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ABSTRACT

A Search for Scalar Ultralight Dark Matter Using Optical Cavities

Andra-Maria Ionescu

Scalar field ultralight dark matter (ULDM) couples to ordinary matter to induce time oscilla-
tions in fundamental constants such as the fine structure constant « and the electron mass, m,,
which can be detected as oscillating strains in solids. We describe and demonstrate a new ULDM
detection method which searches for resulting differential shifts in the resonant frequencies of two
Fabry-Pérot cavities in the spectrum of the beat note between two laser beams resonant with them.
Two possible implementation schemes are considered.

The first scheme involves a comparison of two cavities with rigid spacers of different lengths.
Its realization and first results constitute the main focus of this work. A new apparatus was built,
featuring high-finesse cryogenic cavities, designed for optimal stability to vibrations. A custom 4 K
cryostat reduces the thermal noise, such as that associated with thermal fluctuations of the mirror
surfaces, by almost one order of magnitude compared to a room-temperature setup. Multiple stages
of horizontal and vertical vibration isolation decouple the cavities from laboratory vibrations. A
room-temperature ultra-stable optical cavity filters the laser frequency noise. The first results from
this newly-built apparatus improve by one to two orders of magnitude upon previous bounds from
direct detection experiments at frequencies around 5 kHz and between 20 kHz and 90 kHz.

A second implementation scheme, where one of the cavities has its mirrors attached to a rigid
spacer, while the other is made of two suspended mirrors, could provide an avenue for improving
the sensitivity in future generations. Preliminary research on the construction of the suspended

cavity is presented toward the end of this work.
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CHAPTER 1
INTRODUCTION

The overwhelming success of the Standard Model is evidenced by the accuracy with which its
prediction had been tested in both low-energy table-top experiments and at high energy in particle
accelerators, but numerous questions still remain unsolved. A major grievance is that the Standard
Model, as it stands now, does not account for a majority of the mass observed in the Universe.

Studies of gravitational interaction on galactic and cosmological scales suggest that about 85%
of the total matter content of the Universe and around a quarter of its critical energy density is com-
posed of non-baryonic, non-luminous matter known as “dark matter”. However, despite decades
of experimental efforts, no direct detection of dark matter has ever occurred, and its composition
and non-gravitational interactions with Standard Model particles so far remain elusive. Under-
standing the nature and properties of dark matter represents one of the salient current challenges in

fundamental physics.

1.1 Dark matter overview

The most widely accepted cosmological model to date is the ACDM (Lambda Cold Dark Mat-
ter) model. Within this paradigm, the Universe is flat, expands with an acceleration characterized
by the cosmological constant A, and consists of 4.9% baryonic matter, 68.5% dark energy and
26.5% dark matter (DM) [1]. Of the properties of the latter, very little is understood. Its inter-
actions with electro-magnetic forces, if at all existent, are very weak (hence “dark™). It is also
color neutral, although it is possible that it is subject to weak interactions. It has a long lifetime,
on a scale similar with the age of the Universe, since dark matter which determined the distribu-

tion of the cosmic microwave background must still exist today. In order to be consistent with
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the formation of large-scale structures in the Universe, it also needs to be non-relativistic (cold).
Additionally, it is expected to have very weak self-interactions, as inferred from studies of galaxy
cluster mergers [2].

The existence of dark matter is concurrently supported by a variety of independent astronomical

observations at different scales. We enumerate some of the most prominent ones here.

1. Velocity dispersion of galaxies: The first hints of the presence of undiscovered non-luminous
matter came from Zwicky’s study of galaxy clusters [3]. Based on observed velocity disper-
sion of galaxies in the Coma cluster and employing the Virial theorem, he inferred values
for the mass of the galaxies that were much greater than those of the visible objects. While
the disagreement was later ameliorated when additional mass from a halo of hot gas was
discovered, a significant gap - about a factor of 6 - between the predicted and measured mass

remained, a finding that was later confirmed in other galaxy clusters, as well.

2. Galactic rotation curves: Additional evidence for dark matter on galactic scales has emerged
from the rotational velocities of stars in spiral galaxies. In equilibrium, balance between
gravitational and centrifugal forces imply a 1/4/r dependency on radius of the velocity of
stars situated at the periphery of the galaxy. This expectation was, however, contradicted by
Doppler shift spectral line measurements, which revealed the rotation curves to be flat far
beyond the region where most of the mass is concentrated ([4, 5]). These observations are
consistent with the presence of a halo of non-baryonic matter of a radius much larger than

that of the visible matter.

3. Gravitational lensing in galaxy clusters highlighted a distribution of the total mass that was

different from that of the baryonic matter, detected by its X-ray radiation [6].

4. Cosmic microwave background radiation (CMB): At cosmological scales, the existence

of dark matter is supported by the observed fluctuations in the cosmic microwave back-
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ground. Decoupled from the baryonic matter at the time of recombination, prior to which
the two evolved together due to their strong interactions through Compton scattering, the
CMB has imprinted in its density distribution the baryonic distribution at recombination. Its
striking uniformity thus indicates that the baryonic distribution at early stages of the Uni-
verse was similarly uniform, a condition which would have prevented the formation of large
scale structure in the Universe. The presence of a gas of cold dark matter can resolve this
inconsistency, by having the potential to provide the necessary initial density fluctuations

required for the production of the large-scale structures we observe today.

5. Big Bang nucleosynthesis (BBN): BBN refers to the production of nuclei heavier than hy-
drogen which occurred between around 10 s and 20 min after the Big Bang. Models of BBN
that assume the presence of baryonic matter only underestimate the density of deuterium
present in the Universe. However, the inclusion of dark matter reconciliates the predictions

with the observed values [7].

All the observations above could be utilised to predict the relative proportions of dark matter
to baryonic matter in the Universe, rendering ratios consistent with the ACDM model. Thus, the
evidence for the existence of dark matter is compelling and, while alternative explanations exist
in the form of modified theories of gravity (e.g. [8]), none of these theories currently succeeds to
adequately explain all the observations, particularly at large scales.

Notwithstanding our ability to measure the dark matter mass on astronomical scales through
various independent methods, the mass of its individual constituents is very much unknown. Its
Compton wavelength has to be smaller than the scale of the smallest known structures (brown
dwarves), otherwise their formation would have been prevented. This sets a lower limit on the
dark matter mass of 10722 eV [1]. Model independent upper limits come from the condition of
stability against tidal effects on visible structures within dark matter halos, which restrict the dark

matter mass below a few solar masses [9]. An example candidate at these scales comes in the form
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Figure 1.1: Diagram representing some of the main dark matter candidates, spanning more than
80 orders of magnitude in mass

of primordial black holes (black holes formed in the early Universe, before BBN) [10, 11]. Thus,
the possible mass range for dark matter covers a tremendous parameter space, extending over more
than 80 orders of magnitude, over which many models have been hypothesized (Fig. 1.1).

For a long time, searches for dark matter focused on particle-like candidates, either in the form
of individual particles, or as composite objects [12]. Among these, a particularly attractive option is
represented by a weakly interacting massive particle (WIMP)[13]. These are particles with masses
ranging from about 10 GeV to O(TeV), produced thermally in the early Universe via freeze-out
[14], which can interact with the Standard Model particles via W and Z bosons. Introduced to solve
the hierarchy problem [15], the elevated interest that WIMPs have seen has also been motivated by
the fact that the predicted amounts of WIMP particles adequately explain the observed dark matter
mass. However, years of searches using nuclear recoil experiments and particle colliders (e.g. [16,
17]) have not so far lead to any detection and, as their parameter space is gradually being ruled out,
efforts started being redirected towards different classes of DM candidates.

In this context, ultralight dark matter (ULDM) with mass mg < 10 eV stands out as a com-
pelling alternative [18, 19]. Such light particles are necessarily bosonic [20], as otherwise Pauli’s
exclusion principle, in conjunction with the existence of an upper bound for the dark matter veloc-

ity in order to remain trapped in the galactic gravitational potential, would prevent the accumula-
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tion of a large enough density of dark matter to agree with observations (condition known as the
Tremaine-Gunn limit [21]). Moreover, if they are to constitute all or a majority of dark matter in the
Universe, they have to be characterized by a high mode occupation number (Nyp = nyA2, » 1),
which allows them to be treated as a classical field. As such, searches of ultralight dark matter
target effects related to their coherent behavior.

Notable ULDM candidates, classified based on their behavior under Lorentz transformations,
are scalar fields (e.g. the dilatons and moduli that arise in string theories), pseudo-scalars, such
as the axion and axion-like particles (ALPs) and vectors (an example of which would be the so-
called ”dark photon™). Out of these, an especially promising candidate is the QCD axion, which
was theorized as the Goldstone boson of a potential new symmetry (the Peccei-Quinn symmetry)
postulated as a solution to the strong CP problem [22], but could also explain the observed dark
matter density. Axions and ALPs can be produced non-thermally via the misalignment mechanism
[23] and can be detected via their conversion to photons in an electro-magnetic field as the result
of its mixing with photons.

For the rest of this work we will focus on an ultralight candidate with a scalar, parity-even,
coupling to the Standard Model. The properties of a scalar field as dark matter and its effects on

observable physical quantities are explored in the next section.

1.2 Ultralight scalar field dark matter

As a potential dark matter candidate, a scalar field is well-motivated: it is consistent with the
Standard Halo Model (SHM) for dark matter and it is a natural product of beyond Standard Model
theories such as string theories, in which it can arise as dilatons and moduli. Similar to axions,
it can be produced through vacuum misalignment, where the field, displaced from its equilibrium

position in its initial state, starts oscillating when the Hubble rate becomes similar to its mass.
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1.2.1 Scalar field Lagrangian

Under the assumption of negligible self-interactions, scalar ULDM with a mass m, can be
represented as a classical, non-relativistic, field, which can be incorporated into the Standard Model

by the following addition to the Lagrangian density Lg, [24]:

C- % 606 — V(6) + Lsar + Lont. (1.1)

The first two terms convey the kinetic and potential energy associated with the scalar field ¢. The
last term represents the interaction of the scalar field with standard model particles.
The potential term V' (¢) can be expressed as a Taylor expansion in ¢, of which only the first

few terms are typically kept:

V(g)= ), 7" (1.2)

The simplest model, which we will consider here, is a quadratic potential, which gives the field its

mass:

vig) =5 (M) (1.3)

The conclusions we derive remain intact, however, with the inclusion of higher order terms. The
Euler-Lagrange equation applied to the Lagrangian of the scalar field in vacuum, renders the Klein-

Gordon equation:

(@W+(%§f)¢=m (14)

the solution of which describes a field undergoing both temporal and spatial oscillations:
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o(t) = Ppcos (wet — k- 1). (1.5)

Here, w, = myc? /N is the Compton angular frequency.

The amplitude @, as will be discussed in section 1.2.4, is stochastic. However, under the
assumption that the scalar field constitutes all (or a majority) of the dark matter in the Universe, its
average value:

h

Q) = ——1/2ppu (1.6)
mecC

is related to the local dark matter density ppy.

1.2.2 Oscillation of fundamental constants

The simplest possible interaction of scalar field dark matter with the standard model fields can

be described by linear terms in the Lagrangian of the form:

o Varhe ; { d, B4

E. @F;MJFMV _ dg2_g3G;1yGAN«V _ Z (qu + ’Ymdg)mqaqwq} . (17)

q=e,u,d

Here, I, is the electro-magnetic tensor, G are the gluonic field tensors, 33 is the beta function
for the running of the strong coupling constant gs, 7,, is the anomalous dimension giving the
energy running of the masses of the strongly-coupled fermions, 1, are the fermion spinors and
b, = \/m is the Planck energy. The dark matter energy scales we are concerned with in this
work (« keV) allow for interactions with the electron and up and down quarks only. The strengths
of these interactions are characterized by 5 dimensionless coupling parameters: d. acts on the fine
structure constant oy, d,,., dp,, , dm, couple to the masses of the electron and up and down quarks,

while d,, is a coupling to the QCD mass scale As.
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Meanwhile, at these low energies, the Standard Model Lagrangian can be, in turn, written as:

1 1 — -
Loar =~ FuwF"™ = GG + 3 (10, D(A, g ANV — mgbgiy) . (1.8)
q=e,u,d

The first two terms are related to bosonic interactions for a gauge field A. The third term represents
weak and strong interactions with the electron and the u and d quarks. [)(A) is the Dirac operator
coupled to the gauge field A.

The addition of £;,; to the Standard Model Lagrangian leads to a summation of similar terms
that manifests itself as an effective modification of the fundamental constants «q, m., m,, mq and
A3. We hereby focus on the first two, which have direct implications for the work presented here.

For instance, the terms associated with the electro-magnetic interaction add up to:

1 L, Vdrhe 1 5 1 Vdrhc 5
—4—€2FMVF'u + EP de¢4_62FHVFM = _4_62 <]- - Ep de¢> F;AVF“ ) (19)

equivalent to an effective transformation:

1+ ”4Wﬁcde¢> . (1.10)

Qo
oy — e
"1 (Vizhe/En)dep ( E,
The approximation is valid at linear level, which is the level at which we consider couplings

here. Similarly, the terms corresponding to the interactions with the electron field sum up to

— Mt e (1 + —ng‘c dpm, ¢) , leading to an effective electron mass:

e — TN (1 + '4Wﬁcdme¢) . (1.11)

Ep

The ¢(t) dependence of these constants implies effective temporal and spatial oscillations at the

Compton frequency of the scalar field:
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da(t,x) _ devégrhcgzﬁ(t,x),

o (Oté ) 411) h (1-12)
me(t,x) whe
Te = dme—EP Qb(t,X) .

It is worth mentioning that while higher order couplings are possible (for instance, quadratic cou-
plings would cause oscillations at twice the Compton frequency), their effect is suppressed by a
factor of (¢/Mp)"~', where n is the coupling order and M, the Planck mass. Moreover, in the
case of models with quadratic coupling, screening mechanisms in the vicinity of massive bodies
are expected to diminish the sensitivity of terrestrial experiments. Such models will therefore not

be considered here.

1.2.3 Effect on the Bohr radius

The time and space oscillations of the electron mass m,. and of the fine constant structure « are
reflected in effects on the Bohr radius, as follows:

h hoo1—YEd.g

t) = = 1.13
a(t) me(t)cal(t)  mecaq + Virhe | ¢ (1.13)
P €

or

dag(t) — dme(t) daf(t) = (do+d )_V‘lﬂhc(b (1.14)
e Me EP ) :

ap Me a(t)
This modulation affects the size of atoms and of chemical bonds, resulting in, for instance, modu-
lations of the atomic energy levels and modulations of the lengths of solids [25, 26]. The resulting
ULDM 7strain” driving the length of a solid is given by:
VAarhe

hou(t) = —(de + dme)T¢- (1.15)
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This is the effect that the experiment described in this work exploits.

1.2.4 Stochastic properties of the bosonic field

The most common model for the dark matter distribution, dubbed the Standard Halo Model
(SHM), stipulates that the dark matter particles in galaxies are trapped and virialized in their grav-
itational potential, forming a spherical halo which extends far beyond the luminous matter, char-
acterized by an isotropic Maxwell-Boltzmann velocity distribution, with a cut-off determined by
the escape velocity. For our galaxy, the dark matter has a local density ppy ~ 0.4 GeV /cm? [20,
27]. As the Solar System moves through the galactic halo towards the Cygnus constellation with a
velocity relative to the galactic rest frame v, ~ 230 km/s ~ 10~3c, an observer in the Solar System
frame measures a spread in the DM velocities v,;,- ~ 166 km/s [28]. Ignoring the cut-off (at 650

km/h), as well as anisotropies, the velocity distribution can be expressed as:

1 _ 2
F(¥) = gz 37 &P (—(VZU—QVg)) , (1.16)

vir vir
where the bold characters denote vectors.
The spread in velocities results in a spectral broadening of the dark matter frequency, charac-

terized by a corresponding coherence time related to the dark matter angular frequency wy, :

nh
Te = 5 (1.17)
MUy
and by a coherence length:
Ae = h/(Myvyir) - (1.18)

In order to derive an expression for the frequency distribution, it is convenient to first rewrite the
distribution in Eq. (1.16) in terms of the velocity amplitude, by switching to a polar coordinate

system (v, 0, ¢), with 6 being the angle between the directions of v and v, and then integrating
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over the angular coordinates:

21 pm 1 2 + 2 _ 2 0
F(U)d’l} = (J J m exp (_U Ug 9 QUUg COS( )) ’U2 sm(@)d@dgb) dU, (119)
0 0 TV v

vir

which can be further simplified as:

2 v? + 02 v
Flo) = /2 _ 9 ) ginh [ =2 ) 1.20
(U> \/;Umjrvg b ( 21}31’7” ) . (Ugir) ( )

The angular frequency of a particle can be related to its distribution via the Doppler shift:

02
W = Wy (1 + 2—02) X (121)
which leads to:
dw = w—jvdv =% /o (i — 1>dv. (1.22)
c c We
Using the relation:
Fv)dv = F(w)dw , (1.23)

2

and introducing 7 = v,/v,;, as well as plugging in 7. = ¢?/(w,v2;,), we obtain:

2 2 v? + 02 2
P = P =2 g (Y ()
VWe T Vyir Vg 205, Vyir ) VWe
92 2 2¢% (w/wy — 1) + v? A/2 -1
\ﬁ - (— ey — 1) 9) sinh <C (/o = 1)y (1.24)

202 V2

vir vir

= \/g% exp <—%2> exp ((w — wy)7) sinh (77 2(w=wo) Tc> ‘
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Figure 1.2: Dark matter distribution as a function of the dark matter velocity (left) and angular
frequency (right), displaying the characteristic asymmetrical profile

Expressed in terms of the observed (Doppler shifted) Compton frequency w), = wy (1+ ve/ (2¢%)),

we can finally rewrite the frequency distribution as:

F(w) = %% exp (—n?) exp ((w - w;S)Tc) sinh (77\/772 + 2(w — w:b)fc> ) (1.25)

This equation defines the dark matter characteristic lineshape, which is crucial for making infer-
rences on a dark matter coupling from experimental data (as will become evident in section 7.4).
An important feature of the lineshape is its high degree of asymmetry, a signature of a dark mat-
ter signal that helps differentiating it from noise peaks of a different origin. Note that during the
last step of the previous derivation we assumed the normalization condition SSO (F(w)dw = 1/2
instead of 1, which is equivalent to redefining F'(w) — F'(w)/2. The factor of 2 accounts for the
fact that experimental frequency-domain data to which the distribution would apply represents the
positive part of a two-sided power spectral density. This modified expression is consistent with
reference [29].

The consequence is that rather than having a unique frequency, the dark matter field is a sum
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Figure 1.3: Simulation of the amplitude of the dark matter field. Shaded region illustrates the
average field amplitude, given by Eq. (1.6) (corresponding to the limit where the total observation
time 1},; » 7.). Inset shows the field in the T},; « 7. limit, where the field has a sinusoidal behavior
over all modes of different frequencies distributed according to the probability distribution given
by Eq. (1.25). As a result of the interference of the different field modes, the dark matter field

will behave stochastically, with an amplitude drawn from a Rayleigh distribution and the phase

uniformly distributed between 0 and 27[30].

1.2.5 Relaxion

A different scenario for a scalar ULDM field is the so-called “relaxion”, a ultralight field with a
scalar coupling to the Higgs boson. While it was first proposed to solve the electroweak hierarchy
problem [31] (essentially the 17 orders of magnitude discrepancy between the Higgs boson mass
~ 125 GeV and the Planck mass), a relaxion field can also explain the dark matter density in the
Universe [32]. Relaxion models allow for the formation of gravitationally bound objects, known
as relaxion stars, some of which could be trapped by an external gravitational potential, forming
halos [33]. In the eventuality of such a halo having formed in the potential of the Earth or Sun,
that would considerably increase the local DM density. Under this scenario, the sensitivity of

direct DM detectors, which is dependent on the local DM density, could be augmented by orders
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of magnitude.

The possible mass range of such a halo is restricted by astronomical observations. The tightest
upper constraints, which come from lunar laser ranging for a halo bound to Earth and from plane-
tary ephemerides for a solar halo, are summarized in reference [33] and illustrated in Fig. 1.4.

The coherence length for a relaxion halo is effectively its radius Ry,;,, determined by the
condition that the halo is in gravitational equilibrium. An implication of experimental consequence
is that coherence times can be much longer than in the SHM. In the case of a halo bound to Earth,
which is more relevant for the current work, and assuming that the radius of the halo is larger than

that of the Earth, coherence times can be shown [33] to be approximately:

2 -9 3
7= Mottt 03 (10 eV) (1.26)

my (eV/c?)

Figure 1.4: Limits on the possible density of a relaxion halo around the Earth (red) and Sun (blue)

taken from reference [33], expressed as a ratio to the local dark matter density in the SHM pp,,, =
0.4 GeV/c?

1.3 Current bounds on bosonic scalar field DM

We conclude this overview of scalar field ULDM by providing a brief account of some of the

various implemented and proposed techniques for the detection of scalar ULDM, as well as current
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Figure 1.5: Current (solid lines) and projected (dashed lines) bounds on d,,, . Details in text

limits on its coupling. A summary plot, showing both existing and some projected limits, together
with theoretical constraints, is provided in Fig. 1.5. Many of these results are also reviewed in
more detail in [18].

Some of the most stringent bounds on d,,. over a wide frequency range come from tests of
equivalence principle (EP) violation, most notably from the Eot-Wash experiment (the torsion bal-
ance experiment at University of Washington [34, 35]) and the MICROSCOPE mission, a space-
based differential electro-static accelerometer [36]. Scalar couplings to the SM fields lead to a
Yukawa-type term to the gravitational force (a "fifth force™), which, in the case of a non-universal
coupling, leads to an EP violating acceleration [24]. The combined bound from the aforementioned

experiments is represented by the light blue region labeled "EP violation”.
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A second class of experiments are represented by direct detectors, which search for oscilla-
tions of fundamental constants induced by a scalar coupling by looking for their effects on atomic
transitions or on the lengths of solids. In contrast with the EP violation tests mentioned before,
the sensitivity of these detectors is dependent on the local abundance of dark matter, which makes
them particularly favorable in scenarios that predict an increased dark matter local density (such
as the relaxion model).

Among the most sensitive detectors for oscillations of fundamental constants are atomic clocks.
Optical clocks are primarily sensitive to variations of o, whereas microwave clocks are sensitive
to both o and the proton-electron ratio mass m,/m. and more weakly to m,/Aqcp. Experiments
comparing two clocks using different species and hence having different sensitivities to dark mat-
ter (e.g. Rb/Cs [37]) place bounds on d. in the uHz to mHz range. Comparisons of atomic clocks
with other frequency references such as ultra-stable optical cavities are sensitive to both d, and d,,,,
at higher frequencies (up to the order of 100 MeV). Illustrated in Fig. 1.5 are bounds from com-
parisons of a Caesium clock [38] (labeled as ”Cs-cavity”) and a Strontium clock [39] (”Sr-cavity”)
with optical cavities, as well as a comparison of a Rubidium clock with a quartz oscillator [40]
("Rb/quartz”). Moreover, by using spatially separated atomic clocks and cavities one can attain
sensitivity to couplings that typically cancel out in co-located atomic clocks experiments (results
from such an experiment [41] are denoted by "GPS” and ”Spatially separated cavities”). Prospec-
tive sensitivities of future experiments involving microwave and optical atomic clocks [25] and
molecular clocks, such as StOH [42] are also shown in Fig. 1.5.

Bounds from other experiments comparing frequency stable oscillators include frequency com-
parisons of a H-maser with a Si-cavity [43] and of a bulk acoustic wave quartz oscillator with a
H-maser and a cryogenic sapphire oscillator [44].

Spectroscopic measurements in molecules are also sensitive to fundamental constants oscil-

lations. Results obtained from the spectroscopy of molecular iodine (I5) spectroscopy are also



CHAPTER 1. INTRODUCTION 38

presented (denoted by “’Todine”)[45].

Additionally, the effects of scalar ULDM on atomic energy levels can be exploited in atom
interferometers such as MAGIS [46], prospective limits from which are also provided (for the
100 m version of the interferometer, MAGIS-100, as well as a potential 1 km-long version).

Optical interferometers can also constitute scalar ULDM detectors. Michelson interferome-
ters such as the Fermilab Holometer [47] or gravitational-wave detectors (e.g. GEO600 [48]) are
sensitive to dark-matter induced oscillations of the thickness and index of refraction of the main
beam-splitter, which affect the optical path difference between the arms. A Mach-Zender fiber
interferometer with unequal arm lengths was also used to compare the length of a single optical
cavity at different times (the DAMNED experiment [49], labeled as ”Cavity-fiber”).

All the experiments mentioned so far can serve as broadband detectors of a scalar ULDM
field. The sensitivity of interferometers and optical cavities can also be enhanced if the dark matter
frequency happens to coincide with a relevant mechanical resonance of the detector. Additionally,
several current or future experiments focus on the resonant detection of a scalar field. In particular,
the ultracryogenic resonant bar AURIGA [50] places tight upper bounds in a narrow frequency
range around 900 Hz. Acoustic mechanical resonators consisting of superfluid He or single-crystal
solids such as a sapphire cylinder test mass, a sapphire micropillar resonator or a quartz bulk
acoustic wave resonator have also been proposed [51] (their expected sensitivities are represented
by dots in Fig. 1.5).

Some constraints on the value of d,,, also come from astrophysical considerations. For in-
stance, measurements of the cooling of red giants restrict the value of d,, below the red line.
Values of the mass on the left side of the vertical lines are also excluded by astrophysical observa-
tions (see references in [18]).

For reference, Fig. 1.5 also includes naturalness limits for d,,,_ corresponding to a cutoff of the

Yukawa modulus of 10 TeV (the black dashed line) or equal to the electron mass (the grey dashed
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line). The regions above these lines are excluded by the scale of radiative corrections to the scalar

mass without fine-tuning.

1.4 Overview of work presented

In this work we explore a new method for searching for scalar ULDM that relies on the detec-
tion of a differential modulation in the lengths of two Fabry-Pérot cavities, due to the oscillation
of the Bohr radius. Such oscillations would emerge as frequency modulations in two beams nearly
resonant to the cavities, which can be detected, for instance, in their beat note. The two beams
originate from the same laser to eliminate common mode noise. The key element is the use of
two cavities which have different response functions to a dark matter drive. Two potential ways of
accomplishing this are outlined here.

The first of them involves the use of two ultra-stable cavities with spacers of different lengths
and exploits the difference in the response of rigid objects to a mechanical drive above and below
their mechanical pole. The implementation of this scheme and its first results (presented in Fig.
1.5 as “cavity-cavity”’) constitute the main focus of this work.

A second proposed method would be a comparison between two equal-length cavities, one
with its mirrors connected by a rigid spacer and one LIGO-like cavity, consisting of two suspended
mirrors. In this case, a scalar field would cause oscillations in the length of the rigid cavity below
its mechanical pole, while for the non-rigid cavity its effects would be suppressed by many orders
of magnitude by the low frequency pendulum they are suspended from. The results of some initial
research and development associated with the implementation of this scheme are presented towards
the end of this thesis. While its realization has been put on hold due to technical challenges related
to the stabilization of the suspended mirrors, this second scheme could provide a path for improving
the sensitivity of the experiment in future generations.

I joined this project at its inception and, as such, had the chance to participate in all the de-



CHAPTER 1. INTRODUCTION 40

(b)

pendulum

spacer

non-rigid

cavi
— beam splitter ty

Figure 1.6: Diagram of the experiment for the two versions of the experiment involving either (a)
two rigid cavities or (b) a rigid and a non-rigid cavity

velopment stages of its first generation, from the initial experiment planning, to the design, com-
missioning, construction and testing of the apparatus, concluding with the collection and analysis
of the data set that constitutes the result of this experiment cycle. These experiences collectively
make the subject of this thesis.

The remainder of the thesis is structured as follows:

Chapter 2 lays the foundations for understanding the experiment. It starts with an overview of
optical cavities and an introduction to some of the experimental techniques involved. It follows
up with the derivation of the apparatus response and, finally, an evaluation of the prospects of the
experiment in relation to the fundamental noise sources.

The following three chapters delve into each of the main subsystems of the apparatus. Chapter
3 addresses the design, construction and assembly of the optical cavities. Chapter 4 discusses the
optical and electronic setup for the generation and detection of the beat note. Chapter 5 examines
the cryostat inside which the experiment is conducted and the various stages of vibration isolation
employed to isolate the cavities from external disturbances, a requirement for achieving high strain
sensitivity. A detour into the methods used for measuring the mechanical resonant frequencies,

which represent an essential component in the interpretation of our data, constitutes the subject of
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chapter 6.

Chapter 7 focuses on the data collection, analysis and results. The Bayesian framework used
to interpret the measured beat note as a constraint on d,,, is explained. New bounds on the dark
matter interaction and a comparison with other experiments are presented.

Finally, in chapter 8 we showcase some work conducted at the early stages of the experiment
towards the construction of a non-rigid cavity, including initial prototypes of suspended mirrors

and first steps towards achieving their active position control.
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CHAPTER 2
OPTICAL DETECTION OF A DARK MATTER-INDUCED STRAIN

The ability of the two cavities to act as a dark matter detector originates in their unequal re-
sponse functions to a ULDM field. This response is determined by two effects: a mechanical
component, represented by the length change of the cavity under the influence of a dark matter
drive and an opto-mechanical component, given by the conversion of the cavity length change to a
frequency modulation detectable in the beat note. In this chapter, we establish the groundwork for
understanding how optical cavities can serve as strain detectors and develop a mathematical model
that captures the response of our detector to a potential dark matter-induced strain. Furthermore,
we present theoretical estimates of the fundamental noise for the current two rigid cavities com-
parison, as well as for a potential future scenario involving a comparison between a cavity with a

rigid spacer and a non-rigid cavity made of suspended mirrors.

2.1 Fabry-Pérot cavities as strain detectors

2.1.1 Optical cavities fundamentals

A Fabry-Pérot cavity consists of two highly reflective parallel mirrors facing each other. This
configuration acts as a resonator, as light traversing the cavity can form a standing wave, provided
a fixed relationship between the distance between the mirrors L and the laser frequency f (the

resonant condition) is upheld:

nc

F=51 2.1)
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Figure 2.1: Diagram of a Fabry-Pérot cavity illustrating the incident, reflected, transmitted and
intra-cavity (circulating) fields

with n an integer denoting the longitudinal mode order and c the speed of light. Hence, optical
cavities serve as frequency filters, allowing only a narrow range of nearly-resonant frequencies to
pass through, a property which makes them highly effective in laser frequency stabilization.

To analyze the characteristics of the fields inside the cavity, let us consider an optical cavity
formed by two mirrors with reflectivities r;, and r,,; and transmissivities ¢, and ¢,,;, placed at
a distance L from each other, as depicted in Fig. 2.1. Self-consistency of fields demands that the
electric field circulating inside the cavity at a time ¢, F.(t), can be formulated as a sum of two
components: the fraction of the incident field F;, transmitted through the first mirror at time ¢ and
the field that entered the cavity at time ¢ — 27" and has undergone a reflection at each mirror (here

T = L/cis the one-way photon travel time through the cavity):

E(t) = tinEim(t) + rinroue > B (t — 2T), (2.2)

where k = 27/) is the wave number and the e~2*% factor ensures phase continuity between the
incident and reflected beams at the second mirror interface.

In the steady state, for a non-varying input field, F.(t) = E.(t — 2T") = E,, in which case the
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intra-cavity field takes the form:

tinEin
E.= (2.3)

1- rinroute_QikL '

It is easy to see that the field equation admits an infinite number of equally spaced maxima, cor-
responding to longitudinal resonant modes and occurring at light wavelengths for which kL is
a multiple of 7 (which is equivalent to Eq. (2.1)). The separation in frequency space between

consecutive longitudinal modes is referred to as the cavity free spectral range (FSR) and equals:

C

Jrsr = o (2.4)

We introduce a few properties of optical cavities that are relevant going forward:

* Cavity linewidth: The FWHM (full width at half maximum) of the cavity resonances is
commonly referred to as the cavity linewidth and is determined by the reflectivity of the

mirrors and the cavity length, as follows:

5f C . 1— TinTout c 1-— TinTout (2 5)
= —— aresin | — X ) .
7TL 2\/ TinTout 27TL LV TinTout

* Finesse: A parameter used to characterize the sharpness of the resonances and defined as the

ratio of the FSR to the cavity linewidth:

TA/TinT ou
F_ frsr ~ t ; 2.6)
6f 1- TinTout
* Light storage time: The time in which the intra-cavity field decays by a factor of e after
the incident light is turned off. It can also be understood as the mean time a photon spends

inside the cavity and is proportional to the cavity finesse:
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2L 1 2FL
Te=—— A > ; 2.7
¢ In(rinTout) e

* Cavity pole: For reasons that will become clear in section 2.1.3, the half-width of the reso-
nance is referred to as the cavity pole, f,. It represents the frequency above which variations

in the intra-cavity field are suppressed and is related to the storage time by:

Jo

(2.8)

2T,

The approximations in Eq. (2.5-2.7) are valid provided that the mirrors have high reflectivity
(Tin ,Tout ~ 1). This is most often the case for real-world cavities and is applicable to all the
cavities featured in the research presented in this thesis.

It follows from Eq. (2.1) that there is a direct relationship between the fluctuations in the cavity

length (the displacement noise) and the frequency noise of a beam resonant with the cavity:

Af AL
J L

From a practical standpoint, this implies that high reflectivity, narrow linewidth, length-stable cav-

(2.9)

ities (such as cavities with a rigid spacer connecting the two mirrors) can be used to reduce laser
frequency noise, provided that the frequency of an incoming beam is maintained in resonance with
the cavity through a locking technique. Conversely, variations of the distance between the mir-
rors will be reflected in corresponding shifts in the frequency of the locked laser, allowing such a

system to be an exquisitely sensitive detector of changes in the cavity length.
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Figure 2.2: Left: Standard configuration for the implementation of PDH locking. Right: Example
of PDH error signal as a function of the frequency offset from one of the cavity resonances f,.s,
normalized by the FSR, for a finesse of 1000

2.1.2 Pound-Drever-Hall locking

Locking a laser to the resonance of a cavity involves two key ingredients”: a signal that con-
tains information about the magnitude and direction of the departures of the laser from resonance
(i.e. a frequency discriminator) and a feedback loop that acts on the laser frequency to counteract
these deviations.

Among the various techniques developed for the stabilization of lasers using optical cavities,
one of the most widespread and robust is the Pound-Drever-Hall (PDH) method ([52, 53]), a de-
tailed review - including a full mathematical treatment - of which is provided in [54].

The fundamental idea is that phase modulation at a frequency frpy » 0 f applied to the laser
prior to sending it into the cavity (for instance by using an electro-optical modulator) leads to the
generation of sidebands around the carrier. When the laser frequency is near-resonant, the hetero-
dyne beat between the carrier, phase shifted after passing through the cavity, and the sidebands,
which are directly reflected off the first mirror unaffected by the cavity, measured by a photodetec-
tor in reflection, contains phase information encoding the laser detuning from the cavity resonance.
Subsequent demodulation with the same local oscillator at fpp;;, with a phase adjusted to extract

the imaginary part of the signal, and low-pass filtering (to eliminate high frequency components)
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give rise to the dispersive error signal described by Eq. (2.10) and depicted in Fig. 2.2:

¢ = —4\/P.P.Tm <F(wopt)F*(wopt + woom) — F* (0op) F (wop — wPDH)> , (2.10)

with P, and P; the power in the carrier and sidebands, respectively, w,,, the angular frequency of
the carrier and F'(w) = E,.f(w)/E;,(w) the ratio of the reflected and incident fields.
This error signal is antisymmetric and has a zero-crossing on resonance. Moreover, it is linear
with the detuning dw over a frequency range comparable to the cavity linewidth:
4 ow

~ ——/P.P,— , 2.11
€ - 57 (2.11)

hence being suitable for use in a feedback loop to stabilize the laser frequency.

Significant advantages of this technique are its ability to isolate the effects of frequency fluctu-
ations from laser power fluctuations (because the error signal is O on resonance), thus being (to first
order) insensitive to the latter, as well as its potential to extend the range of the lock past the cavity
bandwidth. However, above the pole, the cavity field cannot track the laser fluctuations anymore,
instead capturing the integrated effect of frequency fluctuations over time. In other words, the PDH
error signal transitions to being a phase, rather than a frequency, discriminator [53] and the sensi-
tivity decreases as 1/f, which is usually reflected in a drop in the frequency noise performance of

the locked laser.

2.1.3 Dynamic response

Eq. (2.3) describes the field inside a constant length cavity in the presence of a non-varying
incident field (the static response). However, to meaningfully interpret the cavity signals in the
context of a potential dark matter coupling, as well as to study the impact of noise, it is key

to understand the dynamic response of Fabry-Pérot cavities. A comprehensive treatment of the
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dynamics of fields in an optical cavity can be found in reference [55]. For the purposes of the
present work, it suffices to analyze the behavior of the optical cavity in the presence of laser
frequency or amplitude fluctuations and of a cavity length modulation.

Since the field variations we are interested in here are much slower than the optical frequency,
for the rest of this section we will, for simplicity, eliminate the fast oscillating component of the
electromagnetic fields by performing a transformation: £ — Ee~*e»t! on the incident, transmitted
and circulating fields (with w,,, being the laser angular frequency). Note that Eq. (2.2) still holds

after this transformation.

Frequency modulation

The frequency response of the optical cavity near resonance can be obtained by applying the
Laplace transform to Eq. (2.2), while imposing the resonant condition kL = nm (we will use the

notation E(s) to denote the Laplace transform of E(t)):

Bu(s) = tinEin(s) + rintoue T Ed(s) . 2.12)

Given that in an experimental setup it is typically the cavity transmission, rather than the intra-
cavity field, that is directly observed, it is more helpful to instead express this relation in terms of
the transmitted field, by recognizing that F; = ¢,,.£.. Then, we can define a transfer function
relating the cavity incident and transmitted fields:

Et(s) tintout

Hy(s) = =~ = (2.13)

Ei (S) 11— Tinraute_QST .

H(s) can be understood as the response of the transmitted field to a frequency modulation of the
incident field at frequency f, where s = 277 f. We can reformulate this transfer function explicitly

in terms of f. We will also assume a low-frequency regime, 27 f1" « 1, which is true for expected
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fluctuations in the laser frequency, due, for example, to noise of mechanical or electronic origin.

In this case, we can approximate:

. tintout
Helf) = s = 2 Ty 2.19)

Combining Eq. (2.6)-(2.8) and noting that 7;,,7,,; ~ 1, the cavity pole f, can be expressed as:

1— TinTout

=_ o 2.15
fo=— (2.15)

Plugging the expression above into Eq. (2.14) and using once again the approximation r;,7 ¢ ~ 1,

we can finally write the approximate low-frequency transfer function:

~ ~F'tintout fp
Hy(f) ~ ( - ) (fpﬂ.f) : (2.16)

It is now easy to recognize this expression as the transfer function of a first order low-pass filter with

a pole at f,, multiplied by a pre-factor corresponding to the total cavity transmission coefficient on
resonance. The behavior of this transfer function is displayed in Fig. 2.4.
Amplitude modulation

It is also possible to derive the cavity response to a pure amplitude modulation of the incident

field, which we assume to be, in the absence of the perturbation, resonant to the cavity:

In the case of a small modulation, the equation for the intra-cavity field can be solved perturba-

tively, by looking for a solution of the form:
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E.(t) = E™ + §E,(t), (2.18)
where E” is the solution to the field equation in the static case, for an incident field E;S). In this

case, Eq. (2.12) can be rewritten as:

B+ 6E(s) = tin (ES) + 0Bin(5)) + rinroe 7 (B +0E(s)) . (219)

The average and perturbation terms can be equated separately, which allows us to rewrite:

0Eo(s) (1= rinToue >T) = tindEpl(s) . (2.20)

The relation above can be converted to a transfer function between an amplitude modulation of the
incident light and its effect in the cavity transmission:

SE4(s tint
. t( ) _ mnbout (221)

B 5Ezn(8) 1-— Tinroute_QST '

HA(S)

This expression is identical with the transfer function previously obtained for a frequency mod-
ulation (Eq. (2.13)). Consequently, in the low-frequency limit s7' « 1, we recover the transfer

function of a low-pass filter:

() ~ (fti;tout> (f szf) , (2.22)

Length modulation

Lastly, assume the optical cavity length suffers a length perturbation 6 L(), as depicted in Fig.

(2.3). In this case, Eq. (2.2) becomes:
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Eo(t) = tinEin(t) + rinToue 2 FEPEOIE (- 2T) . (2.23)
We consider the regime where the length perturbation is small, 6 L(t) « A\ « L. Moreover, we

in”> “in out” “out

L+3L

Figure 2.3: Reflected, transmitted and intra-cavity fields

assume that the incident field is constant and that in the absence of this perturbation the laser is in
resonance with the cavity, such that 2kL = 27n, with n an integer. Under these conditions, the
effect of the length fluctuation can be expressed as a perturbative term JF..(t) added to the static
value of the electric field £ (t) = EY (t — 2T') corresponding to the unperturbed length, c.f.
Eq. (2.2) [56]. In this case:

Ee(t) = BO(t) + 0EL(t)
(2.24)
= tmEln (t) + 7ain?ﬁout(l - 2@k5L(t))(E§O) (t) + 5Ec(t - QT)) .

The static terms can be removed using Eq. (2.2). Then, neglecting the second order perturbation

term, we arrive at:

SE(t) = TinToutO Eo(t — 2T) — 2ikrinroud L(t)) EO (1) . (2.25)
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After again applying the Laplace transform and some rearranging:

(SEC(S> Qikrinrout T
=— 0L(s). 2.26
EC(O)(S) I- Tinroutei%T (S) ( )

The fluctuations of the intra-cavity field due to the mirror motion may appear as modulations in
its amplitude or its phase. As the field derivative dEc/ df = 0 on resonance, small modulations of
the resonant beam lead to negligible amplitude modulation, making phase modulation the primary

effect. We will denote by ¢(t) the contribution to the phase from the length modulation:

E.(t) = EQ (1) ~ EP(1 +ig(t)) (2.27)

which implies:

SFE,(t) = iEO (t)6o(t) . (2.28)

After taking the Laplace transform and plugging the result into Eq. (2.26), we arrive at a relation
between the length fluctuation and the resulting phase modulation:
riinrout

5d(s) = — " OL(s), (2.29)

1-— TinTout

or, alternatively, expressed in terms of the frequency modulation § f(s) = (s/27)d¢(s):

5f(s) = — K TwlowS 55y (2.30)

ml— Tinrout€_2ST

We can then define a transfer function between the cavity strain A(s) = dL(s)/L and the “optical
strain”, the ratio between the frequency noise and the frequency of the laser traversing the cavity,
ﬁopt(s) —6f (8)/ fope- We will refer to this transfer function as the opto-mechanical response of the

cavity:
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~0Pt S k L TinToutS
HOM(S) = ( ) = —— ! (231)

h(S) s opt 1 - rinrout€72ST

2sT

As before, we will look at the low-frequency limit, where e~ ~ 1 — 2sT. By also using the

relation kL/( f,,.) = 27 and plugging in f, from Eq. (2.15), the transfer function reduces to:

if

HOM(f):_f +if'

(2.32)

This expression describes a first-order high-pass filter with the pole at f,.

The cavity transfer functions derived in this section have important implications for the present
experiment. The presence of a scalar field, manifested as a cavity length perturbation, is expected
to be detected as a frequency modulation in the transmission of the optical cavity, as described by
Eq. (2.32). Owing to their high finesse, our science cavities have low-frequency optical poles at
4.7 kHz and 7.4 kHz (as discussed in section 3.5.1 and Appendix A), while the main frequency
band over which we report bounds spans 20-90 kHz (see chapter 7 and Fig. 7.6). As a consequence,
a dark matter signal can be detected in the cavity transmission virtually unsuppressed. On the other
hand, any amplitude or frequency modulation in the measurement band due to laser noise is filtered
away in the transmission signal by virtue of the cavities behaving as low-pass filters, c.f. Egs. (2.16)
and (2.22). This dual advantage makes the use of light transmitted through high-finesse cavities
particularly appealing. The apparatus we present here retains sensitivity at frequencies around and
below the optical poles, as well. In this case the opto-mechanical high-pass filter transfer function
needs to be taken into account (Eq. (2.32)).

To better visualize the effect of the cavity on the dark matter signal, as well as on laser noise,
Fig. 2.4 presents Bode plots of the normalized low-pass filter transfer function (corresponding
to frequency and amplitude modulation) and high-pass filter function (corresponding to length

modulation) previously derived.
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Figure 2.4: Plots of the cavity dynamic responses. Note that the frequency modulation response
also applies to amplitude modulation

2.2 Detector response

We will now derive the response of the two-cavity detector. We will start with the study of
the frequency dependence of the strain produced in one cavity by the oscillation of fundamental
constants. Leveraging insights from this section and the previous one, we will then model how the

differential response of the two cavities is imprinted onto the beat note of the two-cavity system.

2.2.1 Mechanical transfer function

We employ a simple “mass-spring” toy model, where we neglect the inner degrees of freedom
of the cavity and assume that its whole mass is concentrated at a single point situated at one
end [57]. This mass is connected to a reference point placed at the other end of the cavity by a
spring of effective spring constant k. Without a dark matter field, the length of the cavity (and
spring) is L.

In the presence of temporal oscillations of the Bohr radius, the equilibrium length of the
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spring will also oscillate: L.,(t) = Lo(1 + hpy cos (wpyt)), with wy the dark matter angular
frequency and hp,,, the nominal strain amplitude, which depends on the strength of the dark mat-
ter coupling according to Eq. (1.15). Let us denote the corresponding displacement by wupy,(t) =

Ppni Lo €08 (wpyt).
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Figure 2.5: Mass-spring toy model for the cavity deformation

With respect to this new equilibrium length, the presence of dark matter emerges as a fictitious

driving force acting on the cavity:

d2
Fou(t) = —m (@UDM(t)> . (2.33)

The deviation of the cavity from the equilibrium length, u(t) = L(t) — L.,(t) can be described by
an equation of motion that includes the dark matter drive, as well as damping. We assume that the
latter is dominated by internal losses in the cavity spacer crystal and thus model it as a structural
damping term' (proportional in magnitude with the amplitude of the displacement, but in phase

with its derivative) characterized by the loss factor 7. Then, the equation of motion takes the form:

"However, it was verified that for damping coefficients similar to the experimental conditions (p ~ 10~%) the
quantitative difference between the results obtained assuming structural and viscous damping is negligible.
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d?u(t)
e

+ k(1 + in)u(t) = mw?,, how Lo cos (wput) = mw?,, hoy Lo Re(e™PM?) . (2.34)

Eq. (2.34) admits a solution of the form:

u(t) = Re(Ae™rMt) (2.35)

where

d? ' ‘ .
m@(AeWDMt) + k(1 +in) Ae™™M! = me? Aoy Loe™PM! (2.36)

Solving Eq. (2.36) for A(wp,,) renders:
mnghDMLO w]%MhDMLO ((k/m — WIQDM) —ink/m))

B T N ) R e e 2 R

We can introduce wyes = +/k/m, With f,..s = wres/(27) the resonant frequency of the cavity. Then,

after plugging the above expression into Eq. (2.35) and taking the real part, we are left with:

u(t) = hpuLo (a(wDM) cos(wpyt) + B(wpm) sin(wDMt)) , (2.38)
where
a(w ) _ w123M (wr2es _ W%M)
o (w?es - wlsz)Q + 7720'}?65 ’
e 2 (2.39)
B(wDNI) _ DM™res

4

2
(LUQ _MIQ)M) +n2wres

res

It follows that the corresponding strain can be expressed as
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h(t) = %;L” = hnt (1 4 a(wpw)) cos(wWont) + B(wWon) sin(wpyt)) - (2.40)

It is convenient to express the mechanical response of the cavity to the dark matter drive as a

transfer function between the nominal dark matter strain and the physical cavity strain:

Hy(f) = . (2.41)

DM

>

Then, the magnitude and phase of this transfer function are given by:

|Hyu(f)] = \/(1 + a(wpn))? + Blwom)?,

) (2.42)
arg(Hy(f)) = — arctan (%) .

While Eqgs. (2.41) and (2.42) were derived using an exact solution to the equation of motion (Eq.
(2.34)), for small n the response of a simple harmonic oscillator to a prescribed oscillatory dis-

placement provides a good approximation:

1+
(1- (WDM/Wres)2>2 +in

Hy(f) ~ (2.43)

In fact, Taylor expansions of the two expressions in terms of 7 reveal agreement up to O(n*).

A quick inspection of Eq. (2.43) reveals that the optical cavity is sensitive to dark matter up
to the mechanical pole, with a boost in sensitivity around the resonance that is proportional to the
mechanical quality factor of the cavity. Above resonance, the signal starts being suppressed by a
factor proportional to ( fpy/ fres)?-

A more rigorous analysis would incorporate the effect of higher order mechanical modes of the

cavity (see, for example, [58]). However, the symmetry properties of the dark matter drive restrict
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contributions to odd longitudinal modes only. For the current experiment the next contributing
mode (n = 3) is expected, based on finite element analysis, to occur at 129 kHz and 230 kHz,
respectively, for the two science cavities, which falls outside of the measurement range (capped
at 90 kHz). Therefore, the influence of higher order modes is negligible and the simple transfer

function derived in this section is adequate.

2.2.2 Beat note frequency modulation and differential transfer function

Consider two optical cavities of different lengths. A resonant laser beam traverses each cavity.
For simplicity, suppose that the power is adjusted so that the fields transmitted through the cavities
have equal amplitude F;.

In this case, a dark matter coupling characterized by a nominal strain Ay, is revealed as a

frequency modulation in the transmitted fields:

t
Et,x = Ej exp (iwopt,x <(1 + J (HOM,XHM,XhDM COS(WDMt)) dt))

Hou «Hy xh
= Eyexp (iwoptyx (1 4 oM MX by sin(wDMt)t>) }

Wom

(2.44)

where X is a stand-in for indices S and L denoting the short and long cavities, respectively and w,,,,

is the laser angular frequency. The power in the beat note is then:

P~ (Es+ EBi) (B + EfL)
(HOM,SHM,Swopt,S - HOM,LHM,Lwopt,L)hDM

WpmMm

= 2|Ep|? + 2|Ey|? cos (wbeatt + sin(wpyt)t |,
(2.45)
Where Wy... = Weprs — Wope 1, 18 the beat note angular frequency. SInCe wyea, K Wopt.ss Wopt 1., WE CaN

approximate W,,.s X Wop, = Wope. 1hen, after defining the differential transfer function:

Hdiff = HM,LHOM,L - HM,SHOM,S ) (2-46)
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and ignoring the DC component:

Hdiffwopt hom

P = 2|E0|2 COS (wbeatt + SIH(WDMt)t) . (2.47)

WpMm
We recognize this as a frequency modulation with amplitude f,, = |Huq fophon| at the dark matter
frequency, which will appear as a sideband in the signal detected by a photodetector. The extraction
of f,, using a frequency discriminator thus provides a direct measure of hp,,. The transfer function
between h,,, = fn/f.pe and hpy, is the detector response:

h

Adet = tht = |HM,LHOM,L - HM,SHOM,S|- (2-48)
DM

It is worth emphasizing the significance of the fixed phase relationship between the strains of the
two cavities, which results from them sharing the same ULDM drive. The ability to subtract the
two transfer functions coherently provides a boost to the sensitivity of the experiment. This is in
contrast with incoherent noise sources, which add in quadrature. Discarding the phase information
by taking the absolute values of the individual transfer functions before their subtraction would
lead to an erroneous result.

Fig. 2.6 illustrates the qualitative behavior of the transfer functions of the two cavities and of
the resulting detector response. It examines a regime where the optical poles are situated far below
the mechanical poles, so that H,, ~ 1 in the region surrounding the latter. In this case, between the
longitudinal mechanical resonances, the short cavity reacts to dark matter, while the long cavity,
the contribution of which is suppressed, approximately acts as a stable reference. This establishes
a range of maximum sensitivity. The sensitivity declines above and below the resonances, as the
transfer functions either both drop - above the poles - or start canceling each other out - below the
poles (although a differential effect remains beneath the optical poles due to the different opto-

mechanical transfer functions).
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In the case of a differential measurement between a rigid and a non-rigid cavity of equal
lengths, the opto-mechanical transfer functions of the two cavities are identical. The mechani-

cal transfer function of the rigid cavity is represented by the response of its spacer, H,,,,. For the

sSp*
non-rigid cavity, however, length oscillations of the pendulum support, described by its response,
Hy .y, are reduced by each pendulum stage (we can consider /V stages, each characterized by a

resonant frequency fpenq ;) in proportion to the square of the frequency. Hence, the overall appara-

tus response is essentially that of the rigid cavity:

N 2
d,i
Adet = HM,spHOM - H ( p;;; Z) HM,suppHOM ~ ’HM,spHOIVI" (2.49)
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Figure 2.6: Qualitative behavior of the magnitude and phase of the cavity transfer function and
overall detector response. Here, the optical poles are much lower in frequency than the mechanical
ones and 7 = 0.01

2.3 Noise Sources

The sensitivity of the experiment is limited by the aggregate effect of fundamental and technical

noise sources. As long as technical noise sources such as laser noise or noise in the detection
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chain can be controlled at the relevant level, the ultimate sensitivity is determined primarily by
thermal noise in the cavities and shot noise in the detection photodetector, with vibration noise
also factoring in at low frequencies. In this section we examine some theoretical estimates of noise
sources in order to assess the prospects for the parameter space this experiment can target in each

of the two considered scenarios (two rigid cavities or a rigid versus a non-rigid cavity).

2.3.1 Thermal Noise

Thermal vibrations of the atoms in the cavity mirrors, spacers and suspension lead to fluctu-
ations of the axial position and shape of the surface of the mirrors, which are registered by the
detector as fluctuations in the cavity length, thereby introducing noise into the system.

The presence of thermal noise is associated with mechanisms that cause energy dissipation,
as explained by the fluctuation-dissipation theorem. First formulated by Callen and Welton [59,
60], it posits that any irreversible dissipative process in a system in thermal equilibrium leads to
the generation of noise of an amplitude proportional to the mechanical loss corresponding to that
process. Quantitatively, given a system characterized by a generalized coordinate x(t), which
responds with an impedance Z(f) = F(f)/z(f) when driven by an external force F'(f), one can

express the power spectral density (PSD) of z(t) corresponding to the quiescent state of the system,

See(f), as:

kgT
Sm(f) = 7T2Bf2

]

with kg being the Boltzmann constant and 7" the temperature of the system.

In the context of optical cavities, S,.(f) sets a limit on the minimum mirror displacement
that can be resolved as a consequence of thermal noise. The dominant type of thermal noise is
Brownian noise associated with internal mechanical losses (structural damping) in the material of

the mirror coatings and substrates, spacer (for the rigid cavity) and suspension (primarily for the
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non-rigid cavity).

Mirror substrate thermal noise:

The thermal noise associated with the mirror substrates can be derived from Eq. (2.50) by
applying a cyclical pressure with a profile identical to that of the Gaussian beam incident on the
mirror and calculating the power dissipated as a result to find the impedance of the system [61,
62]. The resulting expression for the displacement PSD (in units of m?/Hz), valid at frequencies

below the mechanical resonant modes of the mirror, is:

Qk‘BT 1-— 01271
w2 f E,w

where o, is the substrate Poisson ratio, £, its Young’s modulus, w the beam waist at the surface
of the mirror and ¢,, the loss angle of the substrate material, typically assumed to be frequency
independent.

Coating thermal noise:

An approximate expression for the thermal noise in the mirror coatings is given by [63]:

S _ 2kgT(1—02)t. E2(1+ 0,)° (1 —20,,)° + E2 (1 + 0.)” (1 — 20,)
w0t T F B w? EmE. (1—02)(1—02)

bo. (2.52)

Here, in addition to the quantities previously defined, F., 0. and ¢. are the Young’s modulus,
Poisson ratio and loss angle of the coating and . its thickness. Eq. (2.52) assumes the properties
of the coating are direction-independent, although real-life coatings are anisotropic, with different
values of the loss angle in directions parallel with the coating plane and perpendicular to it.

While the substrates are usually made of single-crystal materials which exhibit very low loss
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angles, the coatings are primarily designed with their optical properties in mind and are typically
made of stacked layers of different materials. As such, thermal noise in coatings tends to be
higher, often being the dominant form of thermal noise in optical cavities. Recent advances in
the development of crystalline GaAs/AlGaAs coatings [64] enabled the fabrication of mirrors with

lower coating thermal noise than substrate noise at room temperature.

Spacer thermal noise:

The spacer Brownian noise can be estimated by treating the spacer as a simple harmonic oscil-
lator with mass m and an effective spring constant associated with its longitudinal mode &, with
internal damping characterized by the loss angle ¢,,. In this case the noise PSD can be expressed

as [65]:

AkpTkes,
o f {[k — m(2nf)?]* + k292,

For a ballpark estimate, the spacer can be approximated as a cylindrical tube of length L, outer ra-

(2.53)

Smc, sp —

dius Ry, inner radius 12;,,, and Young’s modulus Ej,. In this case, for the longitudinal oscillation
mode (the accordion mode) of the symmetrically supported spacer, one can take m to be half the

mass of the spacer and the spring constant k = Fy,m(R2, — R2,)/(L/2).

Suspension thermal noise:

The suspension thermal noise is associated with position fluctuations of the pendulum the cav-
ities are hanging from. As such, it is more relevant for the non-rigid cavity, where the two mirrors
are suspended from separate pendula. The spectral density can be calculated [66, 67] using a modal
expansion over the pendulum, torsion and violin modes (the vibrational modes of the pendulum
wires), where each individual mode can be described by Eq. (2.53). The result is equivalent with

a white noise spectrum corresponding to a thermal environment in equilibrium at temperature T,
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modified by the transfer function of the pendulum. Given that the thermal drive is weaker than that
from the vibrations of the pendulum support, in our experiment the suspension thermal noise falls

below contributions from vibration noise.

As observed in Eq. (2.51-2.53), the power spectral density of Brownian thermal noise scales
linearly with the system temperature and with the loss angle. Thermal noise can be therefore
reduced by using materials with high mechanical quality factor and cooling the experiment to
cryogenic temperatures.

Brownian motion is not the only mechanism generating thermal noise. Temperature fluctua-
tions lead to thermal gradients that translate into length fluctuations due to the thermal expansion of
the material, a phenomenon called thermo-elastic noise. They also cause changes in the refractive
index of the mirrors which manifest as phase noise, known as thermo-refractive noise. Collectively
referred to as thermo-optic noise, these two effects are characterized by power spectral densities
that scale as 7% and therefore their contribution is significantly smaller than that of Brownian noise
in a cryogenic environment. For the purposes of the current work, these thermal noise sources can

thus be ignored.

2.3.2 Shot Noise

Shot noise stems from the discrete nature of the photons arriving at the detection photodetector.
Since the counted number of photons N follows a Poisson distribution, it is subject to fluctuations
of magnitude v/N. These fluctuations give rise to noise in the photodetector current I given by
(ishot) = V/2el (with e the electron charge).

Assuming a detection scheme in which the beat note between the beams resonant to the two
cavities is measured, as described in section 2.2.2, with power P in each of the beams reaching the

photodetector, the photodetector current is given by:
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ne(2P)
1=N (1 + 08 (Whentt + Aqﬁbeat)) , (2.54)

where f,,, is the laser frequency, w,... and A¢,.., are the beat note angular frequency and phase,
and 7 the photodetector quantum efficiency. The corresponding shot noise is related to the DC

component of this current and given by a flat power spectral density:

4e’nP
S = : 2.55
T 259
The phase noise PSD is then obtained by dividing the shot noise PSD by the signal power:
S Do
Solf) = =DM (2.56)

(2neP/hfu)? 1P
Subsequent conversion to frequency noise by multiplying the phase noise by f? and then to strain

noise through division by f2  leads to an expression for the strain noise PSD:

h
Sn(f) = nfoptPfQ' (2.57)

2.3.3 Vibration Noise
Laboratory vibration spectrum

While not a fundamental noise source, seismic motion, laboratory equipment and human activ-
ity contribute unavoidable vibration noise to the experiment. Seismic noise is expected to dominate
at low frequencies (below 1 Hz), with a prominent peak around 1/7 Hz caused by ocean waves,
known as the micro-seismic peak, and fall rapidly above 1 Hz.

The level of vibration noise in the laboratory is a major factor to take into account when design-

ing the vibration isolation for the experiment. A typical spectrum up to 10 kHz, measured on the
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Figure 2.7: Spectrum of vibration noise measured on the optical table. The displacement noise
falls approximately as f 2 above around 100 Hz and as f~* above around 1000 Hz

optical table using an accelerometer (PCB Piezotronics 393A03), is presented in Fig. 2.7. Below
1 kHz the noise floor exhibits an inverse square dependence on frequency, a behavior that has been
reported in previous studies and is a characteristic of vibration noise that is not location-specific

[68]. Over this region, the measured data fits to:

2
SY2 & 5.1 x 1077 (1—1?) [m/\/ﬁ] . (2.58)

Above around 1 kHz the observed slope changes and the vibration spectrum drops approximately

as the fourth power of the frequency:

1/2 1Hz\*
S12 x93 (T) [m/\/ﬁ] . (2.59)

Pendula as mechanical filters

The magnitude of vibrations can be lowered beneath the level of the fundamental noises through

the use of mechanical filters (an example of which is hanging the cavities from pendula). In this
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case, the vibration noise of the environment is multiplied by the transfer function of the vibration
isolation setup.

Each filter can be modeled as a simple harmonic oscillator with resonant frequency f; and qual-
ity factor (), which is a measure of its damping (some amount of damping is not only inevitable, but
often implemented on purpose to dissipate the energy accumulated in its natural modes). Assum-
ing a viscous damping model, the provided vibration isolation is frequency dependent and given

by the transfer function of a damped harmonic oscillator:

_ 1+4iQ'(f/fo)
L—(f/fo)2 +iQ ' f/fo’

This transfer function behaves as follows:

H(f) (2.60)

In the limit f « f it is flat and approaches 1 (in other words the motion of the payload

follows that of the suspension point)

At f = fy (the resonant frequency) it presents a peak of height ()

For f » f, the transfer function rolls off as (fo/f)? up to frequencies f ~ Q fy

For f » @ fo the vibration isolation improves with frequency as 1/f. This degradation of
performance at high frequencies is a somewhat subtle particularity of the viscous damping

model.

Passive mechanical filters can be cascaded, in which case each stage improves the attenuation by a
factor proportional to ~ 1/ (up to frequencies around @ fo).
2.3.4 Noise estimates for the current apparatus and future prospects

Fig. 2.8(a) presents the contributions of fundamental noises (thermal and shot noise) and vibra-

tion noise for the current apparatus, expressed as strain noise. It assumes that the signal is detected
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in the beat note of the two cavities, in transmission. For two unequal cavities, this detection method
is advantageous, as their different opto-mechanical transfer functions associated with the conver-
sion of cavity strain noise to frequency noise in the cavity transmission, as given by Eq. (2.32),
extend the sensitivity range of the experiment below the mechanical poles.

In evaluating the vibration noise, two estimates of the vibrations inside the cryostat were con-
sidered: one involved using the measured spectra of vibrations in the room (Fig. 2.7) and theoret-
ical transfer functions of the cryostat vibration isolation system, while the other relied on cryostat
vibration specifications provided by the manufacturing company (see section 5.1). We decided to
present the latter, which yielded a more conservative value. The cryostat vibrations spectrum was
multiplied by the transfer function of the pendula the cavities hang from (Eq. (2.60)).

The strain noise was also converted to a corresponding limit on the dimensionless coupling
constant d,,,.. This can be interpreted as the ultimate achievable sensitivity of the apparatus, as
long as the technical noise level is lowered below that of fundamental noise. Fig. 2.8(b) presents
limits on d,,_, assuming a four-day measurement time (4 x 10° s). Indirect bounds set by EP
violation tests (labeled "EP”), as well as the theoretical limit below which the scalar field theory is
natural for a 10 TeV cutoff (naturalness”) are provided for reference.

The total noise could be further lowered by using longer cavities and by increasing the optical
power going into the system. Prospective noise estimates, corresponding to 30 cm and 1 m cavity
lengths and 10 mW of laser power per cavity at the photodetector, are given in Fig. 2.9(a). With
these parameters, the experiment can improve on limits from EP violation tests over a wide fre-
quency range and cut into the parameter space below the naturalness line (provided that technical
noise can be reduced to comparable levels). Although these length upgrades could not be accom-
modated in our existing cryostat, they are not on an unreasonable scale to pursue in a tabletop
setup.

The limits on the sensitivity to d,,, were also evaluated for the scenario where a rigid cavity
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Figure 2.8: (a) Noise analysis for current experiment parameters. Depicted are thermal noise
contributions from the mirror coatings and substrates and cavity spacers, the photodetector shot
noise and the predicted noise from vibrations. (b) Limits on d,,, set by each of the considered
noise sources, for a four-day measurement time. Bounds set by equivalence principle violation
tests ("EP”) and a theoretical limit (’naturalness”) are included for comparison

and a non-rigid cavity are used. We assumed a length of 30 cm for both, a limit set by the size of
the cryostat, and the same measurement time as before (four days). We also assumed that the non-
rigid cavity mirrors hang from two-stage pendula which, according to preliminary calculations,
are required to keep the noise from vibrations below the shot noise level. Since in this case the
two cavities have equal optical poles, better sensitivity is obtained with this setup if the beat note
is measured in reflection. As evidenced by the results presented in Fig. 2.9(b), the upgrade to a
non-rigid cavity provides an alternate path to exceeding the naturalness bound, one that is also

achievable in our current apparatus.

A detailed list of the parameters used to generate Fig. 2.8 and 2.9 is available in Appendix C.
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Figure 2.9: Projected limits on d,,, corresponding to fundamental and vibration noise, presented
alongside current limits from equivalence principle violation tests and the naturalness bound for
(a) two rigid cavities and (b) a rigid and a non-rigid cavity
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CHAPTER 3
THE CRYOGENIC CAVITIES

3.1 General design principles and fabrication

Lasers locked to high-finesse optical cavities provide some of the most stable short-term fre-
quency references, fractional frequency variations as low as 4 x 10~!7 having been attained [69].
At room temperature, the material of choice for ultra-stable cavities is usually ultra-low expansion
(ULE) glass, the low coefficient of thermal expansion (CTE) of which ensures good stability with
respect to temperature fluctuations. At cryogenic temperatures, the most common materials are
monocrystalline sapphire [70] and silicon [69, 71], which are preferred because of their low CTE
at low temperatures.

For the current work, sapphire is used for the mirror substrates and spacers of the cavities. In
addition to its low CTE at cryogenic temperatures (1 x 1071° K~! at 4 K [72]), sapphire exhibits
low specific heat (1.1 x 1072 J/(kg-K) at 5 K [73]) and high thermal conductivity (280 W /(m - K)
at 4 K [74]), a requirement for effective heat extraction. Moreover, it has a high elastic modulus,
which ensures good stability to mechanical perturbations. It is transparent at 1550 nm, the optical
wavelength chosen for this experiment, and it is easy to grow into large single crystal boules.

Sapphire is anisotropic and belongs to the trigonal crystal system, displaying a threefold rota-
tion axis, commonly denoted as the C-axis. Its anisotropy causes many of its physical properties
(such as elastic moduli, coefficient of thermal expansion, hardness etc.) to be direction depen-
dent. Therefore, the crystal orientation needs to be taken into consideration during the design and
construction of the cavities. For optical elements such as the cavity mirrors, the natural choice is
to align the optical axis along the C-axis, as it is the only direction in which sapphire does not

experience birefringence, as well as the most mechanically symmetric orientation.



CHAPTER 3. THE CRYOGENIC CAVITIES 72

The spacers between the mirrors of the optical cavities are made of > 99.996% monocrystalline
sapphire, Optical Grade 3. They were designed by us and fabricated by Rubicon Technology
(Bensenville, Illinois). They were machined with the crystal C-axis along the optical axis, so that
it would be parallel with the C-axis of the mirrors. The alignment of the spacer and mirror C-
axes is relevant because stress in the material occurring at interfaces where the crystal structure
is dissimilar increases the loss factor and hence contributes thermal noise to the system (which is
also the reason why the spacers are single crystal). This orientation is also advantageous because
the Young’s modulus is the largest along the C-axis. The cavities were designed with the A-axis
perpendicular to the optical axis and vertical, so that the crystal structure would have a mirror plane
in the vertical plane, which would render the cavity left-right symmetry. However, a manufacturing
error led to the orientation of the 15 cm spacer being rotated by 90° around the cavity axis (the A-
axis is horizontal). Timeline constraints did not allow for a corrected spacer to be procured for this
iteration of the experiment. Nevertheless, the C-axis, which is the direction with the most distinct
properties, is still aligned along the cavity axis, as intended, and the effect of this accidental rotation
on the mechanical properties was assessed not to limit its performance, as detailed in section 3.2.3.

We chose a cylindrical geometry with symmetric rectangular cutouts at the bottom (sometimes
referred to as "notched”), as illustrated in Fig. 3.1, a design choice that has been shown to exhibit
a high degree of insensitivity to vibrations [75, 76]. The cavity is supported at four symmetrically
placed points in the horizontal plane of the cutouts, marked by 2 mm deep blind holes, 3 mm in
diameter. An additional 3 mm diameter vent hole at the bottom of the cavity allows pumping air
out of the cavity. An account of how the dimensions of the cut and the positions of the support
holes were chosen is provided in section 3.2.2. Details regarding the mounting of the cavities are
presented in section 3.3.

Mirror blanks of our specifications were provided by Coastline Optics (Camarillo, Califor-

nia), who also did the polishing of the mirrors and of the flat ends of the spacers. They are
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Figure 3.1: (a) CAD model of the 15 cm cavity and 7.5 cm cavity (front view); (b) cavity side
view, highlighting the support holes and the mirror surfaces; the mirror curvature is exaggerated
for clarity; (c) support holes position for the 15 cm cavity; (d) support holes position for the 7.5
cm cavity

plano-concave, with a 10.2 m radius of curvature and 6.25 mm thick (as depicted in Fig. 3.1 (b)).
The mirrors have crystalline coatings made of monocrystalline GaAs/AlGaAs heterostroctures, for
which loss angles an order of magnitude less than the best dielectric coatings had been demon-
strated (2.5 x 107" at room temperature [77]). The mirror coating and the optical contacting of

the mirrors to the spacer were done by Thorlabs Crystalline Solutions (Santa Barbara, California).

The mirrors have a reflectivity of 99.998% (equivalent to a cavity finesse around 150,000).
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3.2 Geometry and support position optimization

3.2.1 Vibration sensitivity of the optical cavities

External vibrations that couple into the optical cavities through their supports will degrade the
strain sensitivity of the experiment. The sapphire cavities were designed to keep the vibration
noise in the system below the fundamental noise sources (thermal and shot noise). To this end,
several concurrent strategies are employed. First, the cavities are isolated from their surroundings
by multiple layers of passive isolation. They are supported by an inverted pendulum that reduces
horizontal vibrations, and by geometric anti-spring filters to target vertical vibrations. These are
described in detail in section 5.2. Additional horizontal isolation was provided by hanging the
cavities and their supports from a four-wire suspension. Second, careful location of the support
points minimize the deformation of the cavities induced by vibrations. Third, the cavities are
mounted at the support points on springs and rounded pins, which provide additional isolation
while simultaneously ensuring that the support locations are well defined. In the following sections
each of these strategies are discussed in more detail.

The frequency stability of the cavities is most affected by two types of vibration-induced de-
formations: deformations along the optical axis that change the separation between the mirrors
(the cavity length) and departures from the parallelism of the mirrors (the relative tilt). Hence, for
an acceleration @ corresponding to the vibration of the supports, the optimal performance of the
cavity relies on minimizing the listed quantities. We assume a coordinate system with z along the
horizontal optical axis, y in the vertical direction, and x horizontal and transverse to the optical

axis:

1. The acceleration sensitivity of the cavity, defined as the ratio of the change in length, in prac-

tice computed as the difference between the displacements ulof the centers of the mirrors

along the cavity axis, to an applied acceleration a:
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(@ —u”) 3.1)

a

k=

2. The sensitivity of the cavity tilt around the x-axis to accelerations, expressed as the differ-
ence between the tilt angles of the central regions of the mirrors Qg(f), divided by an applied

acceleration a:

@) _ o)
joe) _ 0" —0a7) (3.2)

B a
3. The sensitivity of the cavity tilt around the y-axis to accelerations, expressed as the differ-

ence between the tilt angles of the central regions of the mirrors G(i), divided by an applied

acceleration a:

@) _ 0
o _ O —07) (3.3)
a
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Figure 3.2: Horizontal deformation of the cavity under a vertical force. Arrows illustrate the
direction and magnitude of the displacement in a qualitative sense (not drawn to scale)

Since deformations along the cavity axis are the most relevant to its stability, it might be tempt-

ing to focus on eliminating the effect of vibrations in this direction. However, transverse vibrations
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also affect the cavity length by amounts determined by the Poisson ratio (Fig. 3.2). For this reason,

we will address the impact of vibrations in the three directions independently:

1. Longitudinal direction: Elastic deformations due to forces along the cavity axis are consid-
erably suppressed through symmetric placement of the supports. A way to see this is that
if the supports are symmetric in the direction of the cavity axis, under a force in the same
direction, parts of the cavity will contract, while symmetrically opposite parts will expand,
leading to an overall null length change. This effect is illustrated in Fig. 3.3. Since the
anisotropy of the material slightly breaks the symmetry along the z-axis, in practice this can-
cellation is not perfect. However, it is significantly reduced when compared, for instance,
to the effect of vertical forces. Furthermore, passive isolation (at frequencies of interest) is
easier to achieve in the horizontal direction than vertically with additional pendula. We sup-
plemented the horizontal vibration isolation by hanging the cavities and their cradles from

four-wire suspensions, thus relaxing the requirements on their intrinsic vibration stability.

2. Transverse direction: The placement of the support points in a horizontal plane and the
left-right symmetry of the cavity reduce effects due to horizontal vibrations orthogonal to
the cavity axis. Moreover, the extra attenuation provided by the four-wire pendulum applies

to vibrations in this direction as well.

3. Vertical direction: Cavity deformations to vertical accelerations are minimized through an
appropriate placement of the support points. For instance, for a given acceleration, the tilt
of the cavity depends strongly on the coordinate of the supports along the z-axis (and more
weakly on the other directions). It becomes 0, in principle, if the cavity is supported exactly
at its Airy points. The cavity length change is dependent on the position of the support in all

three directions.

Based on these considerations, the analysis we carried focused on minimizing the effect of
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Figure 3.3: Horizontal deformation of the cavity under a horizontal force parallel with the optical
axis. Points placed symmetrically with respect to the center are displaced by similar amounts.
Arrows illustrate the direction and magnitude of the displacement in a qualitative sense (not drawn
to scale)
vertical accelerations. The aim, therefore, was to identify a favorable cut plane in which a set
of support points existed for which the length change and relative mirror tilt around the x axis
induced by a vertical acceleration (characterized by the acceleration sensitivities £, and kyse“:)) were
simultaneously zero (due to the left-right symmetry of the cavity, we get k;ey) = ( automatically).
With the cavity supported at these locations, its stability to vertical vibrations is expected to
be determined by a residual acceleration sensitivity stemming from machining tolerances and im-
perfections in the mounting. Finite element calculations indicate that the horizontal acceleration

sensitivity is on the same order of magnitude as this residual vertical acceleration sensitivity for

longitudinal vibrations and smaller by a factor of order 1000 for transverse vibrations.

3.2.2 Finite element modeling

The choice of cavity geometry and position of supports was based on finite element analysis,
carried out using commercially available software (ANSYS Mechanical [78]).
The quasi-static approach used is similar to that of references [76, 79]. This strategy, much less

computationally demanding than examining the response to harmonic perturbations, is justified for
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a couple of reasons. First, the effect of vibrations is most pronounced at low frequencies (below
10 Hz), far below the mechanical modes of the cavities (the first of which occur in the kHz range),
so forces at these frequencies can effectively be treated as static. Second, as seen in section 2.3.3,
each layer of passive isolation adds a degree of attenuation above its resonant frequency scaling as
the square of the frequency of the perturbation, so high frequency vibrations are more effectively
targeted by the vibration attenuation stages inside the cryostat. Third, while this approach does not
account for the behavior of the cavities around their mechanical resonances, it provides information
on the broadband “’baseline” of the cavity transfer functions, away from the resonances. In other
words, minimizing the acceleration sensitivity in the static regime is equivalent to lowering this
“baseline” (as illustrated in Fig. 3.4). Rather than applying the perturbation as an acceleration of
the supports, it is convenient to work in the reference frame of the supports, in which they are fixed
and a gravity-like acceleration is applied to the whole body.

This method was validated for an early iteration of the 15 cm cavity by directly comparing the
results of the static analysis carried out in the frame of the supports with those of a full harmonic
analysis. For an arbitrary position of the support holes, a sinusoidal displacement with fixed ampli-
tude x,,p0r« and varying frequency f = w/27m was applied at their centers and for a few different
frequencies the amplitude of the cavity length change, measured as the difference between the
displacements at the centers of the mirrors along the optical axis ul? — u,(zl), was computed. This

allowed defining a transfer function:

(2) (1)
UZ - UZ
Hcavity(f) = <f) (f> . (34)
xsupport(f)
This can be related to the acceleration sensitivity %, obtained from the static stress-strain analysis

(Eq. (3.1)) by replacing the static acceleration a with a sinusoidal acceleration at frequency f. In

this case, Tgupport = (27 f )2a and the transfer function can be written as:
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Figure 3.4: Comparison of the harmonic analysis of the cavity deformation with a prediction in-
ferred from the static approximation

It is expected then that away from the effect of the mechanical resonances, the transfer function
is proportional to f2, with a proportionality constant that can be approximated from the static
analysis. As Fig. 3.4 demonstrates, this prediction was confirmed by the results of the finite element
simulations.

The supports were modeled as points at the center of the support holes. In order to avoid over-
constraining the cavity, the four points were fixed in the vertical direction (by setting the boundary
condition u,, = 0), but allowed to slide in the horizontal plane. We checked that the results are
independent of the size of the supports as long as the contact surface is reasonably close to being
point-like by redoing the simulation for one of the cavities with the boundary condition applied
instead to 0.3 mm diameter disks placed at the center of the holes. The two sets of boundary

conditions (Fig. 3.5) rendered the same results (Fig. 3.6).
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Figure 3.5: Implementation of the supports in the finite element simulation; green shaded regions
show the areas over which boundary conditions are applied in the case of (a) point supports and
(b) disk supports

For the material properties, provided input parameters were the density of sapphire (3997 kg/m?)

and the anisotropic elasticity matrix at 4 K [80]:

500.0 161.6 111.4 23.26 0
161.6 500.0 1114 -23.26 O 0
1114 1114 502.3 0 0
D = GPa. (36)
2326 —23.26 0 151.0 0 0

0 0 0 0 151.0 23.26

0 0 0 0 23.26 169.2

The locations of the support holes in the horizontal cut plane were varied until coordinates were
found for which both the cavity optical length change and the bending of the cavity were null. The
dimension of the rectangular cuts provided free parameters to be varied until such positions were
possible. The length change and differential tilt were expressed as transfer function as per Eq. (3.4).
The zero-crossings of the two transfer functions at the chosen locations are presented in Fig. 3.6

and Fig. 3.7. The simulations were repeated with two different mesh sizes to ensure that mesh
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Figure 3.6: Transfer functions corresponding to the length change and mirror tilt of the short cavity
as a function of the position of the supports

convergence had been achieved. Moreover, by varying the number of mesh points over which
the tilt was calculated, we checked that the simulation results are independent (at the level of the
uncertainties caused by machining tolerances) of the size of the region taken into consideration in
the calculation up to scales similar to the size of the laser beam waist. The final geometry of each

cavity is shown in Fig. 3.1, as well as in Table 3.1.
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Figure 3.7: Transfer functions corresponding to the length change and mirror tilt of the long cavity
as a function of the position of the supports

3.2.3 Effect of machining tolerances and axes misalignment

While in theory with the support holes at their optimal positions the optical lengths of the cav-
ities are perfectly insensitive to vertical accelerations, in practice imperfections in the fabrication
of the cavities, as well as the cavity mounting will limit their mechanical performance. The most
critical mechanical tolerances are those related to the positions of the support points. The slopes of
the plots of the transfer functions against the support position provide information on the effect of
inaccuracies in the placement of the support holes. We set an upper limit on this effect by assuming
that the holes are displaced in either the longitudinal or the transverse direction by the mechanical
tolerance, 0.1 mm. The transfer functions thus estimated for each cavity are compiled in Table 3.2.

The acceleration sensitivity of the cavities is also dependent on the vertical position of the sup-
port points, which could be affected by machining imperfections in the position of the horizontal
cut plane in which the holes are drilled or in the hole depth. By varying these two parameters in
the simulation, we verified that inaccuracies in the vertical position contribute on the same order of

magnitude or less as compared to those in the horizontal position. These checks were performed
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Long cavity Short cavity

Spacer length 15 cm 7.5 cm

Spacer outer diameter 5cm 5cm

Inner bore diameter 1 cm 1 cm
Cut-out vertical position below center 0.8 cm 0.8 cm
Cut-out horizontal distance from center 1.2cm 1.2 cm
Support hole diameter 3 mm 3 mm
Support hole depth 2 mm 2 mm

Support distance from center (z direction)

44.6 mm 27.25 mm

Support distance from center (x direction)

17.9 mm 18.65 mm

Vent hole diameter 3 mm 3 mm
Mirror diameter 2.54 cm 2.54 cm
Mirror radius of curvature 10.2 m 10.2 m

Mirror thickness

6.25 mm 6.25 mm

Table 3.1: Geometrical parameters of the two cryogenic cavities

for the long cavity (Fig. 3.8).

As it was later found out that the A-axis of the 15 cm cavity was accidentally rotated by 90°

during fabrication, the acceleration sensitivity was recalculated for the real geometry of the cavity.

In this case, the transfer function corresponding to the cavity length change is 1.84 x 107'2 f2/Hz?

and the support displacement to tilt transfer function is 8.89 x 1073(f?/Hz*)rad/mm. Reassur-

ingly, these values ended up being on the same order of magnitude as the uncertainties due to

machining tolerances, so the rotation of the crystal axes is not expected to significantly degrade

the stability of the cavity. This is likely because the orientation of the C-axis was not affected by
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Long Cavity Short Cavity
Length Tilt Length Tilt
(f?/Hz?) (rad/mm x f2/Hz?®) (f%?/Hz®) (rad/mm x f2/Hz?)
Longitudinal 2.2 x 1072 1.4 x 10712 8.8 x 10713 2.6 x 10713
Transverse 1.3 x 10712 1.9 x 10713 1.8 x 10712 6.2 x 1014

Table 3.2: Length and tilt transfer functions for a 0.1 mm longitudinal or transverse displacement
of the cavity support holes
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Figure 3.8: Transfer functions corresponding to the length change and mirror tilt of the long cavity
as a function of the vertical position of the cut plane and of the hole depth

the fabrication error, and the Young’s modulus is only weakly direction-dependent in the plane

perpendicular to it.

3.3 Suspension design and construction

The 7.5 cm and 15 cm cavities lie side by side inside the cryostat, supported on aluminum

cradles suspended from the 4 K plate. Each cavity is secured by a safety structure bolted into the

4 K plate, preventing them from falling for more than a few mm in the event of wire failure.
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Figure 3.9: Left: horizontal short cavity on its support during assembly. Right: horizontal sapphire
cavities side by side inside the cryostat

3.3.1 Mounting

As four support points over-define the support plane, if the contacts of the cavity with its mount
were rigid, machining tolerances would make it impossible to ensure that the weight of the cavity is
equally distributed. The usual strategy for counteracting this issue is to make the contacts flexible,
often in the form of rubber balls [75]. Unfortunately, the realization of a flexible support presents
more challenges at cryogenic temperatures, where most materials lose their elasticity.

Hence, in order to preserve well-defined contact points, while also ensuring some degree of
compliance of the supports, a novel design was employed, consisting of custom-made stainless
steel pins resting on conical steel springs. The rounded-head pins are designed to tightly fit inside
the 3 mm holes in the bottom surface of the cavities, ensuring accurate centering of the supports
while also maintaining a single contact point at the tip. The steel springs are expected to retain

some amount of flexibility even at 4 K.
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Figure 3.10: Rigid cavity support and suspension. Top inset: support pin and spring. Bottom inset:
section through eddy current damper

3.3.2 Four-wire suspension

To add another layer of horizontal vibration isolation, the cradles the sapphire cavities rest on
are suspended from four 0.010” thick molybdenum wires, approximately 15 cm long. The structure
behaves as a pendulum with the main oscillation mode around 1.5 Hz and is expected to suppress
by several orders of magnitude mechanical excitations in the tens of kHz range, which could po-
tentially obscure a dark matter signal. The selection of molybdenum as the material for the wires
was motivated by the good trade-off it provides between strength, low loss angle (values in the
1079 range having been reported at 4 K [81]) and reasonable thermal conductivity (57 W/(m - K)
at 4 K [82]), as well as being easy to work with (a previous candidate, tungsten, proved to be too
brittle to develop a robust assembly procedure).

Each wire goes through a gold-plated copper vented screw that is fastened to the suspension
top plate (see Fig. 3.10), which is rigidly attached to the 4 K plate through four posts. This design
allows for tuning the vertical position of the attachment points of the wires until the tension in all

four of them is equal. The ends of the wires are passed through and wrapped several times around
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cylindrical cup-shaped pieces, also made of gold-plated copper (the “wire heads’), which are then
filled with melted solder so that the wire is mechanically secured. The wire heads are then firmly
clamped to the top plate and cradle, respectively. The use of copper, the immersion of a portion
of the wire ends in solder for better thermal contact with the wire heads and the high pressure
exerted by the clamps aimed to create a good heat conduction path to cool the cavities through the
wires. Moreover, for the same reason, copper braids were attached between the top clamps and
the 4 K plate. However, the later realization that the thin molybdenum wires themselves create a

bottleneck for heat extraction led to the addition of extra thermal links (more details are provided

in Section 3.4.1).

_— clamp

solder

[ wire head

high contact
force surfaces

solder

wire head

Figure 3.11: Rigid cavity wire assembly

3.3.3 [Eddy current damping

The benefit of vibration noise reduction in the measurement frequency band brought by the
4-wire suspension comes at a cost: the resulting pendulum is easily excited and will amplify vi-

brations close to its resonances. Due to the intrinsic high quality factor of the wires and the high
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Figure 3.12: Diagram illustrating the principle behind eddy current damping

vacuum environment, this motion takes a long time to settle down on its own. In order to quickly
lock the laser to the cavities after a perturbation, we attenuate it using eddy current damping.

The working principle of an eddy current damper is depicted in the diagram in Fig. 3.12. It is
based on the induction of eddy currents in the surface of a conducting material when it moves with
respect to a magnetic field. These currents generate a magnetic field of their own, with a polarity
so as to oppose the motion of the conductor. The resulting behavior is that of a viscous damping
mechanism acting on the system, characterized by a damping coefficient that is proportional to the
strength of the magnetic field and the electrical conductivity of the conducting object. A notable
advantage of this damping method is that it requires no contact between the pendulum and any
external structure.

In our system, eddy current damping is implemented using four permanent magnets located on
the fixed bottom plate of each cavity’s safety structure, beneath the cradle. The magnets, which are
neodymium cylinders 7/16” in diameter, 3/8” thick, are placed inside aluminum chucks screwed
into the bottom plate and oriented with their poling axis vertical, so that the cradle moves perpen-
dicularly to it. With this mounting method the distance between the magnets and the cradle (and

consequently the damping coefficient) is adjustable. Furthermore, their placement allows them to
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effectively target all the main oscillation modes of the pendulum (swings in two directions and

torsional motion).

3.4 Cooling down the sapphire cavities

3.4.1 Heat extraction and thermal links

One challenge that comes with the stringent vibration noise requirements of the experiment is
that there is a general trade-off between heat conduction and vibration isolation in a system. Large
surface area connections between different components, which are favorable for heat extraction,
also facilitate the coupling of external vibrations.

Since in designing the cavity supports we mostly optimized for vibration isolation, we decided
to compensate for the reduced heat conductivity where needed by adding flexible thermal links,
made of high thermal conductivity aluminum sheets. This material, which is also used for the heat
links inside the cryostat (see section 5.1), is particularly soft, and has been specifically developed
for low vibration applications.

At first, heat links were added between the sapphire spacers and the cradles, to overcome the
thermal constriction at the point-like contacts between the cavities and the pins they sit on. Initial
cool downs of the two cavities, however, pointed towards the thin suspension wires also limiting
the cooling of the sapphire cavities.

To gain some intuition about the heat extraction capacity of the molybdenum wires we carried
out a theoretical investigation of the time needed to cool down the cavities with and without thermal
links. Though rather crude, these estimates proved to be informative. We modeled the evolution
of the temperature of the cavities in terms of heat transferred via conduction through the wires
and heat links and through radiation to their environment (for simplicity, we neglect any other heat

exchange with the outside):
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dT d(T — T,
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Here, we ignore thermal gradients across the cavities and treat the two cavities and cradles as hav-
ing the same temperature 7'(¢) and exchanging heat with the surroundings at temperature 7 ..;4(t).
In Eq. (3.7), Msappn and Agqp,n are the total mass and surface area of the two cavities, with ¢sappn (77)
being their temperature dependent heat capacity and ey, their emissivity. Similarly, m 4; and
A4 are the mass and surface area of the two cradles, approximated to be made entirely out of alu-
minum, with thermal conductivity c4;(7T") and emissivity e 4;. A denotes the cross-section area
of each of the 8 molybdenum wires supporting the two cavities and Ay;,,;. is the cross-section of a
heat link, of which we assume a total number N. k,;, and k;;,;. are the temperature-dependent ther-
mal conductivities of molybdenum and of the heat links and ¢ is the Stefan-Boltzmann constant
(5.67037 x 1078 W/(m?K*)).

We further simplify the terms corresponding to the heat conduction by approximating the ther-

mal gradients across the wires and heat links as:

d(T - Tcold) ~ T — Tcold

3.8
dx L ’ 3:8)

where L is either the length of the wires or that of the heat links, respectively.

As an estimate of the temperature 7,,4(t), we used data for the time dependence of the tem-
perature of the cold plate from a previous cool down. Though not expected to be entirely accurate,
as the cold plate cooling curve can vary between cool downs depending on the payload attached to
it and how it is connected, this model is expected to be more accurate than, for instance, assuming
a constant 7,4, at the final temperature of the 4 K plate.

The results of the calculations (Fig. 3.13) confirmed the suspicion that the suspension wires act

as a bottleneck for heat extraction. In fact, they indicate that without additional heat links, at early
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Figure 3.13: Left: thermal links diagram. Right: estimates of the time required to cool the sapphire
cavities as a function of the number of thermal links (per cavity) between the suspension plate and
the cradle

stages, the cooling of the cavities is predominantly radiative.

Based on these estimates, in the end, four thermal links were attached between the top plates
of the suspension and the cradles of each cavity (as displayed in Fig. 3.13). The links were cut
out of 0.004” thick sheets of aluminum and are approximately 9” long and 3/4” wide. 1/2” wide
strips were also cut for the heat links between the cavity spacers and the cradles (8 of them for the
short cavity, 12 for the long cavity). The strips are tightly clamped to the cradles and top plates by
flat aluminum plates screwed into their lateral sides. Thermally conductive silver paint (PELCO

Conductive Silver Paint from Ted Pella Inc.) was used to attach them to the sapphire spacers.

3.4.2 Temperature sensors and wiring

The temperature of the cryogenic cavities is monitored during cool-down, warm-up and normal

operation by 4 temperature sensors, one on each cavity spacer and cradle. The sensors are silicon



CHAPTER 3. THE CRYOGENIC CAVITIES 92

diodes (Lakeshore DT-670) with a working range of 1.4-500 K. The reading is done in a 4-wire
configuration, where a pair of leads is used to inject a constant current and the voltage across the
diode is measured through a second pair. This eliminates contributions due to the resistance of the
leads.

Obtaining accurate and reliable temperature measurements at cryogenic temperatures requires
special care, so that the sensors maintain good thermal contact with the samples being probed as
the cryostat cools down and that heat flow through the leads does not raise the sensor temperature

above that to be measured.

I+ rounded copper adapter
V+

sapphire cavity

gold-plated epoxy
copper bobbin layer

Figure 3.14: Pictures of the temperature sensors and 4-wire measurement diagram

For these reasons, the diodes and their leads are thermally anchored at two places. The first
point is at the surface being interrogated and ensures that the sensors and their wires are in thermal
equilibrium with the cavity or cradle they are attached to. This is done by gluing each silicon diode
to a gold-plated OFHC copper bobbin using a thin layer of thermally conductive epoxy (Epo-Tek
H70E). The sensor leads, twisted pairs of 0.005” thick constantan or manganin wire, are then
wrapped around the bobbin several times and embedded in a thick epoxy layer, which serves both

a mechanical role, fixing the wires in place, and a thermal role, ensuring good heat conduction to
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the bobbin. Kapton is used to electrically insulate and protect the leads and diode. The bobbins
are then mounted on the cavity cradles and spacers. For the former, the bobbin is directly bolted to
the cradle, a high contact force being ensured by the screw. As the same was not possible for the
cavity sensors, a copper adapter was designed, with one face rounded to have the same curvature
as the spacers. The bobbin is then screwed to the flat face of the adapter and the rounded face is
attached using thermally conductive silver paint on the top of the cavities.

The second thermal anchor is at the 4 K plate of the cryostat, where, to avoid heat conduction
from the outside, the wires are wrapped around and glued to another copper bobbin affixed to the
cold plate. The sensor leads are then connected at the 4 K plate to the cryostat wiring, which feeds

the signals outside of the vacuum chamber.

3.4.3 Cool down results

After the addition of the heat links, the cavities took less than two days to reach base tempera-
ture, a result not too dissimilar to (and actually better than) the estimates in section 3.4.1. Fig. 3.15
shows the evolution of the temperature of the cavities and their cradles during this time. A sharp
temperature drop (which was also theoretically predicted) was observed after around 40 hours.
This is consistent with the increase in the thermal conductivity of the heat links below 100 K (the
exact temperature of the heat links is not known, but it was approximated in the plot in Fig. 3.15
with the temperature of the short cavity cradle). In the end, the temperature of the cavities during

data collection was 6.5 K.

3.5 Optical properties

3.5.1 Cavity parameters

Table 6.1 provides a summary of the important optical cavity parameters. The finesse, reflec-

tivity, transmission, scattering and absorption coefficients were measured by the manufacturer at
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Figure 3.15: Left: position of temperature sensors on the cavities and cradles. Right: cooling
curves, plotted together with the estimated thermal conductivity of the heat links

room temperature. The free spectral range, linewidth and cavity pole were calculated based on
these specifications and the cavity lengths. The final row provides a value for the cavity pole,
measured in situ, after the cavities reached 6.5 K. These values were obtained by measuring the
frequency response of the cavities and their optical setups and fitting the data to a low-pass filter

function (Fig. 3.16). The detailed procedure is provided in Appendix A.

3.5.2 Crystalline coatings birefringence

The GaAs/AlGaAs coatings of the sapphire cavity mirrors display a high degree of birefrin-
gence compared to dielectric coatings. This birefringence is attributed to internal strains in the
material induced during the epitaxial growth process or during fabrication [77]. A splitting of the
resonant modes was observed and measured in both sapphire cavities by scanning the laser fre-
quency over the resonances. The splitting, which was determined to be around 340 kHz in the

15 cm cavity and around 670 kHz in the 7.5 cm cavity, is much larger than the cavity linewidth
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Figure 3.16: Transfer functions of the sapphire cavities, demonstrating their behavior as low-pass
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(6.7 kHz and 13.3 kHz FWHM, respectively), allowing for the two polarization eigenmodes to be

resolved.
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Figure 3.17: Measured birefringence splitting for the 15 cm cavity (left) and 7.5 cm cavity (right)

It is to be noted that excess thermal noise associated with the birefringence of the coatings has
been previously observed [83]. As this noise is anticorrelated for the two polarizations, a modified
Pound-Drever-Hall locking setup simultaneously interrogating both polarizations has been shown

to be efficient in its reduction [83]. However, since so far no evidence of coating thermal noise
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Long cavity Short cavity

Finesse 148,000 147,000
Transmission 14 ppm 14 ppm
Scattering + absorption 7.3 ppm 7.3 ppm

Reflectivity 99.998 99.998

Free spectral range 1 GHz 2 GHz
Cavity linewidth (FWHM) 6.8 kHz 13.6 kHz
Cavity pole (calculated) 3.4 kHz 6.8 kHz
Cavity pole (measured) 4.7 kHz 7.4 kHz

Table 3.3: Optical properties of the cryogenic cavities

being dominant for the present experiment at this stage has been observed, we decided to simply

eliminate one of the polarizations in the incident light as described in section 4.3.
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CHAPTER 4
OPTICAL LAYOUT AND DETECTION

Having presented the experiment at a conceptual level and underlined the theoretical consider-
ations underpinning it, we shall now direct our focus to the details of its practical implementation.
This chapter starts with an overview of the optical and electronic setup involved in the generation
and measurement of the beat note between the frequencies of the two cryogenic cavities. It then
explores the laser, the room temperature cavity, the optics and electronics involved in coupling the
light into the cavities, locking the laser frequency and generating the beat note, and the detection
chain. In the process, it provides an account of the evolution of the setup as it went through several
stages of refinement before it reached the sensitivity required to obtain the results presented in this
work, outlining the factors motivating these changes and the improvements they contributed to the

beat note frequency noise.

4.1 Opverview of the experimental setup

Light from a fiber laser is first stabilized to a room temperature reference ULE cavity using the
Pound-Drever-Hall technique [54]. The laser frequency is locked at low frequencies (up to 1 kHz)
via the laser piezo-electric transducer (PZT). An acousto-optic modulator (AOM) placed after the
laser is used to stabilize the frequency of the beam from 1 kHz to 100 kHz. Once locked to the ULE
cavity, the beam transmitted through the cavity is picked up and phase modulated using an electro-
optic modulator (EOM), which adds symmetrical sidebands 20 MHz above and below the carrier
frequency for Pound-Drever-Hall locking. The beam is then split into two branches, each branch
being coupled into one of the cryogenic cavities. Acousto-optic modulators placed on each branch

shift the frequencies of the two beams onto the resonant frequencies of their respective cavities.
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Figure 4.1: Picture of the cryostat and of the optical setup

Pound-Drever-Hall locking is again used to keep the frequencies of the beams in resonance with
the cold cavities. This is a low-bandwidth lock (with a bandwidth below 1 kHz), the purpose of
which is to compensate for slow drifts. The light transmitted through both cavities is collected on a
photodetector, where the two beams beat against each other. The photodetector signal is amplified,
sent through a delay line and mixed with its un-delayed version to cancel the carrier (determined
by the frequency offset between the resonances of the two sapphire cavities). The resulting signal,
which contains the beat note frequency noise information (as explained in section 4.5.2), is read by
a data acquisition card (DAQ). A schematic of the entire setup in its final configuration is illustrated
in Fig. 4.11.

For the measurement scheme outlined above, the locks to the sapphire cavities operate only at
frequencies below the science band (the ’passive” approach). In this case, the incident light does
not carry information on the length fluctuations of the cavities (and hence on the presence of a
dark matter signal) at frequencies of interest. However, as shown in section 2.1.3, the transmitted
light would be frequency modulated at the dark matter frequency, which would show up in the beat

note. An alternative measurement scheme was tried, where the laser was locked using the AOMs
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to the two sapphire cavities over the entire science band (the “active” approach). In this case, the
beat note can be generated both with light picked off from the beams going into the cavities or
with light picked off from the cavity transmissions, as they are both sensitive to potential dark

matter-induced oscillations. We ultimately decided against this approach for several reasons:

» Excess noise caused by the servo was observed in the measurement band when the PDH
locks were extended into the science band. The passive approach thus rendered a better

noise floor.

* The high bandwidth locking scheme relies on the lock perfectly following the resonant fre-

quencies of the cavities. An imperfect lock would obfuscate the interpretation of the results.

* The beat note measured in transmission was observed to have a lower noise floor than that
between the incident light pick-offs (Fig. 4.2). This agrees with the argument presented in
section 2.1.3 that optical cavities act in transmission like low-pass filters, cleaning the laser
frequency noise above the cavity poles. Since we decided that measuring the transmission

beat note was favorable, the high bandwidth lock was not needed.

The optical setup was developed in a modular fashion, with the optics for the cryogenic cavities
(referred to as the “two-cavity breadboard”), the room temperature stabilization setup and the
detection optics inhabiting separate breadboards. This provided flexibility in making changes to
the setup as the experiment went through several development phases. My personal contribution
was in setting up the sapphire cavities breadboard and the detection optics and electronics and in

the integration of the room temperature stabilization breadboard into the experiment.

4.2 Laser system

The laser used in the experiment is the Koheras ADJUSTIK E15 from NKT Photonics. It is

an erbium-doped fiber laser (EDFL) which can generate a maximum power of 40 mW at 1550
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Figure 4.2: Comparison of the frequency noise in the beat note between the two cavity frequencies
measured between pick-offs from the incident light and transmitted light. The dashed curve shows
a theoretical prediction of the beat note in transmission obtained by applying a digital low-pass
filter to the incident data. For simplicity, the pole of the filter was chosen at the 15 cm cavity
pole (4.7 kHz). The prediction and measurement show good agreement up to 30 kHz. Despite
the extra noise above 30 kHz (potentially caused by optics downstream of the pick-offs, or by the
differential filtering by the two cavities, which have different poles), the transmission measurement
scheme showcases a notable advantage
nm, a wavelength that is convenient because its use in telecommunications makes optics widely
available, and also because both sapphire and silicon (materials that were considered for the cryo-
genic cavities) are transparent at this wavelength. This laser was selected for its narrow linewidth
(0.1 kHz when free-running) and low frequency noise (13 Hz/+/Hz at 10 kHz). It has a wide ther-
mal tuning range of 1000 pm. A piezo-electric transducer (PZT) allows for faster tuning over a 22
pm range.

The piezo is driven with a triangular waveform to scan the frequency around the resonances of
the cavities. Additionally, it can receive a small feedback voltage through its external modulation

port to lock the laser to a cavity. The modulation port accepts a differential 2x 5 V peak-to-peak

signal with a 2.5 V common mode. Therefore, an op-amp circuit, with an input range of -5 V
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to +5 V, is employed to convert the single-ended output of the PID controller to the required
differential signal. The input to the modulation port is internally amplified by an amplifier with
variable gain. The maximum conversion factor between the input voltage and the frequency shift
is 0.8 GHz/V.

In the final configuration of the experiment, the ADJUSTIK E15 is used to seed an ultra-low
noise fiber amplifier (NKT Koheras BOOSTIK), which can increase the optical power up to 2 W

(in practice, however, the maximum power used for this experiment was 400 mW).

4.3 Two-cavity setup

From the first measured beat note to the final data collection, the optical setup went through
several development phases. In order to keep the experimental complexity low during the ini-
tial, troubleshooting-heavy, stages, the first incarnation of the experiment did not utilize the room
temperature reference ULE cavity.

The cryogenic cavities optical setup contains optics necessary to shift the laser frequency onto
those of the sapphire cavities, to couple the light into the cavities and to lock each laser branch to
the frequency of the cavity modes. It consists of two parallel nearly identical setups, one for each
of the two cavities.

The 40 mW power from the laser is sent to the two-cavity breadboard through a polarization-
maintaining fiber. This modular configuration allows for easily switching between the laser and
the light stabilized to the room-temperature cavity by changing connections at the input of the
fiber. Upon exiting the fiber, the light is collimated and then goes through an optical isolator which

prevents back reflections, before being split into two branches.
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Acousto-optic modulators

Before sending the laser light into the cryogenic cavities, each branch passes through an
acousto-optic modulator, which shifts the laser frequency to resonance with the respective sap-
phire cavity and serves as a frequency actuator for locking the laser to the cavity.

The acousto-optic modulators are operated in a double-pass configuration [84], where a cat’s
eye reflector (a lens followed by a mirror placed at its focal plane) ensures that the first-order
diffracted beam retraces the trajectory of the original beam on its way back. This eliminates
misalignment during locking due to the dependence of the deflection angle on the modulation
frequency and doubles the frequency shift (albeit at the cost of decreased effiency). Telescopes
placed in front of each AOM reduce the beam waist in order to obtain optimal diffraction effi-
ciency. A quarter-wave plate located after the AOM rotates the polarization of the light by 90°
so that the diffracted beam can be separated from the initial beam with a polarizing beam-splitter
(PBS).

The acousto-optic modulators (AMF-150-50-1550 from Brimrose, center frequency: 150 MHz)
are used to shift the laser frequency in opposite directions by 184.4 MHz on each pass, aligning
the frequencies with modes of the two cavities 737.75 MHz apart. To cover this separation, they
had to be operated beyond their 50 MHz bandwidth, which caused a substantial efficiency loss.
This issue was resolved in future iterations by using new AOMs with different center frequencies
(section 4.4.4). The AOM drives were provided by the two channels of a high power digital RF
synthesizer (Moglabs ARF421), which is based on two AD9910 direct digital synthesizer (DDS)

sources.

Mode-matching optics

The light is coupled into the TEMOO mode of the cavities. This is achieved using a pair of

plano-convex lenses that adjust the beam waist to spatially match the mode of the cavity and two
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steering mirrors, which allow aligning the beam to the cavity axis. A typical transmission efficiency

of around 20-25% when the laser is locked was realized, with 0.75 mW of power going into each

cavity.

Figure 4.3: Pictures of the cold cavities optical setup (spread between two breadboards). The
first breadboard (left) is placed on the optical table and contains the EOM, the AOM double-pass
setups and the mode-matching telescopes. The second breadboard (right) is placed on the cryostat
stand and contains optics for picking up light for the incident beat note, steering the beam into the
cavities and the detection of the cavity reflections

Pound-Drever-Hall locking

To implement Pound-Drever-Hall (PDH) locking, the laser frequency is first phase modulated
at 20 MHz by a resonant electro-optic modulator (Qubig PM7-SWIR-1). This modulation takes
place before the laser beam is divided into the two paths coupled into the two sapphire cavities.
This is to benefit from common mode reduction of any residual amplitude modulation (RAM)
caused by the EOM (due to the different transfer functions of the cavities common mode noise is
not perfectly canceled out). The cavity reflection, which is used to generate the PDH error signal,

is detected by a fast, low-noise photodetector (Qubig PD100-SWIR-1). The photodetector has an
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active area of 0.5 mm and a bandwidth of at least 100 MHz.

It is standard to separate the reflected light from the incident beam by placing a polarizing
beam-splitter (PBS) and a quarter-wave plate before the optical cavity to form an isolator. Because
of the large birefringence of the crystalline coatings, however, we instead use optical isolators
consisting of a Faraday rotator and a PBS. In this way, the light entering the cavities is linearly po-
larized and a half-wave plate can align it with one of the cavity optical axis, so that one polarization
mode is eliminated and the shape of the PDH error signal is not affected by the double resonance.

A dedicated driver system (Qubig Q-DRIVER QDR?200) applies the 20 MHz drive to the EOM.
The driver is capable of locking its output frequency to the resonance of the EOM, for optimal
driving efficiency. It also demodulates the photodetector output with the EOM drive to generate
the Pound-Drever-Hall error signal.

The PID control loops that lock the laser to the cavities are implemented using a digital laser
stabilization module (Toptica DigiLock 110). First, the laser is locked to the 15 cm cavity through
its piezo transducer. This is a low bandwidth lock (referred to as the ’slow lock™), limited by the
1 kHz bandwidth of the PZT, but with a wider operation range and mainly serves the purpose of
addressing slower drifts of the laser with respect to the cavity. Then, locks to each of the sapphire
cavities are applied to the respective branches of the beam through the AOMs (the “fast locks™),
via feedback applied to the FM modulation ports of the Moglabs ARF driver. These locks were
terminated below the science band by applying digital 20 kHz first order low-pass filters on the
correction signal. A 1 kHz high-pass filter balanced the induced phase lag. A diagram of the

experiment at this stage including the locking scheme is shown in Fig. 4.7(a)).

4.4 Integration of the room temperature reference cavity

The room temperature reference cavity stabilizes and filters the laser light before sending it to

the cryogenic cavities. The latter is achieved by transmitting the locked laser beam through the
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cavity before routing it to the two-cavity breadboard. This approach was motivated by an observed

benefit of using the cavity transmission in terms of lowering the frequency noise.

4.4.1 ULE Cavity

For the room temperature stabilization of the laser we use a commercial ultra-stable, high
finesse cavity fabricated by Stable Laser Systems. The cavity, which has a plane mirror at one end
and a spherical mirror at the other, is made out of ultra low-expansion glass (ULE) and measures

10 cm in length. It rests on a Zerodur mounting block on small viton balls that provide stability

against vibrations.

Figure 4.4: Pictures of the ULE cavity and its enclosure

The ULE cavity is placed inside an aluminum vacuum chamber and enclosed by two layers
of radiation shields. An ion pump maintains vacuum inside the chamber. The temperature is
monitored by thermistors located on the inner radiation shield and stabilized through a heater
also placed on the first shield to the zero-crossing temperature of the spacer coefficent of thermal
expansion, at 36.21 °C, at a | mK/day level.

The optical properties of the ULE cavity are summarized in Table 4.1. Of particular interest
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given the filtering strategy we employed is its low cavity pole, 1.5 kHz, which makes it suitable for

effectively filtering out noise at frequencies of interest (above 5 kHz).

Spacer length 10 cm

Spacer diameter 5 cm

Spherical mirror radius of curvature 50 cm

Finesse >500,000
Cavity linewidth (FWHM)' 3 kHz
Cavity pole' 1.5 kHz
Free spectral range 1.5 GHz

Table 4.1: Summary of ULE cavity characteristics

4.4.2 Mode alignment

To have the laser in resonance with all three cavities simultaneously one needs to find three
modes spaced closely enough in frequency that an AOM drive can bridge the corresponding offsets.
We found it useful to measure the wavelengths of the laser locked to the cavities with a wavemeter
(Bristol Instruments 671A) and make a map of the available modes to pick a convenient triplet.
The distribution of modes is displayed in Fig. 4.5, with the measured wavelengths of the modes of
the two cavities and the nearest mode of the ULE cavity labelled. The dotted purple line marks the
wavelength of the laser, situated midway between the modes of the two sapphire cavities.

The free spectral ranges of the 15 cm, 7.5 cm and ULE cavities, respectively, are close to 1
GHz, 2 GHz and 1.5 GHz. That means that the mode structure of the three cavities will be nearly
periodical, with a period of 6 GHz. In order to find the best cavity modes to use it thus suffices to

search within one 6 GHz "unit cell”, as outside of it the spacing between the modes will be similar.

!Corresponding to a finesse of 500,000



CHAPTER 4. OPTICAL LAYOUT AND DETECTION 107

unit cell (6 GHz) laser reference laser reference laser reference

>

>
=
oy
N

368 MHZ
-]

—
w

é 7.5 cm sapphire (2 GHz)

Y
\/

»
>

|
|
193386.62 GHz i
|
|

|

[

|
; |
i 368 MH 1 ?I\/I:H
E 15 cm sapphire (1 GHz) 208 Mz S—

i | |
193387.35 GHz | > i >
| A | |

i 7 praa| N

5 — ﬂ

i » ! - ! -
_________________ 193386.58 GHz option 1 option 2

Figure 4.5: Diagram of the alignment of the resonant modes of the three cavities. Left: Alignment
of the modes over multiple free spectral ranges. The green box marks the periodicity of the mode
structure. Thicker arrows are used to represent the modes the laser was in resonance with when the
wavelength was measured (the measured wavelengths are annotated). The light blue box highlights
the modes selected for the experiment, with two options for the 15 cm cavity. Right: closer view
of the two triplets of modes selected as options and the offsets between them

The nearest three modes, showcased in Fig. 4.5, option 2, were selected for the filtering scheme.

However, before acousto-optic modulators at 131 MHz and 92 MHz were available, option 1 was

implemented as a temporary solution (section 4.4.3).

4.4.3 Stabilization scheme

While filtering of the laser light is a straightforward solution for reducing the laser noise, it
greatly reduces the optical power since the high finesse of the ULE cavity limits the fraction of
the light it lets through. At best, we managed to achieve a transmission of 18% of the incoming
power. Consequently, a couple of upgrades were necessary before it could be put into practice,
including the acquisition of the fiber amplifier mentioned in section 4.2 and an upgrade to more

efficient acousto-optic modulators.
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Figure 4.6: Left: diagram of the ULE cavity optical setup in its final configuration. Right: Picture
of the ULE cavity inside its vacuum enclosure and the optical setup

For these reasons, an alternative scheme, where the laser was stabilized to the ULE cavity,
but not filtered, was implemented as an intermediate stage. In this case, a fraction of the laser
power is sent to the ULE cavity for locking, with the majority of it being directed to the two-cavity
breadboard.

The optical setup for the ULE cavity is very similar to that used for the cryogenic cavities. The
laser light travels through an AOM (AMF-150-50-1550, with a center frequency of 150 MHz) in
double-pass, then is coupled into a single-mode polarization maintaining optical fiber to clean the
spatial mode, distorted by the AOM. Subsequently, an EOM induces a 20 MHz modulation, before
the light is coupled into the TEMOO mode of the ULE cavity. The reflected light is collected for
PDH locking.

The same type of driver as for the sapphire cavities setup (Qubig Q-DRIVER QDR200) is used

to generate the error signal. The laser is stabilized through a slow piezo lock combined with a fast
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lock applied to the AOM, with feedback provided by a Toptica Digil.ock 110 controller. Since the
ULE cavity lock does not affect the dark matter signal and hence has no bandwidth restrictions,
the fast lock was extended into the science band, which allowed for a tighter and more robust lock.
Ultimately, its bandwidth was limited by that of the voltage controlled oscillator (VCO) driving
the AOM (100 kHz).

The input of the VCO consists of the sum of a constant 8.5 V from a stable DC power source
(which drives the VCO at 150 MHz) and the control signal from the DigiLock. A summing circuit
was built to add these two contributions.

A PBS and a waveplate split the beam after the locking AOM, directing an adjustable fraction
of the stabilized light to the sapphire cavities. Two more acousto-optic modulators (IPF-200-100-
1550) with center frequencies at 200 MHz, in single-pass, placed along the ULE cavity path,
adjust the laser frequency to match the ULE cavity resonance (in practice, the required total shift
was found to be around 411 MHz).

The ULE cavity setup could be integrated with the sapphire cavity optics without any major
changes to the latter. The only significant difference is the transfer of the PZT lock to the ULE
cavity, leaving the laser locked to the sapphire cavities solely through their AOMs. The increased
laser stability achieved by the tight lock to the ULE cavity reduced the demands on the sapphire
cavity locks, mostly needed to compensate for low frequency drifts between the cavities, for which
a lower gain was sufficient. The result was an improvement in the beat note frequency noise (see
Fig. 4.8). However, the lower optical power reaching the cold cavities (about 220 uW going into
each cavity, as measured in front of the cryostat windows) led to the strain sensitivity being limited

by the detection electronics noise.
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4.4.4 Filtering scheme

The latest version of the experiment, which is shown in Fig. 4.11, builds up on the previous
setup, but rather than splitting the stabilized light before the ULE cavity, the filtered light is picked
up after it and fiber coupled to the two-cavity breadboard. The two 200 MHz AOMs were also
removed and replaced with a single AOM after the ULE cavity.

Some notable modifications were made from the previous stage of the experiment in order to

increase the power going into the cryogenic cavities:

* Laser power: The NKT BOOSTIK fiber amplifier was added after the laser. This allowed
increasing the total optical power to 400 mW. Although in principle the amplifier was capable
of providing up to 2 W, the observation of an increase in noise (possibly due to thermal
effects resulting from the heating of the ULE cavity) determined us to stop at this value. No

effect on the temperatures of the cold cavities was observed after the power increase.

* Beat note frequency: Different longitudinal modes of the three cryogenic cavities were
picked, such that the nearest cavity modes are now used (“option 2” in Fig. 4.5). This
eliminated the need for AOMs with center frequencies above 150 MHz, which typically
have lower diffraction efficiency. It also changed the beat note frequency from 738 MHz to

262 MHz, a regime where lower RF losses and electronic noise are expected.

* Acousto-optic modulators: New AOMs were acquired, designed specifically so that their
center frequencies matched the frequency offsets between the three optical cavities. Specif-
ically, a 92 MHz AOM in single-pass down-shifts the frequency of the ULE cavity trans-
mission before the beam is divided into two, after which two 65 MHz AOMs in double-pass
offset the frequency in opposite directions for coupling into the two sapphire cavities. All

AOMs use AMTIR as the interaction material, a glass that allows the achievement of high
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diffraction efficiencies (75-80%). These changes contributed to a considerable increase in

the combined efficiency of the 3 modulators (by a factor of almost 60).

* Locking scheme: One takeaway from prior iterations of the experiment is that the cryogenic
cavities exhibit excellent relative stability. Therefore, in the spirit of reducing complexity and
eliminating servo noise in the science band, the two locks on the cold cavity AOMs were
ultimately replaced by a single slow lock to the 15 cm cavity via the 92 MHz AOM. This
lock, which has a bandwidth below 1 kHz, mainly aims to correct for the drift between the
ULE cavity and the cold cavities and it proved effective at keeping the laser in resonance with
both sapphire cavities for many weeks. The 92 MHz AOM was driven by one of the channels
of the Moglabs ARF421 synthesizer, which facilitated the application of the correction signal
through its modulation port. The second channel and a separate AD9910 DDS, amplified by
a high power amplifier (Mini-Circuits TIA-1000-1R8) drive the 65 MHz AOMs.

An immediate improvement in the beat note noise floor, by a factor of 3-5 in the science band,
was observed after the implementation of the filtering scheme. The gradual improvement of the

frequency noise over the three stages of the experiment is presented in Fig. 4.8.

4.5 Detection

4.5.1 Beat note optics

The light transmitted through the sapphire cavities exits the cryostat, where the two beams are
spatially superposed by a 50:50 beam-splitter. Half of the power is collected by a free-space high-
speed biased photodetector (Thorlabs DETO8C), which is used for the beat note measurement. The
other half reaches a second detector which can monitor the beat note power during data collection.

A similar arrangement is used to generate a beat note between the beams before the sapphire

cavities. A 90:10 beam sampler inserted in the path of each incident beam picks up 10% of the
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Figure 4.8: Plots of the beat note frequency noise without the ULE cavity, with the stabilization
scheme and with the filtering scheme
power, which is sent to a fiber detector (FPD310-FC-NIR from Menlo Systems).

In addition to the beat note detectors, the sapphire cavities transmissions are also individually
monitored by two biased detectors (Thorlabs PDA20C2) and two InGaAs cameras (Hamamatsu
C14041-10U). These have been useful in the early setup stages, as well as subsequently, for diag-
nosis. Polarizing beam-splitters preceded by half-wave plates allow to adjust the fraction of the

transmitted power going into these, so that no power is wasted during the beat note measurement.

4.5.2 Delay line

A delay line frequency discriminator is used to read the frequency noise off the beat note
between the sapphire cavities. This method involves splitting the photodetector signal, after am-
plification, into two arms, one of which is sent through a delay line. The two branches are recom-
bined using a mixer and the high frequency components are filtered out. When the delayed and
un-delayed signals meet at the mixer in quadrature with each other the voltage fluctuations at the

output (6V'(f)) are directly related to the frequency noise of the original signal J f(f) through the
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Figure 4.9: Beat note detection setup in transmission (left) and using the pick-up from the incident
beams (right)

expression:

sinm f1y

oV (f) = KLVr2m74 f of(f)- (4.1)

Td
In the above, K, is the mixer efficiency, V5 is the voltage at the RF input of the mixer and 7, the
delay. At low frequencies (f7; < 1), the voltage noise is linearly proportional to the frequency

noise, with a proportionality constant K, given by:

Kd = KLVRZWTd . (42)

More details on the theory and operation of the delay line frequency discriminator are provided in
references [85] and [86] and in Appendix B.

This measurement technique presents several advantages:

* It provides a direct conversion of the beat note frequency noise, which is in turn proportional
to the differential strain noise, to a voltage noise which can be directly measured with a

spectrum analyzer or DAQ;
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* It brings the signal down to the frequency range of the DAQ;

* The self-homodyne detection eliminates to first order the drifts in the beat note frequency

caused by cavity drifts;

* Demodulation is achieved without the requirement of a second frequency source phase

locked to the signal under test.

The delay line consists of a 60 m long coaxial cable (LMR-400 from Times Microwave Sys-
tems), corresponding to a 240 ns delay. This part was selected for having low loss at the beat note
frequency, attenuating the signal by 5 dB.

Initially, the quadrature condition was realized by mixing down the beat note, at the time at
738 MHz, to 100 MHz. The exact frequency of the mixing signal, coming from a frequency
synthesizer, was adjusted until the delayed and un-delayed signals were 90° out of phase with each
other. Due to the risk of potential higher electronic noise associated with active components, the
intermediate mix-down was later replaced with a mechanical phase shifter (RFPSHT0001W?2 from
RF Lambda).

The photodetector output undergoes several amplifications stages before reaching the delay
line. The noise corresponding to the first amplification stage is critical, as it establishes the signal-
to-noise ratio at the subsequent components of the detection chain. A low noise amplifier (Femto
HSA-X-1-40), with a 40 dB gain and a voltage noise of 310 pV/ \/E, was selected as the first
amplifier in the chain. It is followed by a second amplifier (Minicircuits ZX60-P103LN+, 20
dB gain). The latter was chosen for having a high compression point (P1dB = 20 dBm), as it is
favorable from a noise performance perspective to send as large a signal as possible into the delay
line. This is because the delay line constant K is proportional to the input voltage, so increasing
the signal strength reduces the frequency noise associated with a fixed level of electronic noise.

After the signal is mixed with its delayed version, a 240 kHz low-pass filter eliminates the
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high-frequency components and the demodulated beat note goes to a pre-amplifier (SRS SR560)
before being read by the DAQ (Advantech PCIE-1802), which samples it at a rate of 216 kS/s.

Since the frequency range of interest, below 100 kHz, is well within the range of linear op-
eration of the delay line discriminator, the frequency noise can be directly extracted from the
demodulated beat note once the delay line constant K, is determined. The calibration procedure
(explained in more detail in Appendix B) entails adding a known sideband either directly to the
beat note (by applying a dither to the AOM corresponding to one of the sapphire cavities) or to
a signal from a signal generator with the same magnitude as the beat note. The frequency noise
corresponding to the sideband ¢ f is found from the sideband-to-carrier ratio before the delay line.
The magnitude of the sideband is measured after the delay line and converted to voltage. The delay
line constant K; = 69.657 uV /Hz is then found as the ratio of the two. As a consistency check, by
varying the sideband frequency and magnitude, we verified that the value of K is independent of
these factors, as theoretically expected. Consistency between the results obtained with two delay
lines of two different lengths (30 m and 50 m) was also verified.

Similar to the optical setup, the detection chain was developed in stages, with the delay line
length and amplifiers adjusted along the way to accommodate for changes in the beat note power
and frequency. These transformations are detailed in Fig. 4.10, with the right-most diagram repre-

senting the final configuration.
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1.5 GHz Femto
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Figure 4.10: Schematic of the evolution of the delay line frequency discriminator setup during
each of the three main stages of the experiment
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CHAPTER 5
ULTRA-LOW VIBRATION CRYOSTAT

Our measurements were carried out in a unique 4 K cryogenic apparatus that features exquisite
vibration isolation, achieved through the implementation of techniques borrowed from gravitational-
wave detectors. Conducting the experiment at 4 K leads to a nearly tenfold reduction in thermal
noise compared to its room temperature counterpart, enabling sensitivities to displacements as
small as 10719 m/ v/Hz. However, this is contingent upon technical noise sources, including vibra-
tions, not exceeding this level.

Achieving low vibrations in a cryogenic apparatus is challenging. Wet systems tend to be more
quiet, but their regular refills hinder extended continuous periods of data acquisition. Closed-
cycle cryocoolers generate vibrations at their main operating frequency (1-2 Hz) and harmonics.
These can excite natural resonances of mechanical components at hundreds of Hz and above.
Furthermore, vibration isolating structures often restrict heat extraction.

For these reasons, our experiment uses a custom cryostat, engineered with the goal of achiev-
ing a high level of vibration isolation, without compromising its thermal performance. Strategies
targeting the suppression of vibrations include decoupling the cold plate from vibration sources,
as well as a multi-stage vibration isolation chain for both horizontal and vertical vibrations. The
cryostat, together with its vibration isolation system, was designed and built by Four Nine Design

(Billings, MT), steered by extensive consultations with us to address our scientific requirements.

5.1 Cryostat

The cryogenic apparatus (Fig. 5.1 and Fig. 5.2) is cooled by a two-stage pulse tube cryocooler

(SHI RP-082B2), with a heat extraction capacity of 40 W at 45 K (the first stage) and 1 W at
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vibration isolation stack

GAS Filter 1

inverted pendulum
GAS Filter 2

GAS Filter 3

cryocooler

4 K plate

— 40 K radiation shield

_— 4 K radiation shield

cavities =—

cold chamber __—— flexible bellows

Figure 5.1: CAD drawing of a section through the cryogenic apparatus, illustrating the main com-
ponents of the system (the cold chamber with the optical cavities, the vibration isolation stack and
the pulse tube refrigerator)
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4.2 K (the second stage). While pulse tube refrigerators show lower vibrations levels compared to
alternatives such as, for instance, Gifford-McMahon coolers, careful design choices are needed to
minimize the coupling of noise into the system.

The vacuum space housing the cold chamber and the vibration isolation stack rests on a stand
on the floor, on top of a heavy granite plate. The cryocooler is held by a ceiling-mounted support
frame (see Fig. 5.2). This configuration establishes a degree of separation between the “noisy” and
“quiet” elements, the connection between the two at the vacuum enclosure layer being realized
only through flexible bellows. The decision to install the cryostat on the floor and the pulse tube
on the ceiling - rather than the other way around - was guided by vibration measurements that
determined that the ceiling is the noisier of the two.

The cold chamber is a rectangular box with inner dimensions of 30 cm x 30 cm x 50 cm,
allowing sufficient space for the two optical cavities, together with their suspensions. It is confined
by two layers of radiation shields: an outer aluminum shield at 40 K and an inner 4 K shield made
of gold-plated copper. Both the outer shield and the bottom and side walls of the inner one are
supported from the bottom of the vacuum chamber. Meanwhile, the top of the 4 K box consists
of a suspended plate (the "4 K plate” or “cold plate™) attached to the bottom of the vibration
isolation stack, so that the science cavities, which are hanging from it, benefit from multiple stages
of vibration isolation.

A copper cold finger (visible in Fig. 5.1) extending through the bellows between the cryocooler
and cold chamber serves for heat extraction. In order to prevent the propagation of vibrations from
the pulse tube, the sole contact between the cold finger and radiation shields is made through soft,
high-conductivity aluminum ribbons (made of the same material as the thermal links used to cool
the cavities), as shown in Fig. 5.3. Similar heat links also connect the side and top of the 4 K
enclosure to cool the isolated cold plate (these can be observed in Fig. 5.4).

The vacuum can is equipped with electrical feedthroughs in 25-pin D-shaped connectors that
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Figure 5.2: Schematic (left) and picture (right) of the cryostat
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Figure 5.3: Pictures of thermal links inside and outside the cold chamber

connect the cryostat wiring. This include leads for the temperature sensors, heaters, as well as po-
sition sensors and actuators for the vibration isolation stages (further details on which are provided
in section 5.2) to laboratory electronics. The wires going to the cold chamber are mechanically and
thermally anchored at the vibration isolation stack support legs and at the 40 K and 4 K plates. At
the first two stages, the wires terminate with Micro DB25 connectors. However, electrical contact
issues in the connector on the 4 K plate prompted us to replace it with more robust, cryogenic
compatible connectors (part numbers CMR/LF4 and CMR-LF7 from CMR-Direct), mounted into
a custom-made mount that is bolted to the 4 K plate (Fig. 5.4). The room temperature leads consist
of twisted pairs of thin (32 AWG) copper wire, while phosphor bronze has been used for the leads
that enter or are anchored to the cold space in order to reduce heat flow into the system (at 4 K, the
thermal conductivity of phosphor bronze is less than 1% that of copper).

In addition to the temperature sensors on the cavities, mentioned in section 3.4.2, the cryostat
temperature is monitored at seven locations: at the first and second stage of the cryocooler, on

the lateral sides and top plates of the radiation shields and at the room temperature region of
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Figure 5.4: Left: anchoring of temperature sensors and heaters leads at 40 K and 4 K. Also visible
are the thermal links cooling the 4 K plate. Right: Custom cryogenic connector at the 4 K plate

the vibration isolation payload. Heaters are used during normal operation to prevent the room
temperature payload from cooling down, as well as during the warm-up phase, to speed up the
process.

When the vacuum cans that enclose the vacuum space are on, access inside the cryostat is
possible from three lateral directions through side plates with o-ring seals. Additionally, a re-
movable flange at the bottom allows for access from below. The side plates and radiation shields
are equipped with openings located at three different heights, providing alternative positions for in-
stalling windows for optical access. The current configuration uses the uppermost apertures on two
opposite faces, while all the other ones are closed off to avoid heat transfer between the different
thermal regions. All windows have anti-reflection coatings for IR light.

Commercial Conflat (CF) viewports (Thorlabs VC234C), with a 1.5” window opening, were
installed on the vacuum can side plates. Custom window mounts were attached to the inner side
of the 4 K shield and the outer side of the 40 K shield. These consist of aluminum plates with
a circular pocket in which a 0.5” diameter window rests. A ring made of 0.02” thick indium

wire forms a soft seal between the optic and the plate that remains malleable even at cryogenic
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temperatures, creating a hermetic bond while also ensuring that the window is not pressed on by
the thermally contracting plate. A soft teflon washer retains the window in place. The use of teflon
screws, which suffer less thermal contraction than metallic ones, prevents clamping issues upon
cooling. This design provides sufficient isolation between the different temperature regions on
either side of the plate, can withstand thermal cycling and ensures that the window is at no risk of
cracking due to excessive pressure from the thermal contraction of the mount.

The total cryostat cool down time is around two days. With the sapphire cavities as payload,

the baseline temperature reached by the 4 K plate was around 4.5 K.

teflon screws

indium wire |

mirror

teflon washer

aluminum window flange

Figure 5.5: Cryogenic-compatible window mounts for the radiation shields

5.2 Vibration Isolation

Vibration isolation methods can be broadly classified into two categories: active and passive.
Passive approaches employ materials and devices that absorb or dampen mechanical motion with-

out relying on a control system. Active techniques involve actuators that dynamically adjust the
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position of the system to compensate in real time for the motion measured by sensing elements,
based on a feedback loop.

Passive vibration isolation (the basics of which are introduced in section 2.3.3) presents a num-
ber of advantages, particularly in terms of simplicity, robustness, and reduced need for maintenance
once implemented. Moreover, the ability to cascade multiple filters, each contributing an attenu-
ation factor ~ 1/f2, allows for the achievement of very high vibration isolation. Nevertheless, as
Eq. (2.60) indicates, such filters are only effective at high frequencies and their effectiveness relies
on the ability to design mechanical oscillators with natural frequencies as low as possible.

The relatively high frequency of our science band (above 6 kHz for the data reported here,
above around 100 Hz for the prospective comparison between rigid and non-rigid cavities) makes
the use of passive vibration isolation favorable. The cryostat is equipped with an inverted pendu-
lum for horizontal isolation and geometric anti-spring (GAS) filters for vertical isolation. In this
section, we first introduce each of these devices, and then explain the way they are integrated in

our apparatus. At the end, some measurements of the GAS filter performance are presented.

5.2.1 Inverted Pendulum

The inverted pendulum (IP) consists of three legs distributed in a circular pattern around the
center, at an angle of 120° with respect to each other. Each leg has a flexure at the bottom that con-
fers flexibility to the assembly. An aluminum plate resting on the three legs supports the following
isolation stages. The plate is connected to each of the three legs through another thin flexure at the
top of the legs.

The basic idea behind the inverted pendulum is that the flexible elements provide a restoring
force to horizontal displacements of the mass supported by the legs. The structure thus acts as a
spring with an effective spring constant given by the interplay between gravitational and elastic

forces. For a pendulum of length L, assuming a total bending spring constant of the three legs kg
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Figure 5.6: Inverted pendulum working principle diagram and pictures of a test inverted pendulum
outside of the cryostat. The close-up picture shows the thin flexure at the top. A similar structure
is found at the bottom of the leg (inside the inverted pendulum tower)

and a mass M of the load supported by the legs (for simplicity, the mass of the legs is assumed

negligible), the effective spring constant k¢ is given by:

k M
kerp = 75— - 5.1)

This spring constant can be tuned by varying the load mass and the stiffness of the flexing elements,

reaching O for a critical mass value M, = ky/(gL). The resonant frequency is then given by:

_ Lo (M= M
fIP—2ﬂ_\/L< Vi ) (5.2)

This partial cancellation between the gravitational and elastic forces provides a path toward the

realization of suspensions with very low resonant frequencies. For instance, inverted pendula
developed for gravitational wave detectors such as LIGO with resonant frequencies as low as 12

mHz were demonstrated [68, 87, 88].
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The inverted pendulum in our system has its main resonant frequency around 0.5 Hz. For com-
parison, with an ideal pendulum a 1 m length would be necessary to achieve a similar performance.

When setting up the inverted pendulum, it is important that the legs are positioned symmet-
rically. Twists of the inverted pendulum could lead to the legs touching the aluminum covers
surrounding them, degrading its performance. Three windows at the top of the vacuum enclosure,
situated above each of the inverted pendulum towers, allow visual access to the inverted pendulum.
The position of the legs was fine-tuned by leveling the cryostat legs until each of the three legs was
reasonably centered inside their corresponding towers and we could verify that the pendulum was

able to oscillate freely.

5.2.2 GAS Filter

As seen in chapter 3, despite the horizontal orientation of the science cavities, vertical vibra-
tions are still significant, since they can affect the cavity length through the Poisson ratio. While
horizontal vibration isolation can be achieved in reasonably simple ways (such as a pendulum),
designing oscillators with low natural frequency (below 1 Hz) in the vertical direction is less triv-
ial. For traditional springs, lowering the resonant frequency requires increasing the length, a route
that quickly becomes space inefficient, or reducing the stiffness, which sacrifices yield strength.
An elegant and compact solution developed in the context of gravitational wave detectors is the
so-called gravitational anti-spring (GAS) filter [89].

A GAS filter consists of symmetrically distributed, radially oriented flexible cantilever blades
that are pre-stressed through bending in order to act like springs in compression. The outer ends
of the blades are clamped to a base plate, while the inner tips are connected together through a
centering structure called a “keystone”. The load (which can be the next vibration isolation stage)
hangs from this keystone from one wire.

This geometry leads to the generation of nearly horizontal elastic forces concurrently with an
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upward vertical restoring force. In a simplified model [68], each cantilever blade can be represented
as a compressed spring of undeformed length [y,, which is perfectly horizontal in the equilibrium
position (2 = z.,), together with a vertical spring operating in extension (see Fig. 5.7). We denote
by k, and k, the respective equivalent springs constants resulting from the collective effect of the
three blades in the vertical and nearly horizontal directions and by M the mass of the load. Then,
under a vertical displacement z — z.4, which results in an elongation of the horizontal springs to a
deformed length [ and a corresponding tilt by an angle 6 , the following equation of motion can be

written for the vertical components of the force:
Mz = —k,(z — 2eq) — ku (I — lo,) sin(6) . (5.3)

Within the small angle approximation, the expression above can be rewritten as:

Mz =— (/cz — (lo_x — 1) kx) (2 — Zeq) (5.4)
Zo

where z is the horizontal distance between the keystone and the support of the horizontal springs.

This is equivalent with the effect of a spring with effective spring constant

lox
keps = ko — (i - 1) Ky . (5.5)
Lo

As in the case of the inverted pendulum, the simultaneous effect of opposing forces partially can-
celing each other out generates a low effective spring constant, hence an oscillator with a low
mechanical resonance.

The shape of the blades is optimized so that stresses are evenly distributed to avoid stress
concentration which could lead to material yielding. For a particular geometry of the cantilever
blades, the resonant frequency can be adjusted by radially moving the location of the clamp to the

support base or by tuning the mass of the load. That means that for a certain geometry, in order to
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Figure 5.7: GAS Filter

maintain optimal vibration isolation, the payload mass must be set to a fixed value.

5.2.3 Vibration isolation stack

To reduce the effect of lab vibrations below that of shot and thermal noise, a room tempera-
ture vibration isolation assembly has been implemented inside the vacuum system, consisting of
cascaded alternating filters in the horizontal and vertical direction, which support the cold plate.

A diagram presenting the components of the vibration isolation stack is provided in Fig. 5.8.
The first stage of vibration isolation is an inverted pendulum with a resonant frequency of about
0.5 Hz. Three GAS filters with resonances below 0.5 Hz provide vertical isolation. Each of them
is expected to reduce vibrations above 100 Hz by at least a factor of 1000, for a total of 9 orders of
magnitude of vibration isolation. Each GAS filter hangs from the previous one by a thin rod made
of maraging steel, an alloy known for its high strength and low creep. This structure effectively
acts as an additional one-wire pendulum. This makes for a total of 7 vibration isolation stages,
4 horizontal and 3 vertical. To these we added the additional cryogenic pendulum supporting
each cavity, described in section 3.3, which provides an extra layer of attenuation of horizontal

vibrations.
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Figure 5.8: CAD drawing of the room temperature vibration isolation stack, showcasing the seven
stages of vibration isolation (left), together with a photo of the vibration isolation system (top right)
and a simplified diagram (bottom right)
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In addition to these passive components, voice coil actuators placed on each vertical filtering
stage can be used, in conjunction with LVDT (linear variable differential transformer) sensors in-
stalled to monitor the vertical position, for the active damping of the GAS filters’ motion. The
voice coils have an operating range of 10 mm. While at this stage of the experiment active control
was found unnecessary, this feature could prove to be useful in the future, particularly if the imple-
mentation of the non-rigid cavity pushes down the science band toward lower frequencies, where
the effect of vibrations is more prominent.

The main resonant frequency of the GAS filters stack was found to be 0.326 Hz, as observed
from spectra of measurements of the 3 LVDT sensors during operation. For the optimal operation
of the GAS filters (i.e. the lowest resonant frequency), the total mass attached to the 4 K plate

needs to be 7.6 kg.

5.2.4 GAS filter performance
GAS filter transfer function

Transfer function measurements performed on a fourth nominally identical GAS filter, used
for testing and prototyping purposes, confirmed the ability of these devices to reduce vibration
levels above 10 Hz by at least 3 orders of magnitude (Fig. 5.9). These tests were done by inducing
vibrations at the base plate of the GAS filter with a shaker and measuring the vibration level on
the base plate and at the load using two accelerometers. Unfortunately, as the transmissibility tests
were conducted in air, coupling of parasitic acoustic noise to the payload accelerometer and cable
“shorted” the GAS filter, preventing accurate measurements of the transfer function above around
50 Hz. Moreover, around 70 Hz the drive started to excite resonances of the fixture supporting the

GAS filter and shaker.
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Figure 5.9: Example of transfer function of a test GAS filter

Magic Wand and GAS Filter Tuning

While an ideal oscillator provides vibration isolation that improves above its mechanical reso-
nance as the square of frequency, for the real GAS filter saturation is observed above some critical
frequency, an effect associated with the moment of inertia of the blades [68]. This effect can be
overcome by changing the mass distribution in a way that optimizes the position of the center of
percussion.

A practical solution to this problem is the addition of rods, referred to as “magic wands”,
between the base plate and keystone that act in parallel with the GAS filter so as to adjust the mass
distribution and stiffness of the system [90]. The magic wand is connected to the base plate through
a hinge and to the keystone through a thin flexure and has an adjustable counterweight at the end
opposing the keystone (see the diagram in Fig. 5.10). The transfer function can be minimized by
optimizing the mass m and position [ of the counterweight, as defined in Fig. 5.10.

Magic wands for the three cryostat GAS filters (two per GAS filter) were provided by Four

Nine Design. While not yet implemented for the vibration isolation system inside the vacuum
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Figure 5.10: Left: magic wand diagram. For simplicity, only one blade and one wand are repre-
sented. Right: transfer functions before and after the integration and tuning of the magic wand

space, their performance was evaluated on a test GAS filter outside of the cryostat. Measurements
of transfer functions obtained using the same method as for the results in Fig. 5.9 show an improve-
ment in vibration attenuation after the integration and fine tuning of the magic wands. While the
measurements were again limited by parasitic coupling of acoustic vibrations, results are promis-
ing for opening up the possibility of achieving factors of at least 10* of vibration isolation per GAS

filter.
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CHAPTER 6
MECHANICAL RESONANCES OF THE SAPPHIRE CAVITIES

The model for the detector response developed in section 2.2 takes as parameters the values
of the resonant frequencies corresponding to the longitudinal mechanical modes of the cavities
and the quality factors of these resonances. The interpretation of the experimental results depends
critically on the determination of these quantities.

Finite element analysis offers a means to calculate the cavity resonances. The modal analysis
mode of ANSYS Mechanical was used to solve the eigenvalue problem that renders the natural
frequencies of the two cavities. The simulation assumed that the cavities were fixed at four points
at the centers of the support holes and included the effect of gravity. The calculated frequencies
are 35.00 kHz for the long cavity and 66.78 kHz for the short cavity. In addition to the longitudinal
modes, the simulations also revealed other resonances inside the science band. While these do
not contribute to first order to the results, they can be excited by ambient noise, resulting in peaks
in the measured data. Observations of patterns between where peaks corresponding to different
modes were expected to occur and where they actually occurred were helpful in the identification
of the longitudinal resonances. An inventory of the lowest few resonant modes for both cavities,
with their corresponding frequencies, is given in Fig. 6.1.

The simulations took approximately 5 minutes to calculate the first 100 modes for a mesh of
around 200000 nodes, using 8 cores and 20 GB of RAM. The dependence on the results of the
mesh size was on the order of tens of Hz for the two longitudinal modes.

Ring-down measurements [91, 92] have found high quality factors for bulk sapphire, @) =
108-10°. However, the attachment of the thermal links and (to a lesser degree) the optical contact-

ing of the mirrors are likely to have introduced additional damping into the current system. Rather
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Figure 6.1: Catalog of the lowest resonant modes of the (a) 15 cm and (b) 7.5 cm sapphire cavities,
calculated using ANSYS. The longitudinal modes are highlighted in red
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than relying on literature values, it is hence much more reliable to measure the quality factors in
the actual setup. Measurements of the resonances are also important to determine their frequencies
with more accuracy than the simulations can provide, since the latter did not include the heat links
and are limited in their capacity to faithfully model the way the cavities are supported and loaded.

A first series of measurements of the resonances was done at room temperature, outside the
cryostat, on identical copies of the two sapphire spacers (albeit without the mirrors attached).
Although this test setup also did not completely reflect the experimental conditions, these initial
measurements served in establishing some procedures for exciting the resonant modes and observ-
ing the mechanical response. After having built some confidence in our ability to observe actual
resonances, a second set of measurements was conducted in situ, on the cold cavities. The re-
sults were used in conjunction with those of the finite element analysis to identify the mechanical

resonances of the cavities.

6.1 Room temperature measurements

Figure 6.2: Room temperature setup for resonance measurements. Left: piezo glued to the side
of a spare spacer. Right: spacer with piezo seated in its cradle; a fiber interferometer detects the
motion of a mirror glued to one end of the spacer

Room temperature measurements were conducted on spare copies of the 7.5 cm and 15 cm

sapphire spacers. The spacers were seated on nominally identical cradles and supported on conical
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springs and rounded pins that replicated the setup used inside the cryostat.

The spacer resonances were excited by applying a drive to a piezoelectric element glued to
the side. The piezos were chosen to have resonant frequencies in the vicinity of the expected
longitudinal resonances (around 35 kHz for the 15 cm cavity and 67 kHz for the 7.5 cm cavity),
after it was found that this enhanced the ability to observe the resonances. Two different detection
techniques were employed: one was a purely electrical measurement, by observing the impedance
of the piezoelectric element, the second was optical, through interferometric measurements of the
motion of the spacer. The results were compared to each other and to those obtained from finite

element analysis.

6.1.1 Detection via electro-mechanical coupling

A piezoelectric material can be viewed as an electro-mechanical system, in which electrical
energy is converted into mechanical deformation and vice versa. This energy transfer is frequency
dependent, with maximum energy being absorbed at the mechanical resonances, where the strong
mechanical response is revealed as a large decrease in the equivalent impedance of the piezoelec-
tric.

The electrical coupling of the mechanical behavior of the piezo is conventionally modeled as
an equivalent resonant RLC circuit (where the inductance L,,, capacitance C,, and resistance R,,
are measures of the mass, spring constant and damping) in parallel with the electrical impedance
of the piezo, represented as a capacitive element (with capacitance C.). The corresponding circuit
diagram is depicted in Fig. 6.3(b). The equivalent impedance of this circuit displays a minimum
close to the series resonant frequency f,, which coincides with the mechanical resonant frequency,
due to the resonant behavior of the series RLC circuit corresponding to the mechanical part of the
system, and a maximum at a slightly higher frequency, corresponding to a good approximation to

the resonance f, of the parallel circuit formed by the electrical and mechanical components (see
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Fig. 6.3(¢c)).

When the piezo is attached to an external system (such as the cavity spacers), the mechanical
behavior is determined by the overall mechanical impedance of the piezo and object it is attached
to. Therefore, the mechanical resonances of the latter give rise to visible features in the electrical
impedance frequency response. An example is presented in Fig. 6.4, where the impedance is
measured (by measuring the drive voltage and the resulting current) as a function of drive frequency
for the same piezo, first isolated (hanging from a string), then attached to the 15 cm spacer. When
the piezo is glued, its internal resonances are strongly suppressed, but additional features with the
characteristic dispersive shape expected from a resonance (as depicted in Fig. 6.3(a)) appear. These
are close in frequency to where cavity mechanical resonances are expected from the simulations
(these frequencies are marked in the picture by dashed vertical lines, with the red line marking the
longitudinal mode). These peaks are more prominent when they happen to occur on the wings of

the piezo resonances, an observation that guided our choice of piezos.

6.1.2 Optical detection

A second approach to identify the spacer resonances involved searching for peaks in the spec-
trum of the displacement of a mirror glued to the spacer, measured precisely using a fiber interfer-
ometer while the spacer was excited using the attached piezo.

The interferometer consists of a 1310 nm laser, the light of which is sent into one of the two
input ports of a fiber coupler. One of the coupler outputs leads into an optical fiber, the other end
of which is placed on a translation and tip-tilt stage and brought in close proximity to the mirror on
the spacer. When aligned, the light reflected off the mirror surface reenters the fiber and is detected
by a photodiode connected to the second input of the coupler. At the photodiode, it interferes with
a secondary beam reflected off the cut end of the fiber. The interference signal encodes variations

in the distance between the mirror surface and the fiber end.
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Figure 6.3: (a) Mechanical transfer function and impedance frequency response of a piezoelectric
element. (b) Equivalent circuit diagram, highlighting the electrical and mechanical components.
(c) Equivalent circuit diagram, highlighting the series and parallel resonant circuits
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The excitations of the mechanical modes proved to be too weak to be detected directly by a
spectrum analyzer while sweeping the drive frequency. However, the feeble resonant response
could be extracted by demodulating it with the drive signal using a lock-in amplifier (Ziirich In-

struments MFLI), as illustrated in the schematic in Fig. 6.5.

Figure 6.5: Optical detection scheme

6.1.3 Results

A number of resonances for each of the two spacers were detected by both of the previously
discussed techniques. The peaks appear slightly shifted from each other when measured with the
two methods. This is in part because of the small offset between the impedance minimum and
the actual series resonance, but it can also be caused by the sweep speed being too fast compared
to the build-up time of the resonance response. Nevertheless, the double detection provides solid
evidence that the observed peaks are real.

For the 15 cm spacer, a strong candidate for the longitudinal peak was found at 35.56 kHz. A
few less well-defined features potentially indicate other peaks around this frequency (the presence
of which was predicted by the finite element analysis), the most prominent of which, at 33.4 kHz,

is likely to be one of the two second order bending modes (see Fig. 6.1). Additionally, two double
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peaks, one at 16.06 kHz and 16.26 kHz and another around 52.1 kHz, were attributed, based on the
finite element simulation results, to other bending modes and a smaller peak at 17.63 kHz looks
consistent with the first torsion mode. Overall, compared to the theoretical values, the observed
resonances tend to occur about half a kHz higher.

Fig. 6.6 exhibits the resonances identified in the piezo impedance and interferometer signals. In
the case of the former, the impedance frequency dependence when the piezo is not attached to the
spacer (labeled as “’piezo hanging”) is also provided for the purpose of highlighting the features
that originate from the spacer (the curves corresponding to the isolated piezo sometimes have a

different baseline because gluing it to the spacer can dampen the piezo resonances).
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Figure 6.6: Resonances of the 15 cm spacer identified through impedance and optical measure-
ments. The vertical lines indicate frequencies at which resonances are expected based on finite
element simulations (the red line marks the longitudinal mode)

The longitudinal resonance of the 7.5 cm spacer turned out to be more difficult to pin down. We

were unable to identify any resonant features in the vicinity of the predicted frequency of 66.8 kHz
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and the closest peaks (at 59.96 kHz, 64.08 kHz, 70.04 kHz and 70.98 kHz) align better with other
resonances. The most clear observed resonances were two peaks at 46.19 kHz and 46.58 kHz
which were attributed to the first order bending modes (expected at 43.6 kHz and 44.1 kHz as
per Fig. 6.1). Based on this more than 2 kHz shift between theory and measured values, it is also
possible that the discrepancy between the simulations and the real values is bigger in this cavity and
one of the observed peaks is, in fact, the longitudinal resonance. Fig. 6.7 presents measurements
of the bending modes and a broad scan over the modes between 60 kHz and 80 kHz. The insets of
the plot on the right side are narrow scans with finer frequency resolution over the closest observed

resonances to 67 kHz.
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Figure 6.7: Resonances of the 7.5 cm spacer identified through impedance and optical measure-
ments. The vertical lines indicate frequencies at which resonances are expected based on finite
element simulations (the red line marks the longitudinal mode)

All measurements were repeated with two different piezo models, as an additional check that
the observed peaks are not an artifact of the specific piezo being used. The method of supporting
the cavity was also varied (for instance, by directly seating it on the table or on a damping surface

instead of using the pins and springs). The support conditions influenced the quality factor of the
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resonances, but did not change their frequency within the measurement resolution. Additionally,
clamping the spacer longitudinally was found to massively suppress the peak attributed to the
longitudinal resonance of the long cavity, substantiating the conclusion that the observed peak was
an internal mode of the cavity.

Ultimately, since the results of the out-of-cryostat measurements are not expected to fully apply
to the system inside the cryostat (the spare spacers did not have mirrors and heat links attached,
and the glued piezo could potentially modify the resonant frequencies, too), rather than refining
this initial study, we decided to proceed with applying the lessons we learned to the actual science

cavities.

6.2 In-situ measurements

Compared to the room temperature tests, the main hurdle in measuring the resonances of the
cold cavities stemmed from the lack of direct access, as at the time of this investigation opening
up the cryostat to alter the setup inside was unfavorable for the overall progress of the experiment.
This constrained our options for applying mechanical drives to the system.

Fortunately, the limitations in exciting the resonances most effectively were compensated by
having a very sensitive length sensor - the cavities themselves. Rather than requiring an external
measurement device, such as the fiber interferometer, or relying on indirect methods, such as the
impedance measurements, we were thus able to look for evidence of mechanical excitations in the
transmission signals of the cavities.

To identify the frequencies of the resonances, we combined searches of peaks caused by ambi-
ent vibrations in the transmission spectra with measurements of the response to driven excitations

from a piezo outside of the cryostat and finite element calculations.



CHAPTER 6. MECHANICAL RESONANCES OF THE SAPPHIRE CAVITIES 145

6.2.1 Response to ambient vibrations

Excitations of the mechanical resonances due to laboratory vibrations can show up in the trans-
mission spectra of the two cavities, as long as the ambient drive is strong enough to raise the
response above the noise floor. Since the cavities are co-located and have identical support struc-
tures, many mechanical resonances associated with other components of the system are expected
to appear in the two spectra at the same frequencies, which makes them easy to rule out. Peaks
present in the signal from one cavity and not the other, of which the analysis of transmission spectra
revealed several, were classified as cavity resonance candidates and warranted further investiga-
tion. For the long cavity, notable are two peaks around 16 kHz, where the two bending modes
of the cavities are expected, and several peaks around 35 kHz (the strongest of which occurred at
34.76 kHz), in the vicinity of the predicted longitudinal mode. For the short cavity, three peaks
(at 41.85 kHz, 42.05 kHz and 42.56 kHz) were found in the region where the first order bending
modes were anticipated to occur. No peaks were observed close to the longitudinal resonance. All
of these are shown, together with the predicted resonant frequencies, in Fig. 6.8.

A retrospective analysis of the beat note measured over several days provided additional in-
sights. Although individual peaks in the beat note cannot be definitively linked to a specific cavity,
the long collection time unveiled peaks that were not discernible in the previously presented trans-
mission data. In particular, four main candidates for the 15 cm cavity longitudinal resonance were
identified (the frequencies of which are marked in the left panel of Fig. 6.9), as well as several

peaks around the longitudinal resonance of the 7.5 cm cavity.

6.2.2 Response to external drive

In addition to the transmission noise analysis, the cavities were also driven externally with a
piezo attached to the outer surface of the cryostat vacuum can, with the drive frequency slowly

swept over ranges of interest. The purpose was both to try to excite peaks that may have been
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Figure 6.8: Noise peaks in the transmission spectra of the two cavities. Theoretical frequencies of
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below the noise level and thus could not be detected in the noise spectra and to confirm, through
the observation of resonant enhancements, that the ones previously identified are mechanical in
nature.

To enhance sensitivity, a lock-in detection scheme similar to that used in the previous room-
temperature investigations was employed. This time, however, the detected signal was the output
of the beat note photodetector. Two types of measurements were conducted. In one case, the light
from both cavities was allowed to reach the photodetector and the beat note, after amplification,
was processed through the delay line frequency discriminator described in section 4.5.2, which
removed the carrier to isolate sidebands from mechanical excitations. The resulting demodulated
signal served as input to the lock-in amplifier (cf. Fig. 6.10). Alternatively, the light from the
cavities was blocked one at a time, and the amplified photodetector output was fed directly into the
lock-in amplifier. In this case, we interpret the detected signal as arising from the beating between
the carrier and the sidebands generated by the excitation of the mechanical resonances. Although
this signal is weaker than the beat note and requires a significantly higher degree of amplification,
looking at the individual cavity transmissions allowed us to discriminate which cavity the observed
peaks were associated with.

By repeating these measurements with the drive on and off, we confirmed which peaks were
mechanical resonances excited by the piezo. In this way, some spurious peaks that were present
during the driven scans, but were found to be unrelated to the drive, could be rejected.

Out of the forest of peaks previously observed in the beat note in the 60 kHz-70 kHz range,
two peaks, at 61.846 kHz and 64.073 kHz, were confirmed by the lock-in tests. Additionally, one
new peak, which was barely visible in the beat note, was found at 66.685 kHz, the closest one
to the expected value of the longitudinal resonance (66.8 kHz). All three were confirmed by the
light blocking test to be resonances associated with the short cavity. Fig. 6.11 highlights the three

resonances measured with the lock-in method, plotted together with the beat note in the absence of
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Figure 6.10: Lock-in detection diagram

adrive. The driven response of the 15 cm cavity (showing no peaks) is also presented for reference.
The arrows indicate the direction of the frequency sweep (frequency shifts with respect to the peaks
in the beat note are consistent with this direction). Additionally, the lock-in measurements also
revealed the three peaks around 42 kHz (mentioned in section 6.2.1) as resonances associated with

the short cavity.
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Figure 6.11: Candidates for the short cavity longitudinal mode identified through lock-in measure-
ments

For the long cavity, all four peaks around 35 kHz responded to the applied drive (see Fig. 6.12).
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Figure 6.12: Candidates for the long cavity longitudinal mode identified through lock-in measure-
ments. Scans with the drive off are also presented for reference

While the 34.764 kHz resonance appears to be much stronger than the others, the other three peaks

could not be definitively ruled out.

Drive on Drive off
35 kHz peaks 64/66 kHz peaks 35 kHz peaks 64/66 kHz peaks
visible? visible? visible? visible?
Beat note Yes Yes No No
15 cm transmission Yes No No No
7.5 ¢cm transmission No Yes No No

Table 6.1: Summary of driven response tests for the longitudinal mode candidates

6.2.3 Corroboration with finite element analysis

During the driven response measurements, a group of peaks of the short cavity emerged most
prominently and consistently: the peaks around 42 kHz and 42.5 kHz. This observation led to

an idea to hypothesize that these features are first-order bending resonances and, based on this
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premise, determine the longitudinal resonance through a one-parameter fit. The fit parameter was
implemented as an overall scaling constant « to the stiffness matrix given by Eq. 3.6). Finite ele-
ment analysis found best alignment with the presumed bending modes for a = 0.92. Interestingly,
for this case the longitudinal resonances aligned well with the peak observed at 64.073 kHz, while
the peak at 61.846 kHz matched one of the bending modes. Fig. 6.13 shows a comparison of a
wide driven scan (the scan with the drive off is also provided for reference) against the results of
finite element analysis, where the fitted peaks are highlighted as gray vertical lines. This hypoth-

esis is appealing, particularly because the 64.073 kHz resonance was one of the strongest ones

observed.
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Figure 6.13: Resonances of the 7.5 cm spacer identified through impedance and optical measure-
ments. The vertical lines indicate frequencies at which resonances are expected based on finite
element simulations (the red line marks the longitudinal mode)

On the other hand, without the fitting (in other words for « = 1), the much weaker peak at
66.685 kHz (not well evidenced in the wide scan, but visible in Fig. 6.11) emerges as the most
likely option for the longitudinal resonance. In this case, the 64.073 kHz and 61.846 kHz peaks

can be second order bending modes (the first of the two agreeing much better than the second with
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the simulations). This second option is depicted by the red lines in Fig. 6.13)
While this exercise was not entirely conclusive either, it reinforced two peaks (64.073 kHz and

66.685 kHz) as viable candidates for the short cavity longitudinal resonance.

6.2.4 Quality factor estimations

The second purpose of this investigation was to determine the quality factors of the resonances,
essentially by measuring their widths.

In the case of the stronger resonances, the width could be easily measured in the transmission
or beat note spectrum. However, for the weaker ones, the observation of the full width at half
maximum was impeded by the noise floor. In this case, a more reliable approach was to drive these
resonances at discrete frequencies around the resonance using the piezo, wait at each frequency
long enough for the resonant response to build up, then measure the peak in the spectrum. The

width of the resonance was then evaluated as that of the envelope of all of the measured peaks.
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Figure 6.14: Resonances of the 7.5 cm spacer identified through impedance and optical measure-
ments. The vertical lines indicate frequencies at which resonances are expected based on finite
element simulations (the red line marks the longitudinal mode)
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All the peaks we investigated were found to be around 10 Hz wide, implying quality factors on
the order of 103. These are much lower than literature values for bulk sapphire [91]. One possibility
is that the quality factors were substantially reduced by the attached thermal links. However, the
measurement could also have been limited by the linewidth of the frequency source providing the
piezo voltage, as the measured lineshape would be a convolution of the resonance being measured
and the drive. For this reason, the measured quality factors should be understood as worst-case

values.

While in the end a completely unambiguous identification of the cavity modes was not achieved,
these measurements allowed establishing upper and lower bounds on the values of the longitudinal
resonances. In the case of the short cavity, these were taken as the frequencies of the two peaks
that were identified as viable candidates, 64.073 kHz and 66.685 kHz. For the long cavity, the
extreme values of the four prospective peaks in Fig. 6.9 were selected (34.763 kHz and 35.584
kHz). For both cavities, an upper limit of 10 Hz for the widths of these resonances was placed.
These values were used to estimate a conservative transfer function of the cavities to a mechanical
drive, as explained in section 7.4.1.

These values could be refined with further research, for instance by opening up the cryostat and
adding a piezo closer to the cavities. With the means of driving the resonances more efficiently, a
measurement of the quality factors using ring-down techniques might also become possible, which

would allow overcoming the potential limitation imposed by the drive linewidth.
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CHAPTER 7
IMPROVED DIRECT BOUNDS ON ULTRALIGHT DARK MATTER

The apparatus described in chapters 3 to 5 was used to conduct a search for ultralight dark
matter in the 5 kHz —100 kHz range. The final data collection was run continuously over a period
of approximately 4 days. The results successfully demonstrate the effectiveness of Fabry-Pérot
cavities as competitive dark matter detectors in the kHz and tens of kHz domain.

This chapter describes the processes of data acquisition and analysis, detailing the methodology

employed in setting upper bounds on the coupling constants d,,,, and d., defined as:
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and culminating with the report of new direct constraints in the aforementioned frequency range.

7.1 Data acquisition

The demodulated beat note between lasers resonant with the cavities was measured using a
24-bit DAQ card (Advantech PCIE-1802L), with a voltage range of + 2 V and a sampling rate of
216,000 S/s, resulting in a total number of samples N = 7.48 x 10'°. The total data collection time
is sufficient to properly sample the dark matter linewidth, the FWHM of which in the frequency
range considered in this experiment has a minimum of ~ 5 uHz at 5 kHz, in the SHM. The resulting
raw data is an array Vj, where £ takes integer values from O to N — 1, sampled at a time interval
Ay = Tyoi/N, where Ty, ~ 3.4 x 10° s is the total measurement time for the entire data set.

Some parameters related to the data collection that are relevant for the subsequent analysis are
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summarized in table 7.1.

Sampling rate 216,000 S/s

Total collection time ~ 3.4 x 10°s ~ 4 days

Total number of samples 7.48 x 100
Sampling interval 4.63 us
Frequency resolution 2.9 uHz

Table 7.1: Data acquisition parameters

7.2 Strain spectrum

7.2.1 Discrete Fourier transform review

The first step in data processing is to Fourier transform the time series. For this purpose, we
would like to first revise a few relevant definitions.
The discrete Fourier transform (DFT) of the strain noise signal is
Vo = D, exp(—i—=pk)Vi, (7.2)
where V, = V(f,), with f, = p/(NA,) = pA;, p = 0, N — 1 being the DFT frequencies. The
quantities f/p are complex and, for a real signal V},, obey the relation:
V,=Vi_,. (7.3)

It follows that the DC component V, and the Nyquist component Vi /2 are necessarily real-valued.

The Fourier transform can also be expressed as a linear transformation by a matrix U, which
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is symmetric and unitary:

V =+V/NUV. (7.4)

It is useful to define two more quantities: the autocorrelation matrix C with elements Clr =
(Vi.Vir ), where (x) denotes the expectation value of a variable x, and the (two-sided) power spectral
density (PSD) matrix of the data series, C = NUCU .In terms of the Fourier components ‘N/;D, the
latter can be expressed as:

Co = (Vo (V)*). (1.5)

For a stationary process, the PSD matrix is diagonal and can be reduced to

C~Yp = épp’ = 5pp’<|‘7p|2>- (7.6)

Thus, the PSD is essentially the Fourier transform of the signal autocorrelation and represents a
measure of the power distribution of the signal across the frequencies f,. It is this definition of
the power spectral density that is used in the derivations in this chapter (in particular, in section
7.4). This is different from the conventional definition of the PSD, in units of V? /Hz, which is

normalized to be independent of the measurement frequency bandwidth:

Sp(f) = _Cpp’ = _“71»|2- (7.7

7.2.2 Conversion to strain

A Fast Fourier Transform (FFT) algorithm was employed to compute the DFT of the entire time
series (237 GB of data when saved in single precision format). This resource-heavy operation was

performed on a 3.2 GHz desktop computer with 16 cores and necessitated 28 hours to complete
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with 1.6 TB of RAM.

The frequency-domain voltage noise was then converted to a frequency noise spectrum ¢ fp by
dividing the data by the delay line frequency discriminator constant K ; (Eq. 4.2). Subsequent divi-
sion by the laser frequency yields the differential strain between the two cavities, which represents

the sum of the detector noise 7, and any potential dark matter signal 5,,:

=8, + 1. (7.8)

While it is ch that will be utilized in the subsequent analysis, all the strain plots that we present
here actually depict the strain amplitude spectral density (ASD), which we will denote by izp =
\/m d,,. It represents the square root of the conventional PSD defined in Eq. (7.7) and is a
quantity that would be more familiar to an experimentalist. Making a clear distinction between the
two is important as we move forward.

An averaged spectrum (computed with Welch’s method for estimating the PSD, with 10° aver-

ages) of the resulting strain is presented in Fig. 7.1(a).
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Figure 7.1: (a) Strain noise in the 0-90 kHz frequency range (average over 10° FFTs); b) Strain
noise in a narrow window around 50 kHz of a width comparable to the dark matter characteristic
linewidth at this frequency; the orange curve shows the dark matter lineshape; the dashed line
marks the average value of the noise within the pictured window
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7.2.3 Noise floor properties

Before proceeding with detailing the procedure used to place bound on the coupling to dark
matter, it is useful to point out some properties of the measured noise floor which will be underlying

assumptions in the subsequent analysis.

Stationarity:

The analysis of the measured data in the frequency domain relies on the assumption that the
data is stationary (i.e. its probability distribution and consequently its mean, variance and auto-
correlation do not change over time). The augmented Dickey-Fuller test [93] performed on the time

series confirmed this assumption. The test was implemented using the built-in Matlab function

adftest.
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Figure 7.2: Statistical distribution of the strain noise DFT over a window of width ~ 11/7, around

50 kHz. The real and imaginary parts (panels (a) and (b)) fit to a Gaussian distribution. The
magnitude (panel (c)) is Rayleigh distributed. The red lines represent fits to the histograms.

Gaussian distribution:

A second important property of the noise floor is that it is normal distributed. Its Gaussian

behavior in the time domain leads to both the real and imaginary parts of the (complex) fast Fourier
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Transform (FFT) of the strain being Gaussian distributed. As a consequence, the amplitude of
the FFT follows a Rayleigh distribution. This is equivalent to a transformation from Cartesian
coordinates to polar coordinates (and equivalent to the way in which the Rayleigh distribution
arises in the DM lineshape in section 1.2.4). We verified the Gaussian nature of our noise floor by
plotting its distribution over narrow frequency windows (of width approximately equal to 11 dark

matter linewidths). An example, corresponding to a frequency of 50 kHz, is depicted in Fig. 7.2.

Whiteness:

As evident from figure 7.1(a), the measured strain noise is not white across the measurement
frequency range. However, in frequency windows of similar width to that of the dark matter

characteristic lineshape, the noise can be appropriately approximated as white (see figure 7.1(b)).

7.3 Investigation of strain spectrum peaks

The strain spectrum was scrutinized for the presence of a potential peak with the characteristic
lineshape of dark matter. All the peaks identified by eye were found to have widths of tens of Hz,
too broad to be consistent with a dark matter signal and are more likely to be caused by noise of
mechanical, electrical or optical origin. A representative example of a peak is displayed in Fig.
7.3(b). Its broad, symmetric profile eliminates it as a possible dark matter signature.

However, since the strain spectrum presented a multitude of features, a more systematic strat-
egy for identifying the presence of a signal was necessary. The procedure was to look for data
points in the PSD above the 95% confidence level threshold (defined as the power level P, so
that points where the power is greater than P, have a 5% probability to be caused by statistical
fluctuations).

The PSD of the data set was split into superbins containing N = 10° frequency bins each. The

width of the superbins was chosen to be significantly larger than the dark matter linewidth across
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Figure 7.3: (a) Downsampled amplitude spectral density (ASD) of the noise floor, alongside the

noise mean value and the 95% confidence level threshold for dark matter detection. The dashed
rectangle highlights the peak that is magnified in the adjacent plot; (b) Example of the profile of a

noise peak at 73.75 kHz
all frequencies, while still narrow enough to treat the noise within as white. For each superbin,
the 95% confidence level threshold was found as the 0.95'/" quantile for the frequency bins inside
[94]. In other words, we looked for the power spectral density Sy, so that the probability that
the power spectral density inside a superbin is higher than S;,, P(S > S;;) = 0.95Y". The 1/N
exponent accounts for the effect of searching the peak across IV frequencies for each superbin [94].
Based on this criterion, no outliers were identified above the detection threshold. Therefore,
we conclude that none of the peaks are statistically significant and they will be treated as part of
the noise floor.
The data set, downsampled by a factor of 100,000 for ease of plotting, together with the mean

and 95% confidence level threshold are displayed, as amplitude spectral densities, in Fig. 7.3(a).

7.4 Methodology for placing constraints on ultralight dark matter

No peaks indicative of the presence of a ULDM field having been found, we proceed with

analyzing the measured noise floor to set limits on a dark matter coupling at 95% confidence level.
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The goal of this section is to detail the procedure used to calculate these constraints.

7.4.1 Parameterization in terms of a DM signal

Supposing the detection of a dark matter signal in the frequency data, it is possible to relate it

to an underlying ULDM field according to Eq. (1.15):

5= — (de + d,) Ay®, (7.9)

where A, depends on the discretized apparatus response Ag; as:

Varh
A, = EZ Aaeelf), (7.10)

and the field ®, can be expressed in terms of the dark matter lineshape £, = F'(w,) as

~ TN
IPp|") = 37 PGFp - (7.11)

It is implied by Eq. (7.9) that a coupling of dark matter through the electron mass (through d,,_) is
indistinguishable by our apparatus from a coupling through the fine structure constant « (described
by d.). We will consequently adopt the standard approach of setting one parameter to O in order to
establish an upper bound for the other. In the analysis that follows, we choose to place limits on
d., with an understanding that the derived results equally apply to d..

Since the dark matter signal and the detector noise are uncorrelated, the PSD ip of the fre-
quency domain data di (defined in accordance with Eq. (7.6)) can be expressed as the sum of the
signal (§p) and noise (p,) power spectral densities:

S 2N

Sy =S+ pp=d2, A2 A, O2F, + p - (7.12)

The detector response A ( fx) is represented for our experiment by the differential transfer func-
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Figure 7.4: Detector response (black), conservatively estimated as the minimum of the transfer
functions obtained using lower (blue) and upper (orange) bounds of the mechanical resonances of
the cavities. Shaded regions mark the uncertainty intervals for each cavity’s resonance

tion between the two cavities described by Eq. (2.48). We used measured values of the optical
poles - 4.7 kHz for the 15 cm cavity and 7.4 kHz for the 7.5 cavity - obtained using the procedure
detailed in Appendix A.

As we did not succeed to unambiguously identify the frequencies of the longitudinal resonances
of the cavities in our system, we took the conservative approach of computing the transfer function
using the extreme values for each resonance, determined through the work presented in chapter
6, and selecting at each frequency the overall minimum of the resulting curves, as illustrated in

Fig. 7.4.

7.4.2 Bayesian analysis

In order to determine the 95% confidence level threshold for d,,, we opted for a Bayesian
inference approach in the frequency domain [29, 95]. In this framework, one can express the
posterior probability of the parameter d,, given the measured data in terms of the likelihood of

measuring a data set {cip} assuming a specific value of d,,,, (Bayes’s theorem):
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7 _ P(dme) 7
{dp}) = 7D({CZPDE({dp}ldme)- (7.13)

In the preceding expression, P(d,,.) is the assumed distribution for d,,,, known as the prior, and

P(dme

P({d,}) is the (unconditional) probability of the results of a measurement being a data set {d,},
which can be treated as a normalization constant.

The first step before being able to employ Bayes’s theorem is the derivation of the likelihood
L({d,}|d,,,). In general, for stationary, Gaussian noise with mean (n;) = 0, the conditional
likelihood for measuring a data set {Jp} given a model M is represented by a multivariate Gaussian
distribution for the noise n = d — s that depends on the autocorrelation matrix C:

1

L{d,}| M) = exp(—énTC*ln) . (7.14)

1
v/ det(27C)
Taking into account the relation between autocorrelation and the PSD matrix, the likelihood can

be rewritten in terms of the latter [29]:

£t = s on (3 (7p70) (0o w) (pv'a) ) 715
e (_%%> (7.15)

where we used both the unitarity of U and the diagonality of C. The pre-factor can be recovered
from the normalization condition that the probability integrates to 1 over the variable space. Then,

if we also notice that the values of n; come in pairs (Eq. (7.3)), we reach the expression [29]:

L Tt 7y
L({dp}|M) = gmexp <—5p7p> : (7.16)

where 3, = 1/2 for p = 0 and p = N/2 and 1 otherwise.
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Let us now apply this relation to our data set. In the ensuing analysis we closely follow the
reasoning in [29]. Since the Fourier components we look at are far away from the DC and Nyquist
frequencies, these components can be neglected. In this case, for a particular possible set of Fourier
components that could model the dark matter signal, {5;}, and a given value for d,,_, Eq. (7.16)

becomes:

LU ) = ] e (—M> 7.17)
P Me P 0 p ﬁ . .
p=1 p p

Moreover, the signal we look for is also Gaussian, which allows us to express its conditional

likelihood as:

Nj2-1 52
L({5p}|dm., M) = — —2 . 7.18
({8p}ldme, M) E 3, exp( g ) (7.18)

Since ultimately we are only interested in the posterior probability for d,,., we would like to
eliminate the nuisance parameters $, by marginalizing over the space of possible sets {3, }, which

we will denote by S;

L({dy}|dm,) = L L{dy}|dme {3,) L{3p}dim, . M)d5. (7.19)
{sp}

It is convenient to convert to a coordinate system where the independent variables are the mag-
nitude and phase of the Fourier components 3, = |5,/e??. The corresponding volume element is

|5p|d|8,|dB,. The integral in Eq. (7.19) is separable and we can write for one Fourier component:

; Pl d, — 5,7\ 1 15,/
L,(dy|dy, :J J —exp | - 22 —exp | =2 s, |d|s,|do, . (7.20)
p( p’ ) o Jo Thy p( ) 5, p S, | p‘ | p‘ P

If we also expand §, = |5,|e’#», then:
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|d~p - §p|2 = |d~p|2 + |§p|2 - 2|Jp||§p| COs (ep - Sop) . (7.21)

The integral over the phase can be solved first by noticing that:

2 7 s — 1||5
J . <2|dp||sp|(:(zs (6, cbp)) a6, = 2, <2|dp_||3p|> , (7.22)

0 pp pp

where [y(x) is the modified Bessel function of the first kind. Therefore:

* 512 15,7 21d, |15, \ - -
[ ex <_|f| _ L5l )1< | @||p|>‘8p|d|sp|.
0 Pp Sp P

TPpOp Pp
(7.23)
This integral has an analytic solution, since:
o0 ) 632 JAA
L <a:e_A$ IO(BJJ)> dx = S (7.24)
Some further simplification, together with Eq. (7.12), yield the final result:
5 1 |y ?
L,(d dm = ——€X —~L s 7.25
p( P| e) 7'('21) p ( Zp ) ( )

Equipped with Eq. (7.25), it is now possible to apply Bayes’s theorem. We assume an uninformed
prior (a uniform probability distribution for d,, ). In this case, the posterior probability is propor-

tional to £({dy}|dp,) = [TV £,(dy|d,m,):

p=1

N/2—1 ~
[dp[*

(e ] % eXp(—E—) . (7.26)

p p

P(dm,

We deal with the proportionality constant by setting the condition that the probability integrates to

1 over the d,,, space.
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The posterior probability having been calculated, placing a bound on the dark matter coupling
at the 95% confidence level equates with solving for df,i% the equation:

95%
Al

2 f ddme P<dme

0

{d,}) =0.95. (7.27)

7.4.3 Implementation details

The value of d%i% as defined in Eq. (7.27) was computed over an array of frequencies in the
range of interest. In order to ensure that the sampling was done finely enough to probe the ULDM
linewidth at every frequency, without sacrificing efficiency, an adaptive grid was implemented,
with the separation Af; == 1/7..

At each frequency f; in the grid, we choose a window [f; — 1/7, f; + 10/7.]. We calculate
the detector noise model p; as the mean of ]ciplz over the selected window. Fig. 7.1(b) provides an
example of the noise over one such frequency window, with p; displayed as the red dashed line.

The signal PSD S’Z and total PSD ii = SZ + p; were computed for a grid of values of d,,,,
according to Eq. (7.12). Then, for each value of d,,,_, the posterior was calculated using Eq. (7.26).
In practice, it was easier to compute its logarithm and subsequently exponentiate. Finally, dfj;%
was obtained by integrating the posterior over the d,,, grid up to 95%.

Since running the algorithm described above on our large data set was computationally ex-
pensive, these operations were partially performed on the high-performance computing cluster at

Northwestern University (QUEST), where the computation could run on a node with 128 cores.

7.4.4 Injection of a simulated dark matter signal

The analysis algorithm was tested by injecting a digital dark matter signal with a Compton
frequency of 40 kHz and d,,, = 10° into the real data set and verifying that the expected d,,,, is

extracted back after running the script.
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An artificial signal that correctly incorporates the stochastic behavior of dark matter was gen-
erated by scaling Gaussian-distributed white noise by the DM characteristic lineshape. The white
noise was simulated by drawing random values from a Gaussian distribution with mean 0 and stan-
dard deviation 1. The DFT of the time series thus obtained was multiplied by F'(w). The inverse
Fourier transform then represents a series in time domain mimicking a dark matter signal. The

result, averaged over 10 periodograms, is shown in the inset of Fig. 7.5(a).
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Figure 7.5: (a) Plot of the frequency noise PSD with an added artificial dark matter-like signal (the
peak marked with red) corresponding to d,,,, = 10°. Top right inset: plot of the simulated dark
matter signal, displaying the expected asymmetric lineshape; (b) Recovered dark matter signal
after passing the injected data through the analysis algorithm, with 95% and 99.5% confidence
level (CL); (c) Scan over a range of d,,,. values (computed at the 95% CL), with the dashed line
marking the expected values, to which the extracted result is consistently close

The simulated dark matter signal is multiplied by the detector response transfer function and
added to a subset of the (time domain) experimental data (the beat note frequency noise) corre-
sponding to a measurement duration of 1000 s.

The FFT of the sum of signal and noise is fed to the d,,,, computation algorithm. The extracted
dark matter signal, computed over a frequency grid of 5000 points uniformly distributed over a
range starting 0.5 Hz below and ending 1 Hz above the injected signal frequency is shown in figure

7.5(b), computed at confidence level 95% (blue) and 99.99% (orange).The results are close to the
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expected value d,,,, = 10°.
We scanned the value of d,,,, corresponding to the injected signal over several orders of mag-

nitude and confirmed that for each data point the extracted d,,,, is close to the injected d,,, (figure

7.5(c)).

7.5 Results and discussion

The data analysis procedure described in the previous sections was carried out on the measured
strain for two different models for the dark matter distribution: the standard halo model (SHM),
the properties of which were described in section 1.2.4, and a relaxion star gravitationally bound
to Earth (discussed in section 1.2.5).

For the SHM we assumed a local density ppy ~ 0.4 GeV/cm3, based on astronomical obser-

2

vations [27], and coherence time 7. = i/m,v;;,.. In the case of a relaxion star, the local density
is frequency dependent and, for the frequency range considered here (20-90 kHz), it ranges from
6.1 x 10'° GeV/cm? to 1.4 x 10 GeV/cm?, a factor of 10! to 10! greater than for the SHM.

Two regimes can be identified, depending on how the measurement time 7;,; compares to the
dark matter coherence time 7.. In the case where 7;,; » 7. the amplitude and phase values are
averaged over the distributions presented in section 1.2.4 and the amplitude takes the value @,
given by Eq. (1.6). This is referred to as the deterministic regime. On the other hand, when
Tyt < T (the stochastic case) the amplitude and phase of the dark matter field must be treated
as random variables, drawn, respectively, from Rayleigh and uniform distributions, as outlined in
section 1.2.4. The field stochasticity has been shown to cause a reduction in the sensitivity of dark
matter by a factor of 3 [96].

For the work described here, the coherence time in the SHM varies from 5 s to 100 s over the

frequency range we report on (5-90 kHz), many orders of magnitude smaller than the measurement

time T},; = 3.4 x 10°, firmly placing the experiment within the deterministic case. However, in
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Figure 7.6: New bounds on d,,_ in the context of a) the Standard Halo Model and b) a relaxion
star bound to Earth. Also shown are limits from two other direct ULDM detectors, cavity-fiber

[49] and Cs-cavity [38], as well as indirect limits from EP violating tests [18] and a theoretically
motivated target [97]

the relaxion model, coherence times, given by:

1079ev\*
0 eV) , (7.28)

Ty A 10°s ( ",
are much longer, ranging from 7. = 2 x 10* s to 7, = 2 x 10° s for Compton frequencies between
20 kHz and 90 kHz, thus spanning both regimes.

An advantage of the Bayesian analysis described in section 7.4.2 is that it incorporates the
stochasticity of the scalar field, so it appropriately accounts for both cases.

Fig. 7.6 presents the inferred limits on d,,,_ at the 95% confidence level for the standard halo and
relaxion models in the 20 kHz-90 kHz frequency range. The results improve by one to two orders
of magnitude over a majority of this range previous bounds, which came from length comparisons
of an optical cavity with itself at a different time using an optical delay line (labeled “cavity-fiber”
in Fig. 7.6 and 7.7). Also shown are results coming from comparisons of an optical cavity with an

atomic clock (’Cs-cavity” [38]).

The amplitude of the signal searched for is proportional to that of the dark matter field, which
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Figure 7.7: Comparison of bounds on d,,_ in the SHM over a wider range with other direct and
indirect observations and theoretical limits. Details in text

scales as /ppy, according to Eq. (1.6). As a consequence of the increase in local dark matter
density, the limits we place in the relaxion scenario are 6 orders of magnitude lower than in the
SHM. This is an advantage that direct detectors have over indirect detection methods, such as
Equivalent Principle (EP) violation tests ([18, 34, 35]), which are insensitive to the local DM
density. The enhanced sensitivity of our detector allows us to surpass limits from EP violation
by a large margin in the relaxion model. Between 64 kHz and 66 kHz, our bound reaches into
a theoretically motivated region for which Higgs-relaxion mixing can occur [97], marked with
a dashed line in Fig. 7.6(b). However, the sensitivity starts dropping below 34 kHz, where the
measurement time becomes shorter than the coherence time.

Fig. 7.7 presents our results over an extended frequency range, in conjunction with bounds set
by other experiments. Other limits shown in this figure, on top of those already described, come
from gravitational wave detectors (GEO600 [48] and LIGO [98]), from the Holometer [99] and
from molecular Iodine spectroscopy [45]. The line marked as “naturalness” represents a limit im-

posed by radiative corrections to the mass of scalar particles above which d,,, is excluded without
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significant fine-tuning [100].

These first results demonstrate the potential of our apparatus to act as a sensitive ULDM detec-
tor. The limits we set exceed by up to two orders of magnitude previous direct bounds for both the
SHM and for a relaxion star gravitationally bound to Earth over a majority of the frequency range
between 20 kHz and 90 kHz. In addition to the main science band, the work presented here sets
new bounds, two to three orders in magnitude lower than previous, in the less explored frequency

band between 5 kHz and 10 kHz.
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CHAPTER 8
TOWARD THE REALIZATION OF A NON-RIGID OPTICAL CAVITY

Ideally we would compare the variations in resonant frequencies of a cavity with a rigid spacer
and a LIGO-style cavity, with its mirrors suspended from two separate pendula. Building and
operating the non-rigid cavity, however, poses significant technical challenges. First, both passive
vibration attenuation and active position control are required to maintain the mirrors aligned and
the cavity length stable. Second, to achieve low thermal noise, it is optimal that the entire bottom
stage of the suspension, to which the mirror is attached, as well as the fibers that hold it, are
made of the mirror material (in our case sapphire). This eliminates the presence of interfaces
between dissimilar materials at the mirror stage and keeps the mirror separated from thermal noise
contributions due to higher-loss materials at the upper stages by one layer of isolation. Because
of the substantial research involved in addressing these requirements, we instead compared two
unequal length rigid cavities for the initial iteration of the experiment. Nevertheless, some steps
toward the realization of the non-rigid cavity were taken. In this chapter we summarize these early
efforts, which include the construction and characterization of a suspended mirror prototype and
the development of actuators to control the position of the mirror. These results and the experience

we gathered could constitute a starting point for realizing the non-rigid cavity in future generations.

8.1 Vibration isolation

A first decision that was made was the number of stages required to reduce the level of vibra-
tions below that of thermal and shot noise.
Finite element calculations were performed for a simple one-wire model of a pendulum, to

get a sense of the order of magnitude of the vibration attenuation for a single-stage pendulum and
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Figure 8.1: Predicted vibration noise for a single-stage and a double-stage pendulum, compared to
the expected total sum of thermal and shot noise

for a double pendulum (two stacked pendula). The simulations computed the transfer function
between a harmonic displacement of the support and the resulting displacement at the center of
the mirror. The obtained transfer function was multiplied by the predicted level of vibrations at
the cold plate (corresponding to an acceleration of 10~7 g/ v/Hz). Based on the results, which are
exhibited in Fig. 8.1, the double pendulum is sufficient to reduce the vibration noise below the sum
of thermal and shot noise above 200 Hz (except for a finite number of peaks due to resonances
of the structure). While more layers of isolation could extend the science band towards lower
frequencies, this comes with the cost of increased complexity of the system. In view of these
results, we decided to aim for a double-stage pendulum for this experiment. The estimates in Fig.

8.1 are obtained using the parameters in Table C.1.
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8.2 Pendulum oscillation modes and transfer function

To understand the dynamic response of the pendulum, it is necessary to take into account
all its relevant resonant modes. In addition to the primary swinging modes, a simple pendulum
exhibits a resonance of the wires in the vertical direction, as well as the three rotational modes
of the mirrors (often denoted by “pitch”, “yaw” and “roll””). Vibrational modes of the suspension
wires (the “’violin” modes) also affect the motion of the mirror. These modes are illustrated in Fig.
8.2(c). Although analytical approaches to model the behavior or single and multiple-stage pendula
exist (see, for instance, [101]), here we opt instead to use finite element modeling to analyze the
pendulum resonant modes and transfer functions.

We developed a toy model of an all-sapphire two-stage pendulum (Fig. 8.2(a)), with each stage
supported by four 15 cm long fibers, 310 um in diameter. This thickness lies within the range that
offers the best trade-off between vibration isolation (which worsens as the wire diameter increases)
and heat conduction (which is facilitated by the use of thicker wires).

The resonant frequencies of the pendulum and its transfer function to a horizontal oscillation in
the direction of the laser beam were computed using ANSYS. A horizontal sinusoidal displacement
with amplitude g = 1 mm was applied to the top support structure, and the displacement of the
center of the mirror along the same axis is measured. The ratio of the two, z/z,, defines the transfer
function. The result is plotted in Fig. 8.2(b). It shows a double peak around 1 Hz (corresponding
to the swinging modes of the two pendulum stages), as well as peaks due to the mirror pitch
modes and wire violin modes. The transfer function displays the expected f~* behavior over
approximately a decade in frequency above the pendulum modes. However, the presence of the
pitch modes at a few tens of Hz disrupts this roll-off, and the forest of violin modes above 100 Hz
causes a saturation effect in the vibration isolation performance. Nonetheless, about 5 orders of
magnitude of vibration attenuation are expected at 100 Hz and over 8 orders of magnitude above

1000 Hz (except at the resonant frequencies).
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Figure 8.2: a) Toy model for the double pendulum; b) Transfer function for a horizontal displace-
ment; the dashed line indicates the expected slope for a f~* roll-off; ¢) Pendulum resonant modes
and the approximate frequencies where they can be expected to occur

8.3 Development and characterization of a suspended mirror

8.3.1 Pendulum prototype

Several iterations of prototypes for the suspended mirrors have been developed, the latest of
which is shown in Fig. 8.3. For ease of fabrication and reduced cost, aluminum was used at the
prototyping stage even for the bottom mass, although the final version would be expected to be

made of sapphire. Molybdenum wires are used for the suspension. They are attached at the top to
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vented screws, which allow for the vertical tuning of the wire attachment points.

The biggest challenge in making a non-rigid cavity is the control of the mirror motion, nec-
essary for alignment and stabilization. Drives from the environment perturb the position of the
mirror and excite its mechanical resonances. Therefore, it is key to have a damping mechanism,
as well as to be able to control the position and orientation of the mirrors so that they maintain
alignment with each other. Moreover, the system the pendulum is damped against needs to be vi-
bration isolated to a similar degree as the main pendulum, otherwise vibrations are introduced into
the system by the dampers and motion actuators. For this reason, a second two-stage pendulum
is built alongside the main one, with each stage of the pendulum (referred to as recoil masses)
enclosing the corresponding stages of the main pendulum (the test mass, which holds the mirror,
and the intermediate mass). A schematic representation and pictures of the test mass and recoil
mass pair are provided in Fig. 8.3.

In our system we implement both passive and active damping. The former is achieved using
two 0.5” diameter magnets on the sides of the bottom recoil mass, which act as eddy current
dampers for the test mass. The latter is provided by electro-magnetic actuators, described in more
detail in section 8.4.2. These enable control over all degrees of freedom: four actuators at the
bottom stage enable motion along the cavity axis, as well as angular motion corresponding to yaw
and pitch. Three actuators on the top of the intermediate stage allow for vertical motion and pitch
adjustments. Two more actuators on the sides of the intermediate stage provide motion in the two
horizontal directions, as well as yaw. The intention is that the intermediate stage actuators will be
used for coarse adjustments, while those acting on the test mass will only provide fine adjustments,
to keep magnetic noise and heat generation associated with magnetic fields and coil currents to a
minimum.

While ultimately the goal is to implement the double-stage suspension described so far, for

simplicity we started by testing the bottom stage of the pendulum only. All the work presented in
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Figure 8.3: Left: diagram of a test mass and a recoil mass with a damping mechanism. Center:
CAD model of the double-stage pendulum. Right: view of the test mass and recoil mass with the
front cover removed

the following sections was performed using the single-stage pendulum.

8.3.2 Measurements of the pendulum motion

It is informative to know, in view of understanding the operation range needed for the position
actuators, how much the pendulum is expected to move in a quiet environment. For this reason,
optical measurements of the mirror motion were conducted.

The technique used was an optical lever: a laser beam was directed toward the mirror at an angle
and the reflected beam was sent to a quadrant detector. Displacements of the mirror perpendicular
to its surface and tilts result in motion of the beam hitting the detector, as illustrated in Fig. 8.4.

For these tests, the pendulum was suspended from a vibration isolation setup consisting of an
inverted pendulum and a GAS filter similar to the ones inside the cryostat. The measurements were
conducted inside an acrylic enclosure to minimize the effect of environmental perturbations, such

as air currents.
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Figure 8.4: Schematic representation of the optical lever, showing the conversion of longitudinal
and angular displacements of the mirror to displacements of the beam at the photodetector
Amplitudes of the horizontal motion of the beam reaching the quadrant detector of up to around
10 um have been observed after the pendulum was left to settle to its most quiet state (an exam-
ple of a measured trace is provided in Fig. 8.5). Given the distance between the mirror and the
photodetector and the incident angle of the beam on the mirror, these translate into 10 pm of pure

longitudinal motion or 30 urad of pure yaw (although likely a combination of the two).

position (pm)
o

time (s)

Figure 8.5: Picture of the setup used for measurements of the pendulum motion and example of a
measured trace
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8.3.3 Cavity with one suspended mirror

To gain some experience with the operation of non-rigid cavities, we also built an optical cavity
featuring one suspended mirror. To enable alignment, the second mirror was mounted on a tip-tilt
stage fixed to the table. The mirrors had the same radius of curvature as the sapphire mirrors used
in the experiment (10.2 m). However, for easier coupling into the cavity, we opted for a lower
reflectivity of 97% (equivalent to a cavity finesse of 100).

We coupled light into the TEMO0O mode of the cavity. Even without position control of the sus-
pended mirror, coupling to higher-order transverse modes was low, indicating that mirror tilts had
minimal impact on the coupling efficiency. However, the signal from a photodetector measuring
the cavity transmission (Fig. 8.6) revealed that the longitudinal motion of the pendulum spanned
several free spectral ranges, corresponding to oscillations with an amplitude of around 8 pm. This
value is consistent with the optical lever measurements. Locking the laser beam frequency was
not feasible under these conditions, providing additional confirmation of the critical importance of

active position stabilization.

8.4 Active position control

Actuators for the control of the mirror position and orientation are required in order to align
the two suspended mirrors so that light can be coupled into the cavity. They are also necessary
in order to adjust the length of the cavity, so that the resonance condition for the laser beam is
achieved. Moreover, used in closed loop, they compensate for fluctuations in the position of the
mirror caused, for instance, by vibrations, and provide damping of the pendulum resonances, for
the stable operation of the cavity.

Two types of actuators were considered: piezoelectric and electro-magnetic. Despite some
preliminary experiments employing piezo actuators - placed either between the mirror and the

test mass or between the intermediate mass and its recoil mass - ultimately we favored the use of
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Figure 8.6: Setup of the low-finesse optical cavity with a suspended mirror, as well as a picture
of light coupled in the TEMOO mode, detected by an InGaAs camera, and an example of the
transmission signal detected by a photodetector

electro-magnetic actuators. This decision was driven by the fact that the latter require no contact

between the test mass and recoil mass, and can be made significantly more compact than their

piezo counterparts for motion ranges in the tens of pum and above.

8.4.1 Actuation requirements

Certain specifications for the range and resolution of the position actuators need to be met in
order to make the laser beam resonant with the cavity and to minimize coupling into higher-order
transverse modes due to misalignment of the mirrors with respect to each other.

As far as longitudinal motion is concerned, the condition of being able to adjust the cavity
length so that it becomes resonant with the laser wavelength sets a motion range requirement
of 0.75 um (half the laser wavelength). However, in order to compensate for the motion of the
pendulum due to ambient drives, the actuators need a motion range at least as big as the observed

amplitude of pendulum oscillations (10 pm).
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The required resolution for longitudinal motion is dictated by the need to tune the resonant
wavelength to within the operating bandwidth of the acousto-optic modulators used for locking the
laser. This corresponds to a resolution of around 100 nm.

Actuators that provide transverse displacements and tilts correct for alignment inaccuracies of
the mirrors, which result in power being coupled into higher-order modes. These couplings can be
calculated from the mode overlap integrals for a given degree of misalignment [102]. We set a limit
on the actuation resolution based on the condition that at most 2% of the laser power is coupled into
higher-order modes. For our cavity mirrors, this translates to a transverse displacement resolution
of 100 um and an angular displacement (pitch and yaw) resolution of 10 prad. It is noteworthy
that the demands for transverse displacements are less stringent. This is a consequence of the large
radius of curvature of the mirrors used.

The resolution requirements for each degree of freedom are summarized in Table 8.1.

Degree of freedom Resolution

Longitudinal 100 nm
Transverse 100 um
Pitch & yaw 10 prad

Table 8.1: Actuation requirements

8.4.2 Optical Sensors and Electro-Magnetic actuators (OSEMs)

Low-noise electro-magnetic actuation for the active control of suspended mirrors has been
developed for gravitational wave detectors, such as LIGO [103] and KAGRA [104]. The ability
to make such actuators compatible with high vacuum and, in the case of KAGRA, also cryogenic-

compatible, has thus been demonstrated. For this experiment, we built and tested devices that
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Figure 8.7: Diagram of an OSEM showing the main components

operate on the same principle as those used by LIGO and KAGRA, but miniaturized for the much
smaller scale of our cavities.

The Optical Sensors and Electro-Magnetic actuators (OSEMs) are compact devices that inte-
grate a position sensor and an actuator. The sensing system consists of an LED and a photodiode
(PD) located on opposite sides of the main body of the OSEM, which is mounted on the recoil
mass. A flag attached to the test mass and situated inside the OSEM main body, concentric with it,
partially shadows the active area of the photodiode from the light emitted by the LED (see Fig. 8.7).
Relative motion of the two pendula changes the surface area of the shadowed region, resulting in
a variation in the voltage measured over a resistor in parallel with the PD. The actuator is a copper
coil concentrically aligned with the flag. Currents through the coil generate an electro-magnetic
force which pushes on a magnet inside the flag. With multiple OSEMs placed appropriately (see
Fig. 8.3) motion over all degrees of freedom of the mirror can be measured and controlled.

The coils, made of 85-90 turns of 30 AWG copper arranged in 5 layers, were wound by hand,
with each layer glued with epoxy to prevent both unwinding and field fluctuations due to move-

ment of the wire. The PD (OSRAM SFH 2400-Z) and LED (Rohm Semiconductor SCM-013RT)
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Figure 8.8: Pictures of OSEM components during assembly: (a) LED glued to its holder; (b)
photodiode glued to its holder; (c) coil during winding process; (d) photodiode viewed from the
LED side; (e) flag with magnet inside; (f) fully assembled OSEM

are glued to holders that screw into the main body of the OSEM. These holders are electrically
insulating in order to eliminate the risk of shorts. For speed purposes, we decided to fabricate them
using 3D printing for the prototyping stage. However, it was found that because of the insufficient
resolution of the printer only about a half of the fabricated parts were adequate for use. In the
future, it could be better to use a milling machine to fabricate these parts. A cryogenic-compatible
connector (CMR-LM7 from CMR-Direct) is used to connect the leads of the PD and coil. A reg-
ister at the end of the OSEM is used to align the edge of the flag with the center of the PD holder.

This register is removed during operation. The entire device has a length of around 2 cm (0.82”).
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Figure 8.9: Dependence of the PD voltage on the flag position. Inset: setup for the OSEM sensor
tests

8.4.3 OSEM characterization

Tests of the sensor and actuator were conducted both to assess their performance and for cali-
bration purposes.

The sensor was tested by measuring the photodiode signal across a 20 k{2 resistor as the flag,
mounted on a translation stage, was moved with respect to the OSEM main body. The test setup
can be seen in the inset of Fig. 8.9. The dependence of the measured voltage on the flag position
presents a linear region of around 0.4 mm, which determines the OSEM operation range. Given
the slope of that region, 28.4 uA/mm, and the typical dark current of the photodiode, 1 nA, the
minimum detectable position change is 35 nm. These range and resolution are sufficient according
to the requirements considered in section 8.4.1. The voltage against position curve in Fig. 8.9
serves as calibration for interpreting the sensor signal.

The actuator test was performed with the OSEM on the pendulum (Fig. 8.10) and involved
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Figure 8.10: Left: picture of the OSEM on the pendulum during the actuation tests (the top OSEM,
which was used for the test, is highlighted in green). Right: plot of the measured flag position
against the coil current

measuring the flag position using the OSEM photodiode output for different values of the DC
current going through the coil. The pendulum position motion varies linearly with the coil current,
which is important for close-loop operation. The error bars represent the rms value of the measured
position. They become larger at the lower limit of the current as the flag position nears the limit
of the sensitivity range of the sensors. The large error bars of the data points corresponding to

currents of 0.1-0.3 A are the result of an accidental excitation of the pendulum.

8.4.4 First steps towards active control

We end this chapter by reporting on some preliminary attempts at active control of the mirror.
To start with, a feedback loop was implemented for one OSEM only (the top OSEM shown in
Fig. 8.10). The OSEM PD signal is used as the input of the PID loop, the output of which is
sent to the coil. While the active control reduces the motion of the flag, it only does so to an

amplitude of around 5 um. Moreover, a simultaneous measurement using the optical lever (the
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Figure 8.11: Output of the OSEM photodiode and of the optical lever quadrant detector as the PID
loop for stabilizing the pendulum is turned off and on

bottom of Fig. 8.11) shows no reduction in the motion of the beam reaching the quadrant detector.
We interpret this as a result of the interplay of more than one degree of freedom in the pendulum
motion. In particular, this is likely to be the effect of the yaw component, which the OSEM cannot
correct for (and which gets amplified by the optical lever by a factor equal to the lever arm, as
shown in Fig. 8.4).

This hypothesis was confirmed through the analysis in frequency domain of traces measured
with the active control on and off (Fig. 8.12). While the provided feedback was successful in
significantly reducing the longitudinal oscillations of the pendulum (the peak at 1.4 Hz), it excited
the yaw mode at 1.9 Hz.

The next step, therefore, is to establish control loops to simultaneously target multiple modes
of motion of the pendulum. The development of this procedure constitutes the subject of further

research.
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Figure 8.12: Comparison of the amplitude spectral density of the flag displacement with the pen-
dulum active control on and off

8.5 Challenges associated with the non-rigid cavity

A few milestones need to be reached before a non-rigid cavity can be built.

First, as discussed in the previous section, simultaneous active control of all the pendulum
degrees of freedom is required. This is not a trivial endeavor because of the coupling between
these degrees of freedom. If independent feedback loops are implemented for each OSEM, with
the PD signal as input for the PID loop and the corresponding coil current as output, cross-coupling
leads to instability. The solution is to have each control loop correspond to a mode of motion of the
pendulum. A diagonalization step between the OSEM output signals and the physical coordinates
of the pendulum is then required.

Second, the intermediate stage of the pendulum needs to be added. The procedures developed
for the alignment and stabilization of the single pendulum will have to be extended to the double

pendulum.

Third, as the project transitions from the aluminum prototype to the sapphire pendulum, some
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fabrication techniques have to be established. Hydroxide catalysis bonding [105], a method that
forms strong chemical bonds between similar flat surfaces using a hydroxide solution, can be used
to bond mirrors to the pendulum mass. Indium and gallium bonding have been used to attach the
sapphire fibers of the KAGRA gravitational wave interferometer [106], a method that we could

borrow. These methods will need to be explored and experimented with.
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CHAPTER 9
CONCLUSIONS

This thesis reports on the first results from a new broadband ultralight scalar field dark matter
detector. The new method compares variations in the lengths of two Fabry-Pérot cavities that are
simultaneously probed by measuring the beat note between light from a common laser resonant to
them. The design and construction of the apparatus, as well as the detection and the analysis of its
first data run are reported, along with future prospects after apparatus upgrades.

Substantial technical challenges had to be overcome to lower the noise floor to a level where
new regions of the dark matter parameter space could be explored. A new cryogenic apparatus,
carefully designed to reduce thermal, shot, and vibration noise in the system, was built. Custom
sapphire optical cavities with low-loss crystalline coatings achieved high stability at cryogenic
temperatures. They were suspended using multiple stages of passive isolation from environmental
disturbances side by side inside a 4 K custom cryostat, which reduced the thermal noise nearly
tenfold.

Two of my most significant research contributions were designing the sapphire cavity spacers
and setting up the room temperature optics and detection electronics. The first involved extensive
finite element simulations conducted to minimize the sensitivity of the cavities to vibrations. The
second consisted of assembling the optics for locking and generating the beat note, as well as set-
ting up and testing the delay line discriminator that canceled the beat note carrier. It also included
the integration of the room-temperature ULE cavity, which filtered the laser to achieve a factor of
3-5 reduction in frequency noise.

The apparatus was used to collect data over a period of 4 days (3.4 x 10°s). Although no

evidence of dark matter was detected in the beat note spectrum, Bayesian analysis of the data
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places new upper limits on the coupling of scalar field ULDM to ordinary matter. Two different
models were assumed: the Standard Halo Model and a relaxion star bound to the Earth. In both
cases, the new limits exceed previous bounds from direct detection experiments by up to two orders
of magnitude. Additionally, new direct bounds are set in the less explored region of the frequency
space between 5 kHz and 10 kHz in the Standard Halo Model.

The sensitivity of the apparatus is currently limited by technical noise, which is about two
orders of magnitude above the estimated level of fundamental (shot and thermal) noise. Further
research is necessary to conclusively identify the bottleneck. A thorough investigation of the nature
of technical noise in the apparatus is thus an immediate next step for the experiment. We suspect,
however, that the excess noise could be residual amplitude and/or frequency noise on the laser.
In this case, potential avenues for improvement include implementing additional filtering stages
or amplitude stabilization. Up to a hundredfold improvement over the current results could be
achieved after these upgrades.

Two future paths to increase the sensitivity of the apparatus by several additional orders of
magnitude are examined. The first approach proposes the use of longer optical cavities (up to 1
m in length). The second entails comparing the lengths of a cavity with a rigid spacer and one
comprised of two suspended mirrors. First steps toward the building of such a cavity, including
tests of a prototype pendulum and the development and testing of sensors and actuators for position
control, rendered promising results. Both scenarios have the potential to lower the level of shot
and thermal noise by approximately two orders of magnitude, while also extending the science
band down to a few hundreds of Hz. These upgrades would enable surpassing existing indirect
experimental bounds from EP violation tests, and explore regions within the natural parameter

space.
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APPENDIX A
OPEN LOOP MEASUREMENTS OF CAVITY TRANSFER FUNCTIONS

Understanding the frequency response of the optical setup is crucial for the design of the control
loop that locks the laser to the cavities. Additionally, it provides useful information about the
behavior of individual components of the system. We present here a method for directly measuring
the open loop transfer function of the optical cavity together with the elements of the PDH setup
(the photodetector, the mix-down electronics and filters employed in the generation of the error
signal, the acousto-optic modulator and its driver). We also show how these measurements were
used as a way to measure the poles of the sapphire cavities.

The transfer functions of the optical cavities and Pound-Drever-Hall optics and electronics
are typically measured by injecting a small modulation to the laser frequency and measuring the
response as the modulation frequency is swept. Because the laser needs to remain in resonance
with the optical cavity for the duration of the measurement, they are usually measured in closed
loop, with the laser locked to the cavity. However, the good relative stability of our two cryogenic
cavities allows us to directly measure the open loop transfer functions of each cavity, together with
its PDH locking setup, with the laser stabilized by using the other cavity as a frequency reference.

The measurement scheme, presented in Fig. A.1, is similar to the two-cavity setup which was
used for the first beat note measurement (section 4.3), with the exception that a network analyzer
(Moku:Lab from Liquid Instruments) replaced the locking electronics for one of the cavities.

The laser is locked to one of the cavities through its piezo-electric transducer. Though a low
bandwidth (1 kHz) lock, this is enough to maintain the laser in resonance with the second cavity for
the duration of the measurement. The network analyzer adds a sinusoidal perturbation to the signal

driving the AOM of the second cavity through the frequency modulation port of the frequency
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Figure A.1: Measurement scheme for the open loop transfer function. The response of the optical
cavity, together with the optics and electronics involved in the Pound-Drever-Hall locking setup is
measured for one cavity while the laser is locked to the other cavity. The red box marks the device
under test (DUT)

synthesizer driving the AOM. The cavity reflection is measured by the PDH photodiode. The
signal is mixed down with the 20 MHz signal driving the EOM to generate a PDH error signal,
which is then fed into the input port of the network analyzer. As the frequency of the injected
perturbation is varied, the magnitude and phase of the response are recorded, thus rendering the
transfer function of the entire control loop with the exception of the control electronics.

The transfer functions are dominated by two features (Fig. A.2): a pole at a few kHz and a steep
drop close to 1 MHz, corresponding to the bandwidth limit of the frequency synthesizer driving
the AOM. The former is of particular interest, as it is consistent with the low-pass filter response
expected from the Fabry-Pérot cavities. The lack of any other features suggests that the rest of the
system has an approximately flat response up to around 1 MHz.

The magnitudes of the measured transfer functions up to a few tens of kHz were fitted to the

functional form of a first order pole:
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Figure A.2: Bode plot of the measured open-loop transfer function of the 7.5 cm cavity, optical
setup, AOM, photodetector

A
y(f) = 20log,, <W) (A.1)

where y(f) is the magnitude in dB, f the frequency, A is a fitting constant associated with the overall
gain of the system and f, a fitting constant corresponding to the cavity pole.

The fits reproduced the data well (Fig. A.3). The pole corners were determined to be 4.7 kHz
for the long cavity and 7.6 kHz for the short cavity. These values are similar to, though not in
complete agreement with the frequencies of the cavity poles calculated from the finesse: 3.4 kHz
for the long cavity and 6.8 kHz for the short cavity. It is worth mentioning that the finesse values
were provided by the manufacturer of the cavities and were obtained at room temperature (our
measurements were performed at 6.5 K), through a different (ring-down) technique.

As a note, the phase information of the transfer function could not be fitted to an order one
pole. This is not surprising, since the huge roll-off due to the bandwidth limit of the AOM drive

(which can be understood as a high order low-pass filter), starts a lot earlier than the magnitude
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roll-off, already affecting the phase behavior in the region considered for fitting).
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Figure A.3: Measured transfer functions for the 7.5 cm (left) and 15 cm (right) cavities. The
magnitudes were fitted to a single pole with corner frequencies at 7.4 kHz for the 7.5 cm cavity

and 4.7 kHz for the 15 cm cavity
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APPENDIX B
DELAY LINE FREQUENCY DISCRIMINATOR

Operation principle

The delay line frequency discriminator (Fig. B.1) converts the frequency noise of a signal to
voltage noise. This is done by splitting the signal into two branches, one of which is delayed before
they are recombined using a mixer, and low-pass filtering the output. The conversion takes place
in two stages. First, the delay line transforms the frequency fluctuations of the signal into phase
fluctuations of the delayed signal relative to the undelayed signal. Second, the mixer translates the

phase shift between the two paths into a proportional voltage.

beat note amplifier splitter delay line mixer low-pass amplifier

PD filter
,p,\@fx\glg

Y

phase
shifter

Figure B.1: Schematic of the delay line frequency discriminator

To understand its operation, we will consider a frequency modulation with amplitude ¢ f, at a

frequency f,,, applied to an input signal of amplitude V; and frequency fj:

Vin(t) = Vo(t) cos (27Tfot + ;Z—f cos (27Tfmt)> ) (B.1)

Assuming a delay time 7, and an amplitude V of the signal at the R input of the mixer, which is
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characterized by a mixer constant K, the mixer output is given by:

Vout(t) = K VR cos (27Tfot + fc—f cos (27 fiut) + 2w fo(t — 74) + fc—f cos (27 fon (t — Td))>
+ K Vg cos <27Tf0t + fc—f cos (27 fiut) — 2w fo(t — T4) — f[—f cos (27 fin (t — Td)))

+ higher order terms.
(B.2)

A low-pass filter at the output eliminates the high-frequency components. The filtered signal is:

V(t) = KLVg cos (27Tf0t + of cos (27 frut) — 2w fo(t — 14) — of cos (27 fin (t — Td)))
/ / (B.3)

m m

= K Vg cos (27rf07d o 2% S0 (7 fin7a) sin <27Tfm <t B %>>) ‘

The phase shifter on the undelayed path can be tuned so that the signals on the two branches meet

at the mixer in quadrature, 27 fo74 = (2n + 1)7/2, with n integer. In this case,

o
V(t) = K Vgsin (Zf—f sin (7 f,,74) sin (27Tfm (t — %))) . (B.4)
Under the assumption that the frequency modulation is small, § f < f,,, the amplitude of the output
voltage 0V is given by:
) i m
oV ~ K Vr <2—f sin (meTd)) = QWTdKLVRéfM . (B.5)
fm me'rd

In this case, for modulation frequencies small enough that f,,,7; « 1, the output voltage is directly

proportional to the modulation amplitude, with a proportionality constant:

Kd = QWTdKLVR . (B6)
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It is important to note that, although it is called a ’constant”, /; actually depends on the power of

the input signal.

Calibration procedure

The delay line frequency discriminator K, is determined by measuring the response of the
system to a known signal. This was done either by applying a dither to the beat note, or with a
frequency modulated signal from a signal generator, with the same power as the beat note. The
calibration procedure is illustrated in Fig. B.2. In this case, a 60 kHz modulation was applied to
the beat note using the acousto-optic modulator that shifts the frequency of the light going to the
short cavity.

For small frequency modulations (corresponding to total phase deviations much smaller than
1 rad), the phase spectral density S, (in units of rad?/Hz) is related to the single sideband power
density Psg, (in units of W/Hz) and the total signal power P; (in units of W) as [85]:

P

=2 . B.
S =25 (B.7)

This is converted to the frequency noise spectral density .S (in units of Hz?/Hz) using the relation:

P
Sp=S8,f2 =2f2 32
= S4fm meS

(B.8)
We calculate the total frequency noise in the sideband (in units of Hz) from the magnitudes of the
carrier and sideband peaks observed in the two-sided spectrum of the beat note, measured on a
spectrum analyzer (left panel of Fig. B.2):

(dBm)

5 = /2 f,, x 10(P&™=PE™) /20 (B.9)

P(dBm)

o and P are the magnitudes of the sideband and carrier expressed in dBm.

Here,
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The corresponding voltage noise at the output of the delay line frequency discriminator is
determined as the root-mean-square voltage V/.,,s corresponding to the sideband (the square root
of the power spectral density of the signal integrated over the peak width). Then, the delay line

frequency discriminator constant is calculated as:

Ky = Vim0 = 69.657 uV/Hz . (B.10)
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Figure B.2: Left: magnitudes of the beat note carrier and of the sideband from an applied 60 kHz
dither before demodulation. Right: 60 kHz sideband after passing through the delay line frequency
discriminator
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LIST OF PARAMETERS USED FOR NOISE PROJECTIONS

Parameter

Value Description
A 1550 nm Laser wavelength
F 150,000 Cavity finesse
General properties T 4K Cavity temperature
Tior 4% 10%s Measurement time
n 0.8 PD quantum efficiency
Pms Psp 3997 kg/m? Density
E,., Ey 464 GPa Young’s modulus
Oms Osp 0.29 Poisson ratio
Om 1078 Substrate loss angle
Substrate & Spacer Dsp 1074 Spacer loss angle
R+ 2.5 cm Spacer outer radius
R;, 0.5 cm Spacer inner radius
R, 1.27 cm Mirror radius
tm 0.625 cm Mirror thickness
R, 10.2 m Mirror radius of curvature
. 100 GPa Coating Young’s modulus
o 0.32 Coating Poisson ratio
Mirror coating
be 5x 107¢ Coating loss angle (at 4 K)
te 10 pm Coating thickness
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Egusp 70 GPa Wire Young’s modulus
Non-rigid cavity Osusp 0.25 Wire Poisson ratio
suspension sysp 310 um Wire diameter
Lsusp 15cm Wire length
Jo,2 1.5 Hz Pendulum resonant frequency
foy 100 Hz Wire vertical resonant frequency
Rigid cavity vibrations H, 6 x 107'2  Horizontal vibration sensitivity
H, 2 x 10712 Vertical vibration sensitivity
Qoib 1077g /vHz  Cryostat vibration acceleration
Ly, 15 cm Long cavity length
Lg 7.5 cm Short cavity length
Rigid-rigid
wy, 0.66 mm Long cavity beam waist
(current apparatus)
wg 0.55 mm Short cavity beam waist
P 0.1 mW Power at PD from one cavity
Ly 100 cm Long cavity length
Lg 30 cm Short cavity length
Rigid-rigid
wr, 1.00 mm Long cavity beam waist
(projection)
Wg 0.78 mm Short cavity beam waist
P 10 mW Power at PD from one cavity
L 30 cm Cavity length
Rigid-non-rigid
w 0.78 mm Beam waist
(projection)
P, 10 mW Incident power for each cavity

Table C.1: Experimental parameters used in the noise projections in Fig. 2.8 and Fig. 2.9



