes named the x and y

arms and the chambers that house the main and auxiliary optics. Since the Hanford

observatory had two instruments, they shared the same beam tubes but had individual

optic chambers. This meant that H2 (the second instrument for Initial LIGO at

Hanford) also required additional folding mirrors to allow its light to be coupled into

the tubes. All of the main interferometer optics are suspended down from inverted
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optics platforms in the Beam Splitter Chambers (BSCs) whereas the auxiliary optics

are mounted to supports on top of the Horizontal Access Module (HAM) chambers’

platform (Figure 1.5).

Figure 1.4: The LIGO vacuum envelope. The HAM chambers are rendered with
yellow domes and the BSCs are rendered with blue domes.

Because of the UHV levels necessary for aLIGO, any object placed in the cham-

bers must meet strict cleanliness and outgassing requirements. These requirements

are essential so that the high vacuum levels can be obtained and fouling of the inter-

ferometer optics can be prevented.

In principle, aLIGO is a Michelson interferometer but in actuality there are many

more optical filters and resonators used to clean and condition the input light as

well as the signal light at the output (Figure 1.6). The high power light (180 W

continuous wave (CW) at 1,064 nm) is introduced into the vacuum system from the

Pre-Stabilized Laser (PSL). Once inside the vacuum system, it is conditioned in a

resonant cavity, the input mode cleaner, before passing through a power recycling

mirror that is designed to keep a higher power of the light on the beam splitter. Once

past the power recycling mirror, the light is split at the beam splitter and sent to

each 4 km long arm. When the light enters the arm it is transmitted through the

input test mass, which forms one end of the Fabry-Perot arm cavity. The other end

of the cavity is the end test mass. The finesse of the arm cavity is chosen so that the

light remains resonant in the arms for approximately several hundred round trips.
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Figure 1.5: Cross sections of the two types of chambers used in Advanced LIGO
(aLIGO), (a) the Beam Splitter Chamber (BSC) houses all of the main optics such
as beam-splitters and the input and end test masses, (b) the Horizontal Access
Module (HAM) chamber houses the auxiliary input and output optics. There are 5
BSC and 6 HAM chambers per interferometer.
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As the light exits the arm cavities, it is recombined on the beam splitter and sent to

the signal-recycling cavity. After resonating in the signal-recycling cavity, the light

enters the output mode cleaner where it is finally monitored on photodetectors. A

good description of the optical components that LIGO uses has been described by

Black (Black and Gutenkunst, 2003)

Figure 1.6: The Advanced LIGO (aLIGO) light path schematic. (Fritschel, 2009)

The signals from the photodetectors are subsequently digitized and recorded in the

LIGO computer system (known as the Control and Data acquisition System (CDS))

along with other state variables and sensor information for future analysis (Bork

et al., 2001). The Experimental Physics and Industrial Control System (EPICS)

and its user interface, the Motif Editor and Display Manager (MEDM) provide the

real-time interface for operations from the control room.
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Many noise sources have the potential to degrade the sensitivity of LIGO. Some

of the prominent sources include seismic coupling at lower frequencies, thermal noise

of the Brownian motion on the mirror surfaces at the mid frequencies and shot noise

at the higher frequencies of the science band. These predicted sources are displayed

relative to frequency for aLIGO in Figure 1.7.

Figure 1.7: Advanced LIGO (aLIGO) design noise limiting sources as a function
of frequency. Seismic noise is the limiting factor below 10 Hz. The noise sources, in
general, have been carefully engineered to be below the quantum noise levels in the
science band from 10 Hz to several kHz (Fritschel, 2009).

Since the largest non-quantum noise source degrading aLIGO sensitivity at low

frequencies is seismic noise, great effort has been expended in order to reduce these

disturbances below the quantum noise level at the interferometer optics above 10 Hz.

Natural and anthropogenic ground vibrations at the observatory sites are about 10

orders of magnitude greater than the tolerable motion at the optics at 10 Hz. For

aLIGO to operate at its design sensitivity, vibration isolation of an unprecedented

10 orders of magnitude at 10 Hz and more at higher frequencies is required (Figure

1.8). The systems necessary to achieve this are introduced in more detail in the
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following section.

1.3 Seismic Isolation Systems in LIGO

In order for aLIGO to reach the design sensitivity levels that it needs to allow for the

regular detection of gravitational waves (and subsequent astronomy), the test masses

in the arm cavities must be isolated from ground vibrations. This seismic isolation

needs to attenuate the ground motion by as much as ten orders of magnitude.

The system that LIGO utilizes, in order to isolate to these levels, is composed

of three different subsystems. First, outside the vacuum chamber, the Hydraulic

External Pre-Isolator (HEPI) provides low frequency isolation and alignment. The

alignment of each subsequent stage is provided by the next outer stage. HEPI, as the

outermost stage in the isolation chain, must provide the zero frequency steady state

alignment as well as low frequency isolation. Because of good impedance matching of

the hydraulics to the load, HEPI is well suited to carry the biases from the subsequent

isolation systems that it supports. This allows offloading of static loads and alignment

of supported subsystems back to HEPI. The Internal Seismic Isolation (ISI) platform

is an in-vacuum subsystem that sits on support tubes that are controlled by HEPI.

Finally, attached to the ISI is the suspensions (SUS) subsystem that is typically

comprised of a multiple spring-mass pendulum system which terminates with the

optic.

The approach taken at GEO and VIRGO has been one of utilizing large, soft

springs to attain isolation through passive means. By utilizing anti-springs and unique

spring structures to cancel stiffness and reduce the natural frequency of the system,

large attenuation ratios have been achieved. The approach at LIGO has been different

in that LIGO has chosen to use a stiffer suspension system, that results in a more

compact structure and then add isolation through active control. This is better suited

to correct for small variations in material properties and has the benefit of providing

the ability to actively control and point the optical support structure.

Different targets have been established for each of these subsystems and are plotted

in Figure 1.8. The ground motion curve is the 50th percentile of the ground motion
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measured on the technical slab (the floor) at the LIGO Livingston Observatory (LLO)

in Louisiana. HEPI, which sits on top of the blue piers, supports the lilac crossbeams

that support the red tubes in the computer aided drafting (CAD) drawing. Motion in

the 0.1 to 5 Hz band is reduced by HEPI. The BSC ISI or HAM ISI sitting on these

tubes reduces the motion of the optical table. The support tubes (red) penetrate the

vacuum shell, which is sealed with a flexible bellows (not shown in Figure 1.8). The

various suspensions (SUS) are attached to the optical table and provide the remaining

attenuation necessary.

Figure 1.8: Seismic Isolation Requirements. Advanced LIGO (aLIGO) isolation
requirements from the ground attach points to the proof masses and optics. The
isolation is obtained in three steps: (a) an external hydraulic stage (HEPI), (b) the
in-vacuum isolation system (ISI), and (c) the suspension system (SUS). HEPI data,
(Wen, 2006)

1.3.1 Hydraulic External Pre-Isolators

HEPI was implemented in initial LIGO at the LLO after a large research and devel-

opment investment by the LIGO group at Stanford (Hardham, 2005). Because of the

large, low frequency disturbances of the ground at LLO, HEPI significantly increased
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the instrument’s duty cycle. HEPI is currently in the process of being installed in

Hanford as part of the aLIGO upgrade.

The system utilizes linear, quiet hydraulic actuators to control support tubes for

the ISI. Two tubes are utilized for each chamber with each end of a given tube being

supported by a crossbar that is supported on each end by a HEPI pier. A single HEPI

pier contains two actuators, two maraging steel, counter-wound offload springs, two

inductive displacement sensors, and two inertial Sercel L-4C (L-4C) seismometers

(Figure 1.9).

Hydraulics was used for the actuation medium because of better impedance match-

ing to the static loads and forces on this outermost isolation system. The control of

actuator position is done by a Wheatstone bridge configured laminar flow valve with

the actuator itself damping high frequencies through an integral resistive and capac-

itive hydraulic flow path across the actuator chambers. The hydraulic supply flow

is also carefully pressure-fluctuation filtered after the pump and in the distribution

manifolds with resistive and capacitive hydraulic networks.

The main frequency control band for HEPI starts at zero frequency and rolls

off with an upper-unity gain frequency as high as 5 Hz (Abbott et al., 2004) (Wen,

2009). HEPI creates a stable platform, reducing low frequency ground disturbances

from being passed on to the next subsystem in the seismic isolation chain, the In-

ternal Seismic Isolation (ISI) subsystem. It also has the capability of carrying large

zero-frequency offsets for the alignment and pointing of the subsequent, supported

subsystems and provides a stiff, well damped structure to support the ISI.

1.3.2 Internal Seismic Isolation Platforms

The ISI system is composed of large, six degree of freedom, passive isolation and

active isolation and alignment platforms. These platforms have either two stages, as

utilized in the BSCs, or a single stage as used in the HAM chambers (Figure 1.10).

In practice, below 10 Hz two or three orders of magnitude of isolation is required

of the ISI platform. This requirement dictates the use of one or two active stages that

are implemented in the BSC and HAM respectively. Both structures utilize capacitive
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Figure 1.9: HEPI CAD diagram. The HEPI units for one BSC are displayed including
the crossbeams and support tubes (shown in red) that support the next stage of
isolation. The inset shows one of the four HEPI modules that are used on each
chamber. The V-shaped tubular structures hold the maraging steel offload springs.
The horizontal actuator is clearly visible while the vertical actuator is barely visible
inside the structure.



16 CHAPTER 1. INTRODUCTION

Figure 1.10: The Internal Seismic Isolation (ISI) subsystem CAD models. This
subsystem is the second in a series of three isolation systems necessary for Advanced
LIGO (aLIGO) to operate at its design sensitivity. The ISI is actively controlled in
all degrees of freedom in each of its stages. The BSCs house a two stage version (a)
whereas the HAM chamber’s relaxed requirements allow them to utilize a single stage
(b).
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position sensors (CPSs) for low frequency control and then blend to inertial sensors

at high frequencies creating a virtual sensor used to obtain the isolation (see Section

2.3 for additional information on this process).

It is interesting to note that the BSC SUS subsystem interfaces to the ISI at the

underside of the platform whereas the HAM SUS components are placed on top. So

for the BSC and HAM the optics table is on the bottom and top of their respective

ISI platforms.

In the ISI design, care has been taken to mitigate against cross-coupled control

terms. For example, co-locating the actuators and the sensors allows for a simplified

single-input single-output (SISO) control scheme. Designing the platform so that the

lower zero-moment plane is close to the sensing and actuation plane for each stage

helps decouple the horizontal and tilt motions (Coyne et al., 2006).

The performance goals for the ISI platforms are shown in Figure 1.11. This in-

cludes the target for the ISI optics table, which is the interface point to the suspension

systems and already accounts for the isolation provided by HEPI.

The Stanford University Engineering Test Facility (ETF) contains two vacuum

chambers separated by 10 m that each houses an ISI prototype. The Technology

Demonstrator Platform (Tech Demo) is a two stage, active, full degree of freedom

controlled platform while the Rapid Prototype Platform (RPP) is currently configured

as a single stage platform where all of the degrees of freedom can be independently

controlled and are actively damped through feedback inertial sensors (Figure 1.12).

1.3.3 Pendulum Isolation Chain

The suspensions subsystem interfaces with the ISI and provides further isolation

through multiple mass-spring stages down to the critical, main interferometer optics

(Figure 1.13). In the most critical application, at the input and end test masses

for the arm’s Fabry-Perot cavities, the suspension system is composed of a four stage

pendulum supporting both an optic and a reaction mass. Since the ISI is actively

controlled in all degrees-of-freedom, most static control effort required by the SUS

can then be offloaded up the isolation chain to the ISI and ultimately to the HEPI,



18 CHAPTER 1. INTRODUCTION

Figure 1.11: Advanced LIGO (aLIGO) performance goals for the ISI systems. The
requirements for both the double stage ISI, used in the BSCs, and the single stage
ISI, used in the HAM chambers are shown relative to the input motion.
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Figure 1.12: The Stanford University Engineering Test Facility (ETF). The fully
controlled and isolated two-stage Technology Demonstrator Platform (Tech Demo)
and the single-stage Rapid Prototype Platform (RPP) separated by 10 m.
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both of which have higher authority levels and are better suited to carrying static

pointing and positioning loads.

Figure 1.13: The suspensions (SUS) system CAD model for the input test mass shows
the four stages that support both the appropriate test mass and its corresponding
reaction mass. The top stage is controlled while the subsequent three stages are
passive (Barton et al., 2008).

Finally, in an effort to reduce the Johnson-Brownian noise of the last suspension

stage, the optic and stage directly above it in the suspension chain are made from

high-Q fused silica with welded, glass connecting fibers. This monolithic system

composed of the final two stages in the suspension is critical in reducing this noise

source. Saulson provides a good description of thermal noise issues in suspension

systems (Saulson, 1990).
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Figure 1.14: Tilt-horizontal coupling in horizontal seismometers. This causes low
frequency tilt to be added to the translation signal causing ambiguity as to what is
translation and what is rotation.

1.4 Tilt-Horizontal Coupling

Inertial-type sensors are the backbone of the sensors used for ISI platform isolation.

However, the horizontal sensors can couple gravitational acceleration g into the output

signal by the tilt of the instrument frame. It has been stated that this tilt-horizontal

coupling in the horizontal inertial sensors is “the most challenging problem for the low-

frequency seismic isolation systems” (Hua, 2005). This is described by Lantz (Lantz

et al., 2009) and briefly reviewed below. Referencing Figure 1.14, the basic equation

describing the system can be written as follows where uframe is the instrument’s frame

position with respect to inertial space and x is the distance between the proof mass

and the instrument frame. In Equation 1.3 θ is the ground tilt, b is the instrument

damping, k is the spring constant, and mass, m, is constrained to move along the

axis x.

m(ẍ− üframe) = −bẋ− kx+mg sin θ (1.3)

If small angles are assumed (sin θ ≈ θ) then Equation 1.3 simplifies as follows:

ẍ = ü− b

m
ẋ− k

m
x+ gθ (1.4)

Taking the Laplace transform leaves:
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x · s2 = u · s2 − b

m
x · s− k

m
x+ gθ (1.5)

x = u · − b

m
x · 1

s
− k

m
x · 1

s2
+ gθ

1

s2
(1.6)

x(1 +
b

m

1

s
+

k

m

1

s2
) = u− gθ (1.7)

Taking the Fourier transform so that s = iω leads to a sensitivity to rotation and

sensitivity to translation ratio as follows:

rotation response (seismometer signal / θ in radians)

translation response (seismometer signal / m)
= − g

ω2
(1.8)

Where ω is any given frequency in radians/sec. This demonstrates that as ω is

decreased (low frequencies) the seismometer’s signal resulting from instrument tilt

rapidly becomes a complicating factor making pure inertial measurements at low

frequencies difficult.

In the LIGO seismic isolation subsystem, the tilt-horizontal coupling in the inertial

sensors is one reason why the current platform performance does not meet the target

at low frequencies as displayed in Figure 1.15. This work addresses some of the

complications that arise from the tilt-horizontal coupling in the LIGO seismic isolation

system inertial sensors.

1.5 Previous Work

Seismic vibration isolation has been an area of scientific interest for decades. Vi-

bration isolation has hampered precision measurements as noted by Forward from

the Hughes Research Laboratories in his patent in 1964 on a gradiometer. Forward

also did his thesis work on gravitational wave detectors (Forward, 1964), (Forward,

1965). Later, he describes using large granite masses on air springs as the base for

his purpose-built gravitational-wave interferometer experiment (Forward, 1978).

Other pioneering work was pursued in the quest for detecting gravity anomalies

by people, among others, Milton Trageser of the Charles Stark Draper Laboratory
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Figure 1.15: Measured data of the performance of the HAM 6 ISI in the LLO shows
that performance goals at low frequency are not met; if the tilt were able to be
differentiated from the horizontal seismometer signals, the low frequency performance
could be improved. Data measured by Kissel (Kissel, 2009)).
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and Ernest Metzger from the Bell Aerospace Textron (Ahn et al., 1984), (Metzger,

1986), (Metzger, 1987). There is still ongoing work at Stanford in the Kasevich

research group studying gravity anomalies with an atom interferometer, which also

has vibration isolation as a concern (Dimopoulos et al., 2007) (Dimopoulos et al.,

2008).

Work such as the active 1 Hz seismic isolation development at Joint Institute

for Laboratory Astrophysics (JILA) has laid the groundwork for the active isolation

systems currently in use at LIGO (Richman et al., 1998). This was followed by the first

active, all degree of freedom controlled platform which demonstrated control at the

secondary micro seismic peak at Stanford (Hua, 2005). These have all influenced the

Advanced LIGO (aLIGO) seismic isolation subsystem design leading to the current

isolation platforms.

Other areas of research have revolved around the suspension systems that support

the interferometer optics. Drever has suggested exotic isolation systems such as active

magnetic suspension systems (Varvella et al., 2004).

The differential control of platforms that this work addresses is also not a new

consideration. Robertson has proposed such a system for the suspension points of

optics (Robertson et al., 1982) with an experimental system later being developed in

Japan (Aso et al., 2006).

1.6 Outline of the Thesis

The tilt-horizontal coupling is something that intrinsically plagues horizontal inertial

sensors. This work explores a few parallel considerations in Chapter 2, some of which

might be worth pursuing. One method for measuring tilt, and then subtracting its

effect from a corresponding horizontal inertial sensor’s signal, is to spatially separate

two vertical inertial sensors. This is described along with a novel, vertical seismometer

design that exhibits decreased coupling to changes in air density in Chapter 3. A

different approach would be to measure angular velocity with a ring laser gyroscope

and then integrating the output.

A different solution, but toward the same goal, involves measuring the relative
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displacement between platforms by an auxiliary instrument. The motion that the in-

ertial sensors’ tilt-horizontal coupling creates in the controlled platforms would then

be independently measurable and controllable. The Seismic Platform Interferometer

(SPI) addresses this and is defined in Chapter 4. The experimental setup and instru-

ment noise budget are contained in Chapter 5. The results of the implementation and

control of internal active seismic isolation systems in the Stanford ETF is discussed in

Chapter 6. Finally, Chapter 7 contains ideas and concerns for future implementation

of the SPI in aLIGO or similar environments.

1.7 Research Contributions

The primary contributions of this work involve methods to mitigate the effect of

tilt-horizontal coupling of inertial sensors such as those used by LIGO in the seismic

isolation systems. These include:

1. Experimental demonstration of differential length, pitch, and yaw control be-

tween two platforms, the Rapid Prototype Platform (RPP) and the Technology

Demonstrator Platform (Tech Demo). Estimations of the noise floor for the in-

strument as demonstrated are listed in Table 1.1.

Table 1.1: Differential length, pitch, and yaw expected noise floor relative to the first
stage platform target in the LIGO vertex.

Noise Floor and Target 0.01 Hz 0.1 Hz 1 Hz 10 Hz

Optical lever pitch and yaw (rad/
√
Hz) 1.7 · 10−7 1.9 · 10−8 6.3 · 10−10 1.3 · 10−10

Optical lever target, HAM 4-5 5.5 · 10−6 5.5 · 10−7 5.5 · 10−10 5.5 · 10−11

Length sensing noise floor (m/
√
Hz) 4.5 · 10−9 5 · 10−10 6 · 10−11 9.5 · 10−12

Length target, HAM 4-5 5.5 · 10−6 5.5 · 10−7 5.5 · 10−10 4 · 5.5−11

2. The implementation of a Mach-Zehnder interferometer and optical levers for

differential tip and tilt sensing between the Tech Demo and RPP in the Stanford

ETF.

3. The characterization of the laser frequency noise of a possible laser source as

necessary for items 1 and 2 above.
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4. A vertical seismometer design that decouples pressure variations and could be

extended to provide sensing for resolving ground tilt through an array.

5. Integration of an aLIGO compatible UHV feedthrough for 1.550 µm polarization

maintaining (PM) fiber.
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Tilt Sensing

A tilt sensor is desirable for Advanced LIGO (aLIGO) because tilt-horizontal coupling

in the inertial sensors used in the Internal Seismic Isolation (ISI) platforms create

excess noise at low frequencies (Section 1.4). This excess noise not only limits the

seismic isolation performance but also makes it more difficult to return the instrument

to science mode after interferometer lock-loss events such as earthquakes.

The aLIGO in-vacuum, active, seismic isolation platforms have multiple sensors.

These sensors can be classified in two groups, relative position and inertial. The po-

sition sensors measure displacement between two objects. The sensors that are used

in the aLIGO seismic isolation subsystem operate by measuring either the capaci-

tance or inductance between two surfaces, providing good information down to zero

frequency. This is then converted to displacement in a calibrated read-out unit. In

the Internal Seismic Isolation (ISI) subsystem, capacitive position sensors measure

the location of each stage relative to its support in all six degrees of freedom.

2.1 Inertial Sensors

The ISI also uses inertial sensors to measure its instrument vibration relative to iner-

tial space. Several models of inertial sensors are used in the aLIGO isolation systems.

These include the 240 second period Trillium T-240, which is an active feedback seis-

mometer, and the passive, one second period, velocity-sensitive seismometers Geotech

27
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GS-13 and Sercel L-4C. An inherent difficulty with inertial sensors, as described in

Section 2.1.1, is that their noise floor rapidly increases below the instrument’s natural

frequency.

2.1.1 Principles of Operation

The inertial sensors used in aLIGO utilize an internal proof mass that is a reference to

inertial space. On earth, the proof mass must be supported to counteract mg forces

and practically constrained to move in only one dimension (these constraints are not

necessarily applicable in space where drag-free satellites can reposition themselves

around an inertial proof mass (DeBra, 1999), (DeBra, 1998)). The free dimension

left unconstrained on the proof mass becomes the instrument’s sensitive axis.

The natural frequency (ωn) of the instrument is defined by the spring-mass system.

For a vertical seismometer this is composed of the proof mass and the equivalent

spring, k, of the offload springs (used to offset the mg force) and the restoring force

coming from the constraint flexure stiffness. The horizontal seismometers do not need

the offload springs so their natural frequency is typically only a result of the proof

mass and the constraint flexure stiffness.

At frequencies above ωn, the inertial mass remains stable relative to the inertial

reference frame and least affected by motion of the instrument frame. This results in

the best signal to noise ratio (SNR) for the instrument. In contrast, at frequencies

much lower than ωn the proof mass simply tracks the motion of the sensor’s frame.

In the extreme, this results in zero signal at zero frequency.

The equations for a vertical inertial seismometer such as the type used in aLIGO

are as follows with a schematic representation in Figure 2.1.

mproof(ẍ+ ü) + bẋ+ k(x− x0)−mproofg = 0 (2.1)

Where x is the difference between the proof mass and the instrument case, u is the

case relative to inertial space, and b is the damping. If we define the initial starting

position x0 of the proof mass to be the equilibrium position counteracting the mg

force, then mg = −kx0 simplifying to:
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Figure 2.1: Sketch of the dynamic elements of a vertical seismometer.

mproof (ẍ+ ü) + bẋ+ kx = 0 (2.2)

Then dividing through by the mass and subtracting the induced acceleration on

the case:

ẍ+
b

mproof

ẋ+
k

mproof

x = −ü (2.3)

From this form, we can set ωn =
√

k
mproof

and b
mproof

= 2ζ = 1
Q

and obtain the

following form:

ẍ+ 2ζẋ+ ω2
nx = −ü (2.4)

By taking the Laplace transform and rearranging, the following familiar transfer

function is reached:

u(s)

x(s)
=

−s2

s2 + 2ζs+ ω2
n

(2.5)

Now, the readout methods on the 1 Hz seismometers in aLIGO measure the proof

mass velocity instead of position (V ∝ ẋ), which changes the transfer function to:

u̇(s)

ẋ(s)
=

−s2

s2 + 2ζs+ ω2
n

(2.6)
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Figure 2.2: Geotech S-13 seismometer Bode plot. This is a 1 Hz vertical seismometer
that was used as a reference instrument for the prototype seismometer discussed in
Chapter 3. Advanced LIGO uses the Geotech GS-13 model extensively for active
feedback of the isolation platforms. The GS-13 is similar in construction to the
Geotech S-13 but differs in that the “G” model has a larger generator constant.
LIGO also installs custom internal preamplifiers in the GS-13.

Or in terms of displacement this can be corrected by integrating the velocity to

yield:

u(s)

ẋ(s)
=

−s2

s2 + 2ζs+ ω2
n

· 1
s

(2.7)

u(s)

ẋ(s)
=

−s

s2 + 2ζs+ ω2
n

(2.8)

A typical 1 Hz velocity-readout seismometer response is represented in Figure

2.2. At frequencies above the natural frequency the velocity response of the proof

mass is directly related to the ground velocity. At frequencies below the natural

frequency the response rapidly decreases and quickly approaches the noise floor of

the readout electronics. Most analog to digital converters (ADCs) that aLIGO uses

exhibit a form of 1/f noise coloring at low frequencies, which further challenges low

frequency measurements.
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2.2 Sensor Locations

In the aLIGO seismic isolation subsystem, sensors continuously measure all six degrees

of freedom for each platform. The sensors and actuators have been carefully placed

in three groups around the platform. For example, as much as practical, the sensors

and actuators have been co-located in order to make the control algorithms easier.

Taking the single stage of the HAM ISI platform as displayed in Figure 2.3, the

sensor groupings are shown. These groups are located around the outer perimeter

approximately 120 ◦ from each other containing both horizontal and vertical sensors

and actuators. The horizontal sensors are aligned tangential to the perimeter and

perpendicular with a line extending radially from the center of the platform.

These actuators and sensors are located in what is called the sensor coordinate

basis (V1, V2, V3, H1, H2, H3). In Figure 2.3 only the H1 and V1 inertial sensor

axis are shown. Before the control laws are applied, however, all of these sensor

and actuator locations are transformed to a platform-global Cartesian coordinate

system (X, Y, Z, RX, RY, RZ), which allows standardization from one platform to

the next and simplifies the interface with the Interferometer Sensing and Control

(ISC) subsystem.

2.3 Sensor Blending

The seismic isolation subsystem in aLIGO performs different functions at different

frequencies. This is one reason why different classes of sensors such as displacement

and inertial are used. For example, at frequencies above 0.2 Hz, the main objective

is to obtain the most isolation relative to inertial space as possible. Since this is

exactly what inertial sensors excel at, they are used for the control signal at high

frequencies. The platforms, however, must still be able to be positioned and oriented

at low frequencies. For this task the position sensors are used.

Ultimately, the SUS subsystem offloads any zero frequency holding biases to the

next outer ISI stage. The ISI then, in turn, transfers its zero frequency biases to the

HEPI subsystem, which is much better suited to holding zero frequency terms.
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Figure 2.3: Sensor groups are located around the perimeter of the platform as shown
above on a HAM ISI platform model with the optics table removed for illustration.
Each group contains both position and inertial sensors and voice coil actuators for two
degrees of freedom. The sensor coordinate basis is displayed only for the sensor group
1’s inertial sensors. The signals are all transformed into the Cartesian coordinate
system before reaching the controllers.
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Figure 2.4: The blend filters for the first stage of the BSC ISI shows the blending
of the capacitive position sensors and two inertial sensors, the T-240 and the L-4C
respectively (a). The HAM and the second stage of the BSC utilize a single fade
between the capacitive position sensors and the GS-13 inertial sensors (b).

The provision of different sensor information as a function of frequency to the

controllers is generated by filtering. In the aLIGO control scheme, the position sensors

are combined with the inertial sensors creating a combined virtual sensor. This is

created for each sensing axis by first calibrating and normalizing the gains of the

position and inertial sensors. The calibrated position sensor is then aggressively low-

pass filtered and added to a complimentary high-pass filter for the calibrated inertial

sensor. Care is taken to ensure that the complex addition of the two filters add

to one across all frequencies. This effect can be seen in Figure 2.4. In this plot

the magnitude of the individual sensor’s signal actually peaks above one in order to

compensate for the phase that is not shown.

The final stage of an internal seismic isolation platform (stage two of the BSC or

the only stage in the HAM) utilizes just a single position sensor and inertial sensor

for any given control axis. The first stage of the BSC platform, however, uses position

sensors, low frequency inertial sensors, and high frequency inertial sensors. In this
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case, the blend filter must combine all three sensors to create the virtual “super-

sensor” signal as used by the controller.

In the overall control sense, it is the inertial sensors that provide the sensing

necessary for active isolation. The position sensors, measuring displacement from

their stage to the underlying structure, are necessary to provide the low frequency

pointing and positioning but cannot provide isolation. In fact, if the control gain

were increased using only the position sensors, the platform would do nothing more

than just track the ground motion! Because inertial isolation is really the goal,

it is advantageous to reduce the blend frequency. A practical lower limit for the

blend frequency, however, is set by the noise of the inertial sensors and tilt-horizontal

coupling in the horizontal sensors. This was discussed in Section 1.4 and is the

motivation for the work covered in the rest of this chapter.

2.4 Methods to Resolve Tilt

Referring back to Section 1.4, we understand that an accelerometer is a specific force

meter that, for a vertically oriented instrument, measures the combination of the

forces necessary to balance both accelerations and weight (which is the mg force re-

sulting from gravity acting on a proof mass). Since tilting of a horizontal accelerom-

eter couples in a component of gravity, one cannot use the output of a horizontal

inertial instrument without also accounting for tilt. This is reviewed in the following

equation and illustrated graphically in Figure 2.5:

Ssignal ∝
gsinθ

ω2
(2.9)

If θ (the tilt of the horizontal inertial sensors) can be found, then it could be fed-

forward correcting the horizontal inertial sensor’s signal. This would allow the use of

a lower blend frequency resulting in greater isolation of the system. In order for the

tilt measurements to be useful in correcting for the tilt-horizontal coupling in aLIGO,

it must be able to be resolved to the target levels required (Lantz et al., 2009). The

rest of this chapter discusses three possible ways in which θ can be quantified and
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Figure 2.5: Tilt-horizontal coupling is a concern in the horizontal inertial sensors at
low frequencies.

then used to correct a horizontal inertial sensor’s signal.

2.4.1 Direct Measurements

2.4.1.1 Measuring θ

First, measuring tilt, θ, directly results in an elegant solution. Tilt has been suc-

cessfully measured at low frequencies in boreholes by researchers at JILA (Levine

et al., 1989), (Kohl and Levine, 1993), with insight on their design provided by Kohl

(Kohl and Levine, 1995). The primary purpose was to resolve tidal and secular tilt

of the crust where their work demonstrates the desire for sensitive, low-frequency tilt

measurements. An experimental “walk-off” tilt-meter was developed and tested in

Australia with an impressive noise floor of 10−11 rad/
√
Hz at 1Hz (Zhou et al., 2001),

(Cheng et al., 2002). Other LIGO tilt-meter work is currently being conducted at

the University of Washington and CalTech (Venkateswara, 2011), (Dergachev and

DeSalvo, 2012).

2.4.1.2 Measuring θ̇

It should also be noted that θ does not need to be measured directly, measuring θ̇

(angular velocity) or for that matter θ̈ (angular acceleration) and then integrating the

appropriate number of times would result in resolving theta for frequencies greater
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than zero. ring laser gyroscopes (RLGs), for instance, typically measure angular

velocity by interfering two counter-propagating beams around an enclosed space. If

such an instrument could be constructed with sensitivities exceeding the requirements,

then the output would simply have to be integrated to obtain theta (Figure 2.6).

Measurements to these levels (2 · 10−11 rad
s
)/
√
Hz at 10−2 Hz) are not trivial as any

local ground tilts are orders of magnitude below the earth’s rotation rate (ωearth ≈
73 µrad

s
). This requires the instrument to have a large dynamic range. Low noise floor,

low frequency ring laser gyroscopes have been constructed for geophysical monitoring

such as the 0.75 and 1m2 units installed in Cashmere cavern near Christchurch, New

Zealand (Bilger et al., 1993), (Stedman, 1997), larger 16m2 instruments such as the

G-ring in Wettzell, Germany (Schreiber et al., 2004) and one documented by Rowe in

the United States (Rowe et al., 1999), and a large 834m2 ring, the UG-2, also sited

in Cashmere cavern (Hurst et al., 2009).

Figure 2.6: If θ̇ were measured by a Ring Laser Gyroscope as shown in (a), then
the tilt-horizontal coupling in the seismometer could be corrected. If multiple RLGs
were integrated onto a single tetrahedron, with the four RLGs represented in red,
green, blue and black in (b), the extra information provided (4 signals for 3 degrees
of freedom) could be used for error checking and providing a real-time indication of
instrument stability.

If a ring laser gyro were pursued for aLIGO applications, several possibilities for

optimization might be worth considering. One area of possible tuning lies in the gyro’s

ring design. The scale factor of an RLG is related to the ratio of the area enclosed by

the laser beams divided by the perimeter, represented below as (Loukianov, 1999):
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ScaleFactorRLG ∝ Areaenclosed
Distanceperimeter

(2.10)

It is easy to realize that a ring in the shape of a circle maximizes this ratio but has

other practical drawbacks such as the infinite number of mirrors required (in the limit

case). Another practical concern is that commercially available mirrors are optimized

for a particular angle of incidence (AOI) of the light. It might be difficult to obtain

mirrors optimized to an angle that is approaching that of being parallel with the

mirror surface, which would be required for rings with many mirrors. While square

rings display a nice working range in the Aenclosed

Dperimeter
ratio and commercial mirrors are

readily available for AOI of 45 ◦, several advantages to a triangular ring should also

be considered:

• A triangular ring defines a single plane of measurement.

• Precision triangular structures are typically easier to construct kinematically

thus maintaining high tolerances and reducing internal strains and stresses.

• A minimum number of critical components is required for establishing an RLG.

It could also be advantageous to integrate multiple RLGs on a single structure.

For instance, four RLGs could be arranged on the four faces of a tetrahedron (as

shown in schematic form in Figure 2.6(b)). If the tetrahedron support structure

were made from a suitably stiff material, such as possibly granite, this would result

in four instruments measuring three degrees of freedom. The extra information could

be used for self-checks on the four instruments and their scale factors. The earth’s

rotation provides a sufficiently large signal that could be used for just such self-checks.

For a large multi-ring gyroscope to measure the gravitomagnetic effects, Bosi proposes

a system where three square RLGs are formed around the edges of an octahedron. By

sharing the end mirrors, comparisons can be made among the other rings. A second

octahedron, intermeshed in the original sensor, would provide additional information

(Bosi et al., 2011).
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Figure 2.7 compares the range of current experimental RLGs against the require-

ments for Advanced LIGO (aLIGO). Commercial RLGs are available approaching

this range in roughly the $50k to $200k price range (Barbour and Schmidt, 2001).

Figure 2.7: Several experimental Ring Laser Gyroscopes are plotted relative to the
rotation sensing target for Advanced LIGO. The Gpisa ring is 1.82 m2 and is located
at the Virgo observatory (Belfi et al., 2012), while the GEOsensor is a 2.56 m2 ring
that is located in Piñion Flats Observatory (Schreiber et al., 2009). The GEOsensor
has a reported sensitivity of 10−10 rad/s/

√
Hz without a specified frequency and is

assumed flat across this frequency range for comparison purposes.

2.4.1.3 Measuring θ̈

Measuring θ̈ and double integrating it could also provide the θ term necessary for

correcting tilt-horizontal coupling in the horizontal inertial sensors. DeSalvo describes

some efforts in angular accelerometer construction in (DeSalvo, 2009).

2.4.2 Horizontal Seismometers on a Pendulum

A second method to deduce pure horizontal acceleration is through the use of two

horizontal accelerometers suspended on a single pendulum. This is shown in schematic

form in Figure 2.8. It is important to note that the distance from each accelerometer
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to the pivot point must be different (i.e. L1 6= L2). The equations governing the

seismometer’s signals for each of the accelerometers are then listed below where φ is

the pendulum angle relative to inertial space, x is translation of the pivot with respect

to inertial space, and θ, as before, is the angle from the ground to the horizontal

inertial reference axis.

Figure 2.8: Two horizontal seismometers located on a pendulum separated by different
heights. This allows the angle φ to be resolved and it can then be used to correct the
seismometer’s output to read x acceleration.

To simplify the analysis, we have chosen to use force-feedback accelerometers.

This means that the proof mass of the instrument does not change position relative

to the case regardless of acceleration. The individual seismometers, S1 and S2 then

are sensitive as follows:

S1 = ẍ cosφ+ z̈ sinφ+ L1φ̈− g sinφ (2.11)

Now assuming small angles of φ so that sin a ≈ a and cos a ≈ 1 this linearizes to:

S1 = ẍ+ z̈φ+ L1φ̈− gφ (2.12)

Similarly S2 differs only in the length from the pivot to the seismometer and is:
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S2 = ẍ+ z̈φ+ L2φ̈− gφ (2.13)

If these two seismometer signals are subtracted, then most of the terms drop out

leaving the following expression for φ̈:

φ̈ =
S1 − S2

L1 − L2

(2.14)

From this it is clear that a large separation distance between instruments is helpful.

There is a practical limit, however, in the physical size and in the ability to create

suitably stiff structures.

Once φ̈ is known, it can be used in either of the seismometer signals to calculate

ẍ assuming the z̈φ term is negligible such as:

ẍ = S1 − L1φ̈+ gφ (2.15)

ẍ = S1 − L1 ·
S1 − S2

L1 − L2

+ g ·
∫ ∫

S1 − S2

L1 − L2

dt2 (2.16)

So instead of measuring ground tilt θ, this method relies on the measurement of

an artificial angle φ, which is the pendulum angle relative to local g and subtracting

this tilt effect from the accelerometer signals.

The equation of motion of the pendulum can then be written as the sum of

the individual torques, τ about the pivot, where I is the moment of inertia of the

pendulum (including the seismometers) about the pivot point.

∑

τ = Iα (2.17)

The length to the total pendulum center of mass is denoted Lp. Also, in this

equation α = φ̈, which is the angular acceleration about the pivot. In the case of the

pendulum the torques include the weight of the pendulum, horizontal acceleration

of the ground at the pivot (which can be modeled as horizontal acceleration of the

pendulum in the opposite direction), and the difference in the pendulum angle φ, and

the ground tilt θ multiplied by the pivot flexure stiffness. This results in:
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ẍmpendLp cosφ− gmpendLp sinφ− kpivot(φ− θ) = Iφ̈ (2.18)

From this the coupling of ground tilt θ and ground horizontal acceleration ẍ to

pendulum angle φ can be determined where:

φ(s)

θ(s)
=

kpivot
Is2 + (gmpendLp − kpivot)

(2.19)

φ(s)

x(s)
=

mpendLps
2

Is2 + (gmpendLp − kpivot)
(2.20)

If such an instrument were to be constructed, a well defined flexure or other

precision pivot should be used. Flexure arrangements provide other options as to

the virtual pivot point that can be located far above or below the actual geometrical

constraints of the instrument. The flexure stiffness relates coupling of θ to φ. This can

be imagined in the two limit cases. Firstly, if kpivot = inf, then the pendulum angle

φ must track the ground tilt θ. This results in a design that is simply two vertically

separated horizontal seismometers. Note that this case is similar to horizontally

separated vertical seismometers as described in Section 2.4.3. In the other extreme,

when kpivot = 0 ground tilt θ cannot couple into the system at all. This is desirable

but cannot be implemented.

Since ground tilt θ could be much larger than the horizontal ground acceleration

ẍ, a low kpivot (and natural frequency of the pendulum) allows mechanically filter-

ing out of the ground tilt signal from the sensors. Research on a system with the

same objective is currently being conducted at Massachusetts Institute of Technology

(MIT) (Matichard, 2012). This is illustrated in the following example.

Assume a pendulum system were built using two Trillium T-240 seismometers

mounted with an L1 = 0.25 m and L2 = 1.25 m on a pendulum structure that has a

mass of 10 kg. The supported mass is then 38 kg. Then, for convenience, we assume

a flexure design adopted from the design as described in Appendix A. A suitable

round notch flexure could be made from beryllium copper with a notch diameter of

0.5 in. (12.7 mm), a web thickness of 0.001 in. (0.025 mm), and a length of 1.0 in.
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(25.4 mm). This flexure provides a static safety factor of 9 and allows the pendulum

angle φ to swing up to ±18 ◦. Using these numbers, the transfer function from θ to

φ becomes:

φ(s)

θ(s)
=

0.0091

(27.96)s2 + (9.81)(38)(0.717− 0.0091)
(2.21)

Figure 2.9: Transfer function from ground tilt θ to pendulum angle φ is minimized.
The horizontal displacement x also affects the pendulum angle as shown.

After adding an arbitrary damping term (although reasonable based on the damp-

ing seen in the GS-13 BeCu flexures), this is then plotted in Figure 2.9, which

demonstrates the low coupling of ground tilt onto the pendulum. At low frequencies,

the decoupling is based on the kpivot term. At frequencies above the pendulum natural

frequency the inertia of the pendulum decouples θ. By choosing a low stiffness flexure

as the pivot, the ground tilt can be mechanically decoupled by as much as 4 · 10−5 in

this example at frequencies below 0.1 Hz.

The ground horizontal acceleration couples in two ways, one is displayed here,

which is that ẍ affects the pendulum angle φ. The other way couples directly into

the sensor signal as was shown above in Equation 2.12.

For this example system, assuming an instrument noise equivalent to the measured
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Figure 2.10: Noise performance of the described example system relative to the per-
formance target in the x axis.

noise of the T-240 seismometers as quantified in Appendix B, the system’s tilt-free

horizontal noise floor is predicted in Figure 2.10. This accounts for the instrument

noise but assumes exact matching and calibration of the scale factors, which may not

be stable enough over time.

Finally, the lengths L1 and L2 could be optimized based on the sensors’ noise

performance. In the example both sensors were located below the pivot but one

option, increasing sensitivity, could be to set the distance L1 to be negative (above

the pivot point).

2.4.3 Horizontally Separated Vertical Seismometers

A third method relies on two or more horizontally separated vertical seismometers.

Assuming these instruments are calibrated to each other, the common mode signal

from the seismometers can be interpreted as the average vertical motion. However,

their differential signal can be related to tilt over the lever arm of their separation.

This is visually shown in Figure 2.11.

For the seismometers depicted in Figure 2.11, the instruments’ responses can
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Figure 2.11: The signal from two vertical seismometers, separated by d = 5 m, can
be subtracted from each other to resolve tilt of the slab (a). The distortions of the
reinforced, technical slab must be small over this separation distance. The rotational
sensing requirements to improve the aLIGO isolation systems are plotted in (b) along
with the vertical motion that a seismometer would need to resolve if positioned in a
configuration such as (a) (Lantz et al., 2009).
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be simplified as follows where the signal is related to both a horizontal acceleration

ẍ, or a vertical acceleration z̈. The earth’s gravitational acceleration g also couples

into the seismometer output by sin θ for the horizontal instrument and cos θ in the

vertical case.

SH ∝ ẍ+ g sin θ (2.22)

SVA
∝ z̈ + g cos θ (2.23)

Assuming that the rotation of the slab happens at seismometer SVA
, then seis-

mometer SVB
rotates by θ but also moves vertically by the amount zθ = d sin θ. If we

assume small angles for θ such that sin θ ≈ θ then this additional term is added to

SVB
:

SVB
∝ z̈ + g cos θ + d · θ̈ (2.24)

Subtracting the two vertical seismometer signals allows θ̈ to be solved as:

θ̈ =
SVB

− SVA

d
(2.25)

Which can then be double integrated to obtain θ. Once θ is known, it can be

substituted in the equation for SH yielding:

SH = ẍ+ gθ − g

∫ ∫

(SVB
− SVA

)dt2 (2.26)

Which then simplifies to:

SH = ẍ (2.27)

This result, a horizontal inertial sensor’s signal that had been compensated for

tilt-horizontal coupling, is exactly what is desired for control input.
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2.4.3.1 Tilt-Vertical Coupling

In contrast to a horizontal seismometer’s coupling that is of the form inEquation 1.8,

a tilt-vertical coupling of θ is not so problematic. This is because earth’s gravitational

attraction g, couples in as a function of cos θ in this case.

m(ẍ− ¨uframe) = −bẋ− kx+ kx0 −mg cos θ (2.28)

Then for small θ, we can substitute cos θ ≈ 1− θ2

2
which yields:

m(ẍ− ¨uframe) = −bẋ− kx+ kx0 −mg(1− θ2

2
) (2.29)

m(ẍ− ¨uframe) = −bẋ− kx+ kx0 −mg −mg
θ2

2
(2.30)

In most vertical seismometers the offload spring force kx0 counteracts themg force

resulting at equilibrium and can be subsequently ignored:

m(ẍ− ¨uframe) = −bẋ− kx−mg
θ2

2
(2.31)

Finally, by taking the Fourier transform and looking at the term of interest we

find that:

x ∝ θ2g

ω2
(2.32)

So if the vertical seismometers experience small tilt angles, the tilt-vertical cou-

pling is second order (represented by θ2) and is ignored in our further analysis.

2.4.3.2 Horizontal-Vertical Coupling

Similarly, a vertical seismometer’s coupling to horizontal motion when tilted is related

as:

m(ẍ− ¨uframe) = −bẋ− kx+ kx0 −mg cos θ +mÿhoriz sin θ (2.33)
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Which, after applying the small angle approximation and the Fourier transform,

simplifies to the relationship:

ẍ ∝ ÿhorizθ

ω2
(2.34)

Here the horizontal to vertical coupling is related more directly (directly propor-

tional to changes in θ). However, if the tilt angle is assumed small, coupled with small

horizontal accelerations (typically much smaller than the g that couples in to a hori-

zontal sensor through tilt), this term likewise can be considered negligible compared

to the other linear terms.

2.4.3.3 Separation Distance

The necessary separation between two vertical seismometers is determined both by the

desired tilt resolution and by the individual seismometer’s noise floor. This is because

the tilt sensing signal is proportional to the separation distance d. If seismometers

with better noise performance are used, this separation distance can be decreased

while still maintaining the same level of sensing to θ. A short separation distance is

preferable because with small d, it is more likely that the two seismometers (SVA
and

SVB
) are measuring common vertical motion and common tilt. There is a concern

that if the separation distance is too large, the individual seismometers will lose their

correlation due to mounting surface and foundation distortion.

Lantz documents the tilt-requirement for a tilt sensor that would be necessary

to meet the aLIGO ISI target requirements (Lantz et al., 2009). In Figure 2.11,

the tilt requirement is plotted as the radian root of the mean-square spectral density

vs. frequency and is compared to the displacement root of the mean-square spectral

density required for two vertical seismometers at a separation distance of 5 m. Figure

2.12 shows what the resolvable tilt would be assuming the noise characteristics for

the Trillium T-240 seismometer as recorded in Appendix B.

Just as was the case for the two horizontal seismometers on the pendulum, the

scale factors of the vertical instruments would also have to be calibrated to each other.

This is important because if the scale factors are not calibrated, or if the calibration
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Figure 2.12: Two Trillium T-240 seismometers, if placed 5 m apart on a stiff mounting
structure or foundation, would be able to resolve tilt to the levels plotted. This is
compared to the requirements for a sensor as documented by Lantz (Lantz et al.,
2009).

changes over time, then common mode vertical motion will appear as tilt once the

seismometer signals are subtracted. It is unknown how stable the scale factors would

be over time but the system should remain sensitive in the frequency range of interest

if the scale factors are maintained within 0.002 of each other (Lantz et al., 2009).

So once a target sensitivity for the seismometers is quantified, the need arises to

acquire a seismometer that is able to meet these requirements yet remain small, reli-

able, and not too costly. Ideally for aLIGO, multiple arrays of vertical seismometers

would be used enabling the measurement of local tilt in both directions to provide rel-

evant sensing for every isolation platform. One possible design for such a seismometer

is explored in Chapter 3.

2.4.4 Comparison of Methods

Because of the tilt-horizontal coupling of local gravity g into the horizontal inertial

sensors, aLIGO ISI subsystem’s low frequency performance is limited. Several meth-

ods have been described in Sections 2.4.1, 2.4.2, and 2.4.3 of ways to extract pure
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horizontal motion from these horizontal sensors. Each of the methods described has

their own set of advantages and challenges as described below.

• Direct measurement of θ (Section 2.4.1.1): Experimental instruments meet the

requirement at 1 Hz but the low frequency performance is unclear. It is hard

to estimate what the costs would be for this type of sensor.

• Direct measurement of θ̇ (Section 2.4.1.2): The GEOsensor meets the require-

ment for aLIGO down to 0.022 Hz although might be difficult to operate for

on-line measurements due to mode hopping of the laser in the cavity approx-

imately once every hour. The cost is unknown, although a large 51 m2, less

sensitive, ring laser was estimated to cost $16k in 2004 (Dunn et al., 2009).

• Direct measurement of θ̈ (Section 2.4.1.3): This work on a dumbbell style sensor

is ongoing with experimental sensitivities yet to be documented (DeSalvo, 2009).

• Two horizontal seismometers separated vertically on a pendulum (Section 2.4.2):

If commercial low frequency seismometers were used as sensors, the cost would

be in the $35k range and could be expected to provide useful data meeting the

requirements above 50 mHz range.

• Two horizontally separated vertical seismometers (Section 2.4.3): If two com-

mercial, low frequency sensors were used on a suitable structure, tilt could be

resolved to the aLIGO requirement for frequencies above 0.055 Hz at an ap-

proximate cost of $30k.

Of the methods described, we decided to pursue the method in Section 2.4.3 by

designing a cost effective vertical seismometer as described in Chapter 3.
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Chapter 3

A Vertical Seismometer Design

for Tilt Sensing

Seismometers, by necessity, are precision instruments. As such, careful attention must

be paid in the design stage in order for them to reach the sensitivities required. In

our case, we would like a seismometer design that would allow us to measure ground

tilt, θ where two vertical seismometers are separated spatially as described in Section

2.4.3. In this case, the maximum sensitivity to θ is set by the largest separation

distance between seismometers where the ground slab still behaves as a contiguous

base. Also, since the tilt that the seismometers must detect is at low frequency, the

seismometers must be sensitive to low frequency motion. In practice for aLIGO this

is most critical in the range of about 10 mHz to 1 Hz.

In order for a sensor to be useful to aLIGO, it must be cost effective, robust,

stable, meet the required sensitivity, and minimally couple in disturbances from the

surrounding environment. The environmental disturbances could include things such

as magnetic fields, temperature, pressure, acoustics, etc. As is the case in the design

of many precision machines, design trades must be made to optimize it to the require-

ments. For example, Invar, a material well known for its good dimensional stability

over a range of temperatures, has slight magnetic susceptibility. Trades such as these

are discussed in the context of a new seismometer design.

Most vertical seismometers have a few universal items. These include the proof

51
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mass, which becomes the reference to inertial space, a biasing mechanism to coun-

teract the mg force due to the earth’s gravitational acceleration, and a constraint

mechanism to constrain the proof mass to move only in the desired direction.

In any seismometer, the proof mass is the critical part providing the point of

reference. Often the position, velocity, or acceleration measurements are between the

instrument’s structure and this proof mass. For a vertical seismometer, ideally the

proof mass would only be acted upon by the force through the vertical motion of

the support structure and the offload springs. This is not always the case. However,

fortunately some of the couplings are second order or very small such as the tilt-

vertical coupling.

Buoyancy on the proof mass, however, is one force to which most vertical seis-

mometers are susceptible and is coupled by the following: Fbuoyancy = Vpmρairg where

Vpm is the volume of the proof mass. This means that the buoyant force exerted on

the proof mass changes with changes in air density, ρair. Some vertical seismometers

are placed in a vacuum chamber, which reduces this coupling such as the extremely

sensitive Streckeisen STS-1 (Wielandt and Streckeisen, 1982). In the interest of cost

and space efficiency, we propose a novel vertical seismometer design that in theory is

immune to fluctuations in air density.

As illustrated in Figure 3.1, if a proof mass for a vertical seismometer is con-

structed such that the center of mass and center of geometry are separated, then the

two forces can also be separated. This is because inertially the point of reference is

the center of mass, whereas Fbuoyancy acts on the volumetric center or centroid of the

proof mass. Moreover, if the proof mass is constrained to rotation instead of transla-

tion, then the centroid can be collocated at the pivot location (reducing rbuoyancy to

0). This means that any variations in Fbuoyancy are supported by the seismometer’s

structure. If the pivot point and the centroid are exactly collocated and assuming a

suitably stiff structure, air density changes will not be coupled into the sensor.

In the actual implementation it is not possible to have an entirely loss-less, zero

stiffness, rotational pivot. However, there are better ways to implement it than

others. Precision instrument designers have long used flexures to avoid stick-slip that

is inherent with typical bearings (Smith, 2000). This design lends itself well to a type
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Figure 3.1: A vertical seismometer concept showing a method to decouple the center
of mass from the centroid of the proof mass. Then, if the centroid of the proof
mass is designed to be at the virtual pivot point, the instrument becomes immune to
variations in atmospheric pressure affecting ρair.

of cross flexure where the end and pivot points are well constrained and accurately

defined.

Perhaps the biggest possible disturbances come from changes in temperature.

While it would be ideal to remove any temperature changes on the instrument, this

might not be practical from a cost and size standpoint for an array of multiple seis-

mometers for tilt sensing. These temperature fluctuations have the potential to couple

in several ways and must be either reduced or characterized in the design. Firstly,

most engineering materials have a non-zero coefficient of thermal expansion (CTE).

Secondly, temperature gradients in the structure can distort the structure, often to a

greater degree than the problems introduced by simple expansion. This often intro-

duces stresses and if care is not taken in the design of the metrology loop, can often

lead to temperature induced Abbè offset errors. Thirdly, in addition to most materi-

als changing their size with temperature, the Young’s modulus, E is also affected by

temperature. This dE/dT is often a problem in biasing springs counteracting the mg

force due to earth’s gravity in vertical seismometers. For example, the Young’s mod-

ulus of BeCu is reported to change by −350 · 10−6/◦C contrasted with a coefficient of
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thermal expansion of 17 · 10−6/◦C (CDA, 1962).

Vertical seismometers need a biasing method to carry the zero frequency mg force.

While coil springs perhaps first come to mind, they have several disadvantages. These

include, among other things, a torque applied about the longitudinal axis at the spring

ends (often a function of their displacement) and several natural frequency internal

modes. For the seismometer, two biasing springs were investigated. One method

involves a curved flexure strip spring while the other method utilizes an Euler buckling

spring.

3.1 Prototype Seismometer

A prototype vertical seismometer has been constructed and tested in the Stanford

Engineering Test Facility (ETF). A proof mass of 8.9 kg was machined out of brass

stock with an internal void created near one end. This void separated the centroid

of the bar from the center of mass by about 1 in. (25.4 mm). Brass was chosen as

the material for the prototype because of its ease of machining, low susceptibility

to magnetic field, high density, and high thermal conductivity. Finally, since the

prototype was intended to operate in air, strict vacuum compatibility requirements

were not a concern. Figure 3.1 shows a mechanical schematic of the prototype

seismometer.

This proof mass was then constrained to rotation about the centroid by a set of

four BeCu flexures. Flexures were chosen to support the mass over other bearings and

methods because of their high repeatability and the lack of stick-slip nonlinearities

other systems are prone to. BeCu has long been a material of choice for situations with

high strain and has been desirable for precision instrument design where susceptibility

to magnetic field is a concern. Two of these flexures were combined in an inverted V

fashion to support each side of the proof mass bar. Each of the flexures combined two

flexible portions - one on each end. It then follows that each inverted V configuration,

composed of two flexures, is only rotationally flexible about the z-axis and stiff in all

other degrees of freedom. The clamped ends are arranged in such a way as to project

the inverted V to a virtual pivot point. The geometry constraints were such that
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along with rotation about that pivot, some slight, second order vertical displacement

also occurs. The virtual pivot location is plotted as a function of proof mass angle γ

in Figure 3.2.

Figure 3.2: The prototype seismometer utilizes flexures to constrain the proof mass
to rotation about a virtual pivot. Plotted here is the calculated second-order motion
of the virtual pivot in the x − y directions for various angles of the proof mass γ.
Note the unequal axis scales.

Since there are two stacked inverted V flexure groups, care had to be taken in

the construction to avoid over constraint of the proof mass. The flexures used in the

prototype were wire electro-discharge machined (EDM) from BeCu sheet. The wire

EDM was helpful in maintaining close tolerances and reducing any sheared edge and

micro-burrs that might result from more traditional cutting methods.

For low frequency operation, it is important to have a seismometer with a low

natural frequency. In the case of the prototype this natural frequency can be expressed

in the form ωn =
√

ktotal
Ipivot

where ktotal is rotational stiffness and Ipivot is the rotational

inertia about the pivot. The rotational stiffness is the sum of the flexure stiffness

and the bias spring stiffness. It follows that for a low natural frequency and a fixed

rotational inertia it is helpful to have a low stiffness for the proof mass bias springs.

One method to provide the biasing is through a flexible spring strip. This would
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be cut from a suitable material in the shape of a rectangle and then bent with both

ends attached in clamps. One end would attach to the proof mass and the other end

would attach to the seismometer frame. Using the dimensions from the prototype

seismometer for example, this can be analyzed as follows:

Figure 3.3: Spring strip attachment point relative to the pivot point and center of
mass.

Setting arbitrary attachment points for the spring and variables defined in Figure

3.3 to form a general solution, the forces and moments can be summed as follows.

∑

Fx = 0 = Fpx0 + Fx0 (3.1)

∑

Fy = 0 = Fpy0 + Fy0 −mg (3.2)

∑

M = 0 = M0 +Mp0 + Fy0x0 − Fx0y0 −mgrcm (3.3)

The end conditions can then be set so that the pivot point is not subject to a

horizontal force. Fpx0 = 0 so then Fx0 must also be 0. Fpy0 can be set to carry a slight

fraction of the mg force to put the support flexures under slight tension (denoted β).

This leads to Fy0 = mg−Fpy0 and after substitution, Fy0 = mg−βmg. Mp0 was also

chosen to be 0 which results in M0 = −Fy0x0 +mgrcm.

This leads to the starting end conditions for the spring strip which can then be

defined as:

Fsx0 = −Fx0 = 0 (3.4)
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Fsy0 = −Fy0 = βmg +mg (3.5)

Ms0 = −M0 = Fy0x0 −mgrcm (3.6)

If the launch angle of the spring strip is defined to be vertical, the geometry of

the spring can be determined by integrating back along the spring. This is useful

because the resulting attachment location of the spring to the instrument frame can

be determined analytically.

The shape is obtained by realizing that for a given point on the spring,

Ms = M0 + Fx0(y − y0)− Fy0(x− x0) (3.7)

and

Ms = EI
dθ

ds
tan θ =

dy

dx
sin θ =

dy

ds
cos θ =

dx

ds
(3.8)

Some resulting steel spring strip geometries of the specified dimensions are shown

in Figure 3.4. The final conditions were set such that the spring strip was clamped

to both the structure and the proof mass vertically. This does not have to be the case,

however, as the conditions for other spring strip launch angles could easily be solved

with this analysis. Other end conditions could be helpful in minimizing the overall

size of the instrument. Once solved, the attachment points can be easily located on

an instrument. Since the loaded profile, as shown in Figure 3.4, is already known,

a rectangular spring strip can be cut with the corresponding width, thickness, and

length. The necessary clamp points for the spring strip are also clearly defined, which

would further simplify instrument assembly.

Other methods to reduce the natural frequency of the system still require that the

same mg force on the proof mass be supported. Reducing the F/x slope, which is

the spring constant, improves the natural frequency. One method to reduce this is to

employ springs and anti-springs (Chin et al., 2005). Other anti-spring development
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Figure 3.4: The curves shown above would provide the force and moments necessary
on the proof mass to offload the mg force. The strips would be cut from sheet stock
of a suitable material with the thickness and width as shown in the legend. The
required length of the spring strip can be determined from this graph with the clamp
locations easily defined. This analysis allows the attachment point to be determined
for a given rectangular spring geometry and end conditions such as launch angles.
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work to reduce the natural frequency was accomplished for an early LIGO seismic

isolation prototype using Geometric Anti-Springs (GASs) described by Mantovani

(Mantovani and DeSalvo, 2005) with hysteretic measurements reported in (DeSalvo

et al., 2005) and improvements to the GAS in (Stochino et al., 2007). An overview of

the prototype platform is provided in (Stochino et al., 2009). Alternatively, the base

of the spring could be positioned such that the spring force is not directed exactly

opposite of the mg force but rather interacts with the geometry and constraints of

the proof mass. These options are sketched in Figure 3.5.

Figure 3.5: Possible spring biasing options for low natural frequencies. One option is
to use a spring strip tuned to the correct end conditions and evaluated as shown in
Figure 3.4. The other method would involve rotating the spring base up so that the
spring acts against the pivoting constraints of the proof mass.

The method ultimately used for biasing the proof mass in the prototype seismome-

ter was a set of four Euler buckling springs. These were created by placing wire EDM

cut BeCu strips in compression to a point after Euler buckling but still in elastic

deformation. These springs are unique in that their F/x curve is not linear; initially

the curve is extremely steep until buckling and then changes to a shallow slope. This

allows these springs to carry a high bias force while still exhibiting a low effective

spring constant. These springs have been studied by Winterflood and others provid-

ing an in-depth analysis and application of these springs for seismic isolation purposes
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(Winterflood et al., 2002a), (Winterflood et al., 2002b) and (Winterflood, 2001). An

overview of different biasing techniques including nonlinear springs is provided by

Ibrahim (Ibrahim, 2008).

Sensing of the ground disturbance by seismometers can be accomplished either

passively or actively. The passive readout scheme simply measures the proof mass

position, velocity, or acceleration relative to the instrument structure. The active

method involves sensing the proof mass position, velocity, or acceleration and then

centering the proof mass through a feedback loop. It is this feedback drive to the

proof mass that corresponds to the ground disturbance. An advantage of the active

readout is that the proof mass is constrained to a smaller range of motion increasing

linearity and dynamic range. The prototype seismometer sensed the proof mass angle

through a differential pair of optical-shadow position sensors at opposite ends of the

mass. Feedback was provided by a voice coil that acted on a permanent magnet

affixed to the proof mass. The structural and metrology loops of the instrument are

shown in schematic form in Figure 3.6.

Figure 3.6: The metrology loop forms about the proof mass, supporting flexures, and
base of the prototype seismometer returning to the optical-shadow position sensor
(left half highlighted in orange). The structural loop that includes the biasing springs
and the support flexures carries both the mg load and the disturbances (right and
shown in purple). The common path for these loops is through the support flexures.

Referencing Figure 3.1, the equations of motion for this type of seismometer are

as follows where θgnd is the ground angle, γ is the angle of the proof mass relative to

the frame (defined in the same direction as θgnd), b is the pivot damping, and m is

the proof mass:
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Iγ̈ =
∑

Mpivot (3.9)

Iγ̈ = Fsrs −mgrmc + Fcoilrcoil − kpivotγ + kpivotθgnd + Fbuoyancyrcob − bγ̇ + Fgndrmc

(3.10)

Substituting ma for the Fgnd:

Iγ̈ = Fsrs−mgrmc+Fcoilrcoil−kpivotγ+Fbuoyancyrcob−bγ̇+mrmcÿgnd+kpivotθgnd (3.11)

Then by mechanical design rcob is set to zero and analyzing with no feedback:

Iγ̈ = Fsrs −mgrmc + Fcoilrcoil − kpivotγ − bγ̇ +mrmcÿgnd + kpivotθgnd (3.12)

Then because the moment of inertia, I, is at the hinge axis instead of at the mass

center, the parallel axis theorem applies and yields:

I = Imc +mr2mc (3.13)

Now Fs for small angles is γksrs and assuming that mgrmc is offset by the spring,

Iγ̈ = γKsr
2
s −mgrmc + Fcoilrcoil − kpivotγ − bγ̇ +mrmcÿgnd + kpivotθgnd (3.14)

Collecting terms:

Iγ̈ + bγ̇ + (kpivot − ksr
2
s)γ = mrmcÿgnd + kpivotθgnd (3.15)

And converting to the transfer function form:

γ

ygnd
=

mrmcs
2

Is2 + bs+ (kpivot − ksr2s)
(3.16)
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The prototype actually utilizes position sensors at the ends of the proof mass so the

displacement at the end can be converted to γ for small angles as γ = xsensorrsensor.

Substituting this yields:

ysensor
ygnd

=
mrmcs

2

Irsensors2 + brsensors+ (kpivotrsensor − ksr2srsensor)
(3.17)

Assuming the parameters of a seismometer results in a magnitude Bode plot as

shown in the top of Figure 3.7 (the geometrical values chosen were similar to the

prototype but with an arbitrarily lower natural frequency of 0.15 Hz). Using this

response, an instrument sensitivity noise floor can be calculated. Assuming that the

0.25 mm range aLIGO capacitive position sensor could be used to measure the proof

mass on each end at rsensor = 6 in. (15.2 cm) from the virtual pivot, the noise floor

of vertical motion can be calculated since the sensor noise is documented in (Lantz,

2009d). Then assuming that two such instruments were located 5 m from each other,

the position readout sensor noise can be plotted in terms of rotation noise against

the requirement (Figure 3.7 lower plot). In this example, the seismometer is not

quite sensitive enough to reach the lower frequency end of the target. Reducing the

natural frequency or increasing the gain would help. By mounting both instruments

on a suitably stiff structure, an assumption in this analysis, θgnd is common mode

between the instruments and itself is not contained in the difference signal. The θgnd

is obtained, though, from the differential ygnd information.

3.2 Results

The completed prototype seismometer (shown in Figure 3.8) was then operated in

the active feedback mode and validated against a commercial Geotech S-13 seismome-

ter. For the tests, both instruments were installed in a vault prepared in the floor of

the Stanford Hansen Experimental Physics Laboratory, End Station II. The S-13 is a

1 Hz natural frequency seismometer utilizing a velocity readout coil. The prototype

seismometer had a natural frequency of about 0.7 Hz for this data. The spectra of the

two instruments are compared to each other in Figure 3.9 along with the coherence.
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Figure 3.7: Assuming a ground motion to seismometer sensor motion magnitude
transfer function as shown above, the noise floor for a given sensor can be converted
to rotational sensitivity. This is plotted below along with the rotational target curve.
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Figure 3.8: Picture of the vertical seismometer prototype as constructed.
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Figure 3.9: Measured amplitude spectral density plot of the Stanford HEPL End
Station 2 vault. The prototype vertical seismometer compared to a Geotech S-13
seismometer.

A magnitude 5.4 Mw earthquake on the northern California coast (USGS Event

Code: nc40193932) was also recorded by the prototype and is plotted in Figure 3.10.

Temperature proved to strongly couple into the seismometer signal as displayed in

Figure 3.11. The building heating, ventilation, and air conditioning (HVAC) swings

are obvious in the time series data as well as a lower frequency drift. The upper

plot in Figure 3.12 shows a shorter time series of the witness S-13 seismometer

and the control signal required to keep the proof mass of the prototype vertical

seismometer centered. On the lower plot, one of the temperature sensors and the

pressure sensor are plotted. In the pressure trace it is detectable when the laboratory

building personnel access door is opened (seen as reductions in pressure spikes) yet

these are not readily detectable in the seismometer trace. While the total atmospheric

pressure can also be seen to slowly rise over the length of the recording it is difficult

with this data to prove that there is no pressure coupling to seismometer signal.

The seismometer signal is, however, strongly coupled to the temperature trace, as

mentioned earlier. What follows is an investigation of temperature induced noise and
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Figure 3.10: Vertical seismometer prototype recording of a 5.4 Mw northern Califor-
nia earthquake.

methods to compensate or correct for this.

Insulation of the instrument can help reduce the effect by low-pass filtering the

temperature fluctuations to frequencies below those of interest. However, this be-

comes increasingly difficult as the lowest frequency for a tilt-sensing seismometer is

in the range of 10 mHz. At these frequencies, it is unlikely that insulation alone would

be practical.

Since a large proportion of the temperature coupling is likely through the dE/dT

of the bias springs, other materials were investigated. There are many well-known

alloys that exhibit low or matched coefficient of thermal expansions (CTEs) (dL/dT )

such as Invar, and other superalloys but finding zero to low dE/dT materials is

more difficult. One material, Ni-Span-C is purported to have a flat dE/dT curve at

room temperature (SMC, 2004). The slope can actually be tuned slightly positive or

negative by changing the composition. One drawback to Ni-Span-C is that it is not

as immune to magnetic disturbances as BeCu. It was also difficult to locate sheet

stock in small quantities for testing.
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Figure 3.11: The vertical seismometer active control signal required to keep the proof
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Figure 3.12: The vertical seismometer active control signal plotted with the S-13
witness signal. The temperature and pressure are plotted below.

Other methods to correct for the spring sag with temperature would be to com-

pensate the springs themselves by combining them with other materials with different

coefficients of thermal expansion, or altering the spring attachment points in a way

that alters the position or orientation as a function of temperature. It is unclear how

this can be accomplished while still maintaining isolation to magnetic disturbances.

The overall expansion of the instrument as a function of temperature is likely to

be less of a concern because of the differential sensing of the proof mass position.

Temperature gradients could certainly be problematic though. For the prototype

seismometer, temperature gradients were reduced through the use of brass (with a

high heat conductivity) and limited contact points (three spheres) between the base

of the instrument and the ground.

These are all methods to reduce the effect of temperature on the instrument.

Another less elegant solution is to measure the temperature and characterize the

instrument’s response as a function of temperature. The effect of the temperature on

the instrument’s signal could then be predicted and subtracted.
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3.3 Conclusion

The prototype seismometer, as built, demonstrated several techniques that could be

utilized in creating a cost-effective, low frequency, vertical seismometer for ground

tilt measurements. The decoupling of air pressure variations is one novel way that

helps this style of instrument to meet these goals. While the prototype did not

have an adequately low noise floor to be useful in this sense, if the instrument were

developed fully, an array of such sensors could provide the necessary information to

correct the tilt-horizontal coupling of the aLIGO seismic isolation system horizontal

seismometers. This in turn could lead to lower blend frequencies and higher isolation

levels at low frequencies.

While being able to measure ground tilt, θ, and then correct for tilt-horizontal

coupling in the inertial sensors is fundamentally very interesting, there are three rea-

sons why this research was not continued. Firstly, the development time-line, roughly

estimated at 5 years, would have to be expedited in order to benefit aLIGO. Secondly,

the required instrument sensitivity for the examples was assuming a horizontal sepa-

ration distance of 5 m. It is unclear how reasonable it is to assume a stable mounting

structure that would allow for this separation distance, especially when the chambers

themselves may be tilting on the technical slab. Of course, reducing this distance

would require more sensitive instruments which easily complicates the design. Even

small changes in temperature across the concrete technical slab at the observato-

ries would induce localized tilt. For example, assuming a technical slab thickness of

t = 0.75 m and a CTE of the concrete to be similar to steel, temperature differen-

tials of 13 mK across the thickness of the slab are estimated to induce an angle of

approximately 1 µrad across 5 m. Thirdly, measuring the differential displacement

between adjacent optical platforms and then controlling them to track each other

at low frequency sidesteps the problems caused by the tilt-horizontal coupling. This

concept was subsequently pursued in the design and implementation of a prototype

sensor and is the basis for the rest of this thesis as it continues in Chapter 4.
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Chapter 4

Seismic Platform to Platform

Differential Sensing

In this chapter a different approach is proposed, linking the adjacent platforms to-

gether through the use of an auxiliary sensor–the Seismic Platform Interferometer

(SPI). At low frequencies, the performance of the ISI control loops is limited by ar-

tificial horizontal motion imposed on the system by tilt-horizontal coupling (Section

1.4). This tilt-horizontal coupling increases with a decrease in frequency. The con-

trol loop’s ability to impose horizontal motion on a system whose disturbance was

initially tilt results in excess, undesired motion. Chapters 2 and 3 addressed meth-

ods to measure the tilt independently and then correct the horizontal displacement

sensor’s signal by the appropriate factor. The SPI measures the differential length,

pitch, and yaw between adjacent platforms enabling the control of these degrees of

freedom. This chapter contains the design constraints and required noise floor for an

effective SPI while Chapters 5, 6, and 7 discuss a prototype, control, and conclusions

respectively.

4.1 Differential vs. Absolute Isolation

In Advanced LIGO there are nine seismic isolation platforms for each interferometer

located in the corner station. These platforms support everything from the main
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beamsplitter and input test mass optics in the BSCs to auxiliary input and output

optics for beam shaping and signal conditioning in the HAM chambers (Section 1.2.2).

Each significant optic is supported on a pendulum system that is bolted to the isola-

tion platform (Section 1.3.3). At frequencies below about 0.2 Hz, the tilt-horizontal

coupling reduces the absolute isolation from ground motion that can be achieved

in the actively controlled platforms. The goal of the SPI is to enable differential

measurements between adjacent platforms thus enabling differential control. Most

sensors are limited in their dynamic range. In some situations reducing the differen-

tial motion enough can make an impossible measurement merely difficult. The SPI

would control the differential motion thus relaxing the dynamic range requirements of

other sensors. While the LIGO interferometer has already operated without the SPI,

controlling the differential motion will help improve performance in two ways. It will

assist in acquiring the lock of the main interferometer. It will also help by effectively

offloading some low frequency control to stages closer to the ground. These stages

utilize actuators that are better impedance matched to provide low frequency control

and zero frequency offsets and pointing than the actuators acting directly on, or close

to, the optics.

Ideally, absolute control relative to the inertial reference frame is an elegant solu-

tion. If the absolute motion of platforms are controlled to the inertial reference frame,

then the differential motion between the platforms will also be held small. This is

difficult to actually implement because of a lack of good, low frequency inertial sen-

sors that are immune to tilt. The reverse however, is not necessarily true. Platforms

could be well controlled differentially but still have large motion as a group relative to

inertial space. In other words, a formation of platforms could be controlled to track

to each other (requiring that they all travel in unison) while the formation as a whole

has freedom to move globally in the absolute, inertial frame. These resulting extra

degrees of freedom are discussed in Section 4.5.

If all of the optics on the platforms were supported by the same suspension systems

and if all of the suspension systems could be tuned to precisely the same natural

frequencies in their stages, then differential control would sufficiently stabilize the

optics relative to each other at all frequencies. This is not the case in aLIGO. For
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example, the triple pendulum suspension system on HAM 4 has a first predicted

resonant frequency of 0.685 Hz while the adjacent HAM 5 triple suspension system

has a first predicted resonance of 0.677 Hz. So for these two adjacent platforms,

below the lowest natural frequency of the suspensions the common mode motion of

the supporting platforms will become common mode motion at the optic. This results

in the optics tracking each other, which is desired. At and above the lowest natural

frequency, however, common mode motion of the supporting platforms will become

amplified, especially near the suspension resonant frequencies and result in differential

motion between the supported optics. This extra differential motion near and above

the first natural resonances is undesirable.

Control at frequencies above the natural resonances of the suspension in practice

is not necessary because motion induced at the suspension support is attenuated by

the suspension pendulum chain before reaching the optic. It is the differential motion

between optics that is required to be small so it will not affect the science signal.

Figure 4.1 displays the differential motion between optics as a result of a common

mode input motion on two adjacent platforms but with different suspension systems.

As a result, the SPI is beneficial at frequencies below the natural frequencies of the

suspension systems (0.5 Hz). It is around these frequencies where tilt-horizontal cou-

pling in the isolation system’s horizontal seismometers becomes problematic (Section

1.4).

4.2 Mounting Locations

There are several possible mounting locations for the SPI. An interferometric sen-

sor was proposed by Robertson that would measure the differential length between

corresponding second to last (penultimate) masses in adjacent suspensions pendulum

chains (Robertson N. A., 1981). This was further investigated by a group at the

University of Tokyo (Aso et al., 2006). A disadvantage is that the sensor noise re-

quirements at this location are very strict, almost as small as the displacement levels

necessary at the optics (Figure 1.13). An alternative mount location and the one

recommended for the SPI is on the first stage of the ISI. This has several advantages
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Figure 4.1: Simulated transfer functions of the two suspension subsystems on HAM
4 and 5. The magnitude is the motion at the optic relative to a given input motion
at the suspension attachment point. The difference trace is the differential motion at
the optic caused by a common mode motion input. From this we see common mode
motion at low frequencies does not significantly affect the differential motion at the
optic. At high frequencies, since the pendulums provide excellent passive isolation,
the differential mode motion at the optic is also small.
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including:

Figure 4.2: Comparison of two SPI mount points in terms of allowable sensor noise.
Mounting the SPI to the ISI first stage has several advantages. The pink trace shows
the equivalent noise performance that an SPI mounted on a penultimate mass (in the
quad suspension system used for the input and end test masses) would have to attain
in order to be equivalent.

• The sensor noise requirement of the SPI needs to satisfy the motion target of

the ISI stage to which it is mounted (Figure 4.2). This is relaxed from an SPI

mounted to the penultimate mass.

• The available mounting positions are greater on the platform than on the sus-

pension system or its frame allowing greater flexibility in physical size and mass.

• Accessing the mounting location with power and signal cables is also simpler

for an SPI mounted on the platform than on the suspension or its support

structure.
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• The ISI platform is already equipped with sensors and actuators to control all

six degrees of freedom so implementation of control from the SPI signal would

be simplified.

The SPI mount point is then the optics table on the single stage HAM ISI and the

intermediate stage one on the BSC ISI. The mounting point performance requirement

then dictates the maximum SPI sensor noise for the frequencies of operation.

4.3 SPI Sensing Dimensions

Two critical differential measurements between adjacent optics in aLIGO are the

differential length between them along the beam path and the differential yaw. Dif-

ferential pitch at the optic is also important but in practice the suspension system

decouples pitch well along the suspension chain (Barton et al., 2008). Even though

differential pitch control is not necessary to maintain the optic’s pitch, it is necessary

as part of the differential length requirement. This is because the SPI mounts on the

ISI platform but the suspension point is approximately 1 m above the table surface

(Figure 4.3). It is this separation from the center of rotation of the ISI to the at-

tachment point of the suspension isolation system that necessitates SPI differential

pitch sensing. This is because γpitch couples to suspension point motion as:

sin γpitch · Lfrom SPI to SUS point = Ldisplacement at SUS point (4.1)

Thus defined, the SPI will provide sensing for differential length, differential pitch,

and differential yaw between adjacent ISI platforms.

4.4 Accuracy and Range Needs

Since the SPI will be mounted on the first stage of the ISI platforms, the SPI require-

ments are set by the motion requirements of that stage. These are documented as

the HAM motion targets and are more stringent for the HAM 4 to 5 case than for the

other platforms (Lantz, 2010). Since the common mode motion of platforms is really
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Figure 4.3: CAD of HAM 4 ISI platform displaying the suspension support point that
is approximately 1 m above the platform. This necessitates the control of the differ-
ential pitch because the platform rotates about its center of mass at high frequencies
and the center of stiffness at low frequencies both of which are within a few cm of the
x and y axes in the figure.
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only of interest below the natural frequencies of the suspension subsystems, control

above 0.5 Hz is not necessary. Allowing for roll-off of the control and to avoid the

introduction of sensor noise the SPI should still remain sensitive to 5 Hz above which

point it is assumed that the sensor signal could be aggressively filtered. Because we

want control to be retained to 0.5 Hz, the SPI requirement in this extra decade is

simply to allow for this roll-off.

The isolation system is almost entirely controlled to track the ground motion at

low frequencies around a few mHz so the ideal frequency band for the SPI ranges

from approximately 5 · 10−3 to 5 Hz. The requirements for the SPI sensor can then

be determined and are plotted in Figure 4.4.

Figure 4.4: The SPI differential length, pitch and yaw sensing required accuracy as a
function of frequency overlaid in black on the first stage ISI requirements.

Specific requirements that relate individually to the length, pitch and yaw sens-

ing are described as follows in Section 4.4.1 and 4.4.2. Vacuum cleanliness is also

important with requirements defined in Section 4.4.3.
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4.4.1 SPI Differential Length Sensing

An interferometer was chosen for length sensing because it has good resolution even at

large and varied standoff distances (distance between some chambers can be as little

as ≈ 1 m or as great as 14 m). Initial work at Stanford conducted by John Ulman

and Brian Lantz investigated balanced arm interferometers where the sensing and

reference arms are the same length. This configuration is desirable because frequency

changes in the laser used in the interferometer are common between the two arms

and do not contribute to the measurement noise. Due to the long distances, however,

between adjacent platforms (HAM 4 and HAM 5 are 14 m apart) the reference arm

would also have to be long. A single mode fiber was tested as the reference arm

of an interferometer. By coiling the fiber the overall size of the reference can be

considerably reduced. After their investigation they concluded that apparent length

of the fiber is difficult to stabilize to the levels necessary in the SPI frequency range.

This is because noise in the fiber reference arm directly couples as noise in the length

measurement and does not meet the specifications in Figure 4.4.

If the interferometer does not utilize a balanced reference arm, then the frequency

noise of the laser must be taken into account. For mismatched arm lengths of an

interferometer, the laser frequency noise, ∆F , couples into the interferometer’s output

appearing as differential length changes, ∆L, by the following equation where L1 and

L2 are the interferometer’s sensing and reference arm respectively and F0 is the center

frequency of the laser used.

∆L

L1 − L2

=
∆F

F0

(4.2)

Which can be rewritten defining the frequency stability requirements as:

∆Fallowable =
∆Lallowable · c/λ

L1 − L2

(4.3)

The specification for laser frequency noise is determined by assuming optical path

length dimension of L1 = 28 m (14 m between HAM 4 and 5 as the worst case sce-

nario). In practice if a short reference arm of L2 = 20 cm is assumed, L2 = 20cm <<

L1 = 28 m so that L1 − L2 ≈ L1. The maximum laser frequency noise over the SPI
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frequency range is plotted in Figure 4.5.

Figure 4.5: The SPI laser frequency stability requirement to meet the SPI noise
requirement for operation between HAM 4 and 5 is shown. As expected, the frequency
stability requirements relax as the length between platforms decreases.

4.4.2 SPI Differential Pitch and Yaw Sensing

The SPI will measure differential pitch and yaw with an optical lever. An optical

lever simply measures the lateral or vertical displacement of a laser beam at some

known distance from the source. For small angles γ, this can be approximated by

γ = doffset at sensor

Ldistance from sensor to source
. Ideally, the optical lever would use the same beam as

the length sensing interferometer, simplifying the layout. Using this beam for the

optical levers requires that it be optically anchored to the platform it is launched

from. Several methods for how this could be done follow:

• Couple a beam of light through a cavity that is mechanically mounted on the
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platform before launching the measurement beam.

• Sense the movements of a beam of light used for the measurement beam and

actively control it through steering mirrors locking the beam to the platform.

• Sense the movements of a measurement beam and actively subtract the launch

light angle from the measurement.

• Launch the beam into free space from a fiber that is anchored to the platform.

As discussed in Chapter 5, launching from a fiber was chosen for the prototype

SPI. Choosing the fiber launch also necessitates a vacuum fiber feedthrough.

4.4.3 Vacuum Requirements

Since aLIGO operates at ultra-high vacuum (UHV) levels, in the range of 10−9 Torr

(1.3 · 10−7 Pa), strict requirements have been set for what is allowed into the vacuum

system. A list of permissible materials along with a required clean, bake and inspec-

tion sequence is provided by (Coyne, 2009a) and (Coyne, 2009b). In order for the

SPI to be useful in aLIGO it must be able to be installed and operated in the aLIGO

vacuum envelope by conforming to these requirements.

4.5 Control Scheme

Since the HAM and BSC ISIs are six degree of freedom, actively controlled isolation

platforms, the implementation of control becomes a matter of blending the SPI signals

with those of other sensors used by the control loops. Before blending, the SPI signal

must be calibrated and filtered to limit its authority to the proper range.

For any given number of platforms SPI differential control leaves an extra degree

of freedom. This is the global position of the formation of isolation platforms that

are locked together by SPIs. This extra degree of freedom could be defined in various

ways. Several methods are outlined below with their advantages and disadvantages

discussed.
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• Setting one platform as the master platform. All other platforms then track

the master platform. This is simple to implement but may impose a cascading

or slingshot effect on platforms that are several platforms removed from the

master platform. The position of the master platform can be chosen but several

platforms removed may have trouble remaining centered in the control envelope.

A possible advantage is that if a good low frequency inertial sensor could be

implemented, then that single sensor could control the master platform and all

others would remained locked to it and take advantage of the sensor.

• The required differential motions necessary to satisfy the SPI control could

be summed and then distributed to all of the platforms in such a way as to

minimize any particular platform’s motion. This allows the platforms to all

move as little as possible. However, “walk-off” could be a problem in that the

control scheme may keep commanding a particular platform to keep moving

toward its physical stop while still satisfying the minimum motion control goal.

Of course, this becomes problematic when any of the platforms contact their

physical stop.

• Lastly, one could combine aspects of the other methods using a weighting tech-

nique. For example, the relative “stiffness” of a platform to motion could be a

function of its own position relative to its hard limit stops. This could coun-

teract the “walk-off” problems of the previous scheme. So for any particular

platform, if it were required by the SPI to move in a particular direction, the

closer it is to its limits the more control it offloads to surrounding platforms to

maintain the SPI sensed differential displacements.

For the simplest case of two adjacent platforms the control method is not likely

to be as important as it will be in the aLIGO corner station with the integrating

of multiple systems. Of the platforms in the corner station, yaw must be controlled

globally amongst all of the platforms. Differential length and pitch however, are

decoupled between platforms along the x and y arm because of their orthogonality.

This means that platforms in the x arm do not need to adjust their orientation based

on a differential length or pitch change of a platform in the y arm and vice-versa.
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4.6 SPI Purpose

The SPI will counteract the effect of tilt-horizontal coupling in the horizontal inertial

sensors in the Advanced LIGO (aLIGO) corner station. The SPI, measuring differen-

tial length, pitch, and yaw will allow control of these dimensions between adjacent ISI

platforms. The target frequency range for the SPI (from 5 · 10−3 to 5 Hz) with target

sensitivities for the most stringent configuration of HAM 4 to 5 are documented in

Table 4.1.

Table 4.1: Differential length, pitch, and yaw resolution targets for the Seismic Plat-
form Interferometer as a function of frequency.

Noise Floor and Target 0.01 0.1 1 10 Hz

Length target, HAM 4-5 4 · 10−6 4 · 10−7 4 · 10−10 4 · 10−11 m√
Hz

Optical lever target, HAM 4-5 4 · 10−6 4 · 10−7 4 · 10−10 4 · 10−11 rad√
Hz
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Chapter 5

Seismic Platform Interferometer

Prototype Design

The Seismic Platform Interferometer (SPI) prototype design and construction is

described. It is an instrument that measures differential length, pitch, and yaw be-

tween seismic isolation platforms and was integrated as a prototype. The differential

measurements are sufficient because if the differential mode motion between adjacent

mirror support suspensions is controlled at frequencies below the suspension system’s

natural frequency, then the differential mirror motion will also be reduced even if

common mode motion exists. This is what set the instrument’s frequency range as

described in Section 4.4.1. The SPI is helpful in improving the low frequency perfor-

mance of the aLIGO Internal Seismic Isolation (ISI) subsystem in that it maintains

a fixed differential length between two adjacent platforms, thereby counteracting the

errors introduced from tilt-horizontal coupling in the platform control loops. The SPI

prototype was installed in the Stanford Engineering Test Facility (ETF) and tested.

The prototype design and construction to meet the design requirements as specified

in Chapter 4 are described in this chapter.

The SPI measures the differential length through a Mach-Zehnder (MZ) config-

ured interferometer, while the differential pitch and yaw are measured by an optical

lever. The MZ interferometer configuration differs from the Michaelson configura-

tion in that two beamsplitters are used in the MZ interferometer (IFO). This makes
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alignment simpler when commissioning the instrument because it is possible to in-

dividually adjust the splitting ratios on each beamsplitter. The SPI was installed

measuring the three differential variables between two active isolation platforms that

are housed in the vacuum envelope of the ETF. The SPI, with associated launch and

measurement optics and electronics, is located on a host platform, and a single mirror

is all that is necessary on a remote platform. In the ETF, the host platform for the

SPI was chosen to be the Tech Demo, a two stage, all degree of freedom controlled

(in each stage), active platform (Giaime and Lantz, 2003). The remote platform was

the Rapid Prototype Platform (RPP), a first generation prototype of a six degree of

freedom actively controlled platform, which for the tests was being actively damped

relative to inertial space in all degrees of freedom. The control of the RPP is described

in Appendix F.

In operation, the prototype SPI provided real-time length, pitch, and yaw sensing

between the Tech Demo and the RPP in the vacuum system.

5.1 SPI Prototype Mount Location

The SPI prototype is designed to measure three differential degrees of freedom be-

tween adjacent seismic isolation platforms as described in Chapter 4. The SPI host

platform contains the majority of the measurement instrumentation including the

laser beam launching, receiving and interferometer with its associated optics and

electronics. The remote platform only contains a single mirror. This configuration

is not the only possibility. For example, placing detectors on the remote platform

might be useful, but this complicates the integration because the single mirror on the

remote platform would have to be replaced with optics and associated electronics.

The added complexity might be worthwhile if it, for example, simplified the initial

alignment of the instrument. These items would also need vacuum feedthroughs for

the electronic signals. With the current design, all of the electronics and all of the

optics except the single mirror are located on the host platform. This means that

vacuum feedthroughs only have to be located on one chamber.
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Finally, since all measurements are differential, it does not matter which plat-

form becomes host and which one is the remote. This gives more flexibility in the

implementation in Advanced LIGO (aLIGO) by providing the ability to place the

items on the platforms which have available space and easiest accessibility for vacuum

feedthroughs and access.

5.1.1 SPI Host: Technology Demonstrator Platform

The Technology Demonstrator Platform (Tech Demo) was chosen as the host plat-

form for the SPI prototype. This platform provides a large optical table surface at

a height coincident with a beam tube connecting its vacuum envelope to the RPP.

The Tech Demo is a testbed prototype platform for the aLIGO ISI platforms, which

shares with them most of the design and control concepts.

The Tech Demo platform is composed of two active stages, which are controlled

in all degrees of freedom. The sensors on the first stage consist of capacitive position

sensors, Streckeisen STS-2 seismometers, and Sercel L-4C seismometers, the signals

of which are all blended together to create the input to the isolation controllers

(sensor blending was described in Section 2.3). The second stage consists of capacitive

position sensors and Geotech GS-13 seismometers; the signals of which are likewise

blended together, creating one virtual sensor across all frequencies. The Tech Demo

optical table is displayed in Figure 5.1 and its isolation performance is described in

more detail in Chapter 6 (Lantz, 2005), (Hua and Lantz, 2005).

5.1.2 SPI Remote: Rapid Prototype Platform

The Rapid Prototype Platform (RPP) is separated from the Tech Demo by 10 m

on center but 8.9 m between their platform edges. The RPP serves as the remote

platform for the SPI prototype. The platform was recommissioned to provide in-

ertial damping and control for a single active stage and is documented in detail in

Appendix F.

The control signals obtained from the SPI were ultimately fed into the RPP,

locking it to track the motion of the Tech Demo. Since better sensors on the Tech
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Figure 5.1: The two-stage, active Technology Demonstrator Platform (Tech Demo)
in the Stanford Engineering Test Facility (ETF). The Tech Demo served as the host
platform for the SPI prototype, which is visible to the left on the platform surface.
A GS-13 seismometer used to validate the SPI is centered on the platform.

Demo give it better performance, it was hoped that the RPP performance would

increase as a result of the SPI link to the Tech Demo.

5.2 Laser Source

Because of the SPI prototype’s unbalanced arm configuration, the laser source fre-

quency must be extremely stable and meet the requirements specified in Figure 4.5.

A fiber based laser at 1.533 µm was selected because 1) it provides greater frequency

separation from the 1.064 µm light used in the aLIGO main interferometer, 2) it

was thought that fiber components could be obtained more readily for the 1.5 µm

telecommunications band, and 3) because of laser safety concerns in the lab.

The laser used is an Orbits Lightwave 10 mW polarization maintaining (PM) fiber

coupled laser. The PM fiber supports a single mode and is critical in reducing induced

polarization wander of the light transmitted through the fiber. A fiber-coupled optical

isolator was connected directly after the laser to reduce back reflections entering the

laser and affecting the stability.
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The laser is internally temperature-controlled but was also placed in a thermal

enclosure (with insulation and additional thermal mass). The laser can be operated in

constant current or constant power modes. Constant current operation was selected

because the frequency stability was thought to be greater when operating in this

mode. The operating setpoint was selected through RS-232 communications with the

laser control unit and chosen to provide a maximum front to back ratio of power.

This was set after allowing the laser to warm up and stabilize for twelve hours. This

yielded power outputs around 8 mW into the fiber.

5.2.1 Vacuum Feedthrough

The laser light needs to be introduced into the vacuum chamber before it can be

used by the SPI. There are two ways to accomplish: free-space coupling the light into

the chamber through a viewport or through a fiber vacuum feedthrough. A vacuum

feedthrough was preferred for several reasons, including 1) fiber delivery eliminates

problems caused by changes of the index of refraction, n, of air outside the vacuum

system, and 2) the light can be easily launched from fiber once on the host platform.

A 1.5 µm PM fiber vacuum feedthrough was constructed and tested because no

commercially available aLIGO vacuum compatible feedthroughs were available. The

SPI prototype feedthrough consisted of a PM fiber that was metalized and then

hermetically sealed into a stainless steel KF flange. The assembly was leak checked

with no indicated leak to our system’s sensing floor of 10−9 Torr·L
s

(1.33 · 10−10 Pa·m3

s
).

An in-vacuum section of PM fiber was spliced on, completing the feedthrough. The

construction and testing of the feedthrough is described in detail in Appendix G.

5.2.2 Fiber Launch

The differential angle sensing of the SPI requires that the light launched from the

host platform be coupled to its motion. There are several ways in which this might

be accomplished as were discussed in Section 4.4.2. For the prototype, it was chosen

to fiber couple the light from the laser and launch it into free-space from the host

platform.
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5.2.3 SPI Laser Beam Diameter

Assuming Gaussian beam propagation, the larger the launch beam diameter the less

divergence. The launch diameter cannot be too great or optics in the chain will

start to clip the beam, resulting in loss of interferometer contrast. Since the SPI

prototype uses 1 in. (25.4 mm) diameter optics for the interferometer, the maximum

beam radius at any of the optics should then be limited to 0.25 in. (6.35 mm) and

preferably smaller to keep the beam Gaussian. The free-space coupler used in the

prototype provided a beam waist radius of 1.5 mm. Assuming a planar wavefront

at the free-space coupler, the divergence of the beam is documented in Table 5.1

following the formula relating the beam waist, rwaist, at any specified distance:

rwaist = rlaunch ·
√

1 + (
λ ·Distance

πr2launch
)2 (5.1)

While a 1.5 mm beam waist radius was used in the SPI prototype in the ETF,

this would not be appropriate for an SPI operating between HAM 4 to HAM 5 as the

divergence would be too great, exceeding the 1 in. (25.4 mm) optic diameters.

Table 5.1: Beam waist radii (from peak to 1/e2 level) for a free-space coupled 1.5 µm
laser beam with an initial beam waist radius of 1.5 mm at various distances. The SPI
prototype utilized 1 in. (25.4 mm) optics, which would pose a clipping problem if the
beam waist approached 0.5 in. (12.7 mm) in radius.

Location Launch Point ETF remote ETF return HAM 4 to 5

Distance 0.0 m 1.0 m 8.9 m 17.8 m 55.6 m

Waist Radius 1.500 mm 1.533 mm 3.206 mm 5.861 mm 17.761 mm

The SPI angular sensing operates under the assumption of a Gaussian beam distri-

bution. To verify the beam profile, the light launched from the fiber by the free-space

coupler was measured (Figure 5.2). A slice of the profile was then fit against a

Gaussian curve (Figure 5.3) showing that the beam profile is 94.7% Gaussian in the

prototype where the % Gaussian was determined by the following equation:

%Gaussian =
AreaGaussian fit − Area|residual|

AreaGaussian fit

(5.2)
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Figure 5.2: Measured beam profile of the launched laser light used by the SPI proto-
type.

5.3 Schematic Layout

The SPI prototype is schematically shown in Figure 5.4. Laser light originates

from a source outside the vacuum chamber and is introduced into the vacuum system

through a UHV feedthrough that is, in principle, compatible with aLIGO. The light is

then launched into free space through a fiber coupler on the Tech Demo. After stray

polarization is removed by a polarizing beam splitter, the light travels through the

first beam splitter of the Mach-Zehnder (MZ) interferometer (IFO) and to the remote

mirror on the RPP. The light returns from the RPP and is scaled through a telescope

to bring it back to the corresponding spot size as the light in the reference arm of

the interferometer. Before the telescope about 4% of the return light is directed to

a quad photodetector (QPD) which monitors the differential angle between the Tech

Demo and the RPP. The rest of the returning light gets recombined on the second

beam splitter of the MZ IFO with the light from the reference arm. The reference arm

light is directed by a steering mirror that is piezo-actuated and can be used either to

lock the IFO at the mid-fringe or to modulate the reference arm light. Both outputs

from the second beam splitter are monitored differentially on two photodetectors.



92 CHAPTER 5. SPI PROTOTYPE DESIGN

Figure 5.3: Beam profile slice and comparison with a Gaussian curve with the residual
plotted below. The SPI angle sensing relies on the assumption that the launched beam
is at least symmetrical. This beam slice was 94.8% Gaussian.
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Figure 5.4: The SPI prototype in simplified schematic form. The host and the remote
platforms are indicated with the majority of the SPI components located on the host
platform. The remote platform only requires a single mirror.
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A photo of the SPI prototype on the Tech Demo with components annotated is

displayed in Figure 5.5. This also shows the additional steering mirrors, irises, and

lenses that are not shown in the schematic. The purposes of the beam paths are then

annotated in Figure 5.6.

5.4 Measurement Method

The SPI measures differential length, pitch, and yaw with two different methods. The

length sensing is measured by an interferometer and the differential angle between

platforms in pitch and yaw is measured by an optical lever.

5.4.1 Length Sensing

The SPI length sensing uses a Mach-Zehnder (MZ) configuration interferometer. This

involves splitting the input light into two arms, one a short reference arm (11 cm) and

the other a long sensing arm (8.9 m between the platforms). Because of divergence

of the beam as described in Table 5.1, a telescope decreases the return sensing

beam waist to approximately match that of the reference arm at the recombination

beam splitter. The telescope consists of an f = 50 mm lens and an f = −25 mm lens

separated by 50 mm in the direction of the beam propagation.

The SPI prototype interferometer was tested with two different sensing modes,

mid-fringe locking and fringe counting. It was thought it would be necessary to au-

tomatically switch operation from the mid-fringe locking mode (in order to reach the

required sensitivity) and the fringe counting mode (in order to achieve the necessary

dynamic range). Ultimately, the fringe counting mode provided enough resolution

that it was sufficient to operate the prototype continuously in this mode reducing

complexity. However both methods are described below for completeness.

5.4.1.1 Mid-Fringe Locking

The mid-fringe locking mode of the interferometer involves locking the reference,

short arm, in a multiple of the laser wavelength, to the long arm. This is realized
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Figure 5.5: An annotated picture of the SPI prototype components on the host
platform. Items not shown include the laser source, fiber isolator, fiber vacuum
feedthrough, and remote platform mirror. Doubled thin lines represent rays used by
optical levers for angular sensing.
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Figure 5.6: This photo displays the purpose of the beam paths in the prototype
interferometer.
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through the electrical actuation of the piezo-electric transducer (PZT) on the folding

mirror in the reference arm. Motion of the PZT is translated to changes in the optical

path length of the reference arm. The amount of optical path length change in the

reference arm is equivalent to the optical path length change in the sensing arm and

can then be measured.

Both optical outputs of the second beam splitter are directed onto individual pho-

todetectors. These photodetectors are then subtracted in the preamplifier resulting in

a balanced detector. This mode results in high sensitivity because the control signal

to the PZT, often in hundreds of volts, is monitored while the control loop keeps the

interferometer locked to the mid-fringe Figure 5.7.

The fringe locking is accomplished by a controller that takes the balanced photode-

tector output and controls a high voltage amplifier driving the PZT in the reference

arm. Initially this controller was implemented in analog electronics but was later

switched to a digital filter in the aLIGO real-time control computer (CDS which is

described in more detail in Section 5.6). The transfer function of this locking con-

troller is:

G(s) =
−40

0.1592s+ 1

V

V
(5.3)

While the mid-fringe locking method results in excellent resolution, its sensing

arm range is limited to the maximum displacement of the PZT in the reference arm

(about 2 µm). An increase in range then requires larger actuation range PZTs or

higher voltage and ultra stable amplifiers. A disadvantage of the mid-fringe mode

is that if induced platform-to-platform motion does overcome the control authority

of the reference arm PZT, the interferometer could re-lock to the mid-fringe at a

different fringe thus losing its point of reference.

5.4.1.2 Fringe Counting

Because an infinite amount of control authority is not available from the control

system, the amount of optical path length change that can be accommodated by the

prototype in the mid-fringe locking mode is limited. In practice, this means that if the
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Figure 5.7: The mid-fringe locking of the interferometer. The length signal is obtained
by monitoring the drive level to the PZT in the reference arm required to keep the
interferometer at the mid-fringe position. Because of the balanced detection, this
method is not sensitive to laser amplitude fluctuations. One limitation is that the
maximum sensing length is determined by the maximum PZT actuation range on
the reference arm. If large displacements, larger than the PZT actuation range,
are encountered, the interferometer “jumps” fringes and re-locks on an unknown
fringe. This results in a loss of position information which would be a multiple of the
wavelength.
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differential motion between the platforms exceeds one micron, then the control loop

is forced to unlock and the actual differential displacement is then unknown as the

interferometer jumps through fringes re-locking on an unknown, arbitrary fringe. The

fringe counting mode allows the interferometer to remain in the unlocked state while

counting the fringes it passes through. This provides a large dynamic range which

is not limited in length. If the wavelength of the light is nominally 1.5 µm, then a

change in the differential platform position of 750 nm results in the interferometer’s

operating point being located on a different fringe. The ability to count fringes and

travel large distances is critical when the platforms linked by the SPI are not under

complete isolation, such as when recovering from an earthquake.

To locate the position along the interferometer’s operating curve in the fringe

counting mode two signals are necessary. One signal is provided by low pass filtering

the voltage from the balanced photodetectors at 100 Hz (subsequently referred to as

the cosine signal). The other signal, which provides the slope of the curve where the

interferometer is operating, is determined by band pass filtering the balanced pho-

todetectors’ signal from 3 to 30 kHz and then demodulating with a lock-in amplifier

(this signal is referred to as the sine signal).

The signal can be modulated in several places, 1) modulating the laser frequency,

2) modulating the PZT in the sensing arm, or 3) modulating the PZT in the reference

arm. For the prototype, modulating the light in the reference arm was chosen at

10 kHz. Higher modulation rates would allow higher velocities to be sensed but the

dynamics of the PZT used limited the maximum rate. In practice, the SPI prototype’s

maximum velocity has not been exceeded when operating in fringe counting mode

during typical platform operations (even with RMS motions in the range of 8 µm).

The distance between adjacent platforms can then be determined from the phase

angle, φ, which is calculated from the two signals as:

φ = arctan
Sine Signal

Cosine Signal
(5.4)

This phase angle, φ, can then be converted to a distance through the following

relationship:
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Figure 5.8: The fringe counting technique modulates the light in the reference arm so
that the position along the interferometer operating curve can be determined. This
measurement mode is not limited in range like the mid-fringe locking mode but is
limited in measurement velocity as a function of the modulation frequency.
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Displacement = φ · λ

4π
= φ · 123.345nm

rad
(5.5)

5.4.2 Pitch and Yaw Sensing

The SPI prototype measures pitch and yaw between adjacent platforms using an

optical lever. For small angles, γ, this can be approximated by:

γ =
doffset at sensor

Ldistance from sensor to source

(5.6)

For the prototype, the doffset at sensor is measured as x and y motion of an incident

laser beam on a quad photodetector (QPD). The details of the circuit board and the

analog math are contained in Appendix E.

In the prototype, while one QPD measures the return light from the remote plat-

form, a similar QPD monitors a fraction of the light (4%) launched from the fiber

through the free-space coupler. This allows beam wander and amplitude changes of

the launched light to be recorded.

Figure 5.9: Schematic diagram of the differential pitch and yaw angle sensing of the
SPI. The beam sampler (BS) allows the majority of the light to proceed and be
recombined in the second beam splitter of the MZ interferometer (Figure 5.5).
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Table 5.2: The SPI optical lever angular sensing optical parameters. These are used
to determine the system’s ABCD matrix, which describes the response at the QPD
for a given input. ABCD matrices are also known as ray-transfer matrices (Goodman,
2005). Variables refer to labels in Figure 5.9.

Distance m Location Object Focal Length mm

d1 8.700 To Remote

d2 8.700 To Host

d3 0.105 To Steering Mirror

d4 0.120 To Lens Lens (L) 150

d5 0.230 To QPD

Simple ray tracing can be done with ABCD matrices (Goodman, 2005). Ref-

erencing Figure 5.9, the optical parameters for the optical lever angle sensing are

documented in Table 5.2. By combining these distances and focal lengths into

discrete ABCD matrices and multiplying, the complete system can be described as

follows:

(

rdetector (m)

θdetector (rad)

)

=

(

−116.500 17.625m

−6.667 1
m

1.000

)(

rlaunch (m)

θlaunch (rad)

)

(5.7)

If the incident beam is called the z axis, the QPDmeasures the fractional difference

of light on its quadrants in the x and y directions. This means that the QPD is

sensitive to displacement across the face, which is then converted into angles by

Equation 5.6. The angle of the light on the detector is not measurable so the term

θdetector can be ignored. Using this matrix, a 1 µrad differential angle between the

two platforms results in 17.6 µm of displacement at the QPD.

The incident spot size on the QPD is a critical design factor. As the spot size

of the incident beam on the QPD is reduced, higher resolutions can be obtained.

This, however, must be balanced because once the beam is completely contained in a

quadrant, no additional information can be obtained that limits the dynamic range.

Also, since the QPD contains small null zones between quadrants (≈ 59 µm), it is

necessary that the spot size still remain large relative to these zones. Finally, it is

an assumption that all of the light from the incident beam is contained within the
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four quadrants. The QPD detector used in the SPI prototype has a diameter of

approximately 3 mm. The return beam from the host platform was focused to be 1

mm in diameter at the QPD.

As mentioned in Section 5.2.3, another assumption for the operation of the angle

sensor is that the incident beam is Gaussian. If the beam is not Gaussian (or at least

symmetrical), then it is difficult to accurately determine the center of the beam. The

beam profile of the launched beam from the free-space coupler was shown in Figures

5.2 and 5.3.

The angle sensing of the prototype was then calibrated to match the calibrated

sensors and actuators of the Tech Demo. Calibration is important, allowing the

experimental results to be directly compared to the requirements.

5.5 Considered Noise Sources

While the target resolutions for the SPI are tabulated in Table 4.1, it is still im-

portant to quantify the noise sources that make up the noise floor, thus creating

a noise budget. This is useful because it helps determine the limiting factors and,

if improvements were made to the instrument, in which areas they would be most

helpful.

5.5.1 Shot Noise

The photodetectors used for both interferometric and optical lever sensing experience

shot noise. This is a fundamental limit set by photon counting with the noise being

proportional to the square root of the light power. In the following equation, i is

the current in the photodiode resulting from the light and e is the elementary charge

≈ 1.6 · 10−19 C.

nshot =
√
i · e · 2 (5.8)

This noise level was calculated for the interferometer assuming 10 mW of incident

light on the photodetectors as follows:
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nshot (m) =

√

10 (mW) · 1 ( A
W

) · 1.6 · 10−19 (C) · 2 = 5.66 · 10−11 V√
Hz

(5.9)

In practice, because of losses in the isolator, fiber, and optical components, the

incident light is in the range of 5 to 8 mW. Likewise, the angle sensor shot noise

was also computed assuming a maximum power of 3.7% (the beam sampler pickoff)

of the 5 mW maximum in the return beam from the remote platform. In both

cases, the actual shot noise is likely less than predicted. The values reported give

the maximum shot noise in terms of displacement that might be seen by the SPI as

nshot = 2.79 · 10−14 m√
Hz

for length and nshot = 1.04 · 10−10 rad√
Hz

for pitch and yaw.

5.5.2 Laser Frequency Noise

Since the SPI prototype is an unbalanced arm interferometer (the reference and mea-

surement arms are not nominally the same length), any frequency drift in the laser

or phase noise of the light in the delivery fiber will show up as a displacement signal

at the output. This is what defined the laser frequency noise requirement in Section

4.4.1.

The frequency stability of the laser source was tested by operating a Mach-

Zehnder (MZ) configured interferometer with a fixed arm length mismatch of 2.85 m.

Both the reference arm and the measurement arms of the interferometer were defined

by fixed mirrors located on the Tech Demo. Under the assumption that apparent

length mismatch in the arms of the interferometer is caused by frequency fluctuations

of the laser, this frequency stability can be quantified. This is an upper limit to the

frequency noise because temperature changes of the Tech Demo platform cause the

entire platform to change dimensionally, which results in real length changes in the

arms of the test interferometer.

The measured frequency stability can also be projected for different mismatches

in arm lengths. For the interferometric sensing and assuming a fixed length reference

arm, this noise source scales proportionally with separation distances between plat-

forms. This means the longer the separation distance, the higher the frequency noise
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contribution.

The frequency stability of the laser is plotted in Figure 5.10 compared to the

frequency stability requirements for an SPI operating between HAMs 4 and 5. In

the analysis, the best linear fit to the test interferometer length signal over the entire

recorded data was removed. This removes the temperature coupling to the expansion

of the platform and any other noise source that consistently affects the signal over

the measurement time.

Figure 5.10: The laser frequency noise measured by a fixed arm length difference
interferometer located on the Tech Demo platform in vacuum. The SPI target fre-
quency range ends right before a notch in the HAM requirements. This large notch
is actually only necessary for the HAM 4 to 5, which is the most strict case.

These tests indicate that the frequency noise of the laser is stable enough for the

SPI to reach the target even for the distances between HAMs 4 to 5. The distance

from HAMs 4 to 5 represents the largest distance where the SPI is expected to operate,

at 27.8 m and is plotted for reference. The angular sensing does not experience any

coupling of the laser frequency noise.
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5.5.3 Laser Amplitude Noise

The amplitude stability of the laser was also measured. This should not be an applica-

ble noise source for the length sensing mode. Even in the mid-fringe mode the output

from the photodetector circuit is the difference of signal between two photodetectors

so optical power fluctuations are common mode to both detectors and the balanced

output remains constant. It does matter, however, for uncontrolled angle sensing

optical levers.

The laser amplitude was measured directly on a photodetector over a measurement

duration of 3 hours along with the temperature change of the laser housing shown

in Figure 5.11. While there seems to be a strong correlation between the housing

temperature and the laser power output it is difficult to determine which one is

affecting the other. For example, mode hops internal to the laser could be causing

fluctuations in the power resulting in changes to the heat loading of the laser. Or

conversely, the temperature of the housing could be inducing changes in the laser

power output.

The relative intensity noise (RIN) of the laser is one way to quantify the amplitude

stability of a laser and is plotted in Figure 5.12.

Because we measure both interference beams we expect the length sensing in-

terferometer to be insensitive to power fluctuations. While it is not expected that

laser amplitude fluctuations would couple into just one signal, in the fringe counting

interferometer an x − y scatter plot of the sine and cosine signals shows a drift in

the sine term (Figure 5.13). In this plot, the sine and cosine terms would trace

out an ellipse if the interferometer experiences great enough displacements. Because

this data was recorded while the platform was under isolation control, just a portion

of the arc is visible. The colors progress with experiment time and throughout the

40 minute data set the radius of the arc traced out obviously decreases over time as

the sine signal decreases from 5.62 to 5.46. This change over time is not well under-

stood. Because the sine signal is obtained by modulating the reference arm and then

demodulating the interferometer output, changes in the modulation drive amplitude,

PZT dynamics, or electronic gains could be possible causes of change over time in the

sine signal.
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Figure 5.11: Power output of the laser source and temperature fluctuations of the
laser housing. It is difficult from this to determine what is the cause and what is the
effect.

Figure 5.12: The Relative Intensity Noise (RIN) of the laser as tested. This is obtained
by taking the recorded data, dividing by the average power before calculating the root
of the mean square spectral density.
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Figure 5.13: A 40 minutes long data segment recorded from the prototype SPI in
fringe counting mode shows the radius of the arc segment traced by the sine and
cosine signals decreasing through time. In this example the sine signal reduces by
3% while the cosine signal fluctuations remain roughly constant. Dark blue colors on
the plot correspond to the data at the start of the experiment with dark red colors
corresponding to the end after 40 minutes.
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While under optical angle feedback control in pitch and yaw, the SPI is impervi-

ous to amplitude noise (Figure 5.14 (a)). However, when the optical beam is not

controlled to the center of the QPD, amplitude noise starts to affect the output angle

signal. This is shown in schematic form in Figure 5.14 (b) where a change in an

off-center beam appears as change in position (which is interpreted as a change in the

angle) due to the higher proportion of signal in quadrant B.

Figure 5.14: An incident beam is shown on the quadrants of the QPD. If the beam
is centered on the detector, then amplitude fluctuations of the incident light affect
all quadrants equally and the noise coupling is small (a). As the beam is offset on
the detector, any changes in amplitude become apparent position changes (b). This
error could be reduced by normalizing to the total beam power on all quadrants but
this was not done in the analog circuitry (Appendix E). Instead, this error effect was
corrected in real-time by the control software.

The prototype SPI has a launch laser beam monitor. The incident beam on this

QPD is not actively controlled to the center so RIN affects the measurements. To

correct for this, the incident laser power was summed over all of the quadrants and

then the expected effect subtracted from the angle signals. The expected effect is

estimated by taking the sum of the power in all quadrants, low-pass filtering it, and

then multiplying by a scale factor. The scale factor used was determined by taking

the best linear fit between the QPD sum data and the respective angle data (pitch

or yaw) over a range of angles.

From these measurements, the RIN of the laser is not likely to be a limiting

factor in either the length sensing or the closed loop angle measurements of the SPI.

The launch angle open loop measurements are affected by RIN but these effects are
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reduced by the real-time subtraction of the expected coupling.

5.5.4 Electronics Noise

Electronics are plagued with multiple sources of excess noise, from the Johnson-

Nyquist noise of passive resistors to the noises associated with operational amplifiers.

Throughout the design and construction of the SPI prototype, care has been taken to

reduce the effect of electronics noise by using low-noise pre-amplifiers that are suitably

matched to the impedances of the input. Extra care taken limited the majority of

the noise contribution to the first amplifier stage.

5.5.4.1 Photodetector Circuit

The interferometric photodetector circuit’s main noise source is the transimpedence

pre-amplifier’s voltage and current noise coupled through the feedback resistor. The

feedback resistor itself exhibits Johnson noise but is designed to be less of a contri-

bution than that of the operational amplifier. The noise of the circuit was measured

with a spectrum analyzer in the dark state with the photodetectors covered.

5.5.4.2 PZT Amplifier

piezo-electric transducers (PZTs) require high voltages for actuation. The PZT in-

stalled in the prototype SPI exhibits a range of about 2 µm over 300 V. The high

voltage from the DC power supply is controlled by a high voltage operational am-

plifier. The electronics noise contribution of this amplifier circuit was measured and

plotted. The voltage gain of the PZT amplifier is: G(s) = 550V
V
.

5.5.4.3 Analog to Digital Converter

The SPI prototype data was recorded in the aLIGO CDS computer system. This

utilized a 16 bit A/D system after an anti-aliasing filter. The ADC electronics noise

was measured to verify that it was not a contributor to the overall noise of the system.



110 CHAPTER 5. SPI PROTOTYPE DESIGN

5.5.4.4 Air Current Induced Electronics Noise

The SPI utilizes pre-amplifier circuitry both for the interferometer fringe sensing and

for the angle sensing at the QPD. Tests of operational amplifiers have indicated that

potting circuit boards reduces low frequency noise, which was also mentioned in a

semiconductor data sheet (LTC, 1995). This is likely because potting decreases the

effect of convective air currents of components on the board. This is not a noise

source of concern because the SPI is operated under vacuum.

5.5.5 Laser Beam Launch Stability

As long as the interferometer contrast ratio remains high, the differential distance

sensing between adjacent platforms is not affected by the directional launch stability

of the free-space coupled light. The contrast ratio is defined as the ratio of high

to low voltage on an individual photodetector across a fringe. This is not the case

for angle sensing. Measurements were made of the fiber-launched light on the QPD

and are included in the angle sensing noise budget (as documented in Appendix

G). This is the largest noise contribution to the SPI angle sensing. Since these

are angular measurements, this launch noise should be constant regardless of the

separation between measurement platforms.

5.5.6 Optical Fiber Noise

In order to maintain the low phase noise of the laser, it is critical that the delivery

fiber be kept still. Earlier tests of a balanced arm interferometer which utilized

single mode (SM) fiber for the reference arm indicated that phase noise can be a

significant problem in optical fiber. The fiber used in the prototype is all polarization

maintaining (PM) single-mode fiber. While this fiber is less susceptible to changes

in polarizations due to mechanical disturbance, it is desirable to reduce fiber motion

as much as practical. As an added precaution, any light in the off-axis polarization

is removed by a polarizing beam splitter. Additionally, any noise introduced by the

fiber in the SPI prototype would already be coupled into the laser frequency noise

measurement as shown in Figure 5.10.
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5.5.7 Mechanically Induced Noise

The SPI components are mounted on an aluminum, 25 mm thick optical breadboard.

The high thermal conductivity of the aluminum helps reduce temperature gradients

across the board, however, the high CTE of aluminum is detrimental to geometrical

stability. Optic mounting posts were intentionally kept short to reduce Abbé offset

and to increase the stiffness of the structural loop. The breadboard is located on the

optical platform of the Tech Demo, which is in vacuum limiting convective thermal

disturbances. The platform’s optical table has a very high thermal resistance to the

outside through two sets of three maraging steel flexures. This results in the majority

of the heat transfer coming through radiative coupling to the vacuum vessel. This also

helps limit thermally introduced mechanical noise of the system to lower frequency

with characteristic times of: τ ≈ 40 hours.

Figure 5.15: Temperature change of the Tech Demo platform and corresponding
differential interferometer arm length change with a 2.58 m difference in nominally
fixed arms. This change in differential arm length is compared against what would
be expected for the corresponding temperature change and the coefficient of thermal
expansion for Al-6061.

During the laser frequency stability tests, the temperature induced arm length
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growth was quite evident (Figure 5.15). For this plot, thermal changes couple in to

the arm length difference between the reference arm and a fixed length arm used to

measure frequency stability (∆OPL = 3.01m). With temperature monitors on the

Tech Demo platform a characteristic plot of the temperature stability was calculated

using several hours of data at vacuum (Figure 5.16). By applying the temperature

change, the coefficient of thermal expansion for Al-6061, and the geometries of the

test interferometer, a prediction of the effect on the prototype interferometer can be

made. The effect of this temperature noise can be predicted in terms of interferometer

length changes through the relationship: Displacement = Tstability ·CTE ·Lreference arm

where the Lreference arm for the SPI prototype is 11 cm. The temperature only affects

the reference arm because in the other interferometer arm, as the measurement arm

between the Tech Demo and the RPP, any changes are assumed real as the measure-

ment is referenced to the beamsplitter locations.

In practice the interferometer does not experience as large a change in length as

would be expected consistent with the discrepancy in this test of 9%. For implemen-

tation in aLIGO, other materials such as Invar might be a better choice reducing this

noise source.

5.5.8 Changes in the Index of Refraction of Air

Temperature, pressure, humidity, CO2 content, and contaminants such as hydrocar-

bons all have an effect on the index of refraction, n, of the air. The overall effect of

air has been measured by the unbalanced arm IFO during the characterization of the

frequency noise of the laser (Figure 5.17). The excess phase noise at low frequency is

evident in the difference from the air to vacuum cases. The air and vacuum measure-

ments do not converge at high frequency because the contrast of the interferometer

for the air tests was slightly better. Since both the prototype and the aLIGO SPI are

to be operated at vacuum this noise source is not a concern.
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Figure 5.16: The temperature stability of the Tech Demo platform as measured over
several hours by a sensor directly underneath the optical breadboard. The induced
length change from the expansion of the aluminum can then be predicted for a refer-
ence arm length of 11 cm.
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Figure 5.17: The index of refraction of air, n, causes phase changes in the arms of the
interferometer creating substantial noise at low frequency (over 3.01 m ∆OPL). The
SPI will be operated at vacuum so this noise source is not a concern. The SPI target
frequency range ends just short of a notch in the requirements for the HAM 4 to 5.
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5.5.9 Length Sensing Noise Budget

The above noise sources affecting the SPI length sensing were measured or calculated

and plotted together for comparison (Figure 5.18). All of the noises were referenced

to displacement distance between platforms and compared with the SPI requirement

for sensitivity. Of the noise sources considered, most remain fixed regardless of the

separation distance between platforms. The one exception is the laser frequency noise

which increases proportionally with differential arm lengths of the interferometer.

Since this is likely the limiting noise source, two curves were plotted. One curve

represents the laser frequency noise contribution to the prototype operating with an

8.9 m separation distance between platforms in the ETF. The other curve is what

the frequency noise contribution is expected to be for the greater HAM 4 to HAM 5

distance in aLIGO. Along with frequency noise, the geometrical stability of the short

reference arm, as influenced by temperature, is also a significant concern. For the SPI

prototype this reference arm was 11 cm long on an aluminum optical breadboard. The

expansion of this plate over time with temperature induces as much noise into the

prototype measurement as the laser noise.

Even for the stringent case of HAM 4 to HAM 5, the SPI length sensor should

work well over the SPI frequency range. All of the noise sources quantified are well

below the requirement at low frequency and have at least a factor of 5 at higher

frequencies. The SPI length sensor should provide accurate information meeting the

requirements.

5.5.10 Angle Sensing Noise Budget

The pitch and yaw measurements of the SPI are accomplished through optical lever

angle sensing. Because of the principles of operation of the optical levers, many noise

sources critical to the length sensing do not apply. The noise sources have been

measured or calculated and are plotted relative to the angle sensing SPI requirements

in Figure 5.19. The angular nature of the measurement along with the noise sources

mean that they should remain constant regardless of the separation distance between

the host and remote platform. One exception to this is that the contributions of
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Figure 5.18: Length sensing interferometric noise budget. Measured noise sources
affecting the interferometer signal are plotted in terms of sensing distance relative
to the SPI target. Most noise sources are fixed regardless of the arm length of the
sensing arm. One exception is the laser frequency noise that scales proportionally
with the difference of the sensing to reference arm. The frequency noise is plotted
twice, once for the ETF platform to platform sensing arm distance and again for the
HAM 4 to HAM 5 distance in aLIGO. The SPI target frequency range ends just short
of a significant notch in the HAM 4 to 5 requirement curve.
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electronics noise of the QPD circuitry would decrease with added differential platform

displacement.

Figure 5.19: Angle sensing, pitch and yaw, noise budget. The largest source of
contributing noise is the measured launch stability of the light from the fiber. These
noise sources should remain constant regardless of platform to platform distances.
The exception to this is electronics noise of the QPD circuitry whose effect would
decrease with added separation distance.

Of the optical lever noise sources measured, the largest is the apparent launch sta-

bility of the light from the fiber which is orders of magnitude larger at lower frequency

than the measured, dark noise of the sensor (electronics noise). It is unclear what

all of the mechanisms are for the large apparent launch noise, which was investigated

further and documented in Appendix G. One possible noise source is from reflected
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light from the length sensor as shown in Figure 7.1. Regardless, below 0.4 Hz, the

angle sensor meets the SPI sensing target. Unfortunately, at higher frequencies this

is not the case. This noise plot indicates work is needed to improve the SPI angle

sensors.

5.6 Control and Data Acquisition System

Most of the real-time control of the aLIGO systems is done through the Control and

Data acquisition System (CDS). CDS is responsible for both the high speed real-time

control (up to 64 kHz) and the recording of important process and data channels

(Bork et al., 2001).

The SPI prototype was implemented using the aLIGO CDS as its control method

so that compatibility for future deployment in aLIGO could be established. Since the

Tech Demo is currently running on the CDS, integration with the Tech Demo control

diagrams were simplified. During the commissioning of the RPP, it was switched

from a dSPACE platform to run on the CDS (Appendix F).

Control flow in CDS is defined through a Matlab Simulink model file in which

only certain blocks are supported. This model is then built by the Real-time Code

Generator (RCG) before it is deployed on a dedicated Linux based platform.

An advantage of CDS is that several models can be run simultaneously on different

processor cores of the Linux front-end computer. For the SPI prototype, the control

and data recording was handled as part of the Tech Demo control model. Information

from the SPI was then passed to the RPP, which was controlled separately.

5.6.1 Implementation of Arctangent

The arctangent is necessary for calculating the phase, φ, in the fringe counting length

sensing mode of the SPI. Initially this mode was prototyped using dSPACE as the

real-time control software. However, when the SPI control was implemented in the

aLIGO CDS, blocks such as atan, unwrap, and sample and hold blocks were not

supported. That meant that inline C functions had to be written. Because these are
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inline functions, standard libraries such as math.h could not be included.

A splined approximation to the function was adapted for the C89 standard and

implemented. This was tested and verified to have the same output from the real-time

inline function as the offline Matlab function provided (Figure 5.20).

One problem encountered was that CDS had difficulty whenever the arctangent

function needed to divide by a small number. This error was corrected by taking the

quotient and divisor of the input and inverting them if the quotient was larger than

the divisor. If the reciprocal of the input was used, then the output of the arctangent

function was phase shifted by π/2 in order to maintain the correct relationship. This

is represented as follows:

φ = arctan(
a

b
) = arctan(

b

a
)− π

2
(5.10)

Where a is the cosine signal and b is the sine signal from the photodetector and

demodulator respectively.

Figure 5.20: For SPI prototype integration into the CDS real-time control computer
system, the arctangent had to be implemented as a C code inline function. This plot
validates that the real-time C code output follows the offline Matlab code accurately.
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5.6.2 SPI Prototype Control

The SPI prototype was controlled entirely from the CDS using the Experimental

Physics and Industrial Control System (EPICS) and interfaced through the Motif

Editor and Display Manager (MEDM) screens (Carwardine, 1995) and (Evans, 1999).

The Matlab Simulink signal flow model diagram used by the prototype SPI is

shown in Figure 5.21. Here the input channels that are monitored include the bal-

anced photodetector pair from the interferometer, the demodulated sine and cosine

signals, the return QPD x, y, and sum channels as well as the launch QPD channels.

The ADC card records the interferometer channels through an anti-aliasing filter.

All of the electrical signals are fed out of the vacuum wall through DB-25 vacuum

feedthroughs. The QPD circuitry drives differential, balanced signals while the inter-

ferometer photodetector circuitry signals are all single ended and ground referenced.

The model provides real-time control of the length sensing mode, whether mid-

fringe locking or fringe counting, calibration of signals, and determination of the

phase, φ (in fringe counting mode) that allows the calculation of equivalent displace-

ment. While the model defines signal flow paths, the MEDM screens provide the

interface to operate the instrument.

The SPI prototype uses three MEDM screens enabling real-time user control and

monitoring. The first screen is an overview screen that displays the differential length,

pitch, and yaw between the two platforms (Figure 5.22). It also allows the length

sensing mode to be switched from mid-fringe locking (SR) to fringe counting mode

(LR) and displays which mode is currently operating by highlighting the appropriate

measurement with a blue box. The differential seismometer signal is shown as well

as the PZT control level, which is useful while in the mid-fringe locking mode to

determine if the platforms are close to their control authority limits. Finally, the

calibrated pitch and yaw are plotted as x and y components with a few seconds of

persistence allowing real-time monitoring of the angular motion.

While the overview screen displays most of the critical information, it does not

allow for control of the SPI beyond selection of the length sensing mode. The MEDM

setup screen provides much more control by allowing gains, filters, and signal flow to

be adjusted (Figure 5.23). This screen provides the interface to calibrate the signals
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Figure 5.21: The SPI computer signal flow is defined in a Matlab Simulink model,
which is then compiled by the RCG to run on the real-time Linux front-end computer.
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Figure 5.22: SPI prototype user interface is provided through MEDM screens. This
overview screen provides the most relevant information from the SPI, such as cali-
brated real-time signals.

and the GS-13 seismometers. It also includes switches allowing the SPI signals to be

propagated out to the higher level Interferometer Sensing and Control (ISC) channels.

Finally, the status of the signals in the fringe counting mode are monitored. The sine

and cosine terms are plotted against each other raw (tracing an ellipse) and normalized

(tracing a circle). If the interferometer’s contrast changes the normalization will not

be valid and it will become obvious on this plot. The algorithms such as phase angle

φ calculations and unwrap values are also monitored and can be reset or their output

zeroed. This screen provides the main interface for the SPI prototype length sensing

control.

The final MEDM screen provides the calibration and monitoring of the QPDs and

associated optical levers (Figure 5.24). Both the launch and return beam’s pitch,

yaw, and power are calibrated and displayed. Control filters are also included and

can be engaged in the output before the information is sent into the ISC channels.

These MEDM screens provide the interface for calibrating, controlling, and di-

recting the signals originating from the SPI. Since the aLIGO CDS specific problems,

such as the custom arctangent, unwrap, and sample and hold code have already been

solved in the prototype, implementation of an SPI into aLIGO should be simplified.
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Figure 5.23: SPI prototype MEDM setup screen allows control of calibrations, gains,
and signal flow paths. The interferometric length sensing modes are also selected,
monitored, and controlled from here.

5.7 Independent Instrumentation

In order to quantify the SPI differential length measurement, two Geotech GS-13

seismometers were installed along the SPI’s sensitive axis. One was located on the host

platform while the other was installed on the remote platform. These seismometers

are extremely sensitive in the 1 to 10 Hz frequency band but are also, by nature,

susceptible to tilt-horizontal coupling errors. The error from this coupling is explored

in more detail when the prototype’s results are analyzed in Chapter 6. By subtracting

the signals from both sensors, the differential velocities between the platforms can be

recorded. This velocity measurement is then mathematically integrated resulting in

a displacement measurement.

Platform motion of the RPP and Tech Demo as recorded by the seismometers

is plotted in Figure 5.25. The noise floor was also computed for the GS-13 seis-

mometers and is plotted for reference. The noise floor was determined by calculating

the uncorrelated noise across multiple sensors and so does not include tilt-horizontal
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Figure 5.24: The SPI prototype optical levers sense the differential pitch and yaw
between the platforms. The angular data is displayed and controlled on this MEDM
interface screen.
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coupling errors inherent to horizontal seismometers.

Figure 5.25: GS-13 seismometers were installed on the host (Tech Demo) and remote
(RPP) platforms. The plotted motions were recorded with both platforms under local
control. The GS-13 noise floor is also plotted but does not include errors introduced
by tilt-horizontal coupling.
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Chapter 6

Differential Platform to Platform

Control

To help validate the proof of concept for the Seismic Platform Interferometer (SPI),

the differential displacement between the two platforms was measured and controlled.

These tests were carried out in the Stanford ETF between two adjacent in-vacuum

ISI platforms. The details of the control flow, feedback loop filter design and results

are documented in this chapter.

6.1 Control Flow

The SPI signal was used to control the differential length (L), pitch (P), and yaw

(Y) between the host and remote platforms in the ETF. Since both platforms are

controlled locally by the Control and Data acquisition System (CDS), the entire

control law was implemented digitally. The control flow is represented in Figure 6.1

showing that each platform is controlled locally relative to its individual sensors. The

SPI signal is then sent into the Interferometer Sensing and Control (ISC) streams,

which are high level channels used to command locations for particular platforms and

their associated optics. These ISC signals can then be acted upon by the platforms

through the addition of the ISC information to their blended sensors in the local

control filters. In the case of the SPI prototype testing, the L, P, and Y signals were

127
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used to control the remote RPP.

Figure 6.1: The RPP and TDP are under local feedback control using their respective
sensors. The SPI signals are fed into the Interferometer Sensing and Controls (ISC)
channels where they are then acted upon by the RPP.

By controlling the RPP, the Tech Demo becomes the reference point to which the

RPP position is controlled through the SPI. While many configurations for control

are possible, this particular configuration was chosen because it represented a more

challenging condition in which to test the SPI sensing capabilities. While neither

the RPP nor the Tech Demo are aLIGO ISI platforms, they do provide an adequate

testbed. When these platforms are under local control, their performance along the

local y axis was plotted in Figure 5.25. It becomes obvious, referencing this, that the

performance of the Tech Demo is superior to the RPP. This is expected as the TDP

is a two-stage active system whereas the RPP is single-stage. This forms the basis

for the Tech Demo becoming the reference standard to which the RPP is controlled

through the SPI.

6.2 Control Design

Following the block diagram in Figure 6.1, driven transfer functions were recorded

for each of the SPI signals. These were accomplished by driving signals open loop

into the ISC channels while recording the response in the SPI output. These transfer

functions, although somewhat noisy due to ground motion excitation of the platforms,
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allow the ISC control filters to be designed.

For implementation in aLIGO the target frequency band is 5 · 10−3 to 5 Hz. How-

ever, since the GS-13 seismometers are extremely accurate from 1 to 10 Hz, for the

prototype implementation it is desirable to be able to show improvement in the most

sensitive range of the seismometers so the control band was chosen to be from 5 ·10−3

to as high as 40 Hz, which is different than the aLIGO band.

The controllers were designed and analyzed using Bode plots comparing the plant

(the driven transfer functions from the ISC channel to the SPI signal), the open

loop (plant · controller) response, the closed loop ( plant

1−plant·controller ) response, and the

controller sensitivity ( 1
1−plant·controller ). These are displayed in Figures 6.2, 6.3, and

6.4 for the length, pitch, and yaw dimensions respectively. The filter design is based

on a desire for a gain of greater than 10 for frequencies below 0.5 Hz. An even higher

gain is desired if stability can be maintained. A high upper unity gain frequency

(UUGF), which is the crossover frequency for a magnitude of 1, of about 20 to 50 Hz

was implemented in the length controller. In order to obtain the proper phase margin

to the UUGF, a form of plant-inversion was used. Several notches were added at

higher frequencies to reduce resonances and noise. Even with this, the filters are

expected to introduce excess noise into the RPP at higher frequency. For actual

implementation of the SPI in aLIGO, the SPI control loops are expected to have an

UUGF around 0.5 Hz and have minimal authority on the local isolation loops at 5 Hz

and above. This should help prevent sensor noise from the SPI being projected onto

the platform (Figure 5.18). While we intentionally designed a high UUGF for our

testing, the aLIGO filters will likely be much more conservative.

The control filters are plotted in Figure 6.5. These filters were then implemented

in their digital form in the CDS by using the Tustin (bilinear) approximation at a

sampling rate of 4,096 Hz (Franklin et al., 1997).

HT (z) = H(s)|s= 2

T
z−1

z+1

(6.1)

The controllers that were implemented include:
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Hlength(z) =
85.37z8 − 507.2z7 + 1171z6 − 1156z5 − 17.7z4 + 1170z3

z8 − 7.536z7 + 24.87z6 − 46.92z5 + 55.38z4 − 41.88z3

−1157z2 + 493z − 81.82

+19.82z2 − 5.366z + 0.6367

(6.2)

Hpitch(z) =
2.388z7 − 11.78z6 + 20.85z5 − 11.15z4 − 11.94z3

z7 − 6.271z6 + 16.78z5 − 24.81z4 + 21.88z3

+20.7z2 − 11.31z + 2.23

−11.5z2 + 3.328z − 0.4086

(6.3)

Hyaw(z) =
−0.9887z8 + 5.856z7 − 13.47z6 + 13.18z5 + 0.3476z4 − 13.46z3

z8 − 7.495z7 + 24.57z6 − 46.03z5 + 53.9z4 − 40.39z3

+13.19z2 − 5.578z + 0.9191

+18.92z2 − 5.063z + 0.5928

(6.4)

Figure 6.2: The control filter design Bode plot describing the differential length (L,
or y in the local basis) as sensed by the SPI. In these plots, the OL response refers
to the plant · controller, the CL means plant

1−plant·controller , while Sens is 1
1−plant·controller .
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Figure 6.3: Differential pitch (P, or rx in the local basis) control filter design Bode
plot as sensed by the SPI.

6.3 Control Results

The performance of the SPI controlled RPP was monitored by GS-13 seismometers

in length, L, (y local basis). The differential pitch and yaw axes have no independent

witness sensors. The full control of length, pitch, and yaw dimensions was achieved by

first increasing the gain on the pitch and yaw loops. Once these loops were controlled,

the gain of the length controller was then increased to the design point.

6.3.1 Length Results

Seismometers located on each platform provide better analysis opportunities than just

the in-loop SPI length signal in the differential length dimension. The uncontrolled

measurement of the differential length is shown in Figure 6.6 where P2P refers

to SPI measurements between the Tech Demo and the RPP. From this figure it is

apparent that the differential GS-13 seismometer signals match the L signal over a

wide frequency range. At frequencies above 25 Hz the SPI is limited by the laser
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Figure 6.4: Differential yaw (Y, or rz in the local basis) control filter design Bode
plot as sensed by the SPI.

Figure 6.5: The digitally implemented filters as used for RPP control using SPI
signals.
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frequency noise as characterized in Section 5.5.2. At low frequency, below about

0.15 Hz, the seismometers quickly digress following what is likely differential tilt-

horizontal coupling behavior.

Figure 6.6: The differential GS-13 signal (∆GS13) is compared to the SPI length
signal (SPI P2P No Control), which both measure the displacement between the RPP
and Tech Demo platforms. The high frequency end (above 25 Hz) of the SPI length,
L, signal is at the frequency noise floor of the laser, inhibiting better measurements.
The low frequency end (below 0.15 Hz) of the GS-13 signals quickly approach the
instrument predicted noise floor and are also likely coupling tilt motion into the
signal.

Once the RPP was servo controlled to track the Tech Demo by the SPI length sig-

nal, the GS-13 seismometers recorded a decrease in the motion (Figure 6.7). These

GS-13s independently measure an order of magnitude improvement from 100 mHz to

5 Hz with the SPI enabled length control active. The in-loop SPI length measure-

ment, however, indicates a greater reduction than just what the GS-13 seismometers

indicate (Figure 6.8). Knowing the ISC control filters used to implement the control,
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an estimation of the predicted motion attenuation levels can be calculated. This is

shown in Figure 6.9, which shows a clear discrepancy between the expected differ-

ential GS-13 motion and the actual recorded motion when under control. It can be

accepted that at frequencies below about 20 mHz the GS-13s are noise limited but

this does not explain the majority of the discrepancy.

Since the geometry of the placement of the seismometers makes them sensitive

to pitch motion (rx locally), an estimate for the tilt-horizontal coupling of differen-

tial pitch motion was established. By considering the tilting of the seismometers, as

recorded by the SPI pitch signal, an estimate of the effect of tilt-horizontal coupling

was plotted in Figure 6.10. This corresponds closely to the measured differential

GS-13 signal and explains most of the discrepancy between the expected and actual

differential GS-13 signals except for in the 0.13 to 0.45 Hz band. While it is believed

that only the differential pitch between the platforms should couple into the differen-

tial GS-13 signal at low frequency, if we include the measured pitch of the Tech Demo

along with the SPI differential pitch signal we get a closer match. Adding calibration

lines might provide further insight into how the apparent Tech Demo pitch motion,

along with the SPI pitch motion provides a closer match than when the SPI pitch

motion was used alone.

The differential GS-13 seismometer signal closely matches the SPI length signal

at frequencies above 2 Hz but dramatically follows the tilt coupling at frequencies

below that. While the seismometers provide a nice, independent measurement, they

are still susceptible to tilt-horizontal coupling and quickly approach their noise floor

at low frequencies. They are excellent at validating the SPI length performance at

frequencies above 2 Hz but their usefulness is limited at low frequencies. This is

exactly why an instrument such as the SPI is needed!

Finally, sometimes it is useful to visualize the decrease in platform motion as the

root mean square (RMS) motion in a particular frequency band. This is plotted in

Figure 6.11 where the RMS curve is the integration of the amplitude spectral density

(ASD) data from high frequencies. The improvement in the total RMS motion down

to 0.00187 Hz is visible in a reduction from 7.82 · 10−6 m to 1.77 · 10−9 m.
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Figure 6.7: The differential GS-13 signal measuring the length between the RPP and
the Tech Demo platforms is reduced when the RPP is controlled using the SPI L
signal.
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Figure 6.8: The in-loop SPI length signal (labeled SPI P2P Control) when the RPP
platform is controlled shows better performance than the differential GS-13 signals
indicate.



6.3. CONTROL RESULTS 137

Figure 6.9: By knowing the implemented control filters, an estimate for the expected
motion attenuation can be made. This shows that the recorded SPI length measured
motion is close to what would be expected. The GS-13 signals, however, show a clear
discrepancy.
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Figure 6.10: The discrepancy noted in Figure 6.9 in the GS-13 signals seems to be
related to tilt-horizontal coupling. Since the differential tilt (pitch) of the platforms
is measured by the SPI pitch signal, an estimate for the tilt-horizontal coupling effect
on the differential GS-13 signal is plotted in blue. The ∆GS-13 signal closely follows
this except for the range of 0.13 to 0.45 Hz. If the pitch of the Tech Demo platform
is added to the SPI pitch, the expected tilt-horizontal coupling matches the ∆GS-13
signal even closer, the reason of which is not clearly understood.
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Figure 6.11: The in-loop SPI length signal and RMS motion integrated from high
frequency both with, and without, control. The amplitude spectral densities are
plotted along with their corresponding RMS levels in dotted lines. At the lowest
frequency, the RMS of the SPI length signal is clearly better. The excess motion
introduced at high frequency from the SPI onto the RPP can also be seen in the
elevated RMS levels when under control from 10 to 50 Hz.
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While the overall RMS reduction is impressive, some excess noise is being intro-

duced at high frequencies. This is visible in the 10 to 50 Hz region. While reducing

the loop gain would reduce this added noise, it would also reduce the low frequency

performance. Ideally, one would want to reduce the gain only in this frequency range,

however, this is not possible without additional loss of phase. For aLIGO implemen-

tation, two possibilities exist, 1) the additional differential platform motion might be

acceptable since the SUS pendulums quickly provide absolute isolation above their

first natural frequencies around 0.5 Hz and 2) the control authority could be relaxed

some at higher frequencies, thus reducing the induced noise, by realizing that the plat-

form controlled motion is already several factors below the requirement at 0.5 Hz.

6.3.2 Pitch and Yaw Results

Since the pitch and yaw dimensions do not have independent sensors, the only method

to compare performance is by monitoring the in-loop SPI signals. Caution must be

taken with an in-loop sensor, because the control filter can act on sensor noise, driving

an in-loop sensor signal below its actual noise floor. This gives the impression of better

performance than is actually achieved.

Traces for the aLIGO SPI requirement, anticipated sensor noise from Section

5.5.10, and the measured beam launch angles are plotted for comparison in Figures

6.12 and 6.13. Since the platform to platform laser beam is servo driven to the center

of the sensor QPD, laser beam amplitude fluctuations do not affect the signal. This is

not the case for the launch beam sensor where the signal was corrected for fluctuations

in the laser beam amplitude before being plotted for reference. Referencing Figure

6.12, for example, it is assumed that the pitch laser beam wander below 0.2 Hz is

imposed on the platform by the control loops. This is assumed because at these

frequencies the in-loop SPI pitch signal is below the levels measured by the launch

QPD. The actual differential platform angles are thus likely to be tracking along with

the laser beam launch stability, which would need to be improved in order to meet

the SPI target at frequencies above 0.4 Hz in both the pitch and yaw directions.

Just as with SPI length measurements, it can be useful to refer to the RMS angle
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Figure 6.12: In-loop SPI differential pitch sensor signal both with, and without, SPI
enabled RPP control. The projected noise floor, aLIGO SPI target, and the measured
launch angles are plotted for reference.
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Figure 6.13: In-loop SPI differential yaw sensor signal both with, and without, SPI
enabled RPP control. The projected noise floor, aLIGO SPI target, and the measured
launch angles are plotted for reference.
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levels in a particular frequency range. These are plotted in Figures 6.14 and 6.15,

being integrated right-to-left from high frequency. The RMS improvement down to

0.00187 Hz is visible in a reduction from 9.31 · 10−8 rad to 8.11 · 10−9 rad for pitch

and from 2.28 · 10−7 rad to 9.44 · 10−9 rad in yaw.

Figure 6.14: The RMS values for the differential pitch signals are plotted by taking
a right to left integration of the ASD signals.

Finally, the differential pitch and yaw between the RPP and the Tech Demo

are plotted in Figures 6.16 and 6.17 respectively. In these plots, the SPI pitch

or yaw without control is compared to an estimate of the differential motion when

controlled using the SPI sensor. The estimate was obtained by taking the worst-

case measurement for the in-loop SPI signal and the measured launch stability. This

provides a best-guess estimate for the actual platform motion, even if the control gain

reduces the in-loop sensor signal below its noise floor.
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Figure 6.15: The RMS values for the differential yaw signals are plotted by taking a
right to left integration of the ASD signals.
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Figure 6.16: The SPI pitch sensor measures the differential pitch between the Tech
Demo and RPP. A trace of the nominal motion without SPI enabled RPP control is
compared to the estimated platform motion when under SPI enabled control. The
estimate was obtained by taking the maximum at each frequency of the SPI in-loop
pitch measurement while the RPP was under SPI control and the measured launch
stability.
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Figure 6.17: The SPI yaw sensor measures the differential yaw between the Tech
Demo and RPP. A trace of the nominal motion without SPI enabled RPP control is
compared to the estimated platform motion when under SPI enabled control. The
estimate was obtained by taking the maximum at each frequency of the SPI in-loop
yaw measurement while the RPP was under SPI control and the measured launch
stability.
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6.4 Control Summary

The SPI provided the differential signals required to control the length, pitch, and yaw

between the RPP and the Tech Demo. This control allowed the RPP’s performance

to improve beyond its own sensors by being able to reference the higher performance

Tech Demo motion through the SPI (Figure 6.18). The prototype SPI and the

implemented control loops show an order of magnitude increase in performance of

the differential length motion as recorded by the GS-13 seismometers from 100 mHz

to 5 Hz.

Figure 6.18: In general, the ∆GS-13 motion is almost entirely dominated by the RPP
motion. The RPP motion at low frequencies is decreased when under SPI enabled
control because the RPP can reference the superior sensors on the TDP. The RPP
motion is elevated at higher frequencies because of SPI sensor noise being projected
onto the platform.

A glimpse of the RMS reductions that control these three degrees of freedom can

be seen in Figure 6.19. In this figure, the differential length, pitch, and yaw were
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under control until t = 0 when the control loops were turned off. The signals then

measure a quickly dying transient and continue to measure the differential motion

between the platforms without control.

The fringe counting mode of the SPI length sensor also demonstrated a large dy-

namic range from meeting the sensor noise floor requirements to large displacements.

A recording of the length between the RPP and the Tech Demo during a vacuum

system vent is shown in Figure 6.20 where the total measured displacement is as

large as several millimeters.

While the prototype did not meet the target at all frequencies, performance is

anticipated to improve with implementation between aLIGO platforms. This is be-

cause the aLIGO platforms have lower initial motions than those of the RPP. For

aLIGO, the SPI would likely incorporate different control filters with lower frequency

roll-off to prevent SPI noise from being projected onto the platforms. Perhaps the

largest area of concern is the SPI optical lever beam launch stability. As was shown

in Figures 6.12 and 6.13, while the controllers can suppress the in-loop noise, the

actual differential motion is likely dominated by the beam stability, which does not

meet the SPI target above 0.4 Hz. This is investigated further in Appendix G.

The control of the RPP to follow a differential length, pitch, and yaw between the

RPP and the Tech Demo demonstrated an increase in performance in all controlled

directions. This helps validate the SPI as a sensor that will be useful in counteracting

the tilt-horizontal coupling induced errors in the aLIGO ISI platforms. The RMS im-

provements indicate at least an order of magnitude in the reduction of the differential

motions (Table 6.1).

Table 6.1: Improvements in the differential length, pitch, and yaw by controlling the
RPP to track the Tech Demo platform in the Stanford ETF. The RMS values are
valid for the frequency range from 0.001875 Hz to 100 Hz.

Length L Pitch P Yaw Y

No Control 7.82 · 10−6 m 9.31 · 10−8 rad 2.28 · 10−7 rad

SPI Control 1.77 · 10−9 m 8.11 · 10−9 rad 9.44 · 10−9 rad

Reduction 4, 418 times 11 times 24 times
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Figure 6.19: The differential platform motion is controlled to be small. When the
control loops driving the RPP to track the Tech Demo platform are turned off, the
differential motion dramatically increases.
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Figure 6.20: Demonstration of the large dynamic range capabilities of the SPI length
sensor. The ETF vacuum system vent results in the distance between platforms
increasing. The glitch in the signal at t ≈ 23 minutes was likely caused by a brief
cycling off and then on again of the damping loops on the Tech Demo platform.
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Conclusions and Future Work

The Seismic Platform Interferometer (SPI) prototype proved to be a useful sensor

measuring the differential length, pitch, and yaw between adjacent in-vacuum isola-

tion platforms. I recommend it be implemented as an upgrade to aLIGO. The SPI

will allow aLIGO to counteract the effect of the tilt-horizontal coupling of the hori-

zontal seismometers used in the aLIGO Internal Seismic Isolation (ISI) subsystem.

This helps ensure that the seismic isolation systems are able to operate at their design

goals and provide a stable surface for the rest of the interferometer optical suspen-

sion systems at low frequency and has already been identified as a possible added-on

enhancement for aLIGO (Fritschel, 2013).

Before implementation in aLIGO, several concerns need to be addressed as de-

scribed below in Section 7.1. Other ideas on possible improvements or unique appli-

cations for the SPI are described in the rest of the chapter. Finally, conclusions of

the thesis are given in Section 7.6.

7.1 Future Work for

SPI Implementation in aLIGO

While the SPI prototype was fully operational in the Stanford ETF, some consider-

ations must be addressed before it can be implemented in aLIGO. Perhaps the most
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fundamental is resolving the optical lever launch stability. Another is preparing the

SPI to meet the aLIGO vacuum and layout requirements. While these areas need

consideration, careful engineering and testing should allow integration of the SPI into

aLIGO.

7.1.1 Optical Lever Beam Launch Stability

Comparing the noise budgets of the length, pitch, and yaw degrees of freedom as

displayed in Figures 5.18 and 5.19, it becomes clear that all of the noise sources

adding to the total instrument noise floor are below the target SPI sensitivity except

for the optical lever launch stability. In Figure 5.19, the pitch and yaw stability

levels are by far the biggest contributing factor. When the RPP was controlled by the

SPI signal, the pitch and yaw control gain was high, causing a significant reduction

in the in-loop motion (Figures 6.16 and 6.17). Just because the in-loop signal is

attenuated does not mean the actual platform motion is controlled to those levels. In

fact, it is reasonable to expect that the high gain of the controllers is imposing the

natural wander of the launch light onto platform motion. This, in effect, is causing

the RPP to track with the errant wandering of the launched light from the host

platform. Figure 6.10 shows that the GS-13s are detecting a signal well in excess

of the predicted platform to platform motion at frequencies between 0.050 and 2 Hz.

This signal from the GS-13s is possibly caused by imposed tilt motion from launch

light wander coupling into the seismometers from tilt-horizontal coupling.

One of the noise sources for the prototype SPI launch angle sensor appears to

be coupling of interfered light from the length sensor. Even with care taken to use

anti-reflection (AR) coated optics and misalignment of back reflections, Figure 7.1

shows correlation of the length interference fringes into the launch beam optical lever

measurements. We found one scattered light source in the interferometer and directed

it into a beam stop. This is an elusive noise source which definitely is detrimental to

the launch angle measurement and is discussed in more detail in Appendix G.

In order for the SPI to operate at the target sensitivity, the launch light stability

will need to be improved. Several possibilities exist to help stabilize this. One option
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Figure 7.1: In this figure, the length signal as measured by the interferometer is
appearing on the launched pitch and yaw signals. This is visible in the high correlation
between the SPI L trace and the Lau. Y and Lau. P traces. The mean value for all
of the angle sensors have been removed for plotting. In the upper plot, the yaw signal
appears to be correlated to the QPD sum signal (Lau. S). The expected coupling of
the sum power on yaw has been removed in the lower plot.
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is to stabilize the light in an optical cavity before launching from the host platform.

By locating such a cavity before the first non-polarizing beam splitter in Figure 5.5,

the light output would be common to both interferometer arms so the cavity stability

would need to be good enough such that the frequency stability of the laser was not

degraded by the cavity. Construction of such a cavity is complicated by the low

frequency nature of the SPI as a sensor. If a good cavity were constructed, however,

it might be possible to stabilize the laser frequency as well as the launch light angle.

A second option would be to separate the optical lever pitch and yaw sensing

light beam from the interferometer length sensing beam. The advantage is that a

cavity used to stabilize the launch light angle would not need to meet a frequency

requirement because the optical lever sensors are immune to frequency changes in the

received light. A possible drawback is the need for a second beam of light linking

adjacent platforms. This would involve a second mirror on the remote platform,

increasing the necessary footprint.

It might be adequate to measure the launch light stability on the host platform

and subtract the launched light angle in real-time from the returned light angle. Pitch

and yaw would then be controlled from this difference in signal. This method would

require precise calibration of the two sensors and a second QPD circuit on the host

platform. The SPI prototype anticipated and incorporated this.

Finally, using an amplified spontaneous emission (ASE) light source (chosen be-

cause of its short coherence length) the measured optical launch signals improved

(Appendix G). This indicates that the mechanical stability of the launch optical

posts might meet the requirements while the source of the excess noise is more sub-

tle.

7.1.2 Advanced LIGO Vacuum Compatibility

At the time of construction, the aLIGO vacuum system was known as the largest ultra-

high vacuum in the world with pressures reaching into the 10−9 Torr (1.3 · 10−7 Pa)

range. In order to maintain such a vacuum system, the LIGO Vacuum Review

Board (VRB) has set very stringent requirements on what is allowed into the system



7.1. FUTURE WORK 155

(Coyne, 2009a). Materials that are common in other fields are often not approved

for use in aLIGO. Also, because of the extremely high incident laser power on the

optics inside aLIGO (over 800 kW), hydrocarbons and other contaminants that are

inside the vacuum system can be baked onto the optics and very quickly compromise

the ultra-low absorption of the mirrors. The optical profile of the optical components

is critical in aLIGO and contaminants on the optical surface resulting in localized

heating is one concern that disturbs the optical profile (Lantz, 1999).

7.1.2.1 Optical Components

Advanced LIGO (aLIGO) already utilizes a large array of optical components in the

vacuum envelope. No problem is anticipated in obtaining UHV and aLIGO compat-

ible beam splitters, mounts, or optics. Possible areas of caution include the surface

finish of commercial mounts and holders because anodized aluminum, for example,

is common in optics but is not aLIGO approved. Another area of concern is with

lubricants that often are placed on threads and actuators.

7.1.2.2 Optical Fiber Feedthrough

One critical aspect of the SPI prototype concerns how to launch the laser light op-

tically from the host platform of the Tech Demo. An aLIGO vacuum compatible

feedthrough for polarization maintaining (PM) fiber at 1.5 µm wavelength could not

be located commercially. As a result one was fabricated by taking a metal clad PM

fiber that was soldering it into a Kovar ferrule, which, in turn, was soldered into a

stainless flange used on the vacuum system (Appendix G). The feedthrough system

was then leak checked down to 10−9 Torr·L
s

(1.33 · 10−10 Pa·m3

s
), the lowest sensitivity

of the leak tester, without any discernible leak. The fiber and flange were then placed

into service in the ETF and subsequently used for the experiments.

Such a feedthrough system is theoretically aLIGO vacuum compatible, although

it would be necessary to establish reviewed assembly, testing, and implementation

procedures.
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7.1.2.3 Optical Fiber

Metal and polyimide optical fiber claddings are two coatings thought to be aLIGO

vacuum compatible. The first several cm of fiber interior to the vacuum envelope

after the feedthrough are metal coated. For the prototype, the rest of the delivery

fiber is standard PM patch cord with a vinyl buffer which is not aLIGO compatible.

A several meter length of polyimide PM fiber was purchased and tested although the

loss factor was high because the sample obtained had a core sized for 1.3 µm light.

Polyimide clad fiber is likely to be the most cost effective and easiest to obtain aLIGO

vacuum compatible PM optical fiber.

7.1.2.4 Photo-Detectors and Associated Electronics

Most electronics internal to the aLIGO vacuum system are housed in pressure contain-

ing pods. This allows the electrical components to operate in air at one atmosphere

without contaminating the vacuum system. Advanced LIGO (aLIGO) vacuum com-

patible electrical feedthrough connectors are already in use and readily available.

One area of concern involves the photo-detectors themselves. While the rest of

the readout circuit is contained in a pod and would not pose a contamination hazard,

the photodetectors must be located in the vacuum (unless optical windows are used

which would significantly increase the complexity and cost). The photodetector units

include anti-reflective coatings on windows in front of the detectors. These windows

would have to be removed or otherwise modified to vent the void between the window

and the detector. Any gas trapped in a void has the potential to include contaminants

or create a virtual leak extending the pump-down time to operating vacuum levels.

7.1.3 A Compact Sensor Concept

Apart from the SPI remote mirror, the components are all located on the host plat-

form. One concept for a compact sensor is included in Figure 7.2. In the design,

areas of optimization include:

• Minimization of the total “footprint” area occupied on the host optical platform
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• Maximization of the stiffness of the mounting structure

• Accessibility to the adjustments necessary for alignment and setup

• Length and stability of the interferometer reference arm

• Maintaining the integrity of the metrology loops

Figure 7.2: A solid model of a possible configuration of an SPI sensor for use in
aLIGO. Small footprint and structural stiffness were goals in the design layout.

The SPI housing frame could be constructed from a material such as aluminum

or a low coefficient of thermal expansion (CTE) material such as Invar. Even though

materials such as stainless steel have a lower CTE than aluminum, the higher conduc-

tivity of aluminum means that temperature gradients are less likely to be as strong.

The minimization of temperature gradients is important in order to maintain optical

alignment and reduce errors caused by differential strains. Another material option

that might be more difficult to implement but provide improved performance is sili-

con. Most of the optics, when possible, would be clamped on both sides increasing the
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stiffness and reducing errors caused by Abbé offset (although a top mounting plate

shell is not shown in the diagram). Care must also be taken in the clamping arrange-

ment design to minimize stressing optical components with changes in temperature.

The SPI should have three feet, or some other, kinematic method to clearly define

the contact points of the frame to the optical table. This would help reduce stresses

from being transmitted to the SPI unit from the platform.

While this concept is not meant to represent a final design, it provides an example

of an aLIGO implemented SPI sensor. Just as with the SPI prototype, the remote

platform is equipped with a single mirror.

7.1.4 Platform Formation Control

For the SPI prototype, the choice to control just the RPP was clearly the most

advantageous for testing. In aLIGO the situation is more complicated. Several op-

tions exist for controlling a fleet of multiple platforms to “fly in formation.” Some

possibilities were explored in Section 4.5. Whatever the method, the control flow

quickly becomes more complex as the SPI sensing of length, pitch, and yaw between

many platforms is added. A well defined control scheme would help in the control

implementation in aLIGO.

7.1.5 Laser Source

The aLIGO based SPI sensors need stable, in-vacuum light sources. The SPI pro-

totype utilized a single 10 mW light source operating at 1,533 nm. For aLIGO, the

corner station might house as many as nine SPI sensors. Cost reduction for aLIGO

implementation might be realized through using a single laser source and vacuum

feedthrough with in-vacuum splitting and routing to the necessary use points. Even

if the laser frequency was modulated directly for the fringe counting mode (another

option is modulating the PZT in the reference arm as was discussed in Section 5.4.1.2

and used in the prototype), the light could still be delivered and used at each of the

sensors. The necessary demodulation could still be possible by referencing the laser

frequency drive signal.
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Finally, while the laser used for the SPI prototype was run experimentally at

vacuum levels in the Stanford ETF, contamination possibilities to the aLIGO vacuum

system would likely prohibit such a deployment. By mounting the laser externally,

accessibility is improved allowing easy inspection and replacement.

7.2 Mode Switching

The SPI prototype used two methods to measure the differential length between

platforms. These included the mid-fringe locking and the fringe counting methods.

Since the mid-fringe locking method had limited range, the fringe counting method

was used for the SPI prototype performance testing. Throughout the testing, the

fringe counting method displayed adequate performance well-exceeding the sensitivity

target.

Although PZT nonlinearity and noise become a concern with mid-fringe locking

and the range is reduced, this method might further improve the noise floor of the

SPI. Especially applicable might be the use of Lithium Niobate or similar materials

with less nonlinearity and noise than those exhibited by the PZT crystals (Kawamata

et al., 2007). This assumes the current limiting noise sources such as frequency and

temperature stability in the reference arm could also be reduced.

If mid-fringe locking did result in improved performance, a system for automatic

switching from the fringe counting to mid-fringe locking methods could be imple-

mented. This would allow large motions at a reduced sensitivity level in the fringe

counting mode and then, once differential motions were reduced, would automatically

switch over to a mid-fringe lock resulting in higher sensitivity.

One possibility for implementing such a system would be to always run the fringe-

counting components. This means that the SPI reference arm would be continuously

modulated at 10 kHz. The output of the fringe counting method would allow the

control loops to drive the differential platform length to a position on the interfer-

ometer characteristic curve to the mid-fringe point (Figure 5.8). Once the platform

length was held here by the SPI enabled length control, the mid-fringe locking con-

troller could be engaged. This then holds the operating point of the interferometer
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at the mid-fringe by tracking length changes in the sensing arm with the reference

arm PZT. The control authority for holding the mid-fringe is then related to the

differential length between platforms and would be used for platform to platform

control. The control signal to the PZT in the mid-fringe locking mode would also be

monitored to determine where the PZT was relative to its limits of motion. If a large

seismic disturbance was sensed, as the PZT control motion reached a limit of travel

the interferometer control would automatically disengage the mid-fringe locking PZT

control signal and switch the SPI sensing back to the fringe-counting mode.

While the current fringe counting method for length detection of the SPI proto-

type meets the design criteria, it might be possible to increase the sensitivity further

through the use of automatic mode switching. If this were attempted, it would likely

be necessary to decrease other, limiting noise factors. Automatic mode switching

could combine the advantages of the fringe counting and the mid-fringe locking sens-

ing modes in a way that is independent of external manual supervision.

7.3 Laser Frequency Control

The laser exhibited low frequency noise as discussed in Section 5.5.2. However, when

the first order slope and mean are not removed from the data, the noise performance

worsens. Most of this was discovered to be attributed to the temperature induced

change in length of the arms of the interferometer, although this does not explain

all the behavior of the measured signal. A possible source causing fluctuations in

the frequency stability could be temperature drift in the laser itself. If this were

the case, tighter temperature stability of the laser might improve performance. The

optical fiber could also introduce phase noise in the light. Even though polarization

maintaining (PM) fiber was used throughout the light delivery chain to reduce noises

such as fiber induced phase noise and polarization wander, changing the fiber routing

and increasing isolation to mechanical disturbances might also increase performance.

Finally, while mitigation against frequency noise generation is the most elegant, the

frequency noise of the light used in the interferometer could be enhanced through
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active control. While standard cavities work well at higher frequencies, the low fre-

quency nature of the SPI sensor means designing and implementing such a cavity

with good low frequency performance is not trivial. An atomic absorption line such

as acetylene could be used at low frequencies but Doppler broadening becomes prob-

lematic. Techniques such as Doppler free atomic absorption might be applicable to

stabilize the SPI laser frequency at the expense of added complexity (de Labachelerie

et al., 1994), (de Labachelerie et al., 1995), and (Nakagawa et al., 1996).

For aLIGO, it might be possible through careful temperature shielding of the

laser and adequate routing and suspension of the light delivery fiber to maintain

a frequency noise low enough to meet the SPI target sensitivity. Even though the

frequency noise of the laser is projected to be the limiting noise source from HAMs 4

to 5, the SPI prototype, as tested, exhibited noise that met the requirement.

7.4 An SPI Sensor for the 4 km Arms

The SPI was envisioned to control position of the seismic isolation platforms in the

aLIGO vertex to each other. Perhaps this could be extended to the 4 km long arm

cavities as well. This might aid the main interferometer in startup because the SPI

could provide sensing and control at the platform level when motions are too great

for the main interferometer’s Fabry-Perot cavity control system to maintain lock.

Situations such as elevated ground motions after an earthquake might make such a

system very useful.

By taking the measured noise sources of the SPI into consideration, it is the

frequency noise of the laser that scales proportionally with the length of the sensing

arm of the SPI that is the limiting factor. The noise floor of such a sensor relative to

the sensitivity target for a 4 km arm is plotted in Figure 7.3. From this figure, it can

be inferred that the SPI could provide useful sensing information below 0.5 Hz. A

practical mount position for a long-arm SPI could be on the HEPI support structure

since HEPI controls the low frequency positions.
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Figure 7.3: The sensitivity floor of the prototype SPI as predicted for measuring the
differential length, pitch, and yaw for the aLIGO 4 km long arms.

7.5 Available Commercial Sensors

Several commercial sensors could also be used for length sensing between adjacent

ISI platforms. These would still be subject to the aLIGO vacuum requirements.

AttoCube manufactures a Fabry-Perot interferometric sensor. The fiber coupled

sensor (FPS3010) has a maximum working distance of about 1 m but is available

for use in vacuum. It is unclear to what extent it would need to be modified to

meet aLIGO vacuum requirements. The ASD was calculated from a 14 hour data

collection to a fixed target provided by AttoCube. Assuming this noise is equivalent

to the sensor noise if it were installed on the ISI platforms, this sensor would meet

the length sensing requirements of the SPI (Figure 7.4).

Agilent (formerly Hewlett-Packard) has long been known for high precision laser

interferometric instruments. The company provided an ASD plot of the frequency

stability of an Acousto-Optic Modulated (AOM) laser and Remote Optical Combiner

(ROC). Assuming that the frequency noise of the laser is the limiting noise source,

this was converted to equivalent displacement noise for the distance from HAM 4 to
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Figure 7.4: The AttoCube interferometric sensor noise floor. Note the time series data
had a high pass filter at 0.01 Hz so the low frequency noise has been attenuated. Data
courtesy of AttoCube: Dr. Pierre-Francois Braun and Dr. Martin Zech, AttoCube
contact: Florian Ponnath.
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5 and shown in Figure 7.5.

Figure 7.5: The Agilent laser noise for the HAM 4 to 5 location compared to the SPI
requirements. Data courtesy of Agilent Technologies, Inc. Contact: Bruce Gallay.

Compared to the prototype SPI noise budget (which is dominated by the laser

frequency noise), both the AttoCube and the Agilent interferometric sensors display

lower noise floors in the SPI frequency range (Figure 7.6). While the SPI already

meets the length sensing requirements, a commercial sensor could provide even more

performance though at increased cost. The AttoCube has excellent length sensing

noise performance when used within the working distance limit of about 1 m. Since

the AttoCube only measures displacement, pitch and yaw would have to be sensed

independently. The Agilent interferometer system can incorporate angular sensing of

pitch and yaw in addition to displacement but fiber coupling into the vacuum system

would increase the cost of integration into aLIGO.
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Figure 7.6: Both the AttoCube and Agilent interferometric sensors compared to the
SPI requirements and the prototype SPI noise equivalent for the HAM 4 to 5 distance.
Data courtesy of AttoCube and Agilent respectively.
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7.6 Conclusions

Advanced LIGO (aLIGO) uses several techniques to obtain seismic motion attenua-

tions from the ground to the interferometer optics. This can be as great as 10 orders

of magnitude at 10 Hz. One level in the isolation chain is the Internal Seismic Iso-

lation (ISI) platforms. These platforms are single or double stage structures that are

controlled relative to inertial space in all six degrees of freedom. A problem arises

in that the horizontal seismometers used in the active control of the ISI platforms

have difficulty distinguishing horizontal acceleration from acceleration due to gravity

coupled into the sensor through tilt. This tilt-horizontal coupling is one factor that

limits the low frequency performance of the ISI system.

Two possible methods to improve the performance of the ISI system include: 1)

measuring the tilt and subtracting its effect, and 2) measuring and controlling the dif-

ferential motion between adjacent platforms by the Seismic Platform Interferometer

(SPI).

One way to measure tilt involves spatially separated vertical seismometers. In this

method two or more vertical seismometers are placed in a configuration where the

common mode signal is vertical motion and the differential signal is proportional to

the tilt. Once the tilt is known, it can be used to correct the horizontal seismometer

signals on the ISI platform. If this were implemented in aLIGO, many accurate

vertical seismometers would be necessary. A prototype vertical seismometer designed

to be immune to air pressure variations was built and tested. While the prototype

would need improved noise performance for use in aLIGO, the working prototype

demonstrated the concept.

Because the differential motion between adjacent platforms is the critical concern

at low frequencies, controlling this motion will improve the interferometer perfor-

mance. An auxiliary sensor called the Seismic Platform Interferometer (SPI) was

constructed. The SPI measures the differential length, pitch, and yaw between adja-

cent ISI platforms and was tested in the Stanford ETF. The noise floor was quantified

and compared to the requirements for such a sensor. The length sensing noise is well

below the requirement. Pitch and yaw sensing seem to be limited by the launch
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stability of the light used by the optical levers above about 0.5 Hz.

The SPI was then used to control the differential length, pitch, and yaw between

the RPP and Tech Demo in the Stanford ETF by actuators on the RPP. Control

reduced the differential length motion between the two platforms by an order of

magnitude between 100 mHz and 0.5 Hz as measured by independent GS-13 seis-

mometers. The actual improvement is likely much better at low frequency than the

seismometers measured because the GS-13s themselves are subject to tilt-horizontal

coupled noise.

The SPI prototype demonstrated the ability to sense and control differential mo-

tion of two in-vacuum isolation platforms. With little modifications or improvements,

the SPI should be implemented in aLIGO at frequencies below 5 Hz. This will enable

an increase in the low frequency performance of the ISI systems by correcting for

excess low frequency motion caused by tilt-horizontal coupling in the ISI systems’

horizontal feedback seismometers.
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Appendix A

Geotech GS-13 Seismometer

Improvements for use in aLIGO

The Geotech Instrument’s GS-13 seismometer is a single degree of freedom instrument

that has one of the lowest noise floors of seismometers in the 1 to 10 Hz frequency

band. Even outside this frequency band, the performance still remains impressive.

Because of this performance, these instruments are used on both the aLIGO single

stage HAM and two-stage BSC seismic isolation systems. The anticipated GS-13

seismometer count for use in aLIGO is 180 installed units. Several challenges involving

the integration of these instruments have arisen and were investigated in the following

sections. The redesign of internal flexures is described in Section A.1. The damping

of the GS-13 offload spring resonances is documented in Section A.2. Finally, µ-metal

shielding tests and pre-amplifier resistor noise experiments are reported in Sections

A.3 and A.4 respectively.

A.1 Constraint Flexure Redesign

A.1.1 Background

A new flexure was developed to constrain the proof mass for the GS-13 seismometer.

This flexure is a direct replacement for the six “delta-rod” flexures which currently

169
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come with the instrument. These flexures constrain the proof mass of the seismometer

to move along the seismometer’s sensitive axis. This configuration of the delta-rods

over-constrains the proof mass as only the five degrees of freedom need to be con-

strained (the three rotational and two translation). A second order twist about the

sensitive axis is also allowed in response to axial motion. This constraint configura-

tion requires careful alignment in manufacturing but it is a worthwhile inconvenience

in exchange for robustness and symmetry in design. The new flexures are designed

to be much more rugged than the original delta-rods so that normal handling of the

seismometers will not damage them even when transported with the proof mass un-

locked. By retrofitting the seismometers with these new flexures, the need to install

a custom remote locker / unlocker motor is eliminated. The problem of the fragile

nature of the delta-rod flexures has been described by the technicians and scientists

responsible for aLIGO installation and integration as the “least reliable part of the

entire ISI subsystem” (Lantz, 2009c). This section describes the design of the new

flexures, the flexure testing to demonstrate the shock-loading, the noise performance

of instruments with the new flexures, the testing of the self-damping system to pro-

tect the seismometer in the sensitive axis direction, and some background on other

flexure designs that were considered but not chosen. The new flexures cost less to

manufacture than the internal remote locking motors and associated electronics and

result in a much more robust instrument (O’Reilly, 2008).

A.1.2 Design Objectives

The design objectives that were considered to define the new flexure design are listed

as follows. These were the main drivers when considering alternative designs and

influenced the final design specifications.

• Remove the remote, in-vacuum, test-mass locking / unlocking motor. This is

driven by reliability issues and extra costs associated with motor hardware,

electronics and labor for both primary installation and future maintenance and

repair.

• The replacement flexures should survive at least a 20 g half sine-wave load with
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even larger load capability being desired. The 20 g objective was chosen because

the Trillium T-240, a low frequency seismometer, is specified to withstand that

g loading without proof mass locks. We anticipate with careful packaging that

we can design to 20 g loading and ship the seismometers without locking the

proof mass.

• The replacement flexure must have the same attachment mounting points as

the existing delta-rods so that installation will not require any modifications to

the rest of the seismometer.

• The instrument’s natural frequency must remain at or below 1 Hz as provided by

the original delta-rods. This is necessary to ensure that the modified instrument

meets or exceeds its original performance.

• The flexures should not degrade the seismometer’s noise performance.

• The flexure should be designed for manufacturability. Choices of geometry,

material, machining methods, and hardening procedure should all be consistent

with ease of production and installation.

A.1.3 Design Background

The GS-13 has a proof mass of 5 kg. This mass is constrained to move in the in-

strument’s sensitive axis by 6 flexures that form two equilateral triangles (or a ∆

configuration) in two parallel planes offset from each other (Figure A.1). If not

properly aligned, this system over-constrains the proof mass, so tolerances of the

system be held high to ensure that the over-constraint does not increase the natural

frequency and introduce unwanted stresses and “binding” as a result of the proof

mass movement. The proof mass has a motion of ±3 mm along its sensitive axis.

The arrangement is such, however, that there is also a slight motion radially to-

wards the sensitive axis at the attachment points on the order of 60 µm. This means

that the replacement flexure must provide appropriate compliance not only along the

instrument’s sensitive axis but also radially in from the proof mass.
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Figure A.1: The GS-13 seismometer proof mass is constrained by 6 delta-rods. These
form two equilateral triangles and effectively constrain the proof mass to motion along
the sensitive axis. Since 6 delta rods are used to constrain 5 degrees of freedom, the
design is not kinematic and problems associated with over constraints arise if adequate
precision is not achieved in the mounting and structure.

The original delta-rod can be seen in the lower flexure position of the seismometer

in Figure A.2. The rod consists of a 0.53 mm (0.021 in. ) diameter round wire with

properties which appear similar to A228, a type of spring steel. This wire provides

flexing in both directions and is stiffened in the middle by a brass sheath. The

existing flexure arrangement was calculated to go into Euler buckling around 3.4 g of

static loading. This buckling range was verified in testing with a load cell and clamp

arrangement.

Because the design requires a greater compliance along one axis than the other,

the round wire design was not optimal for the design specifications. Instead, a crossed

flexure design was pursued (depicted in Figure A.3). This requires 4 flexing points

each of which allows rotation in only one direction. Two of these flexing elements are

then stacked in series at one end allowing flexing in two directions. Another stacked

pair is then located on the other end of the replacement flexure bringing the total

flexural elements on a single flexure to four. Thus the translation of the proof mass

is constrained through the six flexures.

The original delta-rods failed in Euler buckling with a slenderness ratio of 90

(Figures A.17 to A.20). If the slenderness ratio is reduced to below 40, the chance

of Euler buckling is greatly reduced or eliminated (Juvinall and Marshek, 2000).
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Figure A.2: GS-13 original delta-rod.

Figure A.3: Original delta-rod round end flexure element has equal stiffness in both
flex axes (a). New crossed flexure concept allowing matching of rotational stiffness
to instrument requirement (b). Identical flexure elements are located on both ends
of the rod to allow the necessary degrees of freedom.
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However, if the existing delta-rod flexing wire were reduced in length to a point

where buckling will not occur, at a 20 g load on the instrument, the stresses induced

by the proof mass motion will exceed the yield stress of the material. This indicates

that a round flexure element is not an optimal solution.

The designs investigated mainly focused on circular or elliptical notch flexure

elements. These elements are much more resistant to buckling, are relatively easy to

machine (especially circular notches), and seem to be well suited for this application

(Smith, 2000).

A.1.4 Recommended Flexure Design

The recommended flexure design, which is the design currently installed in aLIGO is

described as follows. Later, Section A.1.5 documents a few prior designs that were

subsequently abandoned.

A.1.4.1 Material Selection

A beryllium copper alloy C17200 (also known as alloy 25) was chosen as the base

material for the design with an H temper (TD04). Several reasons made this material

desirable, including high yield stress, availability, minimal interaction with magnetic

fields around the proof mass and the ability to easily age it after machining. Work at

Stanford had previously used BeCu for precision flexures with good results (Section

3.1). After aging (2 hours air bake at 330 ◦C) this material is brought to the tempered

properties of HT (TH04) with ultimate yield stresses of 1.10 to 1.38 GPa (160 to

200 ksi). The fatigue properties of the BeCu alloy are excellent with a 108 cycle limit

at 310 MPa (45 ksi).

A.1.4.2 Geometry and Design

The final design consists of four flexing points. Two precise round-notch flexures in

the sensitive axis with 0.250 in. (6.35 mm) radii each with a minimum web thickness

of 0.004 in. (101.6 µm). There are also two 0.125 in. (3.18 mm) radii half-round

notch flexures with webs of 0.015 in. (381 µm) for the direction perpendicular to the
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sensitive axis. The ends of each flexure have a geometry such that they fit into both

ends of the existing mounting structure and can be attached with the existing screws.

Because of form factor constraints, the design for the top three and bottom three

flexures are slightly different. This is necessary because the upper flexures need to fit

between existing flex strips used by cantilevers for the proof mass offload springs.

The size of the 0.250 in. (6.35 mm) radius flexure elements was chosen because

with a larger radius, less stress is induced when the flexure undergoes bending. How-

ever, at large radii the element loses its buckling robustness as it more closely ap-

proximates a column. The optimal point is thought to be very close to this chosen

radius and has been shown to be adequate in subsequent acceptance testing.

The large radii notch flexure has a web thickness of 0.0040± 0.00025 in. (101.6±
6.35 µm), which is the critical dimension dominating the entire flexure’s stiffness.

This stiffness is critical because it defines the natural frequency of the instrument and,

ultimately, the sensitivity. The smaller radii notch flexure web thickness is much larger

at 0.0150± +0.0025
−0.0005

in. (381± +63.5
−12.7

µm) with dimensions that are not as critical. The

static loading for this flexure design was predicted through the calculations to be 33 g

with the CAD drawings for both flexures shown in Figure A.4.

Figure A.4: CAD rendering of the GS-13 replacement BeCu flexure.

A.1.4.3 Manufacturing Process

The design of the BeCu flexure was optimized for manufacturing on a 3-axis CNC

milling machine. Because of this, round notch flexures were used instead of ellipti-

cal elements. The manufacturing process is straightforward with no individual part

flips. The process used for the prototype flexures is described as follows with multiple

flexures milled out of the same piece of stock reducing setup time. Completed pro-

totype flexures as machined at Stanford on fixture plate are shown in Figure A.5.
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Over 1,200 production flexures were then machined under contract at High Precision

Devices and installed in the aLIGO sensors (Champagnie, 2010).

1. Face the BeCu stock to 0.250 in. (6.35 mm). This is a reduction from the

actual thickness of the stock, which was 0.270 in. (6.86 mm).

2. Drill the central mounting holes and mount stock to fixture plate with socket-

head cap screws (SHCS).

3. Mill down the left and right edge creating the proper overall flexure length.

4. Mill the mounting recess on each end. This was accomplished using a standard

and ball end-mill to create the proper contour.

5. Drill the left end mounting hole and mill the right end mounting slot.

6. Fix these mounting points to the fixture plate with SHCS.

7. With a 0.250 in. (6.35 mm) diameter ball end mill machine the two smaller

round-notch flexure elements. The depth of this cut is critical to the specified

0.0150± +0.0025
−0.0005

in. (381± +63.5
−12.7

µm).

8. Drill and then precision ream or bore the 0.250 in. (6.35 mm) radius holes that

define the larger round notch flexures. The web thickness for this operation

needs to be closely controlled to 0.0040± 0.00025 in. (101.6± 6.35 µm).

9. Mill around the contour of the flexure to release it from the stock.

10. Clean any machining lubricants in preparation for aging.

11. Age the cleaned flexures in a preheated oven at 330 ◦C in air for 2 hours. After

they are removed and allowed to cool they can be installed.
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Figure A.5: Machined BeCu replacement flexures on fixture plate. The 8 flexures (4
upper and 4 lower) were machined from one plate of BeCu stock.

A.1.4.4 Installation Procedure

The installation of the flexures was accomplished with the following procedure:

1. Ensure the manual proof mass lock is engaged.

2. Remove the GS-13 can after removing the three bottom nuts and gaskets with

a 9/16 in. wrench.

3. Unscrew and completely remove the 4 − 40 screws and clamps on each end of

the 6 delta-rods.

4. Remove the 6 delta-rods.

5. For seismometers with proof mass offload springs, the springs may need to be

untensioned and the outer-most cantilever base flex strips removed to facilitate

placement of new top flexures.

6. Position new flexures in place. Make sure to distinguish between upper and

lower flexure variations. Tighten the screws on the left end of the flexures



178 APPENDIX A. GS-13 SEISMOMETER IMPROVEMENTS

which attach the flexures to the frame (round hole in flexure). Leave the screws

on the the right end of the flexure loose (slotted hole in flexure).

7. If needed readjust the natural frequency (ωn) adjustment knob to be in the

neutral position with the knob indicating ‘0’. Do this by loosening the 4 − 40

screws that clamp onto the torsion spring wire that is attached to the knob.

Then re-tighten these screws.

8. Slightly release and carefully re-engage the proof mass lock.

9. Tighten all 4− 40 screws that hold the flexures in place (Figure A.6).

10. Replace the can and associated hardware.

11. Unlock the proof mass and test the instrument for freedom of movement.

12. Test the instrument’s noise floor against other instruments and time response

with weight-lift technique as described in the GeoTech manual and aLIGO doc-

uments (Hanson et al., 2009a), (Hanson et al., 2009b), and (Vargas et al., 2010).

Prototype tests are also described in more detail in Section A.1.6.

A.1.5 Other Designs Considered

A.1.5.1 Maraging Steel Flexures

A flexure design made out of maraging steel C350 was first attempted. This design

utilized small, 0.125 in. (3.175 mm), diameter round notch flexure elements in both

the vertical and horizontal directions. The design was promising by having a predicted

static load rating of 45 g. Unfortunately, this design had several drawbacks including:

(a) difficulty in acquiring stock material in any geometry other than round rod, (b)

relatively poor machinability, and (c) extensive hardening procedure including over

100 hours bake in an argon backfilled oven. The ultimate problem, however, was that

the flexures become magnetic when installed on the seismometer. With the flexures

in place, it was noted that sometimes when the proof mass traveled to one limit of

motion the maraging steel flexures would be attracted to the proof mass and were
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Figure A.6: Installation of an upper BeCu replacement flexure on a GS-13.
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“captured” magnetically by it. This is not acceptable for the seismometer as free,

uninterrupted motion is critical to the instrument’s operation. Figure A.7 shows a

maraging steel prototype flexure installed in a test seismometer.

Figure A.7: Picture of installed C350 maraging steel prototype flexure in a test seis-
mometer. This flexure had good mechanical performance but the magnetic properties
would sometimes cause the proof mass to become “captured” in the lower extreme of
travel. This is due to the magnetic attraction of the seismometer’s permanent magnet
to the maraging steel flexure.

A.1.5.2 BeCu / Brass Flexure

Another design that was pursued involved brass parts that were soldering together by

thin 0.006 in. (152 µm) BeCu flexible strips to create the flexure. The material cost

was very low for this design but the maximum strength obtained could not meet the

goal of 20 g static loading. Several prototypes were made, and it became apparent

that maintaining the required tolerances while soldering together the nine individual

pieces (5 brass elements and 4 flexure joints) would be very difficult in a production

setting. Figure A.8 shows the design and Figure A.9 shows a prototype installed

on a test seismometer.
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Figure A.8: CAD of the brass and BeCu flex strip flexure assembly. The flexure is
composed of 5 brass sections and 4 BeCu flexible strips soldered together.

Figure A.9: Brass / BeCu flexure installed in the lower position on a test seismometer.
While the materials cost was low for this design, it was not as robust and was more
difficult to assemble to the required tolerances than either the maraging steel design
(Section A.1.5.1) or the BeCu design (Section A.1.4).
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A.1.6 Testing

A.1.6.1 Performance Validation

The testing of the GS-13 equipped with the recommended BeCu flexures was carried

out by doing several tests comparing it to two GS-13 seismometers that had the

original delta-rods. The first test consisted of comparing the response of the two

instruments with a weight-lift procedure. In this procedure the proof mass of the

instrument is pushed down to the lower limit of travel and then released while the

time response of the system is recorded. Figure A.10 shows three separate response

plots for each of three GS-13 instruments. The first row, displayed in red, corresponds

to the seismometer equipped with the new flexure design. The natural frequency of

the seismometer and the Q factor can both be measured and compared through this

test. The seismometer equipped with the new flexures had a natural frequency of

0.94 Hz and a Q factor of 41.5. This compares to natural frequencies of 1.01 Hz and

1.09 Hz respectively for each of the stock GS-13 seismometers with both of them

having identical Q factors of 28.6. In order to maintain instrument sensitivity, it is

important that the natural frequency be at or below that which the original delta-rods

provided while maintaining a Q factor at or above what a stock seismometer gives.

The second portion of the performance testing involved placing the seismometer on

the Stanford Technology Demonstrator Platform (Tech Demo). Figure A.11 shows

the table top where the seismometer’s performance is compared against 6 feedback

GS-13s, 2 stock witness GS-13s, 2 witness Streckeisen STS-2s, and a Trillium T-240

seismometer.

The results of this test are plotted in Figure A.12. Here it is important to note

that the signal of the GS-13 with the modified flexures corresponds with that of the

witness STS-2, and closely to the two witness GS-13 seismometers. The noise floor

also closely matches one of the witness GS-13 seismometers and is actually better at

higher frequency than the other stock GS-13. For this test, the chamber was at air

pressure with chamber doors closed with only the stage two damping loops engaged.

The noise was estimated using Hua’s multichannel coherent subtraction method using

the 6 feedback GS-13s, the 3 low frequency seismometers (2 STS-2s, 1 T240) and the
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Figure A.11: The test GS-13 equipped with the prototype replacement flexures is
compared to 2 other stock witness GS-13 seismometers, 2 witness Streckheisen STS-2
seismometers, a Trillium T-240 seismometer, and 6 feedback GS-13 seismometers in
order to estimate any reduction in signal or increase in noise.
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other 2 witness GS-13s as references (Hua, 2005). The results of this test are helpful

in showing that the new flexure design does not degrade the instrument performance.

A.1.6.2 Robustness Testing

The flexures were also tested to establish their overall strength and resilience. The

flexure has two main modes of failure. The first is due to exceeding the overall yield

stress of the material and the second is buckling. As the round-notch flexure’s radius

increases with the loading, the web height, and the bending stiffness held constant,

the buckling failure mode is dominant. Conversely, if the notch radius is decreased

the yield stress limit is quickly reached.

While the design calculations assume the static loading case, tests were done for

both static and dynamic loading. It is not clear how static loading calculations can

be extrapolated to get dynamic, shock loading situations. For the static load tests,

the flexures were placed in a fixture equipped with a load cell and compressed while

recording the compression force. Static load tests were only done in compression

because the buckling failure mode is only present in this configuration. Figure A.13

shows one such test of a flexure to failure.

In the test plotted in Figure A.13, the flexure failed at a static equivalent loading

of about 19 g force of equivalent static loading. In two other tests resulting in failure,

flexures have failed at 18 g and 23 g. However, multiple prototype flexures withstood

27 g (the force at which the load cell saturated). The actual failure point is very

dependent on the initial offset of the flexure and the stress loading from flexure

bending. All of the static tests were carried out with the flexure at the maximum

range of travel that it could experience when installed increasing the likelihood of

failure. Buckling was the cause of failure in all flexures that failed. This indicates

that a round notch radius larger than the current 0.250 in. (6.35 mm) would not be

advantageous.

The second method of testing involved drop tests of an S-13 seismometer, equipped

with an accelerometer, onto a concrete floor or swung into a concrete wall. (The

S-13 seismometer is mechanically very similar to the GS-13 but is less expensive

containing a coil with a reduced generator constant.) Before testing, the seismometer
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Figure A.12: Three GS-13 seismometers were compared along the x axis to a Streck-
heisen STS-2 witness seismometer on the damped Tech Demo platform at 1 am. The
signal amplitude (upper curves) and an estimated noise floor (lower curves) of the
inertial sensors are compared. The response and noise of the GS-13 seismometer with
the BeCu flexures was acceptable compared to the other instruments containing the
original delta-rods.
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Figure A.13: Static loading of a BeCu replacement flexure to failure. This flexure
only withstood the equivalent of 19 g static loading before buckling. The buckling
is evident because the thin web section folded back on itself for a length of about
1.5 mm after which the flexure still held a compressional load.
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was mounted inside its vacuum pod. The added mass of the pod helps reduce the

accelerations that the seismometer is subjected to for any given drop which makes the

test more representative of field conditions. For the situations when the instrument is

not in the pod, the proof mass locking knob would be accessible and should be used

so drop tests without the pod were not conducted. The instrument was then dropped

from various heights onto different surfaces: a solid wood lab table, a stainless steel

cleanroom table, cardboard, and ultimately the concrete floor. Of the drop surfaces,

the stainless steel table provided the most compliance and thus the most energy

absorbing and best surface for the instrument. The worst case was a 25.4 mm drop

onto the concrete floor which had maximum peak accelerations on the order of 55 g.

For this drop, the peak loading duration was very small measuring between 2 and

5 milliseconds (ms). Figure A.14 shows the corresponding accelerations recorded

for these drops onto concrete without any detectable degradation of the flexures.

The test seismometer was then swung into a 1 in. (25.4 mm) thick high-density

polyethylene (HDPE) plastic plate on a concrete wall along the instrument’s sensitive

axis as shown in Figure A.15. While the instrument is subjected to large accelera-

tions, in practice the motion of the internal proof mass is damped. This is because

the aLIGO preamp board installed in the seismometer allows excess voltage that is

generated by rapid movements of the seismometer’s proof mass (along the sensitive

direction) to be dissipated across diodes. One of the goals of the test was to measure

the amount of current the instrument produces on impact and make sure that this

does not exceed the levels that can be safely handled by the preamplifier and seis-

mometer. Figure A.16 shows the results of one of the swing tests and shows that

the maximum current is around 60 mA which is well below the maximum that can

be absorbed.

A.1.7 Recommended Use

The recommendations for the implementation of the more rugged BeCu flexure design

as described in Section A.1.4 are threefold.

1. It is recommended that the manual proof mass lock be left in place on the
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Figure A.14: Impact drop tests of the test seismometer onto concrete floor from
differing heights. Both x and y directions are plotted. The thick blue line represents
the addition of both directions in quadrature.
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Figure A.15: A test seismometer is slung by wires (highlighted in light green) and
allowed to swing into the wall while measuring the resulting deceleration on the
instrument case.
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Figure A.16: The maximum acceleration on the seismometer case and resulting cur-
rent flow of the test instrument on a 1 m pendulum being swung into the wall.
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instrument. This manual locker will be accessible, and should be used, up to

the point when the seismometer is installed in the vacuum pod. At the time of

podding the manual lock should then be placed in the unlocked position.

2. When the podded seismometer is shipped, the seismometer and pod should be

placarded to orient the instrument’s nameplate and ‘top’ to be down. This is

recommended for both horizontally and vertically configured instruments. The

internal geometry of the seismometer is such that if placed in this orientation

the proof mass settles into a cone which helps reduce the effect of impacts to

the instrument providing a greater degree of protection to the instrument and

flexures.

3. Finally, once the instrument is podded, further work would best be carried out

on a semi-compliant work surface. In brief testing, a stainless steel cleanroom

table provided much better shock damping than solid wood or concrete surfaces.

Care in handling should be in accordance with standard care taken when using

and handling sensitive scientific instruments.

A.1.8 Conclusion

The BeCu flexure design, as described in this report, has been adopted by aLIGO.

Its use replaces the costly and sometimes unreliable in-vacuum proof mass locking

motors. Testing indicates that the flexure maintains the original seismometer’s sen-

sitivity and noise floor while creating a much more robust instrument. It is also

important that Section A.1.7 be followed to ensure proper, sustained instrument per-

formance.

A.2 Offload Spring Damping

The GS-13 seismometer is equipped with 3 coil springs. These springs counteract the

mg force due to gravity on the proof mass when operated in the vertical configuration.

Even when the instrument is configured for horizontal sensitivity (the configuration
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Figure A.17: MathCAD calculations for the BeCu flexure design - sheet 1.
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Figure A.18: MathCAD calculations for the BeCu flexure design - sheet 2.
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Figure A.19: MathCAD calculations for the BeCu flexure design - sheet 3.
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Figure A.20: MathCAD calculations for the BeCu flexure design - sheet 4.
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when the springs are disconnected from the proof mass), the moving mass of these

springs still couples into the active isolation system sensors. Note that for aLIGO,

the springs are not installed in the horizontal units so this is only a concern in the

vertical seismometers (Lantz, 2009b). The resonance of these springs was verified by

placing a HeNe laser with a beam passing one of the coils of a vertically configured

GS-13. The laser beam, partially occluded by the spring, was subsequently monitored

on a photodetector. A spectrum analyzer was used to record the 103 Hz frequency

resonance of the spring (Figure A.23).

In order to decrease the effect of this resonance on the rest of the ISI subsystem, a

DuPont Viton R© o-ring of the correct size to span the gap between adjacent coils was

placed on the coil spring near the fixed attachment point (Figure A.24). Viton R©

was used because it has excellent damping properties at room temperature and is

relatively easy to procure (Jones, 2001). The Viton R© damped spring was measured

while it was subjected to forced excitation and exhibited a dramatic decrease in the

Q factor of the resonance.

For validation, all 6 of the in-vacuum GS-13 feedback seismometers used for stage

two of the Stanford Tech Demo were removed and modified to include damping o-

rings. 18 o-rings were installed and the seismometers were re-installed on the isolation

platform. Figure A.25 displays results as measured on the Tech Demo before and

after the installation of the damping o-rings. Several resonances are seen in this plot

due to the fact that not all of the springs resonate at the same natural frequency. Once

the damping o-rings have been installed, the effect of the GS-13 spring resonances

fall below the noise floor for the measurement to the point where they were no longer

detectable. This means that these resonances will not introduce excess motion in the

isolation platform from control loops which use these sensors.

Long term creep or “compression set” of the o-rings was not tested although a

demonstration o-ring damped spring unit did not seem to degrade over several years.

If the creep strain relaxation could be compared to the analysis of the Initial LIGO

seismic isolation stacks, it is roughly estimated that this will not be an issue for

several decades (Giaime, 1995), (Giaime et al., 1996).

For aLIGO isolation systems, the vertical seismometers are to have a damping
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Figure A.23: The GS-13 seismometer proof mass offload springs have an internal
resonance that couples into the measurement. A laser vibrometer measured this
spectra revealing the frequency and Q of the peak. Adding a Viton R© o-ring reduces
the Q.
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Figure A.24: Placement of Viton R© o-ring to damp the internal resonance of the GS-13
offload spring.

o-ring installed on the offload springs (Hanson et al., 2009b), (Hanson et al., 2009a).

While this is helpful for the vertical seismometers, aLIGO was able to procure the

horizontal seismometers without the offload springs installed (Lantz, 2009b). (The

offload springs are not necessary for the operation of horizontal sensors.) Thus this

addresses and eliminates this resonance mode from affecting the isolation platform

performance.

A.3 µ-Metal Shielding Tests

A concern is that the GS-13 seismometers can be affected by local magnetic fields.

In aLIGO the GS-13s are located within several centimeters of the corresponding,

degree of freedom, voice-coil actuators. Concern was raised that stray fields could

raise the noise floor of the instrument. Two independent tests were performed on the

Stanford Tech Demo with GS-13 seismometers podded inside a µ-metal enclosure.

Tests which compared the shielded GS-13 seismometer to another unshielded wit-

ness and 6 unshielded feedback seismometers, indicated that the noise floor was not
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Figure A.25: Driven transfer function of the TDP. Spring resonances were clearly
visible in the GS-13 response. Placement of Viton R© o-rings damped the internal
resonances of the GS-13 offload springs.
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detectably reduced by adding the shielding. Figure A.26 shows the seismometer’s

signal and noise floor comparing the shielded to witness GS-13s. The curves on the

bottom are the predicted and measured ADC, and preamplifier electronics noise re-

spectively. It is interesting to note that the noise of the GS-13 does not meet the

expected noise floor given by the preamplifier electronics when unlocked and operat-

ing. If the proof mass is locked down, however, then the noise is closer to the expected

values. In part, this could be due to the fact that motion generates a bias voltage

across the coil. As shown in Section A.4, a bias creates excess noise.

In the tests done as shown in Figure A.26 on the platform, the µ-metal shielding

does not seem to reduce the noise floor when operating on the Stanford Tech Demo.

However, tests at MIT showed that the µ-metal shielding does reduce the magnetic

coupling of the instrument (Biscans and Matichard, 2010). For the tests at Stanford,

it is important to note that the µ-metal test GS-13 seismometer was located on the

table surface and much more distant from the voice-coil actuators (a magnetic field

source) than the feedback GS-13s. Because of their closer proximity to the voice-

coils, the feedback GS-13s could possibly benefit from µ-metal shielding that was not

predicted from the tests at Stanford.

A.4 aLIGO GS-13 Preamp Resistor and Bias Mea-

surements

The GS-13s that are to be used in aLIGO are equipped with updated, internal pream-

plifiers (Hanson et al., 2009b). These boards use standard thin-film surface mount re-

sistors. A test was conducted to determine if any performance gain could be achieved

by replacing the standard resistors with precision Vishay VSMP1206 49R9, 953R, and

9K2 resistors. On the preamp board, R1 and R2 were replaced and a resistor was

soldered across the seismometer’s coil input to approximate the DC resistance of the

sense coil. The voltage noise was measured at low frequency and at two different bias

voltage levels across the effective coil resistor. The following Figure A.27 indicates

that the noise increases by a factor of 5 with a 25 mV bias was applied levels. While
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differences in the noise were noted with changes in the bias, the precision resistors

are not discernibly better than the ones already in use on the aLIGO preamplifiers.
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Appendix B

Trillium T-240 Seismometer

Characterization

Initial research and development for the LIGO BSC Internal Seismic Isolation (ISI)

subsystem relied on the Streckheisen STS-2 seismometer for velocity sensing of the

stage one platform. The STS-2 seismometers were already tested and qualified when

concerns over availability, lead times, remote mass locking reliability, and support

led to interest in validating the Trillium T-240 as an acceptable replacement. The

T-240 is a long period (240 second), low noise, tri-axial seismometer specified to have

performance comparable to the STS-2. Unlike the STS-2, the T-240 does not require

proof mass locking which reduces complexity for in-vacuum use. A test T-240 instru-

ment was installed on the Stanford ETF Technology Demonstrator Platform (Tech

Demo) to determine its sensitivity and noise level relative to two witness Streckheisen

STS-2s (Figure B.1).

B.1 T-240 TDP Installation

The T-240 was readied for placement on the Tech Demo by building a pod so that

the interior could be held at atmospheric pressure while inside the vacuum system.

The instrument was attached to the pod through the use of threaded studs. These

studs had a right handed M10 x 1.0 thread on one end and a left handed 5/16 − 24
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Figure B.1: The Trillium T-240 seismometer (right) next to the Streckheisen STS-2
seismometer (left). The T-240 is slightly taller but occupies a smaller diameter (as
viewed from above). While the instrument diameters are similar, the T-240’s feet are
contained within the outer diameter of the instrument.

threads on the other end. These studs, with equal turns on each end, interfaced with

the threaded mounting holes in the seismometer and pulled the instrument down onto

the plate. Three mounting protrusions cast into the instrument housing become the

constraint point with the plate. The pod was then attached to the platform and in-

vacuum wiring connected the instrument to a flange through the vacuum wall (Figure

B.2). A readout box was built from a prototype STS-2 readout box, which amplifies

the instrument’s output, selects the coordinate basis system, allows for calibration

signals to be sent, commands re-centering of the masses, allows for mass position

readout, and allows for RS-232 serial communications to the instrument (the DB-25

feedthrough pinout is displayed in Figure B.3).

B.2 Comparison of Signal and Noise to the STS-2

The vacuum system was pumped down to the 10−5 Torr (≈ 10−3 Pa) level with the

damping loops on the Tech Demo engaged. Data was recorded from both the two
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Figure B.2: The Trillium T-240 instrument, housed inside the pod, is located at the
top center of the platform.
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Figure B.3: Pinout for the vacuum and air side of the DB-25 connectors used for the
power and signal for the Trillium T-240 seismometer in the Stanford ETF

witness STS-2 seismometers and the T-240 over several hours. This data was analyzed

using Hua’s multichannel coherent subtraction method (specExplain), which looks

for uncorrelated noise between instruments (Hua, 2005). The uncorrelated part of a

signal (such as readout electronic noise for example) was then ascribed as the noise

floor of the instrument while the correlated parts of the signal (such as translation,

or rotation of the instrument) was plotted as the instrument’s signal. It is important

to realize that while the correlated signal is ascribed as the instrument signal it does

not distinguish between common mode sources that affect all instruments, such as

tilt-horizontal coupling and common electrical noise in all sensors, such as 60 Hz line

noise.

The correlated signal and the uncorrelated noise is displayed in Figure B.4. The

spread between the two traces for any given instrument represents the signal to noise

ratio. While the T-240 signal is comparable to that from the STS-2, the noise floor

is noted to be slightly elevated in some degrees of freedom.
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Figure B.4: The spectrum and noise floor of the test instruments on the Tech Demo,
x axis on 2009-03-10 at 2100 hrs. The noise floor is estimated for the DAC given
the different instrument gains and is plotted along with the T-240 specification. The
Trillium T-240 does not seem to have an elevated noise floor in comparison with
the two witness STS-2 seismometers in this case. For the y axis, the noise is also
comparable between the STS-2s and the T-240. The z axis, though, showed a slight
increase (up to a factor of 2 worse) at some frequencies..
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B.3 Conclusion

Despite the slightly higher noise floor of the T-240 in some tests as compared with

the STS-2, the overall performance is similar. Other non-performance factors such as

the slightly smaller physical diameter and lack of proof mass locks make the T-240 an

appealing instrument for aLIGO use. The T-240 was subsequently chosen for use on

the aLIGO ISI platforms. Some of the 45 instruments required are already installed

and provide the necessary low frequency inertial sensing.



Appendix C

Damping of HAM ISI Blade

Springs

The aLIGO HAM Internal Seismic Isolation (ISI) subsystem utilizes three maraging

steel blade springs countering the mg force of the single active platform stage. Brian

Lantz (Stanford) and Jeff Kissel (Louisiana State University (LSU)/LLO) had recog-

nized that a problematic resonance around 150 Hz in the ISI was caused by the blade

springs that High Precision Devices had modeled in finite element analysis (FEA) at

155 Hz (Lantz, 2009a).

Andy Stein (MIT) then checked the FEA analysis of the blade springs and reported

the calculated resonance to be 153 Hz (Stein, 2009). Because resonances such as

these can easily couple into the control feedback signal, it is advantageous from a

controls perspective to either increase the resonance frequency or reduce the resonant

Q factor. There are methods used to filter out such resonances in the control loops

but the control system as a whole is much more robust if the offending resonances

can be removed from the plant. Often it is easier to reduce the Q by an order of

magnitude than it is to stiffen the system and increase the frequency of any particular

resonance by a corresponding order of magnitude. This appendix describes a method

implemented to damp this 153 Hz resonance of the HAM ISI blade spring.
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C.1 Damper Design

A Tuned Mass Damper (TMD) was used to provide the reduction in Q for the first

blade spring resonance. A TMD is a parasitic mass-spring-damper resonant system

that is placed on the primary structure. The TMD resonance is tuned to match that

of the structural mode to be damped. It is then placed on the structure such that

the primary structure’s resonance excites the TMD which then parasitically couples

energy out of the system and into the TMD damping mechanism. Several aspects

make a TMD well suited to damping the HAM ISI blade springs. These include

factors such as:

• The resonance is well defined at one particular frequency (since the geometry

of the blade springs and weight they support are closely controlled).

• The overall size could be reduced since the TMD is a resonant system which

helps couple the energy at the tuned frequency into a loss mechanism.

• The TMD should not adversely affect the blade spring performance at lower

frequencies.

Since aLIGO operates at ultra-high vacuum (UHV) levels, strict requirements are

in place specifying which materials are allowed (Coyne, 2009a). Of these materials,

DuPont Viton R© has desirable damping qualities at room temperature and around

100 Hz (Jones, 2001). Viton R© is also on the aLIGO approved list of materials if used

in limited quantities, obtained from approved vendors, and processed as per LIGO

cleaning procedures (Coyne, 2009b). As a result, Viton R© was chosen as the loss

method for the TMDs.

Ideally, the mass-spring system of the TMD should have a Q ≈ 10 while matching

the 153 Hz mode of the blade springs (Clark and Lantz, 2009). To measure this,

a HeNe laser and photodetector were set up as a vibrometer and connected to a

spectrum analyzer. The analyzer was configured to drive a shaker platform and

record the transfer function of the platform to vibrometer. Prototype TMDs were

built and tested on this setup to ensure the parameters were met.
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To mount the device, a mechanical bolted connection to the blade springs would

be ideal but the FEA analysis provided by Andy Stein suggested that even a small

attachment hole in the blade spring results in large stress concentration factors (Stein,

2009). Since the blade spring is a maraging steel, magnets were tested and it was

found that they provided an adequate connection.

After several prototyping iterations, the final design was a small mass about

0.150 kg attached to the end of a stainless steel strip. This strip is clamped to a

base where the attachment magnets are placed, constrained laterally in slight pock-

ets. Beneath the stainless strip a Viton R© o-ring is placed that is backed by a small

stainless plate. The mechanism for loss in this design is that motion of the mass cre-

ates a slight compression and shear in the Viton R© o-ring at the base resulting in the

energy of the system being dissipated as heat. Figure C.1 displays a CAD diagram

of the TMD and a CAD drawing in Figure C.4.

Figure C.1: Tuned Mass Dampers for reducing the Q of the first internal resonance of
the HAM ISI blade springs. The exploded diagram shows the assembly of the units
used in eLIGO HAM 6 (a). For aLIGO BSCs, the TMD design was revised to include
a base plate made from 440 stainless reducing parts count and eliminating the need
for nickel plating (b).
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C.2 Installation and Results

Six TMDs were manufactured and installed during Enhanced LIGO (eLIGO) com-

missioning on the HAM 6 chambers in the Livingston and Hanford observatories

(Clark, 2009), (Clark, 2010). Figure C.2 shows the installation in the already as-

sembled HAM ISI. Transfer function of the ISI before and after the TMD installation

in Figure C.3 shows that the resonant peaks of the blade springs have been damped

below the noise floor of the sensors.

Figure C.2: Installation of the TMDs into the eLIGO HAM 6 ISI at the Hanford
observatory.
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Appendix D

Ground Disturbance Studies

D.1 Stanford High Energy Physics Laboratory,

End Station III

The ground motion of the End Station 3 laboratory building was documented to de-

termine if the building was adequate for certain experimental setups. The ground

motion was measured utilizing horizontal and vertical Geotech S-13 (S-13) seismome-

ters with a preamplifier and a Stanford Research Systems SR-785 spectrum analyzer.

Measurements were taken at different time periods in the day and with different con-

figurations of the building air handler / HVAC system. The measurement location

was on level 1 (3 stories below grade in the high bay) along the west wall about a

third of the length of the building toward the south from the north wall. There is

a utility trench running north-south along the west wall. The measurements were

conducted just east of the trench to ensure measurement of the slab motion. The

resulting root of the mean square spectral density in displacement units is plotted in

Figure D.1.
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Figure D.1: Stanford Hansen Experimental Physics Laboratory End Station III
ground motion recorded at 0140 hrs on 2007-03-20. The building HVAC was turned
off but the chilled water and ventilation fans for the clean rooms were left running.
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D.2 Stanford Nano Technology Center Basement

D.2.1 Data Recording

Data was recorded at two different locations in the basement of the Nano building

(renamed the Spilker Building in 2012) during construction (Figure D.6). In the

analysis, Location 1 is anticipated for the transmission electron microscope (TEM),

while 2 is where the E-Beam is expected to be placed. Location 1 is also referred

to in some plots as the “floor” while 2 is often called “the pit”. Data was recorded

using 4 Geotech S-13 seismometers. The resulting signal was then recorded through

an ADC at a rate of 240 Hz (resulting in a Nyquist frequency of 120 Hz). The upper

frequency of interest is 100 Hz.

Data was collected from 2008-12-27 to 2009-01-06. From the data collected, the

good length, least disturbance data was recorded on 2009-01-05 and 2009-01-06. The

channels and seismometers were located as follows in Table D.1.

Table D.1: Location of the S-13 seismometers for measuring ground disturbances in
the Stanford Nano Fabrication Facility (Spilker Bldg.)

Label S/N Description

V1 2837 Vertical instrument at test location

V2 2842 Vertical instrument at other location

NS 2848 North / South oriented horizontal S-13

EW 2839 East / West oriented horizontal S-13

D.2.2 Data Analysis

The recorded data was calibrated and plotted as displacement vs. frequency in Fig-

ures D.2 and D.3 for both of the measurement sites. The data was also separated in

one-hour long sections and plotted individually, allowing the ground motion through-

out the night to be observed (Figures D.4 and D.5). All of these measurements

were purposely taken during times of relatively low anthropogenic noise (during aca-

demic break and at night). The data was recorded during the construction phase of
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the building before any of the building infrastructure (elevators, HVAC, etc.) or shell

was installed.
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Appendix E

Circuits and Schematics

A number of custom circuits were designed and built in support of this thesis. Sev-

eral of these circuits are documented in this appendix providing a reference for their

design and layouts. These include the balanced photodetector circuit used to read

the Seismic Platform Interferometer’s SPI output, the quad photodetector used for

the optical levers of the SPI and temperature sensors used to monitor the Technol-

ogy Demonstrator Platform (Tech Demo) temperature during laser frequency noise

measurements.

E.1 Balanced Photodetector

The interferometric detection consists of a balanced detection scheme. This allows

the monitoring of both outputs from the recombination beamsplitter simultaneously.

When the interferometer is at the mid-fringe, the light on each photodetector is equal

resulting in an output voltage value close to zero. Since the laser wavelength used is

in the 1.5µm band, two individual InGaAs detectors were used. The detectors pass

current at the rate of 1A/WincidentLight which means that at a maximum laser output

of the SPI of 10 mW the current flow is 10 mA which is within the source and sink

range for the transimpedance amplifier chosen (LT1124). The balanced detector as

used in the SPI prototype was constructed by Alireza Mirandi of Stanford University.
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Figure E.1: SPI balanced photodetector schematic.

E.2 Quad Photodetector

Two quad photodetectors (QPDs) are used in the SPI. One QPD measures the pitch

and yaw stability of the launch beam while a second QPD measures the differential

pitch and yaw of the two platforms. The QPD circuit is composed of:

• InGaAs quadrant photo detector composed of A, B, C, and D quadrants

• Transimpedance pre-amplifiers for each quadrant with active low-pass filtering

• Math amplifier section with active low-pass filters

• Differential line drivers for signal output

The QPD quadrants are arranged in alphabetical order from A through D clock-

wise starting with A in the northwest quadrant. The math section of the QPD circuit

combines the quadrants to determine the yaw, pitch, and total power as follows:
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Sumpower = A+ B + C +D (E.1)

Pitchvertical = (A+ B)− (C +D) (E.2)

Y awhorizontal = (A+D)− (B + C) (E.3)

Figures E.2, E.3 and E.4 contain the schematics for the QPD sensors with

Figure E.5 displaying the printed circuit board (PCB) layout. The component

values for the resistors and capacitors in the schematic and on the PCB are tabulated

in Tables E.1 and E.2 respectively.

Table E.1: Resistor component values (in Ω) for the SPI QPD schematic. Ryzx value
is determined by the intersection of row YZ and column X. A zero indicates a jumper
wire placed in that position where a blank indicates no Ryzx component in schematic.

R 0 1 2 3 4 5 6 7 8 9

0X

1X

2X 1 k 1 k

3X

4X 1 k 100

5X 1 k 100 1 k 1 k 1 k 1 k 1 k

6X 0 60.4 k 1 k 1 k 1 k 60.4 k

7X 2 k 0

8X 0 0 0 2 k 0 2 k

9X 2 k 0 2 k 1 k

10X

11X 0 50 2 k 0

12X 2 k 60.4 k 60.4 k 60.4 k 0 50 0 0 60.4 k 2 k

13X 2 k 2 k 2 k 60.4 k 1 k 50 60.4 k 0 50 2 k

14X 2 k 2 k 2 k 1 k 2 k 100 50 2 k 2 k 50

15X 2 k 2 k 1 k 1 k 1 k 1 k



232 APPENDIX E. CIRCUITS AND SCHEMATICS

Figure E.2: SPI QPD schematic part 1 of 3.
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Figure E.3: SPI QPD schematic part 2 of 3.
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Figure E.4: SPI QPD schematic part 3 of 3.
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Figure E.5: SPI QPD board layout.

Table E.2: Capacitor component values (in µF) for the SPI QPD schematic. Cyzx
value is determined by the intersection of row YZ and column X. The capacitor type is
noted as P for polypropylene, C for ceramic disc, and T for tantalum. A zero indicates
no component placed in that position where a blank indicates no Cyzx component in
schematic.

C 0 1 2 3 4 5 6 7 8 9

0X 0.01 P 0.01 P 0 0.01 P

1X 0.01 P 0 0.01 P 0

2X 0.01 P 0.01 P 0.01 P 0 0 0 100p C 15 T

3X 10 T 100p C 0 100p C 15 T 10 T 100p C 1 T 1 T 0

4X 0 0 1 T 1 T 0 0 0 1 T 1 T 0

5X 0 2.2 2.2 2.2 0.01 P 0.01 P

6X 2.2 2.2 2.2 2.2 2.2 0.1 P 0.01 P 0.01 P 0.1 P

7X 0.1 P 0.1 P
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E.3 Temperature Sensors

Preliminary measurements of the frequency noise of the laser led to strong suspicions

of temperature noise coupling into the experiment. Because the measurement of the

laser frequency noise was accomplished by measuring the apparent length change of

a fixed mismatched arm interferometer on the Tech Demo, temperature could affect

the measurement by changing the laser frequency or it could couple in by actually

changing the interferometer arm length used on the Tech Demo. In order to quantify

how much frequency noise to actually attribute to the laser, it became desirable to

monitor the temperature changes on the Tech Demo optics platform.

The requirements for such a sensor dictated high sensitivity on the order of

0.1 µ◦C/
√
Hz. Due to past experience with precision thermistor bridges, (Higuchi

et al., 2008), a Wheatstone bridge type thermistor layout was chosen. In order to

increase sensitivity, two thermistors were placed in the bridge and the bridge was lin-

earized by feeding the initial amplifier signal back into one leg of the bridge (Figure

E.6). A precision voltage reference was used to maintain a constant drive across the

bridge, reducing noise coupling from the power supply. 100 kΩ thermistors were used

with a β value of 4,143K. This meant that the self heat generated by the bridge is:

Pself−heat =
(10V)2

100 kΩ
= 1mW (E.4)

While the sensitivity at the bridge output is then:

Vout = 10V · 0.04◦C
=

400mV
◦C

(E.5)

If we assume a low frequency, input referred RMS noise of 2 µVpk-pk for the

LTC1151 chopper stabilized op-amps, then the noise floor for detection is:

2µVpk-pk

400mV/◦C
= 5µ◦C (E.6)

The Johnson noise for the 100k Ω resistors is:

NJohnson =
√
4 · k · 100 kΩ · 300K = 4× 10−8 V/

√
Hz (E.7)
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Since the input range of the ADC is ±10 V and since it can accept a balanced

input, the circuit was designed to drive a balanced line improving noise rejection. A

single pole passive low-pass filter is located directly after the bridge linearization with

capacitors in the feedback loop of each of the subsequent amplifiers to further low-

pass filter the output. The low-pass frequency for the passive filter is 18.8 Hz. The

gain stage has low-pass corner frequencies at 636 Hz, 106 Hz, and 13.8 Hz depending

on the setting of J3. 79.6 Hz is the low-pass frequency for the line drivers.

The basic circuit, as Figure E.6 shows, consists of (generally from left to right):

• Power conditioning and bridge voltage drive stabilization

• Wheatstone configured bridge with two active thermistor elements

• Bridge linearization operation amplifier

• Passive, single pole, low-pass filter

• Gain amplifier with single order active low-pass filtering

• Line drivers for + and - driving of balanced signal incorporating single order,

active low-pass filters

The circuit gain is determined by a gain setting jumper of J3 with setting for

gains of 1.25, 2.5 and 12.5 respectively. The output is also switchable from balanced

to unbalanced so that, when balanced, there is an additional effective gain of 2.

This results in the following output sensitivities as documented in Table E.3. The

electrical schematic is displayed in Figure E.6 and the circuit board layouts are

shown in Figures E.7 and E.8 respectively.
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Table E.3: Sensitivities for the temperature sensors dependent on the gain and line
driver settings.

Setting Amp. Gain LP Freq. Hz Line Drive Sensitivity ADC Full Scale

J3 Gain Hz Unbal. / Bal. ◦C/V ±◦C

1 1.25 636 Unbal. 2.0 10

Bal. 1.0 5.0

2 2.5 106 Unbal. 1.0 5.0

Bal. 0.5 2.5

3 12.5 13.8 Unbal. 0.2 1.0

Bal. 0.1 0.5

Figure E.7: Temperature sensor pre-amplifier and line driver single layer circuit board
layout.

Figure E.8: Temperature probe circuit board layout combining the thermistors and
bridge resistors at the same location to reduce errors introduced from the sensor wire
resistance.
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Appendix F

Stanford Rapid Prototype

Platform

The Stanford ETF houses two active seismic isolation platforms. One of these plat-

forms, the Rapid Prototype Platform (RPP) was re-instrumented and placed under

inertial damping and control to allow testing and validation of the Seismic Platform

Interferometer (SPI) prototype. This appendix provides the RPP documentation.

The RPP was first developed to demonstrate the feasibility of control in all six

degrees-of-freedom of a relatively stiff system. Over the years, development work

transitioned to the more advanced Technology Demonstrator Platform (Tech Demo)

in the ETF and the RPP was unused. For the SPI, two active platforms are necessary

in order to validate the design. This meant that the RPP, separated by 8.9 m edge-

to-edge from the Tech Demo, needed to be recommissioned to the point where it could

serve as a remote platform.

F.1 Mechanical System

The RPP contained two active stages with each stage supported by maraging steel

triangular blade springs and flexures. Because of some geometry constraints around

the beam tube connecting the RPP to the Tech Demo, the remote SPI mirror on the

RPP had to be located on the upper (1st) stage of the RPP. This meant that the
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lower (2nd) stage was not being used and subsequently was removed (Figure F.1).

The RPP was then reduced to a single stage with added mass to offset the weight

the second stage had provided. This was done to increase the center of mass position

of the RPP to be closer in line with the actuation plane and to simplify the damping

control loops by removing the extra resonances generated by the second stage.

Figure F.1: Picture of the Rapid Prototype Platform (RPP) upper stage with bal-
ancing mass and the SPI remote mirror. A vertical L-4C seismometer used for active
damping and inertial control is also seen. Barely visible is a horizontal voice coil
actuator and a stage 0 to 1 flexure and blade spring.

F.2 Instrumentation and Electronics

Since the RPP was not currently being used, many of the sensors, cables, and as-

sociated electronics had been removed. Since the SPI did not require that the RPP

be re-commissioned to the same performance as before, only L-4C seismometers and

voice coil actuators on the single active stage were required. After machining new

seismometer mounting plates, the seismometers were installed. The voice coil ac-

tuators (BEI Kimco Magnetics LA14-17-000A) were already in position but locked
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down. Once the platform was brought close to level these actuators were unlocked.

New in-vacuum wiring was run to all sensors and actuators.

Once outside the vacuum system, the L-4C signals were amplified by the HEPI

Pier Interface Chassis LIGO-D080521 which adds a gain of 11 to the signal (Abbott,

2009). These inertial signals were then attached to an aLIGO ADC through a custom

built Stanford Anti-Aliasing Chassis. The anti-aliasing board provided passive, single

pole, low-pass filters at about 100 Hz to each channel.

The output of the digital to analog converter (DAC) is connected to a custom

built Anti-Imaging Chassis which also filters the output at about 100 Hz. The Anti-

Imaging Chassis also takes the DAC output and converts it from a differential to a

single ended signal through an instrumentation amplifier. This is important because

the coil driver requires a single ended input. The coil driver is a LIGO prototype unit

that is capable of driving 10 A of current per channel to the coils.

F.3 Computer Control

A new custom model was created to run in the aLIGO computer system, on a separate

core, that handles the damping and control of the RPP. This model also handles the

introduction of Interferometer Sensing and Control (ISC) command signals from the

SPI and runs at 4,096 Hz.

The general signal flow through the computer is documented below with the Mat-

lab SimuLink diagram shown in Figure F.2

1. L-4C inertial sensor signals are introduced and calibrated to the “ideal geo-

phone” response in the L4CINF

2. The L-4C signals are split and re-oriented to the ETF global basis in the

L4C2CART transformation matrix before being displayed and recorded by the

L-4C monitors (Table F.1)

3. The damping and inertial controllers are implemented directly in the actuator

basis
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4. Interferometer Sensing and Control (ISC) command signals are introduced and

re-oriented to the Cartesian basis in the ISC2CART matrix (Table F.3)

5. The signals are then passed into a blocking stage based on the watchdog

6. The CART2ACT matrix converts the ISC signals from the Cartesian basis into

the actuator basis so that they can be added with the signals from the controller

(Table F.2)

7. Signals from the RPP damping and inertial control are added to the ISC com-

mand signals

8. After passing through the master switch, the signals are sent to the DAC

The transformation matrices rely on the relative orientation of the sensors and

actuators to each other and also to the global ETF coordinate system. Figure F.3

displays the relevant positions as used in creating the matrices.

Table F.1: L-4C inertial seismometer to global ETF Cartesian basis transformation
matrix.

L4C2CART H1 H2 H3 V1 V2 V3

x 0.333 0.333 −0.667 −0.025 0.015 0.009

y −0.577 0.577 0 −0.004 −0.019 0.023

rz 1.123 1.123 1.123 0 0 0

z 0 0 0 0.333 0.333 0.333

rx 0 0 0 −0.219 −1.239 1.459

ry 0 0 0 1.558 −0.968 −0.589

The interaction with the real-time control model is done through Experimental

Physics and Industrial Control System (EPICS) Motif Editor and Display Manager

(MEDM). A screen capture of the RPP master control overview screen is displayed

in Figure F.4.
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Figure F.2: Simulink model for the computer control of the RPP system. The signals
introduced on the left are composed of L-4C and the ISC commands. The outputs to
the voice coil actuators are on the right.

Table F.2: ETF Cartesian basis to actuator basis transformation matrix.

CART2ACT x y rz z rx ry

H1 0.333 −0.577 1.667 0 0 0

H2 0.333 0.577 1.667 0 0 0

H3 −0.667 0 1.667 0 0 0

V1 0 0 0 0.333 −2.273 1.870

V2 0 0 0 0.333 −0.483 −2.903

V3 0 0 0 0.333 2.756 1.033



246 APPENDIX F. STANFORD RAPID PROTOTYPE PLATFORM

F
ig
u
re

F
.3
:
L
o
ca
ti
on

of
th
e
L
-4
C
se
is
m
om

et
er
s
an

d
th
e
ac
tu
at
or
s
fo
r
th
e
R
P
P
.
T
h
is
in
fo
rm

at
io
n
is
u
se
d
in

cr
ea
ti
n
g

th
e
tr
an

sf
or
m
at
io
n
m
at
ri
ce
s
as

d
is
p
la
ye
d
in

T
a
b
le

F
.1
,
F
.2
,
an

d
F
.3
.



F.3. COMPUTER CONTROL 247

Table F.3: Interferometer Sensing and Control (ISC) input to ETF global Cartesian
basis transformation matrix.

ISC2CART Length P itch Y aw

x 0 0 0

y 1 0 0

rz 0 0 1

z 0 0 0

rx 0 1 0

ry 0 0 0

Figure F.4: RPP master control screen. Clicking on any of the control areas brings
up related displays where the settings can be changed.
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F.4 Control Loops

The main control need for the RPP is to damp the natural resonances of the platform,

to provide a little inertial isolation, and to provide a way for the SPI to control the

platform’s position through the ISC control. The plant transfer functions are plotted

for all degrees of freedom in Figure F.5. The damping controllers’ horizontal and

vertical Bode plots are shown in Figures F.6 and F.7 respectively. These controllers

are shown for the H1 and V1 degrees of freedom in Figure F.8. The control loops

were implemented and Figure F.9 shows the platform motion in selected directions

both with and without control.
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Figure F.5: RPP plant transfer functions showing the natural platform resonances in
the actuator basis.
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Figure F.6: RPP horizontal damping and inertial controller Bode plot.

Figure F.7: RPP vertical damping and inertial controller Bode plot.
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Figure F.8: RPP H1 and V1 degrees of freedom plant and controller Bode plots.
The damped traces are calculated based on the controller implemented. Measured
responses are shown in Figure F.9.
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Figure F.9: Comparison platform motion of selected RPP channels with, and without,
inertial damping control.
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Fiber Tests

The laser light used by the Seismic Platform Interferometer (SPI) first needs to be

introduced into the vacuum chamber. Of the possible methods, a vacuum feedthrough

and fiber optic delivery was chosen for the SPI prototype. This was preferred because

it allowed simple coupling of the light to the host platform for the optical levers.

A fiber feedthrough also avoids possible challenges due to changes in the index of

refraction of air. (An optical window allows light to pass through air external to the

vacuum system and could result in additional phase noise in the light due to changes

in n.)

G.1 Feedthrough Design

Ideally an optical, vacuum feedthrough would meet the following requirements:

• Be aLIGO ultra-high vacuum (UHV) compatible (utilizing metal-to-metal

seals) and utilize materials on the approved vacuum materials list (Coyne,

2009a)

• Be able to operate at the aLIGO UHV levels

• Allow transmission of 1.5 µm light in polarization maintaining (PM) fiber

without substantially reducing the transmitted power (desire less than a 25%

(≈ −1.25 dB) power insertion loss)

253



254 APPENDIX G. FIBER TESTS

• Not significantly add phase noise to the transmitted light (the phase noise added

must remain below the SPI laser frequency requirement)

• Have minimal polarization wander (polarization wander is subsequently con-

verted into power fluctuation in the SPI so it must remain below the SPI rela-

tive intensity noise (RIN) requirement)

• Interface with standard vacuum hardware such as the ConFlat R© flanges already

in use in the aLIGO vacuum system

• Have an FC/APC connector on the air side enabling connection to the laser

pigtail

Since no commercially available feedthroughs that met the above requirements

were located, a prototype was built and tested in the Stanford ETF.

G.2 Feedthrough Prototype

A 1.5 µm PM fiber vacuum feedthrough was constructed and tested for the SPI

prototype. This feedthrough utilized an OZ Optics hermetically sealed and metalized

fiber pigtail assembly number: MEPMJ-3A-1550-8/125-1-60-30-0-1.06. This pigtail

had an FC/APC connector on the air side and a short section (approximately 10 cm)

of metalized fiber on the vacuum side of a PM fiber. A gold plated Kovar R© ferrule

was pre-assembled on the metalized fiber creating a hermetic seal having a specified

He leak rate of < 10−5 ATM·cc
s

, 7.6 · 10−6 Torr·L
s

(1.01 · 10−6 Pa·m3

s
) (OZ-Optics, 2009).

The OZ Optics assembly was then soldered into a stainless steel KF vacuum flange

using zinc-chloride (ZnCl2) as a flux for ADD-HERE
TM

solder. ADD-HERE
TM

is a

silver-bearing acid flux solder sold for HVAC repair work, which has a high (75 %)

Pb content.

The assembly was then leak checked with no indicated leak down to the system

sensor floor of 10−9 Torr·L
s

(1.33 · 10−10 Pa·m3

s
). Finally, an in-vacuum section of PM

fiber patch cord was spliced on using a PM fusion splicer, completing the feedthrough.
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Ideally, polyimide coated fiber would be used for in-vacuum. The prototype used

a jacketed fiber patch cord which is not aLIGO vacuum compatible because while

1.3 µm PM fiber is available off-shelf with a polyimide coating, 1.5 µm fiber is “special

order”. A picture of the feedthrough components are shown in Figure G.1.

Figure G.1: KF flange and PM metalized fiber feedthrough. Note the metalized
portion of the fiber extending approximately 5 cm beyond the ferrule.

In principle, the prototype feedthrough (less the in-vacuum spliced fiber portion)

is aLIGO vacuum compatible because of the metal-to-metal sealing methods. While

this prototype utilized materials and methods designed to meet the strict aLIGO

requirement, no cleaning, baking or out-gas testing was performed.

G.3 Feedthrough Testing

The optical performance of the light launched from the fiber was tested with the

following experiments. While changes such as polarization wander could not be mea-

sured directly with the optical configuration, inference can be made as to their overall

effect. The main tests involved comparing the RIN (or power stabilities) and pointing

stabilities of light passing through the feedthrough both with and without a polarizer.

The experiments without the polarizer provide a baseline noise floor for that par-

ticular configuration. This way, when the polarizer is added, polarization wander is
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converted into amplitude fluctuations. A limit can then be assumed for the polariza-

tion wander by comparing the RIN from experiments with and without the polarizer.

Since no alternative feedthrough was available, direct comparison testing had to be

conducted between data collected with the feedthrough and without the feedthrough

(installing a section of PM patch fiber in place of the feedthrough). Since the patch

cord could not enter the vacuum system these comparison tests were conducted in

air but with the same optical layout as later vacuum tests. The relative intensity

noise (RIN) of the launched light, as shown in Figure G.2, displays the lowest

level without the feedthrough or polarizer. This means that polarization wander

is generated by the fiber (comparing the no polarizer, no feedthrough case to the

polarizer, no feedthrough case). It is also worth noting that in this test it seems that

polarization wander is not made significantly worse by the feedthrough (comparing

the polarizer, no feedthrough to the polarizer, feedthrough case).

The tests of the fiber feedthrough indicate that it does not significantly reduce

the performance over what is achieved from PM fiber itself.

G.4 Fiber Testing

The fiber noise in terms of RIN and pointing stability was then measured at vacuum

using the optical setup as described in schematic form in Figure G.3. The RIN for

the in-vacuum measurements is shown in Figure G.4. This indicates that there is

some polarization wander in the light because the traces show a different RIN when

the polarizer is in place. If one assumes that all of the amplitude fluctuations are

caused by polarization wander, then this wander can be plotted as a function of angle

as in Figure G.5.

The quad photodetector (QPD) also measured the pitch and yaw of the launched

light (Figures G.6 and G.7, respectively). Polarization changes of the light do

not seem to have an effect on the pitch stability. In contrast, the polarizer used to

maintain a steady polarization of the light entering the SPI from the fiber seems to

impart a lot of yaw noise. This is not well understood. Another noteworthy item

is that if an ASE source is used (with a very short coherence length) instead of a
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Figure G.2: The RIN of the fiber feedthrough tested. The intensity noise is lowest
without the feedthrough or polarizer. While the RIN is less without the feedthrough,
there does not seem to be a significant difference in the cases with the polarizer.
Two traces to compare, the no polarizer and no feedthrough case to the no polarizer
with feedthrough case may indicate excess RIN coming from a source other than
polarization wander in the feedthrough. Also plotted is the dark noise as measured
on the detector showing the measurement noise floor.

Orbits LASER 1550 nm Air Side Vacuum Side

LIGO Compatible

Feedthrough

Free-Space

Coupler Polarizing

Beam

Splitter

Quad

Photo-Diode

Pickoff

Pitch / Yaw Signal

ISO

PM FiberPM Fiber

Figure G.3: Schematic diagram of the setup used to test the optical noise and per-
formance of the PM optical fiber as used in the SPI.
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Figure G.4: RIN of the light from the PM fiber in vacuum both with, and without,
a polarizer. The difference in the traces indicates that there is some polarization
wander imposed on the light as it is propagating along the fiber.

Figure G.5: If all of the difference in the RIN of the light from the fiber with the
polarizer is attributed to polarization wander, this graph shows the angle of that
wander with respect to frequency for a one hour data run in vacuum. In collecting
this data, the fast-axis of the PM fiber was oriented 45 ◦ with respect to the polarizer
reducing the nominal power to

√
2
2

of the fiber output power. This helps linearize the
coupling of power to angle and simplifies this approximation.
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laser (which has an extremely long coherence length), the pointing stability is greatly

improved at low frequency. The source of this is elusive but could be related to

backscatter of parasitic interferometers similar to what was shown in Figure 7.1. A

parasitic interferometer could be supported by a laser but might not be established

using light from an ASE source.

Figure G.6: The pitch pointing stability of the light from the fiber does not seem to
be affected significantly by changes in the light’s polarization. This is indicated by
the close matching of the two traces. The detector noise is the recorded level from
the detector and associated electronics with no incident light on the QPD.

In Figure G.8, the pitch and yaw time series are plotted for one minute of

collected data. This provides an idea of the RMS values for the pointing stability

of the light launched from the fiber. One issue with the QPD is that if the beam is

not centered on the detector, power fluctuations show up as pointing instability. The

in-vacuum Lisajous plots have been corrected for power by: Angle = QPDangle −
Powerincident on QPD · β where β is a scale factor found by the least squares fit of the

Powerincident On QPD and the QPDangle. The angles corrected are shown in Figure

G.9. Other plots of the full test data follow in Figures G.10, G.11, G.12, and

G.13.
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Figure G.7: The yaw stability of the fiber is a strong function of the polarizer. When
in place, the polarizer causes a significant increase in the apparent pointing noise at
low frequency.

G.5 Future Experimental Work

While the above tests estimate the optical performance of the PM fiber as used for the

SPI, there are many other noise sources that could be investigated. Some of the noise

that is seen in the aforementioned data could be a result of the following potential

noise sources, any of which could be studied in detail:

• Electronic noise, perhaps more of a factor when there is incident light on the

QPD.

• Temperature changes in the fiber, optical table, laser, and mounts that might

change the light pointing, the geometry, or the location of the sensor.

• Parasitic interferometers perhaps are formed in some of the optical elements

that may be contributing to higher yaw noise levels with the polarizer in place.

• Non-Gaussian beam shaping that could also couple into the optical lever mea-

surements and become problematic.
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Figure G.8: Scatter plots of one minute of QPD data. The detrimental effects of
air on the pointing stability are quite clear. In the in-vacuum cases (comparing the
lowest two plots), using the same optical setup as when in air, it is also obvious that
the polarizer tends to increase the yaw recorded motion. The lever arm from the
launch point to the QPD is ≈ 0.65 m.
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Figure G.9: Scatter plots of one minute of QPD data. The coupling of light amplitude
fluctuations have been compensated resulting in much less apparent motion.

Figure G.10: Complete data set of the power stability measured in W on the QPD.
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Figure G.11: Complete data set of the power stability measured as RIN on the QPD.

Figure G.12: Complete data set of the pitch stability of the launched light.
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Figure G.13: Complete data set of the yaw stability of the launched light.

Finally, while some estimates have been made as to the fiber induced pointing and

polarization stability, measurements on the optical phase noise added by the fiber

would be of interest but were not pursued. The experiments measuring the frequency

noise of the laser were conducted with the fiber and feedthrough. In that case, all of

the frequency noise was assumed to be from the laser itself while in reality a portion

of it could be phase noise induced in the fiber delivery.
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IFO interferometer. 85, 91, 112

ISC Interferometer Sensing and Control. 31, 122, 127–129, 133, 243, 244, 248
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LISA Laser Interferometer Space Antenna. 5, 6

LLO LIGO Livingston Observatory. xxiii, 13, 23, 213

LSU Louisiana State University. 213

MEDM Motif Editor and Display Manager. 10, 120, 122, 244

MIT Massachusetts Institute of Technology. 41, 204, 213

MZ Mach-Zehnder. 85, 91, 93, 103

PCB printed circuit board. 231

PM polarization maintaining. 26, 88, 89, 110, 155, 156, 160, 253–256, 260

PSL Pre-Stabilized Laser. 8

PZT piezo-electric transducer. 96, 98, 105, 109, 120, 158–160

QPD quad photodetector. 91, 100–102, 108, 110, 117, 120, 122, 140, 154, 230, 231,

256, 259, 260
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RCG Real-time Code Generator. 118

RIN relative intensity noise. 105, 108, 254–256

RLG ring laser gyroscope. 36–38

RMS root mean square. 134, 140, 143, 147, 148, 259

RPP Rapid Prototype Platform. xxiii, 17, 19, 25, 86–88, 91, 112, 118, 123, 128, 129,
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S-13 Geotech S-13. 219

SISO single-input single-output. 17

SM single mode. 110

SNR signal to noise ratio. 28
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TEM transmission electron microscope. 221

TMD Tuned Mass Damper. 214–216

UHV ultra-high vacuum. 7, 8, 26, 81, 91, 155, 214, 253

UUGF upper unity gain frequency. 129

VRB Vacuum Review Board. 154


