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Abstract

We discuss the development and expected performance of a table-top experiment for measuring
quantum fluctuations in a suspended-test-mass interferometer. The ultimate goal of this experiment
is to perform measurements of the quantum noise-limited displacement sensitivity of the interfer-
ometer at the level of the standard quantum limit (5x107° m/v/Hz at 100 Hz). The case is made
for an experiment that will show the feasibility of preparing a macroscopic quantum-limited sys-
tem within a regular laboratory environment. This will be achieved by suspending a cryogenically
cooled, high-finesse, optical cavity via a multi-stage suspension. We motivate the utility of our ex-
periment in providing an increased understanding of the nature of quantum fluctuations in current
and future gravitational wave detectors, as well as opening an avenue for research into aspects of
macroscopic quantum mechanics and quantum gravity. We explain how these requirements drove
our design specification. Given the extremely small displacements in question, particular attention
is devoted to discussing noise mitigation, with a focus on the suppression of seismic and thermal
noise.
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Introduction

The standard quantum limit (SQL) is an elusive target in the field of fundamental quantum mechanics
and a soon-to-be formidable obstacle in fields of precision measurement such as gravitational wave
(GW) detection. It is our goal to make the first measurements of the SQL in a ‘table-top’ experi-
ment and enhance our understanding of the behaviour of macroscopic quantum systems. This paper
describes the motivation and design of this experiment, with a particular focus on the mitigation of
noise sources, including the novel use of silicon test-masses.

Precision measurements are concerned with the detection of very weak signals. In these applica-
tions, the primary concern is often the reduction of noise sources, which can very easily overpower
the signal. Many state-of-the-art instruments used in the precise measurement of displacements use
interferometric read-out, which utilises the interference of laser beams to obtain a very sharp response
on scales smaller than the size of an atom. Continued improvements in noise reduction mean that the
field of precision measurement has reached the quantum frontier. It is not often that we observe the
effects of quantum uncertainty in a macroscopic system. However, at the level of precision attainable
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with current instruments, the quantum fluctuations on the microscopic scale begin to compete with
the measured signals.

Our ability to suppress many noise sources, such as thermal noise and seismic noise, is quite exten-
sive. However, the effects of quantum uncertainty upon measurements (collectively termed quantum
noise) provide an imposing limit to the sensitivity of instruments. The theory surrounding the origins
of quantum noise in interferometric devices has been extensively studied [I}, 2, 3], leading to the de-
velopment of the so-called standard quantum limit (SQL): a strong limitation on precision enforced
by the quantum nature of light.

The current pinnacle of precision measurement has been attained by gravitational wave (GW)
detectors. The Advanced LIGO detectors [4]—amongst the current leaders in GW detection—have
reached a strain sensitivity of 4x10~2% Hz='/2 at their most sensitive frequency of around 100 Hz [5].
These detectors are already limited by quantum noise in the high-frequency region of their detection
band [6] and it is likely that future generations of GW detectors will be able to surpass current
performance to the point of reaching the SQL [7]. Techniques for exploiting quantum correlations
to improve the sensitivity below the current quantum limit have already been explored by e.g. [§].
The use of squeezed vacuum states of light to reduce so-called shot noise has been experimentally
verified and applied to great effect in increasing the detection rate of GW sources by the Advanced
Virgo detector [9]. Furthermore, Siidbeck et al. have recently demonstrated the use of Einstein-
Podolsky-Rosen entanglement to tackle the low-frequency component of quantum noise [10]. Recent
developments at the Advanced LIGO detectors have shown evidence of existing quantum correlations
surpassing the SQL [I1]. However, the quantum noise spectrum was inferred from a subtraction of the
classical noise dominant over the frequency range of sub-SQL quantum noise. Despite these successes
in the suppression of quantum noise, to date, a macroscopic, quantum-noise dominated system at the
level of the SQL has not been realised.

In light of this focus on the GW community, much of the discussion below will be in relation to
GW detectors and the measurement and noise suppression techniques they employ. Of particular
interest to us will be the developments taking place at the AEI 10 m prototype facility [12]: the first
large-scale facility designed to operate at the SQL in the future.

To appreciate the utility of our experiment, it is important to ask whether improvements beyond
the SQL are of interest. In the context of GW detectors, the answer is a resounding ‘yes’. Improving
the sensitivity of the existing detectors will allow for the detection of merger events earlier, which will,
in turn, allow for simultaneous observation of these events with telescopes detecting in the electromag-
netic spectrum [13]. Furthermore, sensitivity gains at higher frequencies may enable measurements of
the neutron star equation of state [I4]—a result which could lead to profound advancements in many
fields of physics. On a fundamental level, simply measuring the SQL will lead to tests of theories
of macroscopic quantum mechanics, such as those explored by Chen [I5]. A small-scale experiment
operating at the SQL would provide a better platform than the few kilometre scale facilities, which
already serve the purpose of GW detection.

Reaching the Standard Quantum Limit

In a broad sense, the quantum fluctuations that limit the precision of interferometers as tools of
displacement measurement can be understood as the consequences of the Heisenberg uncertainty
principle, applied to the laser light and its interaction with the test masses (mirrors). The quantum
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fluctuations (often referred to as quantum noise in reference to their undesirable presence in GW
detectors), can be separated into two principle sources. These are the so-called shot noise and radiation
pressure noise. A rigorous derivation can be found in the work by Kimble et al. [16]. However, a
thorough discussion of the origin of these two phenomena will be omitted in the interests of brevity,
as the final result of the full treatment should suffice for our purposes.

The quantum noise power spectral density (PSD) for a Fabry-Perot interferometer topology is
given by [3]:
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is the so-called standard quantum limit. For these equations, we have adopted the convention used in
the derivation by Miao & Chen. [3]. Most of the quantities above retain their usual definitions and
Ty and P, are the power transmissivity of the input test mass and circulating (intra-cavity) power
respectively.

From Equations[I] and [2] it can be shown that the minimum quantum noise achievable is given by
Ssqr, which occurs when x = 1. This is the point where the radiation pressure noise, given by the
term linear in x, balances out with the inversely scaling shot noise. Due to the frequency dependence
of k, this minimum-uncertainty condition cannot be met for all frequencies simultaneously and thus we
arrive at the common understanding of the SQL as a surface of minimum uncertainty, which places a
lower bound on the quantum noise in the interferometer read-out. For a given detector configuration,
the SQL will only be reached at one particular frequency. Figure[l]illustrates a representative quantum
noise spectrum in amplitude (ASD), with the SQL frequency placed at 100 Hz. Through consideration
of Equation [1] and Figure [1, we can see there are three qualitatively distinct regions of interest. The
region below the SQL frequency, where the radiation pressure noise dominates, the region above the
SQL frequency, where the shot noise dominates and the region at and around the SQL frequency,
where both noise sources contribute significantly. A similar result was derived by Enomoto et al. for
the quantum noise in the angular degree of freedom [17].

These quantum fluctuations cannot be easily revealed due to the usually dominant presence of
other noise sources. The presence of coating thermal noise is a particular concern due to its significant
contribution around the peak sensitivity of existing GW detectors [I8] [19]. In light of this, our exper-
iment will consist of a suspended optical cavity in the Fabry-Perot configuration, cryogenically cooled
inside an evacuated cryostat chamber. The silicon test masses will be coated to a high reflectivity
resulting in high cavity finesse. This should ensure the necessary low-noise operation required to reach
the SQL but comes with many design and control challenges. Each of these decisions will be justified
in due course.

Many of our design features will be familiar to those acquainted with current generation GW
detector technology. However, a noteworthy departure is our choice of a Fabry-Perot topology as
opposed to the Michelson topology ubiquitous in terrestrial GW detector designs. The quantum noise
in a Michelson configuration has an almost identical form to Equation [} and, in fact, the SQL surface
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is given precisely by Equation [3, Hence we can concern ourselves with the simpler and more compact
Fabry-Perot topology without loss of insight into the nature of quantum noise in GW detectors.

The control of a suspended, high-finesse optical cavity is challenging and thus our first goal will
be to lock and control the cavity for a substantial period of time. Whilst it may seem that this
would be just one of the many necessary steps along the road to achieving the greater goals of the
experiment, we anticipate that the difficulty of this task will deserve its special place as the first of
three milestones along this road.

The remaining milestones will both be measurements of the quantum noise spectrum. Reaching a
shot-noise dominated state would not constitute a particularly novel result given the current generation
of GW detectors such as Advanced LIGO already operate at a shot-noise limited sensitivity [4]. The
two remaining regions, however, provide a good illustration for our primary goals. Upon locking the
cavity, we aim to perform measurements of the radiation pressure noise using a prototype
suspension design. This would constitute the first measurement of the so-called quantum back-action
effect in a suspended-test-mass interferometer (a recent measurement of quantum back-action has been
performed in the kilohertz range using a cantilever experiment [20]). Ultimately, we aim to measure
the SQL sensitivity, the far more challenging region, which will require the final, low-noise iteration
of the suspension design. In this case we will be considering the use of a silicon substrate, which
should further aid us in the reduction of the limiting thermal noise.
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Figure 1: Model of quantum noise for a 10 cm Fabry-Perot cavity with 10 g mirrors of 10 ppm transmissivity.
The SQL noise level is shown with the quantum noise curve intersecting at a frequency of 100 Hz.
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Overview of Design and Initial Constraints

Unlike in the case of GW detectors and similar measurement devices, we are not trying to minimise
the effects of quantum noise, which leads to a somewhat different set of requirements. However, much
of the inspiration for our design comes directly from the decades of theoretical and experimental
expertise that have culminated in the success of detectors such as Advanced LIGO [4] and Advanced
Virgo [21]. Much inspiration has also been drawn from the designs of the AEI 10 m [12] prototype,
which aims to operate at a quantum limited sensitivity much like our experiment and KAGRA [22],
from which we can understand the challenges of cryogenic operation.

In order to reach the desired level of sensitivity and measure the behaviour of a quantum limited
system at its SQL frequency, the optimised solution will have to take into account the constraints
of space, practicality, material availability and cost. Furthermore, many of the aspects driving our
design are intimately linked, such that we cannot simply consider the design decisions as leading from
one to the other in a linear fashion.

Some considerations are, however, more limiting than others and are effectively immutable aspects
of our design. This is best exemplified by the geometric constraints placed upon the experiment by
our choice of cryostat. The maximum volume available for our suspension and cavity is constrained
by the innermost cylindrical shield of the cryostat with dimensions of approximately 75 cm in height
and 30 cm in diameter. It is clear from current GW detectors that thermal noise poses a substantial
barrier to measurements of the SQL (see for example the Advanced LIGO noise spectrum [4]). As
such, one of the first design requirements was to be able to cool the test masses down to cryogenic
temperatures. The choice of available cryostats for this task is rather limited and thus this places a
hard constraint on the space available for our experiment.

The need for some form of suspension is clear when we consider the seismic noise spectrum in
comparison to the quantum noise level. Figure [2| shows the on-site seismic noise ASD in comparison
to the expected quantum noise level. One existing solution would be to attach the mirrors to some rigid
base plate, effectively making the transferred ground vibrations common to both mirrors. However,
this defeats one of the primary aspects of our design, which is to measure the quantum fluctuations
between ‘free’ masses. This is achievable for masses that have been suspended with resonances well
below the frequencies of interest. Nonetheless, the loss of a rigid connection between the mirrors means
that a effective seismic noise suppression system has to be designed to ensure that ground vibrations
do not significantly transfer into the differential motion of the cavity.

The exact shape of the quantum noise spectrum is largely driven by our choice of mirrors and is
also a primary concern, which we can discuss with little reference to the remainder of the design. The
only variable within Equation [3]for the SQL curve is the mirror mass. This inverse scaling is favourable
for our goals of a table-top experiment as a smaller mass both raises the level of the SQL and leads to
a more compact experiment. We have chosen a mirror mass of approximately 10 g as a compromise
between a desire for small mirrors and allowing for a feasible suspension design. The SQL frequency
was chosen to be 100 Hz in reference to the frequency of peak sensitivity of Advanced LIGO [4]. This
decision is motivated by the fact that we are constrained to approximately the same frequency range
due to relatively similar limitations (e.g. suspension resonances at similar frequencies). In a more
direct sense, we also wish to provide an analogous system to modern GW detectors as we expect these
to be the primary beneficiaries of our results.

For the goal of measuring radiation pressure noise, we have chosen to use a high-finesse cavity.
This will consist of mirrors with a power transmissivity of around 10 ppm, or a cavity finesse of
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approximately 10°. High finesse leads to a higher build-up of circulating power inside the optical
cavity for a given input power. A higher circulating power raises the level of the radiation pressure
noise (see Equation , which is beneficial for our quantum back-action measurement. However, the
high-finesse cavity will pose a substantial challenge in terms of control and locking and thus aspects of
our design are significantly affected by this constraint. The cavity length is variable and will be chosen
to achieve the highest level of stability. The cavity length can be tuned within a range of 5-15 cm.
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Figure 2: On-site seismic noise shown together with the expected quantum noise in the system. A suspension
will be necessary to suppress the seismic noise by over 10 orders of magnitude in order to reveal the quantum
noise.

Design Choices and Noise Suppression

The remaining design decisions were driven by a need to suppress the numerous noise sources that
would otherwise obscure the weak quantum noise. The noise sources that have most shaped the design
are seismic noise and thermal noise and thus deserve the most focus. The design will be discussed below
one aspect or ‘component’ at a time. The low-noise suspension necessary for the SQL measurement
will be an evolution of the prototype design that will serve at least as an initial proof of concept and
we hope will be able to achieve the goal of measuring quantum back-action. In light of this, some
components of the design will be discussed in terms of the prototype and the anticipated changes
that will be made in the ultimate, low-noise design. A simplified diagram of the suspension inside the
cryostat can be found in Figure
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Figure 3: Diagram showing the simplified set-up of the suspended cavity inside the cryostat. The cryocooler
at the top will cool the cold plate down to 10 K. The suspension will hang from this plate, providing cooling
for the mirrors. Windows on the sides of the cryostat sleeve will provide entry and exit for the laser beam after
treatment by out-of-vacuum optics (not pictured).

Active vs Passive Isolation

As has been shown in Figure [2] some form of seismic noise suppression is necessary. Broadly,
the two possible avenues are through passive isolation in the form of a suspension or through active
control. Contemporary large-scale interferometers use a mixture of the two. Examples of active
isolation include the ISIs [23] at Advanced LIGO and the inertial control of the Superattenuator [24]
at Advanced Virgo. Passive isolation is almost universally achieved by multi-stage pendulums, such
as the quadruple suspension [25] of the Advanced LIGO test masses.

In our case, we considered passive isolation only and the added difficulty of introducing active
control of the suspension was determined unnecessary. Furthermore, the current design avoids the
need for in-vacuum sensors, actuators or any other form of electronics that would need to operate at
cryogenic temperatures. Although out-of-vacuum seismometers for active isolation have been consid-
ered, this would require significant alternations to the stock cryostat design and thus will be avoided
if possible.

Isolation Stages

The number of suspension stages was determined by considering the required level of seismic noise
suppression at 100 Hz together with the feasible range of resonant frequencies (between 0.5 Hz and
5 Hz for the upper and lower limit of pendulum lengths reasonably achievable within the lab space
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available). IT is well-known that each stage of isolation adds an extra 1/w? level of suppression above
its resonance. Using straight-forward analysis of multiple pendulums, We can use the equation:

T, ()~ 2 (1)

S
where G is the product of the system’s resonant frequencies, to determine the approximate number
of stages necessary to achieve the desired level of suppression at 100 Hz. We find that 4 stages of
isolation should be sufficient to reduce the seismic noise from the approximately 1071° m/ VHz at
100 Hz, as suggested by Figure [2| to below the 10~ m/\/E required. An even larger number of
stages is, in theory, beneficial as long as the resonances remain below the detection band. However,
the design should be constrained to the smallest number of stages necessary as more stages will be
more difficult to align and handle from a practical standpoint, as well as potentially leading to higher
cross-couplings from other degrees of freedom. Figure |4 shows a model of the expected (damping-free)
performance of the suspension.
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Figure 4: On-site ground motion and the expected seismic noise transferred to the cavity length measurement
compared to the quantum noise model. The multi-stage suspension is shown to suppress the seismic noise
sufficiently to reveal quantum fluctuations around the SQL frequency.

The masses at the ends of the pendulum suspension stages will be constructed from high-purity
aluminium, which has two primary purposes. Aluminium exhibits very high conductivity of around
10* W m~! K~! for temperatures close to the expected 18 K operating point [26]. This high thermal
conductivity will increase the efficiency of conductive cooling and thus lowering the cooling time.
Furthermore, the low density of aluminium means we can ensure a lightweight construction. This
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is important for the efficiency of the damping of the mirror resonance, the significance of which is
discussed below. The suspension stages will inevitably be substantially heavier than the 10 g mirrors,
which reduces the efficiency of damping applied higher up in the suspension stack and any weight-
reduction measures are beneficial.

Suspension Wires

The masses and mirrors will be suspended by wires. The prototype suspension will consist of
tungsten wires as a compromise between high thermal conductivity and high strength. In the interests
of low thermal noise and better seismic suppression (see references [27, 28] for discussion of suspension
thermal noise), the wires should be as thin as possible. The range of diameters under consideration for
tungsten is from 40 pm to 400 um. However, this is in opposition to the requirements for a large cross-
sectional area in order to cool the suspension efficiently. This is an important consideration as the
cooling rate through the wires will be the bottleneck in the conductive cooling process. Aluminium
was considered for this role due to its high thermal conductivity. However, the low yield stress of
aluminium makes it unsuitable.

A later consideration will be a monolithic fused silica/silicon suspension for the final mirror stage.
The excellent, low-noise performance of a silica fibre suspension is readily apparent in the final stage
of the Advanced LIGO test mass suspension [29]. However, such an advanced design will not be
considered for the prototype suspension, particularly because a monolithic suspension does not allow
for easily changeable mirrors.

Differential Mode Suppression

The cavity mirrors will be suspended from a single penultimate stage. This allows us to retain
some of the benefits of attaching the mirrors to a rigid base plate. In this sense, the idea is that all
of the motion transferred to the penultimate stage will then be common to both mirrors and thus, in
theory, there will be no coupling of seismic noise into differential cavity motion. In reality, however,
the imperfect balancing of the two final mirror suspensions will lead to some residual coupling of noise
into differential motion. The expected performance, shown in Figure |4/ has been calculated for a target
discrepancy of 1% between the properties of note such as the final wire lengths and mirror masses.
The feasibility of this target will largely depend on manufacturing tolerances and homogeneity of
materials.

Suspension Blades

Much of the design concerns the suppression of the direct horizontal-to-horizontal coupling of
seismic motion. However, it is also necessary for us to also consider the suppression of vertical motion,
due to its cross-coupling to horizontal motion. The vertical resonances of the suspension wires are
mostly above the detection band and, therefore, very little vertical motion is filtered out from the
lower suspension stages. To this end, we have designed suspension blades in much the same vein
as those found in the upper stages of the Advanced LIGO quadruple suspension [25] and in general
amongst most passive isolation systems for large-scale optics. The prototype blades may be machined
from stainless steel due to its relatively low cost and familiarity in current GW detectors. However,
stainless steel is a poor conductor of heat at cryogenic temperatures. Therefore, it is unlikely that this
material will be used in the final, low-noise suspension design.

Mirror Substrate
The mirror substrates considered are silicon and silica. It is expected that both of these substrates
will be used in the different iterations of our design and hence we require a laser that is appropriate for



2"d GRavitational-waves Science & technology Symposium (GRASS 2019), Padova, IT

both materials. The choice of 1550 nm was quite natural given both substrates’ good optical properties
at this wavelength. The discussion of substrate can then be isolated to a discussion of thermal noise
contributions at room temperature and at the desired cryogenic operation. A detailed description of
substrate thermal noise can be found in references [30} 31, 32]. The key component of thermal noise
that we are interested in is the so-called loss angle of the material—a measure of fraction of stored
energy that is dissipated by the material due to thermal losses.

The loss angle of silica (predicted to be as little as 4x 10719 [33]) is promising for room temperature
operation. However, this beneficial property does not persist at low temperatures, where a large peak
in loss angle (rising to 107?) makes it unsuitable for use as a mirror substrate [34, 26]. Due to its
availability and good room temperature properties, it remains the preferred candidate for the room
temperature prototype suspension.

For cryogenic operation, silicon shows greater promise. The linear expansion coefficient of silicon
passes through a zero at approximately 18 K [26]. The loss angle is predicted to scale with the square
of this coefficient [35], [36], therefore the loss angle is likely to be very low. This special property
of silicon is the primary motivating factor behind our choice of this exact temperature. The later,
low-noise design will most likely incorporate silicon mirrors.

Passive Damping

The high level of seismic isolation at frequencies within and above the detection range comes at
a price. The resulting seismic noise is amplified at and around the suspension resonances as seen in
Figure Whilst the location of these peaks is not a problem, their presence does raise the RMS
cavity motion. Due to the high finesse of the cavity, the resulting error signal for control and locking
will be very narrow and the cavity build-up time will be relatively long (0.2 ms). This has two major
implications. Firstly, we must invest in a high bandwidth actuator. Secondly, it takes a long time to
build up a clean error signal, which places a constraint on how quickly the cavity can swing through
resonance such that the actuator can still acquire lock. For our configuration, we suspect that the
maximum tolerable RMS velocity will be 40 nm s~!. This relatively challenging constraint means that
we will have to significantly damp the resonances of our suspension.

Continuing with our desire for no in-vacuum electronics, we have elected to implement passive,
eddy current damping. This will inevitably lead to a 1/w loss of suppression, raising the seismic noise
above resonances. This is the reason for the seemingly larger-than-necessary suppression shown in
the damping-free model in Figure The exact location of the eddy current damping is still under
investigation there exists a compromise between more effective damping closer to the final mirror
suspensions and the resulting increase in thermal noise.

Laser Actuation

As stressed above, a key aspect of the design is the avoidance of in-vacuum electronics. The lack of
any active control or in-vacuum actuators means that the cavity will be left in a ‘free-swinging’ state.
In order to lock the cavity, we will therefore actuate on the laser frequency rather than on the mirror
positions. By controlling the carrier frequency of the laser to keep it on resonance with the constantly
drifting cavity, we can achieve an analogous effect to actuating on the mirrors themselves but with
all of the feedback sensors and actuators remaining at room temperature, out-of-vacuum and easily
accessible.
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Noise Budget and Conclusion

The prototype suspension is currently in the final stages of design with the aim of reaching the first
two milestones of our experiment: locking the cavity and measuring quantum back-action. Figure
shows the noise budget for this initial design at room temperature. According to this noise budget,
it is our expectation that these goals are within reach. However, it is clear that the quantum noise
floor will be obscured by other noise sources in the prototype and thus measurements of quantum
fluctuations around the SQL will be impossible.
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Figure 5: Noise budget for the room temperature prototype. It should be feasible to measure quantum back-
action in the region around 100 Hz. In this case, the SQL frequency has been increased in order to boost the
radiation pressure component of quantum noise at 100 Hz. The peak sensitivity (at SQL) will not be measurable
at room temperature, however.

Currently, we have some planned improvements that will be implemented in the low-noise design,
such as the use of silicon substrate. However, many of the design decisions are yet to be finalised.
It is expected that the prototype run of the experiment will reveal many unforeseen challenges, both
within the initial locking phase and when we attempt to cool the suspension down. Future reports
will be able to give a more realistic estimate of the low-noise performance.

Conclusion

We have presented the motivation and development of a table-top experiment for measuring the
quantum fluctuations in a suspended-test-mass interferometer. The two primary motivations are
to provide enhanced understanding of the nature of quantum noise in terrestrial gravitational wave
detectors and as a springboard for future experiments seeking to test theories of macroscopic quantum
mechanics and quantum gravity.
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The experiment consists of a cryogenically cooled, suspended Fabry-Perot interferometer with 10 g
mirrors. The relatively compact nature of the experiment means that the design can be more easily
reproduced and may lead to a greater availability of macroscopic quantum-limited systems for future
fundamental research.

The experimental can be separated into three distinct milestones. The high finesse (10°) of the
cavity makes the locking and control of the cavity challenging and thus the first of these goals is
to achieve lock acquisition and control. The next goal will be to perform measurements
of quantum back-action, followed by the final goal of measuring the peak sensitivity of the
system at the so-called standard quantum limit (SQL).

The first two goals will be achieved with a prototype design, which has been the primary subject
of discussion in this report. Upon successful implementation of the prototype, we will transition to
a cryogenic, low-noise solution, operating at the required level of sensitivity to reach the SQL. Our
principle concern with the future performance of this experiment is the presence of thermal noise,
particularly that originating from the coating and the final stage of the suspension. This will therefore
likely constitute the primary focus of future research and development.
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