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Abstract

This thesis presents a modern Michelson-Morley experiment, which provides
improved limits on test parameters that model a violation of Lorentz invari-
ance in electrodynamics. The measurement thereby sets an upper limit on
an anisotropy of the speed of light at a level of Ac/c ~ 10716,

The experiment compares the resonance frequencies of two optical high-
finesse cavities, one of them continuously rotating on a turntable. To read
out their resonance frequencies, two Nd:YAG lasers are frequency-stabilized
to these cavities. On the timescale of a turntable rotation (~ 45s), a relative
frequency stability of ~ 1 x 1071 is achieved, limited by thermal noise of the
cavity mirrors.

An anisotropic propagation of light would cause a modulation of the ro-
tating cavity’s resonance at twice the turntable rotation rate, additionally
modulated by Earth’s rotation and orbital revolution. Two test theories are
applied here, to derive such an anisotropy signal as a consequence of a vi-
olation of Lorentz invariance. These test theories are an extension of the
standard-model of particle physics, based on work by V.A. Kostelecky et al.,
and a kinematic formalism by H.P. Robertson, R. Mansouri and R.U. Sexl.
Previously as well as simultaneously performed Michelson-Morley experi-
ments were severely affected by systematic effects arising from the rotation
of the setup on a turntable. Several systematic effects have been identified
within the present experiment as well. These systematics are described in
detail, together with the measures that have been taken to suppress system-
atic signal amplitudes below 1 Hz. This is a reduction by up to a factor of
100 as compared to preceding experiments.

During the course of one year, 27 frequency comparisons of the rotating with
the non-rotating cavity have been performed, each spanning 24h to 100h
of continuous measurement. In total, the measurement includes ~ 10° rota-
tions. An analysis of this data within the two test models is presented and
limits on the relevant test parameters are deduced. These limits restrict an
anisotropy of the speed of light at a level of 10716, which is a factor of ten
more stringent as compared to results of previous such measurements.
Further improved limits on a violation of Lorentz invariance might be ob-



tained within the near future. An improved setup with new cavities, that
exhibit lower thermal noise, and first data from this setup are already pre-
sented here. The relative frequency stability has been enhanced to 2 x 1071°
at the timescale of a turntable rotation. This opens the door to another order
of magnitude improvement of the experiment’s sensitivity within a long-term
measurement aiming for the Ac/c ~ 1077 level of accuracy.

Keywords:
precision experiments, Lorentz invariance, special relativity, metrology
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Zusammenfassung

Diese Arbeit prasentiert ein modernes Michelson-Morley Experiment, wel-
ches genauere Grenzwerte fiir Testparameter liefert, die eine hypothetische
Verletzung der Lorentzinvarianz modellieren. Die Messung setzt einen obe-
ren Grenzwert fiir eine Anisotropie der Lichtgeschwindigkeit im Bereich von
Ac/c ~ 10716

Das hier beschriebene Experiment vergleicht die Frequenzen zweier optischer
Hoch-Finesse Resonatoren, wobei einer dieser Resonatoren kontinuierlich auf
einem Drehtisch rotiert. Um die Eigenfrequenzen der Resonatoren abzufra-
gen, werden die Frequenzen zweier Nd:YAG-Laser aktiv auf die Resonatoren
stabilisiert. Die dabei erreichte relative Frequenzstabilitat auf der Zeitskala
einer Tischdrehung (~ 45s) liegt bei ~ 1 x 107, limitiert durch das ther-
mische Rauschen der Resonatorspiegel.

Durch eine Anisotropie der Lichtgeschwindigkeit wiirde sich eine Modulation
der Eigenfrequenz des auf dem Drehtisch rotierenden Resonators ergeben,
zusétzlich moduliert durch die Erddrehung und den Erdorbit. Um ein derar-
tiges Signal im Rahmen einer Verletzung der Lorentzinvarianz zu modellie-
ren, wurden zwei verschiedene Testtheorien herangezogen. Diese sind eine die
Lorentzinvarianz explizit verletzende Erweiterung des Standardmodells der
Teilchenphysik, basierend auf Arbeiten von V.A. Kostelecky et al., so wie ein
kinematischer Formalismus, welcher auf Arbeiten von H.P. Robertson sowie
R. Mansouri und R.U. Sexl fufit.

Sowohl vorangegangene als auch parallel durchgefiithrte derartige Experimen-
te waren in ihrer Genauigkeit durch systematische Effekte limitiert, die mit
der Drehung des Experiments auf einem Drehtisch einhergehen. Verschiedene
derartige systematische Effekte wurden auch in diesem Experiment identifi-
ziert. Diese systematischen Effekte und die Unterdriickung entsprechender
Signalamplituden auf unter 1 Hz sind im Detail dargestellt. Im Vergleich zu
vorhergehenden Messungen konnten derartige Effekte um bis zu einem Fak-
tor 100 reduziert werden.

Insgesamt wurden 27 Datensatze eines Frequenzvergleichs des rotierenden
mit dem nicht rotierenden Resonator aufgenommen, welche sich jeweils tiber
24h bis 100h erstrecken. Dabei gingen mehr als 10° Tischumdrehungen in
die Gesamtmessung ein.

Es wird eine Analyse dieser Daten im Rahmen beider Testtheorien préasen-
tiert, und Grenzwerte auf die relevanten Parameter werden bestimmt. Diese
Grenzwerte schranken eine Anisotropie der Lichtgeschwindigkeit im Bereich
von 10716 ein, d.h. etwa 10 mal genauer als die Ergebnisse vorangegangener
Messungen.



Auf dieser Grundlage sollte sich in nachster Zukunft eine weitere deutliche
Steigerung der Messgenauigkeit erzielen lassen. Der Aufbau eines verbes-
serten derartigen Experiments, welches neue Resonatoren mit geringerem
thermischen Rauschen zum Einsatz bringt, sowie erste verbesserte Resulta-
te werden hier bereits prasentiert. Die relative Frequenzstabilitat iiber eine
Tischdrehung gemittelt konnte auf 2 x 107! verbessert werden. Damit steht
der Weg offen fiir eine weitere Langzeit-Messung, welche die Grenze fiir eine
Anisotropie der Lichtgeschwindigkeit bis in den Bereich von Ac/c ~ 10717
driicken wird.

Schlagworter:
Prazisionsexperimente, Lorentzinvarianz, Spezielle Relativitéitsteorie,
Metrologie
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Chapter 1

Introduction

1.1 Putting Lorentz invariance to the test

Lorentz invariance has served as a guiding principle in constructing funda-
mental physics theory, ever since its validity throughout all of physics has
been revealed by Einstein’s pioneering work on special relativity in 1905
[Ein05]. The principle of special relativity formulated there gives an opera-
tional definition of Lorentz invariance. It basically states that the outcome
of an experiment does not depend on the uniform velocity and orientation of
the inertial reference frame it is referred to.

Today, Lorentz invariance is a cornerstone of quantum field theory, which
has been tested experimentally to astonishing precision. Nevertheless, ex-
perimental physics continues to put Lorentz invariance to the test at ever
increasing precision. These efforts are motivated in the first place by the
fundamental importance of Lorentz invariance, which obliges experimen-
tal physics to reconsider the established test experiments, while technical
progress allows for more and more sensitive measurements. In addition,
there have indeed been theoretical suggestions that Lorentz invariance might
not be an exact symmetry at all energies. This possibility has been con-
sidered by several theoreticians working to formulate a fundamental theory
beyond the standard-model of particle physics. The latter fails to provide a
quantum description of gravity and many different approaches for a unifying
theory have been pursued so far. Among them are string theories [Kak99|
or loop quantum gravity [NPZ05] and the fate of Lorentz symmetry in these
models has been posed to discussion by some authors. For instance, it has
been shown that a spontaneous breaking of Lorentz invariance might occur
in string theories even with the general dynamics of the theory preserving
Lorentz symmetry [KS89]. Also, for loop quantum gravity the issue of a pos-

1



1. Introduction

sible Lorentz violation has been raised [AMU02, GP99a]. Other models, such
as noncommutative field theory [DNO1] implicitly incorporate a violation of
Lorentz invariance [CHK*01]. Given the possibility of such a violation at
presumably rather high energies the question remains, whether it extends
into the low-energy four dimensional world. So far only few qualitative and
almost no quantitative predictions exist. Thus, a broad range of test experi-
ments are currently pursued, all aiming to detect some minuscule low-energy
remnants of a hypothetical Lorentz violation. The revelation of only a tiny
such signal might provide important input to the formulation of a quantum
gravity theory.

Among the most sensitive tests for Lorentz invariance are a variety of clock-
comparison experiments, applying clocks of different constitution and ori-
entation and moving at a velocity o, e.g. due to Earth’s rotation and or-
bital revolution. Such comparisons have been performed applying many
different clocks e.g. Hydrogen masers [PHM*01, HPM*03], Xenon and He-
lium masers [CBRT04, BSW'00], atomic fountain clocks [WCBCO06], and
frequency standards based on optical [BMP*02, MHB*03a] or microwave
cavities [WBCT04, WTB104]. Further test experiments have been per-
formed on high energy particles [HMWO05, CG99], on spin polarized mat-
ter [HNL03, BKO0O] and on charged particles either trapped in a Penning
trap [MID99, GKH'99, BKR99] or within a storage ring [SKE103, Lan05].
Finally, numerous validations of Lorentz invariance are also inferred from as-
tronomical observations [Alt06, EMN00, KMO1], provided with extraordinary
sensitivities due to the enormous length and timescales accessible there.

1.2 Modern Michelson-Morley experiments

This thesis now presents another clock-comparison test of Lorentz invariance
which is often referred to as a modern Michelson-Morley experiment. In
this sense, it can be viewed as a descendant of the well known experiment
performed by Albert A. Michelson and Edward W. Morley in 1887 [MMZ87].
Using a rotatable Michelson interferometer, they tried to provide evidence
for an ether medium, which they believed to cause an anisotropic light prop-
agation in the two interferometer arms. However, no such effect could be
found. Still, their experiment subsequently gained reputation as one of spe-
cial relativity’s most prominent confirmations. Numerous repetitions of this
experiment have been performed so far and have increased the sensitivity to
an anisotropy of the speed of light by six orders of magnitude, corresponding
to an upper limit on the order of Ac/c ~ 107" (see Figure 1.1).

A schematic of the principle setup of a modern Michelson-Morley experiment
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Figure 1.1: Improvements of the Michelson-Morley experiment since 1887.
The last classic interferometer experiment is the one performed by Joos
[Joo30] in 1930. Later experiments achieved higher sensitivity applying ro-
tating electromagnetic cavities.



1. Introduction

is shown in Figure 1.2 to the right. This simplified scheme especially points
out the evolution of the modern version of the experiment from the original.
Modern Michelson-Morley experiments typically apply high-quality electro-
magnetic resonators with an eigenfrequency that depends on the speed of
light ¢, e.g. v = mc/2L for a linear optical Fabry-Pérot cavity of length
L (with meN ). Using lasers this frequency can be read out at a relative
accuracy of down to one part in 10'°. If the cavity is rotated, an anisotropy
of the speed of light would cause a modulation of its frequency at twice the
rotation rate. Thus, a comparison of the frequencies of two rotating cavities,
as depicted in Figure 1.2, should reveal such an anisotropy within the mea-
surement of Av = vo, — vey.

A landmark experiment of this kind was performed by Alain Brillet and John
L. Hall in 1979 [BHT79]. It provided a tremendous increase in measurement
sensitivity as compared to earlier experiments. They compared a methane
stabilized laser to the frequency of a cavity rotating on a turntable once in
10s. After that more than twenty years passed until further experiments of
the Michelson-Morley type were resumed again. These new attempts came
along with a general revival of test experiments for Lorentz invariance, which
was strongly inspired by the advent of a new test formalism, that models a
possible violation of Lorentz invariance as an extension to the standard-
model of particle physics [CK98]. Initially, these recent Michelson-Morley
experiments [LNWT03, MHB*03a, WBC*03] lacked the possibility of active
rotation on a turntable which forced them to rely on Earth’s rotation instead.
Thus, they had to apply cryogenically cooled resonators that feature a high
long-term stability. Nonetheless, they succeeded to achieve an improvement
in measurement sensitivity as compared to the experiment by Brillet and
Hall.

Now, the present experiment for the first time since Brillet and Hall applies
a continuously rotating setup again. As compared to measurements relying
on Earth’s rotation, actively rotating the setup allows to match the rotation
rate to the timescale of optimal frequency stability and to integrate over a
significantly enlarged number of rotations. However, previous actively ro-
tating experiments have been severely affected by systematic effects arising
from turntable rotation. Therefore, besides high frequency stability the sup-
pression of systematic effects is the most important issue within such an
experiment.

The basic scheme of the present setup is depicted in Figure 1.3. It is similar
to the one of [BHT79], in that only one rotating resonator (R1) is applied.
The stationary frequency reference is provided by a second cavity (R2), and
a measurement of Av = vg; —Ro is performed while the cavity R1 rotates on
a turntable. Consequently, the fundamental signal that indicates a violation

4
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Figure 1.2: Principle of classic and modern Michelson-Morley experiments.
The classic experiments (left) search for a shift in the interference pattern
(intensity measurement) while the experiment rotates. Modern optical ex-
periments (right) perform a direct frequency measurement between lasers
stabilized to rotating electromagnetic cavities (vg ~ ¢/2L for a linear cav-
ity). An anisotropy of light propagation would then lead to an oscillation of
the difference frequency at twice the rotation frequency.

of Lorentz invariance is expected at the 2w, Fourier component. Within
a long-term measurement, Earth’s rotation and orbital motion further shift
the anisotropy signal to the sidereal sidebands of this 2w,.; component. The
specific form of an anisotropy signal arising from a violation of Lorentz in-
variance, can be modeled according to certain test models for a violation
of Lorentz invariance. Two such test models are applied for the analysis
of the present experiment. The first is an extension of the standard-model
of particle physics (SME = standard-model extension), which incorporates
effects from a violation of Lorentz invariance [CK98]. The second is a kine-
matic formalism that has been formulated by H.P. Robertson as early as 1949
[Rob49] and has been extended by R. Mansouri and R.U. Sex] [MS76] later
on. It is denoted the Robertson-Mansouri-Sex] (RMS) formalism here. Both
test models provide parameters which can be restricted by an analysis of the
measurement, data. The experiment thereby aims to significantly improve
the present level of accuracy achieved by the recent experiments which relied
on Earth’s rotation only.
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Figure 1.3: Basic setup of this experiment comparing the resonance frequency
of a single rotating cavity to that of a stationary cavity.

1.3 Outline of this thesis

In Chapter 2 the search for a violation of Lorentz invariance is motivated
in more detail and the two test theories applied for an evaluation of the
experiment are introduced: The standard-model extension and the formalism
of Robertson, Mansouri and Sexl.

According to these test theories, in Chapter 3 the specific signals of
Lorentz violation within the present experiment are derived.

Chapter 4 then describes the experimental setup and discusses the limi-
tations on the achieved frequency stability. The special precautions taken in
order to enable an active rotation of the complete setup on a turntable are
also addressed in detail.

In Chapter 5 special emphasis is put to systematic effects which arise
from active rotation. The prevention of such effects is essential for the per-
formance of the measurement and a large part of the experimental work was
spent on this issue.

Chapter 6 gives an analysis of the measured data according to the
adopted test models and deduces limits on the relevant test parameters. It
concludes with an evaluation of these results and a comparison to previous
and concurrent work.

Finally, in Chapter 7 a new setup aiming for a further improvement of
the achieved sensitivity is presented. This setup has already provided first
improved measurements from which preliminary results on test parameters
could be obtained.



Chapter 2

Test theories for a violation of
Lorentz invariance

Numerous experiments and even every-day applications like the Global Po-
sitioning System verify Lorentz invariance. However, it is often not trivial to
separate consequences of Lorentz invariance from other aspects involved in
a particular measurement. Consider, for instance, the successful prediction
of the lepton g factor: to what extent does this verify Lorentz invariance as
opposed to the validity of the underlying quantization procedures?
Therefore, a test theory has to be applied, which models a violation of Lorentz
invariance and links it to observable quantities, ideally in an unambiguous
way. Such a test theory allows to judge the sensitivity of a specific experiment
to Lorentz violation and to distinguish it from experiments testing different
aspects.

Two commonly adopted test theories for Lorentz violation are applied in
the present work. The first is an extension of the standard-model of par-
ticle physics, referred to as standard-model extension (SME) [CK98]|. The
second is a kinematic formalism by H.P. Robertson [Rob49], later extended
by R. Mansouri and R.U. Sex] [MS76], referred to as Robertson-Mansouri-
Sexl formalism (RMS). Both formalisms provide test parameters that can be
bounded specifically by a Michelson-Morley experiment. In this chapter, an
introduction into these formalisms is given, as far as necessary for an analysis
of the experiment.
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2.1 Possible origins of a violation of Lorentz
invariance

The idea of a violation of Lorentz invariance has been put forward by the-
ories beyond the standard-model, aiming to formulate a quantum gravity
theory. Most of these theories, such as string theories or loop quantum grav-
ity, preserve Lorentz symmetry or a higher dimensional Poincaré symmetry
in the first place. Nonetheless, some of these models suggest the possibil-
ity of a breaking of Lorentz symmetry at some energy scale. In that case,
Lorentz symmetry would have to be considered an approximate low-energy
phenomenon. Consequently, minuscule Lorentz violating effects might be de-
tected as low-energy remnants within test experiments for Lorentz violation.

Possible Magnitude

The relevant energy scale of Lorentz violation within a quantum gravity the-
ory is usually assumed to be the Planck energy E p; ~ 10! GeV. Accordingly,
effects from Lorentz violation in a laboratory experiment at energy scale E
can be estimated to be suppressed by factors O(FE/Ep). Within experiments
that apply photons of E ~ 1¢V, this is on the order of 10728, which is cur-
rently far beyond the sensitivity of test experiments as the one described here.
However, there is a large uncertainty with respect to both, the actual energy
scales that have to be applied, and the scaling of the suppression of Lorentz
violation effects. Models such as [ADD99] discuss significantly lower energy
scales for a quantum gravity theory, and [Vol01] consider the possibility of
a reentrance of Lorentz violation at very low energy scale. Consequently,
also the improvement of a measurement sensitive at a level of 1071°, such
as the Michelson-Morley experiment described here, by one or two orders of
magnitude appears to be worthwhile within this context.

String theories

The theory of the basic bosonic string [Wit86] requires a 26-dimensional
space-time for consistency and consequently applies a multidimensional Poin-
caré symmetry. However, the transition to the low-energy limit, which in-
volves compactification of the extra dimensions resulting in a four-dimen-
sional flat space-time, is not yet understood. Generally it is believed that
26-dimensional Poincaré symmetry transforms into exact Lorentz symmetry
in flat space-time. However, the question has been raised, whether along
this transition a breakdown of the symmetry takes place, leaving only an
approximate Lorentz symmetry in four dimensions.
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In [KS89] V.A. Kostelecky and S. Samuel have investigated whether a spon-
taneous breaking of Lorentz symmetry could occur in string theories. Indeed,
they presented a potential mechanism for this breaking. With respect to sym-
metry breaking for string theories, the same concept applies as for particle
field theories. There, spontaneous breaking of a symmetry of the Lagrangian
occurs, if the ground state of a particle field does not obey this symmetry.
This is the case for an unstable vacuum, where some of the fields acquire
non-zero expectation values. In [KS89] a mechanism for such breaking is
presented, that is ruled out within particle physics due to gauge invariance
and renormalizability, but might apply to string or superstring theories.

Loop quantum gravity

The canonical quantization procedure for gravity fails due to non-renormaliz-
able divergencies within a perturbation series in Newton’s constant. One at-
tempt to circumvent this is followed in loop quantum gravity (LQG) [NPZ05],
which aims to quantize gravity non-perturbatively. The propagation of pho-
tons in a semiclassical background based on a LQG approach is considered
in [AMUO02]. They present modified effective low-energy Maxwell equations
that are not Lorentz covariant. From these equations dispersion relations can
be deduced, that involve Lorentz violating corrections. Similar dispersion re-
lations have also been discussed by [GP99al, starting from LQG, and by
[EMNOO], based on a string theory approach. These Lorentz violating terms
would give rise to birefringence and dispersion of the vacuum. As discussed
in [GP99b, AEM ™98, EMN99], these effects are expected to be suppressed by
a factor of E/FEp; with the Planck energy Fp; ~ 10 GeV. However, in highly
energetic gamma ray bursts from distant cosmological sources [BFM™92] they
could be detectable at the present level of measurement accuracy.

Noncommutative field theories

Noncommutative field theories have gained more and more interest during re-
cent years, especially since the discovery that noncommutative gauge theories
directly emerge from limits of string theories and M-theory [CDS98, KS02].
This group of theories assumes that space-time coordinates are intrinsically
noncommutative, which in the most simple case can be expressed by

[zh, 2] = 6", (2.1)

where 6" is an antisymmetric tensor of dimension (length)?. This conflicts
with Lorentz invariance, and effects of this breaking of Lorentz symmetry
might become observable at length scales as small as that of 6*¥, naturally
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expected to be on the order of the Planck length ip; ~ 1073°m. The issue
of Lorentz violation in noncommutative theories has been given a closer con-
sideration in [CHK'01], and results from several existing test experiments
for Lorentz invariance have been used to provide bounds on #** down to
(10727 m)2.

Effects from curved space-time

The theory of special relativity considers physics in inertial frames and flat
space-time only. As shown by the theory of general relativity, gravity does
not fit into special relativity. Instead, it requires a replacement of the flat
Minkowski metric by a curved metric, which becomes a dynamical field. Still,
special relativity applies locally, i.e. when considering an apparatus of suf-
ficiently small size, where space-time can be considered approximately flat.
Consequently, if space-time curvature comes into play, Lorentz invariance is
denoted local Lorentz invariance. An interesting question is, at what level
of sensitivity effects from curved space-time would affect the present experi-
ment.

For an earthbound classical Michelson-Morley interferometer, the effect of
space-time curvature have been considered in [TR02]. They start from an
expression for a light cone within an axially symmetric, static field caused
by a central rotating body of mass M and angular momentum J:

0 = gydt® + 2g14dtdd + grrdr® + gogdf* + gopdd®. (2.2)

The elements of the metric can be approximated for weak fields according to
IMTWT73] as
2 K
~c(l——
Gt ¢ ( r )7

c
G = HC o sin? 9,
r

sin’ @
Grr = —1- H + D) 27
r r
Goo ~ —1° — a*cos? 0,
Gop ~ —(r* + a*) sin? 0, (2.3)

where a = J/Mc, and u = 2GM/c* denotes the Schwarzschild radius of the
source.

From this ansatz, the time delay due to gravity and rotation of the Earth
for a free (i.e. geodesic) light beam, that travels a distance L in the equatorial
plane, has been calculated in [TR02]to be:

Bu 3 a?
~ emiGh T /) (2.4)

At

10
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Choosing L. = 1 m and the Earth as the source of the gravitational field, yields
a value on the order of At = 107%!s, which is far below the sensitivity of any
current Michelson interferometer. Note, that it is only relevant to consider
geodesic light rays here. This has been disregarded by some authors, which
then derive effects that are orders of magnitude larger than the above result
given by [TR02].

2.2 Standard-model extension (SME)

During recent years, a framework has been elaborated which models viola-
tions of Lorentz invariance in a general and consistent way. This work formu-
lates a Lorentz and CPT violating extension of the standard-model, briefly
referred to as standard-model extension (SME) here. An outline of the SME
has been given by D. Colladay and V.A. Kostelecky in [CK97, CK98].

The idea of the SME is to add to the Lagrangian of each sector of the
standard-model of particle physics all CPT and Lorentz violating expres-
sions that can be formed from the particle fields and general Lorentz tensors.
Restrictions on these terms are set by preserving the gauge structure based
on SU(3) x U(2) x U(1) symmetry, renormalizability, observer Lorentz in-
variance, energy-momentum conservation and other desirable features. Thus,
the extra terms are limited to a finite and manageable number. The con-
sequences of these terms are then evaluated in the standard way i.e. min-
imizing the action applying variation techniques. This very general ansatz
in principle allows to model the outcome of any experiment, assuming that
(particle) Lorentz invariance is violated and taking into account all relevant
consequences. Finally, the SME allows to design specific test experiments,
that provide clean and desirably unambiguous limits on certain subsets of
the Lorentz violation parameters. The classic test experiments such as the
Michelson-Morley experiment, can be described within the SME, and indeed
the latter proofs to be a sensitive test for several of the parameters of the
SME.

2.2.1 Photonic sector of the SME

The most general form of a Lorentz violating extension to the Lagrangian of
the photonic sector of the SME can be formulated as [CK98, KM02]

1 1 1
L= _ZF/WF/U/ o Z(kF)n)\/wF’i/\ij + i(kAF)HGH)\MVAAFuV’ <2'5)

11
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where A% is the electrodynamic 4-potential and F),, the electromagnetic field
tensor. The second and third term obey observer Lorentz invariance (i.e. they
are scalar), but explicitly violate particle Lorentz invariance. The magnitude
of this violation is encoded in the tensors kr and kap of degree four and
one. Further scalar expressions can be formed from photonic fields and other
tensors and have been considered in [CK98]. They have been shown to
raise severe theoretical problems though, such as violations of energy and
momentum conservation.

kar has the dimension of mass and the associated extension to the Lagrangian
does not preserve CPT symmetry. Its problematic theoretical implications,
leading to negative contributions to the energy density and a contribution
to the energy-momentum tensor which is not gauge invariant, have been
pointed out in [JK99]. In addition, astronomical measurements set strict
limits of < 107*2 GeV [CFJ90] on this parameter. Thus, considerations are
restricted to the first CPT even term here, reducing the Lagrangian to

1 1
L= = " Fy = S (kp) o 2 F". (2.6)
The symmetries of kg are the same as for the Riemann tensor. Consequently,
its independent dimensionless components are restricted to a number of 19.
Proceeding from equation (2.6) in the usual way, i.e. applying variational
techniques to minimize the action, results in a new set of Maxwell equations.

The inhomogeneous equations are
OaF + (kp)pap 0“F7 = 0, (2.7)

while the homogeneous equations remain unaltered.
These equations are analogous to standard Maxwell equations in anisotropic
media: the parameters of kr can be arranged within linear combinations

(’fDE)jk — —Q(kF)OjOk,

. 1 .
k k
Ik — 56]17616 TS(kF)qu57

(HHB

Jjk _ (kF)szoqekpq7

)
(kpB)
)

(KHE gk = —(FJDB)kj, (28)
and analogous to standard electrodynamics, new fields D and H can be
defined by

Dy —( t+roe rps B, (2.9)
H kup 1+ Kup B

!Basically these symmetries leave 20 independent parameters, however an additional
normalization condition, namely taking out the F**F},,, part, further reduces the number
of free parameters to 19.

12
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which allows to write down the complete set of Maxwell equations in the
familiar form

V x
V x

D]l ml
QD Q)

<
oy b:u Ui
I

0
0
0
0.

<

(2.10)

Thus, Lorentz violation in the photonic sector can be considered to ef-
fectively turn the vacuum into an anisotropic medium. The properties of
this medium are fixed by the values of the matrices introduced in equations
(2.8), which can be considered to be remnants of a Planck scale structure of
space-time.

For the description of test experiments it is convenient to further group
these SME parameters into subsets that can be accessed by different test
experiments. Therefore, they are usually rearranged into four 3 x 3 matrices
and one scalar according to

(Fes ) = ;(/@E)ﬂ“ + (kup)™,
(R )* = ;(@E)f’“ — (kup)’* — 75”“( bE);
(o) = 3 (5m) + (s
(o )* = ;(HDB)jk — (kue)'",
R = ;53’“(/-@DE) (2.11)

The subscript e refers to matrices containing only parity even, o to ma-
trices containing only parity odd parameters. Using these expressions the
Lagrangian of equation (2.6) can be expressed as

1 , I ,

L= (14 o) E? = (1 — Fr) B?| + 5B [Rey +Fe] E
. (2.12)
§B [Fer — Re| B+ E [Roy + Ro_| B.

The effect of Ky is a rotationally invariant modification of the speed
of light, which can be removed by appropriate coordinate transformations
and field redefinitions. However, the Lorentz violation associated with this
coefficient can not be eliminated by this redefinition. Instead it is simply

13
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shifted to other sectors of the SME, i.e. the matter sector instead of the
photonic sector. It can be shown further [KMO02], that such field redefinitions
are also suitable to transform the effect of i._ and &,; to the matter sector.
However, this does not apply to the coefficients &., and &, . Consequently,
an analysis of different experiments reveals that measurements that compare
light to light, such as birefringence measurements, are insensitive to the nine
parameters encoded in K._, K,y and Ry.. These can only be determined by
experiments that compare light with matter, such as cavity experiments.

Choice of reference frame

Following the conventions given in [KMO02], all #-matrices are referred to a
Sun-centered celestial equatorial coordinate frame (SCCEF), which has the
X-axis pointing towards vernal equinox and the Z-axis pointing towards
the celestial North pole (all taken in the J2000.0 frame). The Y-axis is
chosen accordingly to complete the right-handed dreibein (see Figure 2.1).
On the relevant timescales of terrestrial experiments this reference frame is
inertial to sufficient approximation. Matrix elements and axes referring to
this coordinate frame are labeled by capital indices in the following. The
coordinate axes x,y, z for the Earth-based laboratory, where the experiment
takes place, are chosen such that the z-axis points South, the y-axis points
East and the z-axis vertically upwards. Transformation from the SCCEF to
the laboratory frame applies a Lorentz transformation

1 _61 _52 _53

_(R . 5)1 Rl Rz R13
Ay = _(R . 6)2 R2! R2  R23 (2.13)

_( R- *)3 R31  R32 33

composed from a boost
. sin Q@T/ — sin Q@T/
B =p0s| —cosncosQgaT" | + 61| cosQgT’ (2.14)
—sinncos Qg T’ 0

and a rotation

cos Y coswag Ty cosxsinwgly —siny
R = —sin W@T@ COS W@T@ 0 . (215)
sin y coswglyg sinxsinwgly  cosy

Here, 5 = vg/c ~ 107" is Earth’s orbital boost factor, 3; ~ 107° is the
laboratory boost factor due to Earth’s rotation and wg is the frequency of

14
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Figure 2.1: Laboratory frame and Sun-centered celestial equatorial coordi-
nate frame (SCCEF) adopted for the analysis of the experiment.

a sidereal day. The time axis Ty is fixed by T = 0, which can be chosen
at any instant when the laboratory y-axis and the SCCEF Y -axis coincide.
The time axis 7" is set by 17" = 0 at the instant when the Earth crosses the
celestial equatorial plane on a descending trajectory in the year 2000.
Within the following all matrices referring to the laboratory frame are labeled
by (&)1ap and their matrix elements by small indices. Matrices referring to
the SCCEF remain unlabeled and their elements are given capital indices.
Finally, matrices referred to the laboratory are transformed into expressions
referred to the SCCEF according to [KMO02] as given by

(kpe)ly = T8 (kpp) "™ — TP (kpp) X,
(kup)ih, = T3  (kmp)"® — TV (kpp) X,
(kps)l = T3  (kpp)”™ + T % (kpp) ™™ + TP " (kpp)’™,  (2.16)
where
TngK _ RjJRkK, lekJK _ RjPRkJEKPQﬁQ. (217)
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Limits set by astrophysical observations

From astrophysical measurements the terms k., and k,_ containing 5 + 5
= 10 independent parameters have been restricted to values down to 10732
[KMO02, Alt06]. These limits are deduced from:

e Observations of pulsed light from distant sources. The violation of
Lorentz invariance encoded in the matrices <., and K,_ modifies the
dispersion relation of photons. This dispersion relation then features
two different solutions, corresponding to distinct propagation modes
of perpendicular polarization and different phase velocity. This would
give rise to birefringence i.e. light pulses from pulsars (ms to us in
duration, at distances of kpc) or gamma ray bursts (several seconds
in duration, at distances of Gpc) would split into two distinct pulses
of perpendicular polarization. The arrival times of these should be
separated according to At = AvL, where the huge distance L effectively
amplifies a possible tiny Lorentz violating Av. The observation of only
one pulse from a certain source and the inclusion of several sources
distributed all over the sky, thus probing different directions, allows to
deduce a limit on the involved parameters of |%| < 1071°.

e Polarization measurements of polarized light from distant sources at
different wavelengths. The observed phase shift among the two po-
larization modes caused by a potential Lorentz violating birefringence
depends on the wavelength of the emitted radiation. The observation of
polarized light from distant sources emitted in a broad band of wave-
lengths, thus allows to set tight bounds on the same components as
above at a level of |&| < 10732, This estimate can be applied without
knowledge of the initial polarization of the light, if one assumes that
light is emitted at the same polarization for different wavelengths.

Limits set by laboratory tests

The non-birefringent terms of k._, k.. and Ry, contain 5 + 3 + 1 = 9 free pa-
rameters. As pointed out above, they cannot be determined from astrophys-
ical birefringence experiments, but have to be determined from experiments
that compare light with matter, i.e. laboratory experiments. The limits thus
deduced do not reach the same high accuracy as those found by astrophysical
measurements. However, laboratory experiments offer full control of exper-
imental conditions and do not rely on a priori assumptions of astrophysical
models.

Several experimenters have provided bounds on these SME parameters from
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parameter | [MHB'03a] [WBCT04] |

Fot —RIY | 89+49 32446
RZZ - -
R 1.74+£26 —57+23
Fo? —6.3+124 -32+13
rYZ 36£9.0  05=+1.3
R 140+£14.0 —-18+1.5
Fo? —124+26 -14+23
rYZ 0.1+£27  27+22

Table 2.1: Experimental status of the photonic sector of the SME. All &,_
values are x1071%, &, values are x107'. The birefringent terms of R,
and K, are not listed, since they have been shown to be < 10732 from
astrophysical observations and are assumed to be zero here. Ky, is not listed
as well as it is not subject to cavity experiments.

different types of clock-comparison experiments. The strongly bounded bire-
fringent parameters K., and k,_ are assumed to be zero within the analyses of
these laboratory experiments. J. Lipa et al. [LNWT03] performed a compar-
ison of two superconducting cryogenic microwave resonators. The difference
frequency of these cavities undergoing Earth’s rotation and orbital motion
was analyzed for a time spanning three months. From this measurement
they deduce limits on linear combinations of seven photonic SME parame-
ters down to a level of 10713,

A comparison of two cryogenic optical Fabry-Pérot resonators by H. Miiller
et al. [MHB"03a, MHB"03b] improved on this result by about two or-
ders of magnitude. Furthermore, this experiment was able to set indepen-
dent limits on these seven SME parameters, because it relied on a data
basis spanning > 1year. Similar results were achieved by P. Wolf et al.
[WBC*03, WBC*04], who compared a Hydrogen maser to a cryogenically
cooled sapphire cavity operating at ~ 11 GHz in a whispering gallery mode.
The limits on photonic SME parameters deduced from these measurements
are summarized in Table 2.1. All of these experiments solely applied Earth’s
rotation and relied on the high long-term stability of cryogenically cooled
resonators. As Earth’s rotation axis coincides with the SCCEF Z-axis, these
experiments were not able to provide a bound on #Z7.

The rotationally invariant parameter k. cannot be bounded by a Michelson-
Morley experiment. The current limit on this parameter of &, < 2.2 x 1077
has been set by an Ives-Stilwell type experiment [TWFH05, HGL*07].
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2.2.2 Matter sector of the SME
The extended Lagrangian for a Fermion within the SME is given by [KL99]

L= ;wryaw — M), (2.18)
where

1
M =m" +a, " + by + s H,,,0",

2 M
w w 1 w
T, =y + o+ dy, vy + §gAuu‘7M' (2.19)

m is the particle mass and y,, 75, 0" are the conventional Dirac matrices.
The index w denotes the particle species, which is either p = proton, n =
neutron or e = electron. The parameters entering M are of dimension mass,
those entering I are dimensionless. The implications of these extra terms for
clock-comparison experiments have been elaborated in a paper by V.A. Kost-
elecky and C.D. Lane [KL99]. They explicitly show that Lorentz violation
shifts the electronic energy levels within the clock transitions of atomic clocks.
These shifts depend on velocity and orientation and introduce a sidereal time
variation of the clock’s frequency according to Earth’s rotation. Comparison
of clocks e.g. based on different atomic species can then be used to provide
limits on the parameters of equation (2.19). As atomic clocks typically uti-
lize atoms that are composed by several protons, neutrons and electrons, the
derivation of an unambiguous limit on a single parameter of equation (2.19)
becomes very complicated, unless simplified models are used. In [KL99] such
calculations are given and the components of the Lorentz violating tensors
are grouped into irreducible linear combinations according to their appear-
ance within experiments. These linear combinations are denoted by a tilde
throughout the following.

Limits on SME parameters of the matter sector

From results of several clock-comparison measurements [PBIWS85, LJH86,
CHL*89, BHK95], limits on many SME parameter combinations of the mat-
ter sector have been deduced in [KL99] and elsewhere [PHM ™01, WCBCO06].
Other precision measurements have provided stringent limits on further pa-
rameters. These experiments applied electrons in a Penning trap [BKR99,
MID99, DMVS99], spin-polarized torsion pendulums on a turntable [HNTLO03,
BKO00] and Doppler shift measurements on Lithium ions [SKET03, Lan05].
An overview of the results obtained by these measurements is given in Table
2.3.
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parameter | limit (x1071°) |

v z) 0.21 £ 0.46
¢(x2) ~0.16 + 0.63
cx) 0.76 + 0.35

Cxx — Cyy 1.15+0.64

Table 2.2: Limits on electron parameters deduced from cavity experiments
[Miil05]. Expressions c(ik) denote the symmetric combinations ¢, + Cp;.

Cavity experiments of the type described in this thesis, provide limits on some
of the SME electron parameters c;;, which are not restricted by any of the
other precision measurements discussed above. These limits are obtained by
combining results from different experiments, that apply cavities made from
different materials. In [Miil05] the data of the previous Michelson-Morley
experiments of [BH79] (cavities made from ULE = ultra-low expansion glass
ceramics), [WBC'03| (whispering gallery resonators made from sapphire)
and [MHB*03a] (vacuum cavities made from sapphire) are combined and
limits on several combinations of SME electron parameters are extracted as
given in Table 2.2.

2.3 Test theory of Robertson, Mansouri and
Sexl (RMS)

Previous Michelson-Morley experiments were often analyzed applying a kine-
matical test theory based on work done by H.P. Robertson [Rob49] and later
extended by R. Mansouri and R.U. Sex] [MS76]. This test theory assumes the
existence of a preferred isotropic frame >, commonly taken to be the cosmic
microwave background (CMB). In [MS76], the Lorentz transformations are
replaced by general parameterized transformations between ¥ (X,Y, Z,T)
and a laboratory frame S (z,y, z,t), as given by

t=a(v)T — %x,

x =b(v)(X —vT),

y =d(v)Y,

z=d(v)Z, (2.20)

where S moves at a velocity ¢ along X-direction relative to ¥ and ¢ is the
isotropic speed of light in . The coefficient v/c? that appears in the trans-
formation of t reflects the choice of Einstein synchronization here. Isotropy
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SME parameter

p n e
bx,by 102" [HPM*03] 103! [BSW+00] 10~2° [HNLO3]
by - - 10~28 [HNLO3]
BT, ar, ﬁJT, d - 10727 [CBR+O4] -
CZQ,CZX)/,CZYZ - 10727 [CBR+O4] -
dx,dy 1072 [KL99] 102 [CBR*04] 10~%? [KL99)
dxz,dz - - -
Ip.x> 0Dy 1072 [KL99]  107% [CBR*04] 10722 [KL99)
9p,2, 9K - - -
Ge - 1027 [CBR+04]
9-+9Q: grJ -
o 1022 [WCBCO6] - 1015 [Alt06]
Ex, Gy 10-% [WCBCO06]  1072° [KL99] 10" [Miil05]
Gy, C_ 107% [WCBC06] 10727 [KL99] 107! [Miil05]
éry 102! [WCBC06] - 10716 [A1t06]

Table 2.3: Order of magnitude of experimental limits on SME parameters
from the matter sector, stated in GeV. The coefficients stated here denote
linear combinations of the parameters of equations (2.19) which are accessible
from clock-comparison experiments. Indices J,K run over X,Y,Z. D and Q
denote dipole respectively quadrupole contributions. For explicit definitions
of these parameters see [KL99].
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of ¥ further implies that a,b and d are even functions of v. For low velocities
a(v),b(v) and d(v) can be expanded into a Taylor series

02
a(v) =1+ ag + ..,
2
02
dv) =1+0d6— + ... (2.21)
c

If Lorentz invariance remains preserved, these transformations reduce to the
Lorentz transformations and the first order test parameters take the values
%, 6= % and 0 = 0. Deviations from these values describe modifica-
tions in time dilation and lead to an anisotropy as well as a boost dependence
of light propagation in S, as given by [MS76]:

a=—

2 2

Ac(v,0)/c = ~(a—5+1)% — (B+0 - ;)1’2 sin? 0(t), (2.92)
where 6 is the angle between the direction of light propagation and . In order
to determine the complete set of test parameters «, 3,6, three experiments
are required: the Kennedy—Thorndike experiment [KT32] is sensitive to a
velocity dependence of ¢ = ¢(v), thus it tests the parameter combination
(a—fB+1) = Pxr; the Michelson-Morley experiment [Mic81, MM87, MM97]
tests for an anisotropy of the speed of light ¢ = ¢(#) described by the term
(B+ 6 — 3) = Pun; the Ives—Stilwell experiment [IS38, IS42] determines the
parameter (o %) = P from a measurement of the quadratic Doppler effect.

Experimental limits on RMS parameters

Table 2.4 gives an overview of the experimental status with respect to the
RMS test parameters. In [HH90], D. Hils and J.L. Hall have carried out
a comparison of the frequency of an optical cavity to an iodine standard.
They deduce a limit on the Kennedy-Thorndike parameter Pxr ny analyzing
this frequency for a signal that would originate from a variation of v due
to Earth’s rotation. In [BMP702], the high long-term stability of a cryo-
genic optical resonator, compared to an iodine standard during half a year of
measurement span, allowed to improve this result by taking into account the
larger variation of v due to Earth’s orbital motion. Another order of magni-
tude improvement on this was achieved by Wolf et al. [WBC7'03], who also
applied a cryogenically cooled resonator, however in the microwave regime,
and compared it to a Hydrogen maser.
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2. Test theories for a violation of Lorentz invariance

’ experiment ‘ limit reference + year ‘
B+d-1) <5x107 [BH79] 1979
(B+d6—13) | (22+£15)x 107 [MHB*03a] 2003
(B+6—3) | (12+£22) x 107 [WBC'03] 2003
(a—pB+1) < 6.6 x 107° [HH90] 1990
(a—pB+1)|(1.942.1) x 107>  [BMP*02] 2002
(a—pB+1)| (1.64£3.0) x 1077 [WBC*03] 2003

(a+1) <1.1x10°° [GKH*94] 1994
(a+3) <1.8x 1077 [SKE*03] 2003

Table 2.4: Experimental limits on the test parameters of the RMS formalism.

A limit on Pyv can be deduced from a series of Michelson-Morley experi-
ments (Figure 1.1). One of the most advanced of these was performed by
A. Brillet and J.L. Hall [BH79]. They compared a methane-stabilized laser
to a cavity rotating on a turntable at a rate of 0.1 Hz. The more recent ex-
periments, performed to provide limits on SME parameters in the first place
[IMHB*03a, WBC*03], allowed to improve this limit on Py as well.
Finally, the Ives-Stilwell parameter Pig is currently best restricted by a mea-
surement done by Saathoff et al. [SKE'03], who measured the relativistic
Doppler shift on Lithium ions at v/c ~ 0.064 at the heavy ion storage ring
in Heidelberg, Germany.
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Chapter 3

Signals of a violation of Lorentz
invariance

An anisotropy of the speed of light as a consequence of Lorentz violation
would cause a modulation of the resonance frequency of the rotating cavity
at twice the table rotation frequency w,t. The basic signal thus is expected
to take the form

éy = B sin 2w;oit + C €08 2wyoit, (3.1)

0

where Av = vry — vRy is the frequency difference of the rotating (R1) and
the stationary (R2) cavity, and vy is the fundamental cavity frequency vg; ~
Vpe ~ 1y = 2.82 x 10" Hz. The additional rotation of the setup due to
Earth’s rotation (wg) and Earth’s orbital motion around the Sun (2g) adds
to the turntable rotation. Thus, the amplitudes B and C' may be modulated
at wg and 2wg;:

B = By + Bg sinwgt + B coswat

. (3.2)
+ Bgo sin 2wgt + B cos 2wgt,

C = Cy+ Cy sinwgt + Ceq coswat

3.3
+ Cyo 8in 2wgt 4+ Ceg cOS 2wt (3:3)

and the respective amplitudes By and Cy again vary on an annual timescale.
In this chapter the two test theories introduced above, SME and RMS, will
be applied to derive expressions for By and C} in terms of Lorentz violation
test parameters. This will allow a consistent quantitative analysis of the
experiment as a test of Lorentz invariance.
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3. Signals of a violation of Lorentz invariance

3.1 The Michelson-Morley experiment in the
SME framework

3.1.1 Cavity resonance frequency with Lorentz viola-
tion in the photonic sector

Let Epet and Bye™! be the solutions of the fully Lorentz invariant Maxwell
equations, while Ee®t and Be™! describe the fields that are perturbed from
these states to first order due to the effect of a small Lorentz violation.
Within classical electrodynamics, the relative frequency change of a cavity
when slightly perturbing the electrodynamic fields can be calculated from
‘b:—l/v[ D — DyE — BeH +

” 0 §Bld’x, (3.4)

where

(U) = ;/V(Eoﬁg)d%. (3.5)

The above expression applies with the periodic boundary conditions, set by
the cavity geometry, unaltered. This is assumed to hold for small perturba-
tions. As given in [KMO02] and shown explicitly in [G6k04], the evaluation of
this expression using equations (2.9) results in

ov 1 - - - -
V—O = —m /V[ES(KJDE)]abES — BS(IQHB)labBS]dBLU. (36)
The terms involving the "off diagonal” matrices (kpg)iap = —(kxg)hy, vanish,

because of the preserved orthogonality of electric and magnetic fields within
the cavity.

The fields in equation (3.6) depend on the experimental setup according
to the orientation and geometry of the cavity and the polarization of the
light. For a linear Fabry-Pérot cavity (index of refraction n = 1) oriented
along the direction of a unit vector N and linearly polarized light, evaluation
of equation (3.6) results in

ov _ ES(KDE)labEO — E(N X ES)(HHB)lab(N X ﬁf)‘)
y 26‘E§| '

(3.7)

In accordance with the present experimental setup, the optical axis N is
taken within the xy-plane at an angle 6 with respect to the laboratory -
axis. The polarization E is oriented horizontally at right angle with respect to
N. Note, that the cavity configuration applied here differs from that consid-
ered in [KMO02]. There, Ej is assumed to be polarized along the laboratory
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3.1.  The Michelson-Morley experiment in the SME framework

z-direction. However, for a vacuum cavity with index of refraction n = 1
the relevant results remain unaltered compared to those derived in [KM02].
Substitution of kpg and Ky p by the matrices defined in (2.11) and transfor-
mation of these matrices to the SCCEF using (2.16) yields an expression of

the form 5
V—” — A+ Bsin20 + C cos 20, (3.8)
0

where the amplitudes A, B and C exhibit a time dependence due to Earth’s
rotation wg within the SCCEF as given by

A=A+ Ag sinwg T + Acq coswa Ty

3.9
+ Agosin 2wg Ty + Ao cos 2wg T, (3.9)
B = By + Bg sinwg Ty + By cos wg Ty (3.10)
+ Byo sin 2wg Ty + Bey cos 2wg Ty, '
C =Cy+ Cy sinwgTy + Cop coswg T,
R (3.11)

+ CSQ sin 2W@T€B + CCQ COS QW@T@.

The amplitudes Ag, By and C} exhibit a modulation due to Earth’s orbital
motion (€g) and depend on linear combinations of elements of K., Rey, Ro_,
Foy and Ry as given in Appendix B.

3.1.2 Frequency comparison of a rotating to a station-
ary cavity

The frequency shift described by equation (3.8) refers to a single cavity at
rest in the laboratory frame. As described in chapter 4, the experiment
features comparison of the frequencies of one actively rotated cavity R1 and
one stationary cavity R2. Based on the above results, the relative frequency
variation of these cavities is derived now. Rotation of R1 is described by
adopting 0 = w,o T, with T" = 0 when the resonator axis and the laboratory
x-axis coincide. In accordance with the measurement, the derivation of the
signal assumes counterclockwise rotation (+wye). The frequency difference
between R1 and R2 oriented North-South (6 = 0) applying equation (3.7)

then is
5Vr0t - 5Vstat

= Bsin2w,o; T + C cos 2w, 1 — C. (3.12)
Yo

The last term C can be considered constant on the timescale of one or few

rotations since wyot > wg. For short data sets this term contributes to the

arbitrary offset only. Thus, we are left with
Av

— = Bsin 2w,o T + C cos 2w, T, (3.13)
)
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3. Signals of a violation of Lorentz invariance

where B and C can be obtained from equations (3.10) and (3.11) and the
coefficients By, and C} therein can be found in Appendix B. Note, that &;,
only enters the rotationally invariant term A, which drops out in this fre-
quency comparison. Therefore, ;. cannot be determined from the present
experiment.

In Table 3.1 the relevant signal amplitudes are stated to first order in or-
bital boost, neglecting k., and &,_, which are taken to be zero based on
astrophysical observations. One element of £._ enters each coefficient C},
respectively By. Additionally, two or three elements of &,, enter each co-
efficient in various combinations. The &, terms are associated with boost
dependent Lorentz violation. Thus, they are suppressed by factors g to first
order and exhibit a sidereal modulation at €2g due to Earth’s orbital motion.
Note that the same linear combinations of SME parameters appear in each
By and its associated C} coefficient. Consequently, there are only five inde-
pendent combinations of eight SME parameters. The sidereal modulation of
the R,,-terms within these linear combinations can in principle be used to
determine independent limits on these parameters. However, this requires a
measurement spanning more than one year.

Frequency comparison of two rotating cavities

As described in chapter 4, the experimental setup offered the possibility
to alternatively compare the frequencies of two rotating resonators oriented
perpendicular to each other. The signal obtained from this comparison can
be derived from equation (3.7) adopting 0; = w,t1" and 0y = w1 + 7/2.
This yields

5 TO - 5 TO . .
Prot 1 Pot? _ Bgin 2wyt T — Bsin 2(wyot T + 7/2)
” (3.14)

+ C o8 2wyt T — C o8 2(wrot T+ 7/2),

which can be summarized as a Lorentz violation signal of the form

A
2V 9B sin 2w T + 2C 08 2wyo, T (3.15)
Yo

A comparison of this expression with equation (3.13) reveals, that this exactly
equals the signal of equation (3.1), apart from a factor of two in favor of the
sensitivity of this configuration. However, as will become evident below, the
bad performance of one of the rotating resonators compromized this possibly
increased sensitivity, and all measurements were ultimately obtained from a
comparison of a rotating to a stationary resonator only.
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3.1.  The Michelson-Morley experiment in the SME framework

SME amplitude

Co T (%/%eZ_Z — Be|(cosniy? + 2sinnry) ) cos Qg T" + kY7 sin Q@T’D

Cq Y1 (—RZ_Z + Ba[cos nkgiy — sin n/%girz} cos Q@T’)

Cu " (—/%g(_z + Be[sinniy? cos Qe T — &)Y sin Q@T'])

Cy Yo (/’%‘eX_Y — Belcosniy? cos QaT" + R sin Q@T/])

Ceo Ya (%[Rf_X — &Y — BgleosniXZ cos QaT" — kY Z sin Q@T’])
By 0

B %C’Cl

By —21Ca

B —2Cc

Bes 10

Table 3.1: Modulation amplitudes according to equations (3.10) and (3.11)
related to photonic SME parameters. vy = isin2 X, V1= %Cosxsin X, Vo =
i(l +cos? x), 3 = —% siny and 4 = %cos X. Relations are stated to first
order in orbital boost. 3¢ = 10~* is the boost parameter, Y = 37° is the
colatitude of the Berlin laboratory and n = 23° is the tilt of Earth’s axis

relative to the SCCEF Z-axis.
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3. Signals of a violation of Lorentz invariance

Fourier spectrum of a Lorentz violation signal

Alternatively, the Lorentz violation signal shall also presented as it would
appear in a Fourier spectrum of a beat frequency measurement spanning
a few days. This presentation has been adopted in several publications on
similar cavity tests of Lorentz invariance.

The modulation of the basic signal at 2w, due to Earth’s rotation and orbital
motion generates sidereal sidebands, that appear within a Fourier spectrum
of the beat frequency measurement as depicted in Figure 3.1. Analysis of a
data set spanning ~ 1day, requires expressions for the Fourier amplitudes at
the sidereal sidebands +wg including the contributions of wq £ Qg, which
cannot be fully resolved from less than one year of measurement. These
expressions are derived by inserting the amplitudes of Table 3.1 into equations
(3.10) and (3.11). This is used to evaluate (3.13) and to separate the resulting
expression into contributions at w,. and the sidebands at +wg. The obtained
signal then is of the form

2
i()y = kZQ(Bk sin|((2wyot — kwe )T — @1 + C cos|( (2wt — kwa)T — Pr))-

(3.16)
The unresolved annual variation is still present in the time dependence of the
Fourier amplitudes varying on an annual timescale. The respective phase
differences due to the different time axes 7', 7" and Ty have to be traced
carefully and are absorbed in ¢; here. The determination of ¢, can be
simplified, if the measurement data is referred to the time axis Ty, with T, =
0 at any instant when the laboratory y-axis and SCCEF Y-axis coincide.
This time can be calculated from the data on Earth’s orbit available from
[US 06] for a certain day of the measurement. The most convenient choice
is T, = 0 on March 20th, 2000, 11h 14min UTC (coordinated universal
time). This is only 67" =3h 39 min after the instant of vernal equinox at
T" = 0 (March 20th, 2000, 7h 35min UTC) and allows to set 7" ~ Ty, within
calculations. All phase factors due to this shift in time axes are on the order
of Q0T ~ 5 x 1072 and thus are negligible (¢ = 0). Finally, adopting Ty
as the common time axis, the sideband amplitudes given in Table C.2 are
obtained. These amplitudes apply to short data sets (~ 1 day) taken at a
time 7" on the annual timescale.
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3.1.  The Michelson-Morley experiment in the SME framework

C, C, G C. C,

-Q R+Q, Q. —Qp+Q, —QM+O, —Q

20, 20,0, 20, 20,40, 20,+20

l’Ot rot rot

Figure 3.1: A Lorentz violation signal would appear at the turntable fre-
quency and the sidebands at plus and minus once and twice the sidereal
rotation frequency of the Earth. The amplitudes of the respective sidebands
are listed in Table C.2. According to this picture a full independent mea-
surement of all signal components requires a measurement of > 1 year, as
the frequency resolution of one day does not allow to resolve the sidebands
at £

3.1.3 Cavity resonance frequency with Lorentz viola-
tion in the electronic sector

So far, the effect of a violation of Lorentz invariance to the resonance fre-
quency of a cavity of unaltered boundary conditions has been considered.
However, one might wonder whether a violation of Lorentz invariance in the
matter sector could lead to a change of the cavity dimensions or the index
of refraction for a matter filled cavity. This would as well contribute to the
change of the cavity resonance frequency.
The consequences of Lorentz violation in the electronic sector of the SME
within cavity experiments have been studied in [MHS03a] and [Ml05]. As
shown in [KL99], a non-relativistic Hamiltonian A" = h + dh can be derived
from the Lagrangian (2.19) for a free electron, where dh includes the cor-
rections arising from Lorentz violation. In [MHST03a] it has been shown,
that for NV electrons within a crystal (neglecting interactions) the only non-
vanishing contribution from 0h to the expectation value of h’' arises from
1 N
oh = EEZ(J' > (Pa)i(pa);, (3.17)
a=1

where 4,5 = x,vy, 2, p, denotes the a;, particle’s momentum, the sum runs
over all N electrons, and

Ej; = —c 0005 (3.18)

is the Lorentz violating tensor containing the SME parameters c;; of equation
(2.19). The modified total energy of the crystal is derived from the expecta-
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3. Signals of a violation of Lorentz invariance

tion value of A’ using a Bloch wave ansatz for the single electron wave function
in a crystal. The resulting lowest order contributions to changes in crystal
dimensions are then determined from a minimization of this energy. Thereby,
the specific elastic properties of the cavity spacer material are applied. Fi-
nally, a material specific sensitivity matrix Mpz is derived, which links the
Lorentz violation parameters of Ej; = Fz to the strain dr;/dv; = e;; = er
on the cavity spacer:

er = MFEEIE. (319)

I'==22,97,22, 29,22, 92 label the orientations within a cavity fixed refer-
ence frame. Thus, given the material’s sensitivity matrix for a certain spacer
material, the frequency change of a Fabry-Pérot cavity can be derived. For
instance, if the optical axis coincides with the cavity Z-axis, one obtains

)
(). = MaszEL. (3.20)
Vo
The general form of the sensitivity matrix for isotropic materials accord-
ing to [MHS"03a] is given by

Mg Mz My 0 0

Mg Myp My 0 0

Mz Mip My 0 0
0 0 0 My 0
0 0 0 0 My
0 0 0 0 0 My,

M = (3.21)

S OO OO

Fused materials are intrinsically isotropic on a macroscopic scale, because
they present an ensemble of randomly oriented microcrystals. The derivation
of the sensitivity matrix (3.21) for fused silica thus involves the calculation
of matrix elements for crystalline silica and subsequent averaging over all
orientations. This yields ([Mil05]):

My =264, My =—032, My =3.95. (3.22)

The relative length change along the optical axis, which is assumed to coin-
cide with the cavity Z-axis, can then be obtained from

ov

0
Applying the same transformations as in section 3.1.1, the frequency change
for a stationary cavity in the laboratory frame with the optical axis at an
angle # to the laboratory z-axis can be calculated. The resulting expression
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3.2.  The Michelson-Morley experiment in the RMS framework

can be arranged in an analogous form to that of equation (3.8). If one restricts
to terms of lowest order in orbital boost, the inclusion of the electronic terms
into the signal amplitudes of Table 3.1 can be obtained by simply replacing
the test parameters according to

~1J ~IJ
R,” — Rkl + 2Miseq

~1J . ~1J
Royp — RKyo.

Note, that boost dependence for &I/ and c(r.yy is only a second order effect,
whereas it is a first order effect for k... The effective sensitivity coefficient

for fused silica is M = My — M1y = 3.96.

3.2 The Michelson-Morley experiment in the
RMS framework

The relative frequency change between two resonators oriented relative to
at angles 01(t) and 65(t) can be obtained from equation (2.22) as

A 2

VO” - PMM% [sin? 6, (t) — sin® 0 (t)] . (3.24)
In order to determine the explicit time dependence of this expression, all
vectors are referred to the SCCEF and the relation

sin? 0;(t) = 1 — <W>2 (3.25)

[

is applied, where &;(t) is the unit vector along the axis of the rotating res-
onator R1 and é5(t) that along the stationary resonator R2. Adopting the
above conventions about the laboratory frame, one can write:

COS Wrot | 1
(€1>1ab = sin wrotT ) (52)1ab = 0 . (326)
0 0

U(t) is the velocity of the laboratory relative to the CMB. The major con-
tributions to ¥(t) are the solar system’s motion relative to the CMB at
ve ~ 370km/s [LTST96] and Earth’s orbital motion at vg ~ 30km/s. The
term due to Earth’s rotation is of order 300 m/s and is considered negligible
here. The orientation of #(t) in the SCCEF is given by

cos « cos (3 sin QT
U(t) =v.| sinacosf | +wvg | cosQTcosn |, (3.27)
—sin 3 —cos 2T sinn
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3. Signals of a violation of Lorentz invariance

where o = 168°, § = —6° [LTST96]. Adopting the same conventions about
the different time axes T', 7" and Tj, as above, an evaluation of equation (3.24)
to first order in vg uses the transformation (2.13) and arranges the resulting
Lorentz violation signal analogous to equations (3.10) and (3.11). This yields
the signal components given in Table 3.2. The alternative representation of
this signal by means of Fourier amplitudes according to equation (3.16) is
given in Table C.3.
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RMS amplitude (x Py )

Co 270(—1 + 3cos20)
+2°270(sin a cos B cos ) — 2sin Bsinn) cos Qg T"
+27 270 cos B cos asin Qg T"

Cqa —~1 sin acsin 23
—2%‘:71 (sin B cosn + sin a cos Fsinn) cos Qg T”

Ca —ry1 cos asin 23
—2%‘3% cos a cos (3sinn cos Qg T’
—2%2 sin Fsin Qg T"
Cyo —5 sin 2ax cos? 3

—2%2 7, cos acos 3 cos 1 cos g T"
—2%2, sin o cos B sin Qg 1"

Coy —, cos 2a cos? 3
4222, sin a cos 3 cos 1 cos Qg T"
Vg : /
—27273 cos a cos Bsin Qg T

By 0
le %z’ Ccl
Bcl - % Csl
BSQ - 77;1 CC2
Bc2 %CSQ

Table 3.2: Modulation amplitudes according to equations (3.10) and (3.11)
related to the RMS parameter Py, Yo = isin2 X, V1 = %sinxcos X, Ve =
i(l + cos?x), 3 = —%sinx and vy, = %cos X- X denotes the laboratory
colatitude, n the tilt of FEarth’s axis relative to the SCCEF Z-axis. Terms
varying with Earth’s orbital motion are suppressed by vg /v, ~ 0.08.
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Chapter 4

The setup

The basic scheme of the experiment is depicted in Figure 1.3. The resonance
frequency of a continuously rotating cavity R1 is read out using a laser L1,
and is compared to the frequency of a stationary cavity R2, which is read out
using a laser L2. A violation of Lorentz invariance would then be indicated
by a modulation of the beat frequency Av = vry — gy at twice the turntable
rotation rate 2w, as described by equation (3.13).

The first part of this chapter presents the laser stabilization setup applied to
read out the cavity frequencies. The essential components are described and
some fundamental aspects of frequency stabilization to cavities are discussed.
Finally, the achieved performance and the limitations set to frequency sta-
bility of the applied cavities are discussed. The second part of this chapter
describes how the active rotation of a part of the setup is achieved. The
associated systematic effects that affect the beat frequency measurement are
then described in the next chapter in full detail.

4.1 The cavities

4.1.1 Fabry-Pérot resonators

Consider an optical Fabry-Pérot resonator of length L and a plane wave E, =
Eoei”t incident on this resonator as depicted in Figure 4.1. The transmission
and reflection coefficients of the front and back mirror for the laser field are r,
and tq, respectively ry and to. If mirror loss is neglected energy conservation
implies for each mirror:

7+t =1 (4.1)
In addition a coefficient a is introduced, that accounts for losses during half

— —

a round trip (|E(L)| = a|E(0)|), i.e. @ = 1 corresponds to no loss. For
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the steady state the resonating field can then be written as the sum of the
transmitted incident field and the field that has completed one round trip,
thereby accumulating a phase § = 4wvL/c:

Eres - tIEin + r1r2a2Eresei6- (42)

This equation allows to determine the resonating field Eres in terms of Ein.
The reflected and transmitted fields then can be obtained from

—

E, = T1Ein - GQtlTQEreSa (4.3)
Et = at2Eres~

1.5

1.0+
1.0+
0.8
a 0.5
w el
= 08 £ 00
= 2
|04 é-o.&
< 02 1.0
0.0 +—————————— 1S
S5 4 3 2 1 0 1 2 3 45 S5 4 3 2 -1 0 1 2 3 45
Frequency [Av,] Frequency [Av,]
r17t1 a I'271:2

—> —> —> —
Ein > =
Eres Et
— -

Figure 4.1: Basic scheme of a Fabry-Pérot resonator and transfer functions
for intensity (top left) and phase (top right) of the light reflected from a
Fabry-Pérot resonator.
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4.1. The cavities

Combination of all above equations yields the steady state transfer functions
Ag e = |Evj|/| B for the transmitted and reflected amplitudes:

2

1 — T o

Ap, = L—R%cC 45
B, 1 — ryrqa2e® (4.5)

Ap, = Vl_r%Vl_r%. (4.6)

1 — ryrqa2e®

The phase ¢ of the reflected and transmitted fields can be obtained from

_ S[E]
tan ¢, = RIE (4.7)
an ¢, = S :t] 4.8
tan ¢ RIE, (4.8)

The intensity transfer functions A;,;; are obtained by taking the absolute
square of equations (4.5) and (4.6). This results in

A =1- (1 - [“_’“2“2] ) F(5), (4.9)

1 — ryrea?

1= =)
(1 —ryrea?)?

A, = F(5). (4.10)

Here, F(9) is the Airy function which describes the dependence of the trans-
mitted and reflected power on the detuning § = 47vL/c:

1

FO) =17 (2Z)25in%5/2

(4.11)

with the so-called Finesse

=

F 7(rirea?)
1=
The frequency separation of two maxima of equation (4.11) is denoted the
free spectral range (FSR), given by ¢/2L. For small detunings 0 equation
(4.11) can be approximated using sin(d/2) ~ §/2 resulting in a Lorentzian
function:

(4.12)

F(5) = 1“1;5)2

The full width at half maximum Awvg of this Lorentzian curve with respect
to frequency is given by

(4.13)
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Optical impedance matching

Equations (4.9) and (4.10) yield maximum transmitted respectively mini-
mum reflected power, if an input mirror reflection of r; = rya? is chosen.
If this condition is met the cavity is optimally impedance matched and the
difference in reflectivity of front and back mirror just compensates for the
cavity round trip losses. Fabrication of a high-finesse cavity (F > 10°) re-
quires mirror reflectivities of better than (1 — 10*). Thus, very accurate
control of mirror coating quality and mirror substrate losses is needed, in
order to obtain optimum impedance matching. Indeed, the fabrication of
a high-finesse cavity with F > 500000 and an impedance matching which
allows for a coupling > 50% is extremely delicate and reaches the limit of
state of the art coating technology. A bad impedance matching results in a
decreased coupling of only a few percent of the incident light or worse. Typ-
ically, this occurs due to mirror losses and comes along with a degradation
of the Finesse.

Gaussian cavity modes

The mode spectrum of Hermite-Gaussian modes of a vacuum Fabry-Pérot
cavity of length L and mirror curvatures R, and R, can be calculated from
[KL66]

c m+n+1

Vomn = 57 |4 + ————arccos NIAAR (4.15)

Here, ¢ is the longitudinal, m and n are the transverse electromagnetic
(TEM) mode numbers, and g, = (1 — L/R,;). The desired cavity mode
for frequency stabilization is the transverse mode with m =n = 0 (TEMy),
because it is non-degenerate and best matches the intensity profile of the
laser beam incident onto the cavity.

4.1.2 Properties of the applied cavities

The specific properties of the applied cavities R1 and R2 are listed in Ta-
ble 4.1. All resonators are made from a cylindrical fused silica spacer with
a center bore hole and mirrors optically contacted to each side (see Figure
4.2). The mirrors are BK7 substrates coated with a dielectric high-reflectivity
(HR) coating at 1064 nm. With the resonators mounted inside an evacuated
chamber, the light confined between the mirrors travels in vacuum. The qual-
ity of the two resonators turned out to differ substantially. Only resonator
R1 exhibits a Finesse > 100000, whereas the Finesse of the TEMgy, mode of
R2 is affected by a damage of the HR mirror coating. This also affected the
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4.1. The cavities

’ property ‘ symbol ‘ R1 R2 ‘
spacer material fused silica fused silica
mirror substrate BK7 BK7
index of refraction n 1 1
length L [cm)] 2.85 10
ROC R [cm] 50 50
Finesse (TEMyg) F 170000 20000
linewidth (TEMg) Ave [kHz] 30 70
FSR c/2L |GHz| 5 1.5
TEMgo/TEM;q separation | voo — V19 554 MHz 307 MHz
waist wo [pm] 170 225
operation rotating stationary

Table 4.1: Properties of the two resonators R1 and R2 applied in this exper-
iment. ROC = radius of curvature.

impedance matching of the cavity, limiting the maximum achievable coupling
to ~ 10%.

4.1.3 Mounting of the cavities

The cavity R1 is placed inside a copper mount as shown in Figure 4.3. The
mount has been plated with gold to prevent oxidation and ensure a good
thermal contact to the cavity. To provide a well defined two-line contact
between the resonator and the copper mount, the resonator is supported on
a u-profile and fixed by two copper strips, slightly pressing it from above.
Together with R1 another identical resonator was placed inside the copper
mount, with its optical axes oriented perpendicular to R1. This third cavity
was added to enable comparison of two rotating resonators. However, it
turned out to be damaged and featured a linewidth of only 400 kHz for the
TEMgy mode. Thus, it was of no further use during this experiment.

The whole assembly is mounted in vacuum inside a liquid-Helium bath
cryostat, operated at room temperature. The cryostat’s design is sketched
in Figure 4.5. As the experiment evolved from a setup using cryogenically
cooled resonators [MHB"03al, the straight forward approach was to make use
of the cryostat applied there. Used as a simple vacuum chamber, it provides
excellent thermal insulation also at room temperature. The time constant for
ambient temperature fluctuations penetrating to the probe chamber is about
6h. Optical access to couple the laser light to the resonators is provided
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5 28,5

- Rs00 .

HR@1064nm

Figure 4.2: Schematic assembly of resonator R1. Numbers are in units of
mm. The mirrors are BK7 substrates with a curvature of R = 500 mm, coated
with a high reflection (HR) coating at 1064 nm and optically contacted to
the fused silica spacer. The design of R2 is the same, apart form the length
of the spacer which is L. = 100 mm there.

Figure 4.3: Mounting of resonator R1 and an additional identical resonator.
The resonators are placed inside a massive gold-plated copper mount to pro-
vide a homogenous temperature for both resonators. The resonators’ optical
axes are oriented perpendicular to each other. The mount is equipped with
polarizers in front of the resonators and photodiodes to detect the reflected
and transmitted light.
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Figure 4.4: Mounting of resonator R2 inside the second non-rotating vacuum
chamber.

through windows on opposite sides of the chamber. The resonator mount
is equipped with a polarizer and a beam splitter in front of the resonator,
as well as two InGaAs photodiodes to detect the transmitted and reflected
light. The reflected and transmitted signals are transferred to the outside
via coaxial cables and an electrical feedthrough on top of the chamber.

The stationary reference resonator R2 is placed inside a second identical
cryostat, supported by a v-shaped copper mount (Figure 4.4). This second
cryostat was operated at room temperature as well. Optical access is provided
from both sides through windows, and transmitted and reflected signals can
be accessed outside the chamber.

4.2 Laser frequency stabilization setup

A schematic drawing of the complete setup for frequency stabilizing laser L1
to R1 and laser L2 to R2 is given in Figure 4.11. The stationary setup with
R2 and L2 resided in another laboratory and light from L2 was transferred
to the setup of L1 and R1 using a polarization-maintaining single-mode fiber
of 40 m in length. Details of these setups and some basic issues of frequency
stabilization are described in the following.
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Figure 4.5: Schematic of the vacuum chamber which actually is a liquid-
Helium bath cryostat that had been used during past work applying cryo-
genically cooled resonators [MHB" 03a]. The cryostat proofed to be suitable
for this experiment, as it provides good thermal insulation at room temper-
ature with a time constant of ~6 h.
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4.2.1 The Nd:YAG lasers

Two Nd:YAG lasers with 1064 nm emission wavelength are applied to in-
terrogate the resonance frequencies of the two cavities. Both are based on
the non-planar ring oscillator design (NPRO, [KB85]). Thus, they are of
compact dimensions and offer good intrinsic free-running frequency stability
(~ 10kHz linewidth at 1 ms).

Tuning of the laser frequency is achieved in two different ways. A piezo-
electric crystal attached to the NPRO allows fast tuning of the laser frequency
by means of varying strain of the NPRO. This channel offers a tuning range
of several ten MHz at a rate of a up to a few MHz. A frequency span of
40 GHz is accessible by tuning the laser crystal temperature in a range of
20° C to 40° C. The mode-hop-free tuning range is about 15 GHz.

| Laser | L1 L2 |
model LWE 122  Innolight GmbH (LZH)
max output power 200 mW 2W
tuning coeff. piezo | 4.4 MHz/V 2MHz/V
tuning coeff. temp. | 3.1 GHz/K 5GHz/K
noise eater yes no

Table 4.2: Characteristics of the NPRO Nd:YAG lasers used in this experi-
ment. Laser L1 is used in the rotating setup, laser L2 in the stationary setup.
LWE: Lightwave Electronics Inc. LZH: Laserzentrum Hannover.

4.2.2 Optics setup

Each of the two lasers is followed by a two-stage optical isolator (> 60dB
isolation), in order to prevent back reflections of light into the laser crystal.
A good optical isolation is especially important because even tiny such re-
flections are known to strongly disturb the laser output frequency. Behind
the optical isolator, a polarizing beam splitter (PBS) cube in combination
with a A/2-plate in every system serves for adjusting the laser intensity and
allows to split off < 10 mW of the laser light for frequency comparison to the
other laser. The horizontal polarization is sent to the cavity. Note, that the
cavities’ resonance frequencies for s- and p-polarization are non-degenerate
at several kHz frequency difference. This is partly due to deviations of the
mirror curvature along different orientations. Furthermore, time dependent
effects from relocation processes within the mirror coating [Sto98] have been
observed. Thus, rotations of polarization of less than 1° can result in fre-
quency deviations of a few Hertz. Consequently, Polarcor polarizers were
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Figure 4.6: The rotating optical setup before and after closing the vacuum
chamber. Laser L1 and the optics for coupling the light to R1 can be seen to
the right side in the pictures. To the left in each picture, another laser system
for stabilization to the second (damaged) resonator can be seen, which was
not used for the actual measurements. For more details see Figure 4.11.

placed as the last optical element in front of the resonators, in order to pro-
vide a well defined linear polarization .

Coupling the laser light to a resonator TEMyy mode required a good mode
matching, i.e. to form a Gaussian beam that matches the mode defined by
the cavity geometry. Special care has been spent on this in setting up an
appropriate telescope in front of the resonator. A beam waist can be gen-
erated outside the cavity, which matches the waist required for the cavity,
and which is then imaged onto the cavity site. However despite all efforts,
no coupling of more than 10% of the light impinging the cavities could be
achieved, due to the bad impedance matching of the cavities.

The laser power coupled to the cavities was ~ 10 uW. This reduces possible
thermal effects from dissipation of laser power, that could affect the cavity
frequency stability. Still, it is enough light to generate an error signal of
sufficient signal to noise ratio.

Last but not least, all parasitic etalons have to be avoided within the laser
beam path. Thus, only anti-reflection coated lenses, windows etc. have been
applied and have been tilted with respect to the incident laser beam if pos-
sible.

Photodetectors

Beam movements with respect to the photodiode’s sensitive surface have been
observed to produce phase shifts of the detected signal [Tro05], which lead to
frequency deviations of several Hertz. To prevent this effect good pointing
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stability must be achieved e.g. by mounting the photodiodes close to the
cavity preferably inside the vacuum chamber. However, with the detectors
inside the chamber, an adjustment of the photodiode position is not possible
after the chamber has been closed. As a consequence, large area photodiodes
had to be used, contributing a capacity of about 500 pF, which can be reduced
to ~ 200 pF applying reverse bias. This capacity is further increased by about
200 pF due to the long (2m) coaxial cable that connects the photodiode with
the front end amplifier, directly attached to the electrical feedthrough on top
of the chamber. This large input capacity of ~ 400 pF disfavors the use of
transimpedance amplifiers. This is because the complex impedance of cable
and detector favors oscillations of the amplifier and the high capacity strongly
amplifies voltage noise at the amplifier input. Thus, a photodetector with
very low voltage noise is required. Such a photodetector has been developed
especially for this application by H. Miiller [Miil04], applying eight paralleled
MOSFETs that feature high transconductance and low input capacitance.
The input noise of this detector was measured to be as low as 3pA/ VHz.
For the stationary resonator R2 the photodiodes were not mounted inside the
vacuum chamber. Instead, a photodetector front end was placed outside, in
front of the chamber window, to detect the signal reflected from the cavity.
A transimpedance amplifier design was chosen here, based on an integrated
circuit (NE/SA5211) with an internal 28 k€2 impedance and a 3 dB bandwidth
of 180 MHz. This circuit is specified for a dark current noise of 1.8 pA/ VvHz.
Finally, within both setups special attention was spent to slightly tilt the
photodiode surface with respect to the incident laser beam, in order to avoid
parasitic resonances with the cavity mirror.

4.2.3 Free-running frequency stability

Due to a sophisticated compact design, the NPRO Nd:YAG lasers provide
light of excellent intrinsic frequency stability. However, residual frequency
fluctuations and drift arise due to vibrations, temperature fluctuations and
instabilities in the driving current of the pump laser diodes. Typical drifts
are about 1 MHz/h, while fluctuations on timescales of ms are on the order
of several kHz. The spectral noise density of frequency fluctuations of the
free-running laser L1 is shown in Figure 4.7, which is representative for L2
as well. The bottom graph there gives the corresponding Allan deviation.

A fundamental limit for the free-running frequency stability of a laser is
set by spontaneously emitted photons, which incoherently add to the laser
field and cause a random phase diffusion. This is called the Schawlow-Townes
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limit [ST58]. Its spectral noise density in units of Hz/v/Hz is given by

[2hv
Sf,ST == (5VR ? (416)

Ovg is the laser resonator linewidth, v the laser’s frequency and P the output
power of the laser. Naturally, Sy gr scales with the inverse of the square
root of laser power, as contributions of spontaneously emitted photons to
the phase of the laser field become less relevant with increasing coherent
laser power. Inserting the values for laser L1 (P = 200 mW, dvg = 100 MHz)
yields

Stsr = 0.1Hz/vVHz (4.17)

or a corresponding Schawlow-Townes linewidth of
Avgy = w57 = 0.03 Hz. (4.18)

As evident from Figure 4.7, the free-running frequency stability below
100 Hz is orders of magnitude above the fundamental Schawlow-Townes limit.
An extrapolation of the 1/ f-behavior of frequency noise towards higher fre-
quencies shows that it might only be reached above 100 kHz. However, using
active feedback it is possible to suppress frequency fluctuations, in principle
even below the Schawlow-Townes limit.

4.2.4 Basics of a control loop for laser frequency sta-
bilization

Stabilization of the laser frequency vy, to the cavity resonance v is done using
active feedback. The basic scheme of such a laser stabilization control loop is
depicted in Figure 4.8. The laser frequency vy is continuously compared to
the resonator resonance frequency v¢. The deviation e = vo—ry, is converted
to an error signal by means of a discriminator of slope D(w) (given in V/Hz).
This error signal is processed by the servo electronics with a transfer function
G(w). The control signal generated from this is fed back to the laser by means
of an actuator. In the present setup this is the piezo-electric crystal attached
to the NPRO. It allows to tune the laser frequency with a transfer function
K(w).

In the open loop a deviation e = vo — v will thus cause a correction of the
laser output frequency v} given by

vy, = KGDe. (4.19)
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Figure 4.7: Free-running frequency stability of laser L1. Top: The power
spectral density falls off ~ 1/ f towards higher frequencies, presumably reach-
ing the Schawlow-Townes limit above ~100kHz. Bottom: The correspond-
ing Allan (AD) and Hadamard (HD) deviations show random walk frequency
noise up to 7 = 10s and a large drift on timescales above.
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Figure 4.8: Block diagram for laser frequency stabilization applying active
feedback (see text for details).

KGD is referred to as the open loop gain. If the feedback loop is closed
(v = v}) one obtains
_ KGD

Y= T RGD”C
Thus, high open loop gain is required to achieve a reliable tracking of the
reference frequency. Even more, variations of the open loop gain do not
affect tracking of the reference frequency as long as KGD > 1. However,
in practice feedback gain in a closed loop cannot be increased infinitely.
Delays in the feedback path cause a phase shift, which typically increases with
frequency. Therefore, every closed feedback loop starts to oscillate, if the gain
at frequencies with 180° phase shift is increased beyond unity. Consequently,
a feedback loop must apply appropriately shaped transfer functions that
provide sufficient gain at the relevant frequencies while still matching this
stability requirement.

(4.20)

Noise contributions within the feedback loop

In a closed feedback loop additional noise sources such as servo noise Sg and
discriminator noise Sp, contribute to the total laser frequency noise Sf, .
Geometrically adding all noise sources according to Figure 4.8 yields

¢ _ S? + K*S% + K2G*S})
Ll 11+ KGDJ?

(4.21)

Considering the ideal case of infinite open loop gain KGD, this expression
reduces to
Sp

Sta = 2. (4.22)
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Figure 4.9: Basic setup of PDH frequency stabilization. The laser light is
phase-modulated at w,,. The light reflected from the cavity is detected and
the beat note between sidebands and carrier is demodulated phase-sensitively.
The signal obtained for ® = 90° and w,,, > 27w Av is an error signal as shown
in Figure 4.10. This signal is fed back to the laser for tuning its frequency
to the cavity resonance.

Thus, within a well designed feedback loop the only limit for suppression of
laser frequency fluctuations arises from the discriminator properties, as long
as enough loop gain can be applied.

4.2.5 Pound-Drever-Hall frequency discrimination

In the present experiment frequency discrimination is implemented following
a scheme that was developed by R.V. Pound [Pou46] for microwave applica-
tions, and later transferred to and realized for optical frequencies by R. Dr-
ever and J.L. Hall [DHK™*83]. Thus, it is referred to as the Pound-Drever-Hall
(PDH) locking scheme here. There is an extensive literature on frequency
stabilization using the PDH-technique, and most of the relevant aspects here
are described in detail elsewhere [SHH88, DGB92, ZH93, YCIB99]. The
principle setup is shown in Figure 4.9. The laser phase is modulated at an
rf frequency w,,, which can be written as a sum over sidebands at multiples
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of wy,:

E(t) _ Eoe—ithe—iﬁ sin(wmt)

e - 4.23
:EO Z Jk(5)e—l(wL—i—ku)m)t7 ( )

where Ji () are the Bessel functions of order k, and (3 denotes the modulation
index. Coupling the modulated laser light to the resonator causes amplitude
and phase shifts of the reflected and transmitted carrier and sidebands. These
can be described using the transfer functions Ag,(w) and Ag(w) of section
4.1.1. If only the first order sidebands in reflection are considered, one obtains

Ep(t) = Eoe 2t [ Jo(8)| A e™¢"

e A AT M
where the transfer functions have been decomposed into phase and amplitude
contributions: A, = |A*|e~*. The phase shifts ¢;, depend on the respective
detuning e = v — v, from the cavity resonance as shown in Figure 4.1. From
squaring equation (4.24) the beat note signal between reflected carrier and
sidebands can be derived:

S ~ 2|Eo[*Re (Jo(B)Jy(B)en[e!#0=0+1) — gil@m1=do)]) (4.25)

According to Figure 4.1 for wy, > 27Ave one finds ¢1 ~ —¢_; and the
above expression can be rearranged to

S ~ 4|Ey|*Jo(B)J1(B) sin(¢g) sin(wpt — ¢1). (4.26)

Thus, the dispersive properties of the resonator effectively turn the phase
modulation of the laser light into an amplitude modulation. Demodulating
this signal at w,, to DC results in an error signal, which according to the
term sin(¢@p) in equation (4.26) exactly vanishes and changes sign for zero
detuning (¢ = 0) at the cavity resonance. Details on calculating the full
expressions for PDH error signals that go beyond the simple approximation
of equation (4.26) can be found e.g. in [Miil04]. Figure 4.10 compares a
calculated and a measured error signal obtained for resonator R1 in reflection.
The center slope of this error signal is already accurately predicted by the
simple approximation of equation (4.26) for wy, > 27 Avc.

In terms of photocurrent it can be expressed in units of A/Hz [DGB92] as

_ 8Jo(B)(B) enwP;

D
Ave hv

(4.27)
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Figure 4.10: A calculated (left) and measured (right) PDH error signal from
R1. Note that the calculation only includes the first order sidebands. The
cavity linewidth is about 30 kHz and a modulation frequency of wy, /27 =
440 kHz is applied. The modulation index is adjusted to ~ 1.

where P; is the power incident on the cavity, Ave is the cavity linewidth and
7 is the quantum efficiency of the photodetector. The factor x < 1 has been
included to account for the actual impedance matching of the cavity. The
error signal slope reaches a maximum value for a modulation index 5 = 1.08.
With Ave = 30kHz, P, = 100 W, n = 0.7 and x = 0.1 this results in an
error signal slope of ~ 1nA/Hz.

Implementation of the PDH scheme

A modulation frequency of w,,/27 = 444kHz was chosen for laser L1, cor-
responding to the highest pronounced resonance of the piezo-electric actu-
ator. This modulation is provided by a signal generator HP 33120A. The
photodetector signal at this frequency is amplified to > 0dBm using the
front end amplifiers described above, followed by commercial low-noise am-
plifiers (MiniCircuits, ZFL500LN). The PDH error signal is generated using
a double-balanced mixer (MiniCircuits, ZFM3) and a local oscillator (HP
331208), which is phase-locked to the modulation signal at w,, with a phase
offset of 90°. The error signal is low-pass filtered with a corner frequency of
100 kHz at the mixer output and fed into the servo electronics.

The same scheme was applied for laser L2. There a higher resonance of
the piezo actuator at w,,/2m = 770kHz was used, which is more favorable,
as laser intensity noise decreases with increasing frequency. Different other
schemes with modulation at frequencies > 1MHz or demodulation at the
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third harmonic of w,, have been tried as well, but offered no improvement.
The latter method is insensitive to a residual amplitude modulation (RAM)
at wy,. This RAM leads to an offset of the error signal as shown in [Miil04].
In the present setup however, the piezo-electric actuators yield very low RAM
on the order of 107 to 1075.

4.2.6 Loop filter and frequency transducers

Given a PDH error signal of sufficient signal-to-noise ratio, the decisive issue
is the design of the loop filter transfer function G(w) implemented in the
servo electronics. The aim here is to provide maximum gain at the relevant
frequencies and sufficient locking bandwidth, while still meeting the stability
requirement. In the present experiment, the relevant regime for frequency
stability is below a few Hertz and the required locking bandwidths are on
the order of several ten kHz only. This is due to the intrinsically narrow free-
running laser linewidth of the NPRO Nd:YAG laser (~ 10kHz). Thus, the
piezo-electric crystals attached to the NPRO were used as the only fast fre-
quency actuators here, which limits the locking bandwidth to below 100 kHz
because of mechanical resonances of the piezo.

The loop filter comprises a variable proportional gain and two integrators.
The first integrator’s corner frequency could be varied among six discrete
frequencies between fi; = 70 and 150 kHz. The second integrator was set at
fio = 6kHz. This provided sufficient gain and locking bandwidth (~ 30 kHz)
to suppress residual error signal fluctuations at frequencies < 1kHz below a
level of 1 Hz. Other combinations of integrators and low-pass filters or notch
filters to circumvent the first piezo resonance which limits the locking band-
width have been tried, but did not achieve a further increase of the locking
bandwidth. However, the fundamental limitation of the achieved frequency
stability is not attributed to the limited locking bandwidth or the perfor-
mance of the lock electronics in general. Thus, the implementation of more
elaborate schemes to improve on this has been postponed for a future setup.
Such schemes applying a combination of various faster actuators have been
described in [ZH93, DGB92, SHHS&8]. Further general ideas about the opti-
mum loop filter design for frequency stabilization can be found in [HTY99]
and references therein.

4.2.7 Beat frequency measurement

Measurements of the relative frequency stability of R1 and R2 are performed
by generating direct beat notes between light of the two frequency-stabilized
lasers. A small fraction of laser light (~1 mW) from each system is overlapped
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on a fast photodiode (New Focus, 1537, 6 GHz). Selection of appropriate
TEMgy modes of the cavities always allows to obtain a difference frequency
within the frequency range < 2 GHz of the available synthesizer (Marconi,
2031). This synthesizer serves as a local oscillator to mix down the beat
note to < 250 MHz, which can then be counted directly using a SRS SR620
counter. A low-pass filter at 250 MHz prevents aliasing of harmonics above
the bandwidth of the frequency counter of 300 MHz.

In its standard mode of operation, the counter samples the beat frequency
applying a gate time of 1s. Alternatively, it can be operated in a "fast
mode”; which allows to record the beat frequency at gate times as low as 1 ms.
Both counter and local oscillator are phase-locked to an external frequency
reference. The latter is a rubidium-based atomic clock (Efratom, FRT) with
a relative frequency stability of 107! above integration times of 1s. This is
sufficient to provide a local oscillator frequency, stable to better than 0.01 Hz.
Thus, laser frequency stability at 1s and above can in principle be determined
down to Allan deviations as low as 3 x 10717,

4.3 Relative frequency stability of R1 and R2

A typical 24 hour measurement of the beat frequency of R1 and R2 is pre-
sented in Figure 4.12. This measurement has been done without rotating
R1. A large average drift of ~ —40Hz/s is observed, caused by relative tem-
perature changes of the resonators. The bottom graph shows the residual
frequency fluctuations after a removal of the drift by filtering the data with
a numerical high-pass filter of corner frequency f. = 1/(200s) (see section
4.6 for details on the data processing). The frequency measurement exhibits
flicker noise with rms-fluctuations on the order of 20 Hz.

In order to give a quantitative measure of frequency stability, the Allan and
Hadamard deviation are calculated here [Rut78]. The first is the most com-
mon measure of frequency stability in the time domain, while the latter is a
similarly defined three-point variance, which is insensitive to linear frequency
drift (see Appendix A for definitions). Such a linear drift can easily be dis-
cerned from a Lorentz violation signal. Therefore, the Hadamard deviation
is more appropriate to point out the limitations of this experiment. Figure
4.13 presents the Allan and Hadamard deviations calculated from a ~ 1000s
subset of the data of Figure 4.12. The Allan deviation is dominated by lin-
ear drift down to integration times as low as 1s. The Hadamard deviation,
however, reaches a minimum of 1.5x107'* at 7 = 30s, and nonlinear drift
becomes relevant for 7 > 100s only.
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Figure 4.11: Complete laser stabilization setup for comparison of R1 (com-
plete setup rotating on a turntable) and R2. Light from L2 was transferred
to the beat setup using a polarization-maintaining single-mode fiber of L =
40m. The optical feedthrough is described in section 4.5.2. The optional
double-pass AOM and the iodine standard were used for the measurements
described in section 4.4.3. Further details of the setup are described in section

4.2.
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Figure 4.12: Example of a 24h beat frequency measurement. The beat
frequency gives the frequency fluctuations of R1 relative to R2. Top: The
total measurement exhibits a large drift of several MHz during 24 h. Bottom:
A 500s extract from this measurement after removal of drift, applying a
numerical low-pass filter with a corner frequency of f. = 1/(200s) to the
data.
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Figure 4.13: Relative Allan and Hadamard deviation characterize the fre-
quency stability of R1 and R2. The latter is insensitive to the large linear
drift present in the measurement. Both curves have been calculated from
an extract of ~ 2000s of the measurement of Figure 4.12 using AlaVar 5.2
[Mak06].
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4.4. Limitations

4.4 Limitations

Different limitations of the achieved frequency stability have been identified.
Accordingly, the relative Hadamard deviation shown in Figure 4.13 can be
divided into three regimes:

e Up to an integration time of 1s the graph exhibits a bumpy structure,
indicating the presence of oscillations at several discrete frequencies
due to vibrations. This becomes even more evident from an FFT of
the beat frequency measurement as shown in Figure 4.14

e From 1s to 100s integration time the Hadamard deviation turns into
a flicker floor close to the 107 level. This flicker noise is caused by
thermal noise of the cavity mirrors, which exhibits a 1/f dependence.

e Above 100s quadratic and higher order drift due to temperature creep
set in.

In what follows a closer look is spent on these regimes and the different
limitations on frequency stability will be discussed.

4.4.1 Short-term stability
Doppler effect

The vacuum chamber was originally designed as a cryostat and features sus-
pension of the resonator mount at the bottom of a thin-walled steel tube.
This tube is fixed at the top of the cryostat (see Figure 4.5) and in effect con-
stitutes a pendulum of two meters in length. Thus, the resonator mount had
to be fixed against the surrounding thermal shields to dampen the pendulum
resonance. Still; a resonant oscillation at about 7Hz and harmonics could
not be suppressed. These oscillations relative to the optical table contribute
to frequency noise due to the Doppler effect, as is revealed by a Fourier
spectrum of a frequency measurement with 1 ms gate time (bottom graph in
Figure 4.14). Assuming an amplitude of 0.01 mm displacement for the pen-
dulum oscillation at 7 Hz, the velocity amplitude for the resonator movement
is v = £0.4mm/s and the relative Doppler shift is

Av

— Y 2 1.3%x107'2 = 360 Hy, (4.28)
140} C

with 1y = 2.82 x 10, This could well account for the peak at 7 Hz and its
harmonics in Figure 4.14.
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Vibrations

Vibrations of the laboratory floor are dampened by the pendulum reso-
nance to some extent. Still, they cause strain on the cavity as estimated
in e.g. [HTY99]. Several peaks in Figure 4.14 presumably originate from
such vibrations. In addition to the peak due to line power exactly at 50 Hz
there are frequency oscillations at ~ 49 Hz and ~ 24.5 Hz. These can be at-
tributed to vibrations of the laboratory floor, caused by heavy duty electrical
motors. Such motors are present all over the building e.g. in vacuum pumps,
elevators or the air conditioning system. The presence of these vibrations is
independently revealed by a seismometer measurement (top graph in Figure
4.14).

Suppression of such vibrations was achieved in a reconstruction of the setup
by use of an active vibration isolation and an improved mounting of the (new)
cavities. This will be presented in chapter 7.

Further limitations of short-term stability

Vibrations present the main limitation of short-term frequency stability in
this setup. Nonetheless, other possible sources of frequency noise are ana-
lyzed here as well. In an improved setup applying new cavities as described
in chapter 7 these limitations to frequency stability might become relevant.

The minimum spectral density of laser frequency noise in the closed loop is
determined by the discriminator properties only, as long as enough feedback
gain is provided. The relevant parameters therefore are the discriminator
slope as given in equation (4.27) and the photocurrent shot noise of the
photodetector. According to [DGB92] the latter is given by (in units of

A/VHz):

Si=V2v2el = ﬂ\/ze(zjl(ﬁ)Jo(ﬁ)%j) (4.29)

Combining this with equation (4.27) results in a frequency noise density (in

units of Hz/v/Hz) of

hv
Sr = A,
! (’V 85(8) 11 (B P
where P; = kP is the optical power incident on the photodetector. Inserting

the parameters for R2, P = 10 uW, n = 0.7 and a coupling of x = 0.1 of the
laser light into the cavity mode, this sets a fundamental limit of

(4.30)

Hz
vHz

Sp=0.07 (4.31)
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Figure 4.14: Influence of vibrations on beat frequency short-term stability.
The Fourier transform of a beat frequency measurement sampled at 1ms
reveals oscillations at several discrete frequencies of ~100Hz in amplitude
(bottom graph). Corresponding vibrations are revealed in an FF'T of a seis-
mometer measurement (top graph, measured using a seismometer of Giiralp
Systems Ltd., model CMG-6T).
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4. The setup

Another contribution to discriminator noise is the photodetector noise
adding 3.6 pA/ vHz to the signal photocurrent (referred to the photodetector
input). Conversion by means of the discriminator slope (4.27) gives the
associated frequency noise:

Hz
v Hz

Technical intensity noise of the laser presents another limitation on
frequency stabilization. Laser L1 is equipped with a noise eater that moni-
tors and actively suppresses intensity noise via pump-diode current feedback.
The relative intensity noise spectrum of laser L2 is shown in Figure 4.15. A
large relaxation peak is present at ~ 300 kHz, since this laser is not equipped
with a noise eater. This relaxation peak is a characteristic feature of these
lasers and is caused by oscillations of the population inversion of the lasing
transition. Above 300 kHz intensity noise decreases as 1/f and approaches
the shot noise limit at f > 4 MHz. Thus, problems due to intensity noise can
in principle be avoided by operating with signals sufficiently above 300 kHz.
According to the measurement of Figure 4.15, the intensity noise of laser
L2 at w,, = 7T70kHz contributes approximately 1pA/ vHz to the total pho-
tocurrent noise. Conversion to frequency noise results in

Sy =0.17 (4.32)

Hz
v Hz '

Intensity noise of laser L1, which applies a noise eater, has been estimated
to be below this value despite the lower modulation frequency of 440 kHz.

The above noise densities can be converted to Allan deviations, assuming
white frequency noise using the relation

U—isf
f_\/g'

The largest contribution, which is detector noise, thereby sets a limit to the
relative Allan deviation at ~ 4 x 10716 at an integration time of 1s.

Sy =0.05

(4.33)

(4.34)

Last but not least, frequency noise arises because light is transferred via
optical fibers to the beat measurement system. The optical fibers are ex-
posed to all kinds of ambient influences that alter the optical path length
and impose fiber phase noise on the transmitted light. Here, fiber phase
noise was measured according to the scheme described in [MYH94]. The
light is sent through the optical fiber, is shifted in frequency by a double-
pass AOM after the fiber by 2 x 80 MHz, is sent back along the same path
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Figure 4.15: Technical intensity noise of laser L2 expressed in terms of rel-
ative intensity noise (RIN). This is defined as the Fourier transform of the
autocorrelation function Cp,y(T) = % stated in dB. A large relax-
ation peak is present at ~ 300 kHz. Its magnitude and frequency depend on
the pump diode current and wavelength. The technical noise falls off towards
higher frequencies as 1/ f, approaching the shot noise level at f > 4 MHz.
For laser L1, intensity noise is suppressed by a noise eater.
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Figure 4.16: The top curve shows the achieved stability (linear drift re-
moved). The curve to the middle gives the Allan deviation for a comparison
of laser L1 to L2, both locked to neighboring TEMy, modes of R2. This
essentially represents the lock electronics’ performance. The Allan deviation
determined from a measurement of fiber phase noise is also given. Both,
electronics and fiber phase noise currently are not the relevant limitation to
the observed frequency stability.

and a beat note of light before and after double passing the fiber is gen-
erated. The frequency stability of this signal at 160 MHz is dominated by
fiber phase noise, as all other frequency fluctuations are common mode and
cancel. The Allan deviation calculated from such a measurement, using the
40m polarization-maintaining single-mode fiber that transfers the light of
L2 to the beat system, is given in Figure 4.16. As evident from this graph
there is a flicker noise floor at 107 for 7 > 0.1s. This does not limit the
performance at the current level of sensitivity, but could become important
for a future version of the experiment.
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4.4.2 Flicker noise
Thermal noise

In the present setup, frequency stability above integration times of 1s is
limited by thermal noise of the cavities. Two kinds of thermal noise are
considered here. These are thermal noise due to Brownian motion [Sau90)]
and thermoelastic noise [BGV99).

The effect of thermal noise arising from Brownian motion has been
investigated extensively for high-sensitivity torsion pendulums and gravi-
tational wave detectors [Sau90, SBS98|. It has only recently been identi-
fied as an important issue for frequency stabilization to Fabry-Pérot cavities
[NKC04, NML*06]. The idea is that at a finite temperature 7' the mechan-
ical resonances of a macroscopic body, e.g. resonances of a mirror substrate
or a complete optical resonator, are excited to a certain extent. A model to
describe these resonances has been given by Saulson [Sau90], which considers
structural damping as opposed to viscous damping. The fundamental differ-
ence between viscous and structural damping is elaborated briefly in what
follows.

A viscously damped harmonic oscillator obeys an equation of motion of
the form

mi + fi + kx = Fy,. (4.35)

As a simple model, consider a mass suspended from a spring of spring con-
stant k£ with a frictional damping force F' = — fi. F}, is the external force
caused by thermally driven Brownian motion. Following Saulson [Sau90] the
displacement spectral noise density S? expressed in m?/Hz can be derived
using the Fluctuation Dissipation Theorem (FDT) [CG52]. The latter re-
lates the dissipation in the system, expressed by the mechanical conductance
o(w), to S? as described by

o(w). (4.36)

An expression for o(w) can be derived from the above equation of motion
(4.35) as follows: for a harmonic time dependence, the impedance Z defined
by F' = Z1 is

k
Z =i(wm——)+ f. (4.37)
w
The inverse of the impedance is called admittance Y and is given by

L W im(ww) — W)

Y =771 =
m2(w(2] _ w2)2 + w2f2

(4.38)
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using k = mw3. The real part of the admittance Y is the mechanical con-

ductance o. Insertion into equation (4.36) gives

512 — 4kBTf

* T e - W)+ 2P

(4.39)

which for representative values is plotted in Figure 4.17. As shown there, the
displacement noise approaches a constant, low value towards far off-resonant
low frequencies.

As opposed to viscous damping, structural damping does not include a fric-
tional damping term. Instead, it can be described by a complex spring con-
stant given by

k— k(1 +ig(w)), (4.40)

where ¢ is the so-called loss angle. This gives rise to dissipation within the
system, and is related to the quality factor @) of the oscillator by

o =—. (4.41)
The equation of motion with an external driving force F' then is
mi + k(1 +ip(w))x = F. (4.42)

The mechanical impedance Z according to this equation is found to be

Z

!
®
S
|
|
|
|

(4.43)

which is similar to equation (4.37) with f replaced by —k¢/w. Proceeding
as above and applying (4.36) results in

4]€BTW(2)¢
wm(wf — w?)? + wye?]

S%(w) = (4.44)

The frequency dependence of this expression is displayed in Figure 4.17 as
well, assuming a frequency independent loss angle. According to this model
thermal noise increases towards zero as 1/w, which does not average out with
increasing integration time and leads to a so called flicker noise floor in the
Allan deviation.

A detailed evaluation of Brownian thermal noise for realistic cavities,
comprising mirror substrates, mirror coatings and spacer has been given in
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Figure 4.17: Left: Frequency dependence of Brownian thermal noise assum-
ing either viscous damping or structural damping. Calculations assume m =
5g, ¢ = 3 x 10* and wy = 10 kHz. Right: Shape function for thermoelastic
damping.

[NKCO04]. They obtain expressions for thermal noise densities of mirror sub-

strates with coating (S2 g\;) and spacer (S2 pg) as given by

4kpT L

Seps(W) " m%, (4.45)
4kpT 1 — o2 2d(1 — 2
Sﬁ,BM(W) = j\/%E(ZUOng <1 + ww()) ) (4.46)

where E is Young’s modulus, R is the spacer radius, L is the spacer length
and d is the coating thickness. The indices S, M and C denote spacer, mirror
substrate and coating, respectively. Note, that the effective thermal noise
density attributed to the mirrors includes averaging over the area that is
covered by the laser beam of waist wo(= 1/e? diameter).

Another type of thermal noise is thermoelastic noise. It arises from the
thermodynamical fluctuations of a finite temperature 7" in a given volume V'

kpT?

< 0T? >= ,
pc,V

(4.47)

where ¢, is the specific heat capacity, p the material density and kp the
Boltzmann constant. These fluctuations couple to mechanical fluctuations
via the coefficient of thermal expansion (CTE) a. The implications of ther-
moelastic noise on optomechanical devices in general have been elaborated in
[CCHPO1, BGV99]. They derive an expression for the spectral noise density
of length fluctuations z of a mirror substrate. Again, these fluctuations are
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averaged over the area covered by a laser beam of waist wy. They obtain an
expression
2 k BT2U)0

8
S2 (@) = —=at(1+ 02

V2
where & is the thermal conductivity and o is Poisson’s ratio. J({2) is a shape
function with Q = w/we, where the critical frequency we is the frequency
for which the thermal diffusion length

J(Q), (4.48)

27K

pPCpw

(4.49)

becomes comparable to the beam waist wy. It is given as we = 2k/(pc,wd).
According to [CCHPO01], the shape function J[2] can be calculated from

s o ude—v/2
710 = \/g/o du [~ dv T TR (4.50)

As evident from a plot of J(2) given in Figure 4.17, thermoelastic noise of
a mirror substrate beyond the critical frequency converges as 1/w?. This
is because the thermal diffusion length decreases with frequency and length
fluctuations are averaged over the area covered by the laser beam. In this
regime, the effect of thermoelastic noise can be decreased by increasing the
beam waist wo (SZy\p ~ 1/wg). However, below the critical frequency the
thermal diffusion length is larger than the beam waist. Consequently, the
effect of thermoelastic noise does not depend on wy in this regime.

The role of thermoelastic noise within the spacer of an optical cavity remains
to be studied. Usually these spacers are fabricated from materials of low
CTE which makes contributions of thermoelastic noise negligible. To our
knowledge, no study of its influence within the cavity spacer has been done
yet.

So far, all experimental observations agree with equations (4.45), (4.46)
and (4.48) within a factor of ~ 2 over a frequency range from 1072 to 10*s
INAY 103, NMLT06]. Therefore, we apply these equations to obtain an esti-
mate of the limitation set by thermal noise for this experiment. The critical
cavity properties are the thermal expansion coefficient o and the loss angles
¢ = 1/Q of the mirror substrate, coating and the spacer. These values are ob-
tained from the literature here, since no accurate direct measurement of the
mechanical quality of the resonators was done. A very simple measurement
performed on R2 as described in [Miil04] excited the mechanical resonance
of the mirror by a piezo attached to the mirror. This measurement yielded
a Q-factor on the order of 10%, which agrees with the literature value, if we
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take into account that the loss angles are increased due to the cavity support
and the optical bonding of the mirrors.

Estimates of thermal noise for mirror substrates of different materials are
presented in Table 4.3. The values there give the calculated displacement
noise densities at 1 Hz, (using equations (4.45), (4.46) and (4.48)), averaged
over a laser beam waist of 200 ym. In accordance with [NAY'03], a loss
angle of ~ 3 x 10™* was adopted for the BK7 substrates of the present cav-
ities. The coating loss angle can be assumed to be on the order of 4 x 10~*
[CCGT04]. Tts contribution is negligible, if the substrate is of similar low
mechanical quality and if the beam radius is substantially larger than the
depth of the coating. With respect to thermoelastic noise of BK7, one finds
that the thermal diffusion length at 1Hz is on the order of 1072 m, which
is slightly larger than the considered beam waist. Consequently, the cutoff
frequency for thermoelastic noise is we ~ 25 Hz which at f = 1Hz results
in Q = 0.25 and J(2) = 0.65. Note, that for the present experiment the
thermoelastic noise model is only applicable for frequencies > 0.01 Hz. For
frequencies below, the thermal diffusion length becomes comparable to the
dimensions of the cavities and correlations among the thermal noise fluctua-
tions of the cavity mirrors are to be expected.

Adding all noise contributions, it turns out that BK7 is a particularly un-
favorable material due to both, a relatively large CTE and low mechanical
quality. Materials of high mechanical Q-factors and lower CTE, such as fused
silica or ULE, feature a thermal noise level which is up to a factor of five
lower. Indeed, for high Q materials the coating loss presents the limiting
factor.

Based on equations (4.45), (4.46) and (4.48), the effect of thermal noise for
different cavity schemes is considered in Table 4.4. These estimates include
thermal noise of both mirrors and spacer assuming no correlations. The dis-
placement noise density S, can be converted into a frequency noise density
Sy using AL/L ~ Af/f. The Allan deviation ¢ can then be obtained from

o’ = 2In(2)S3f. (4.51)

This relation holds for a frequency dependence S]% ~ 1/f as predicted for
Brownian thermal noise. For thermoelastic noise this is only approximately
fulfilled at €2 ~ 1 as evident from Figure 4.17. For the cavity scheme of R1
(scheme A) thermal noise should cause a flicker noise floor at a relative Allan
deviation of

o/vy =13 x 107", (4.52)

with vy = 2.82 x 10*. If we ignore linear frequency drift, we can compare
this to the Hadamard deviation calculated from the actual measurements,
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’ material ‘ Q alK™ Site Sim Ske ‘ SxT ‘
BK7 3x10% 7x107°° 1.3 1.6 04 | 2.1
FS 1x10% 6x 1077 0.1 0.1 04 | 04
ULE 6x10* <107® <001 04 04| 06
Zerodur | 3 x 10> <10® <001 1.8 04 | 18

Table 4.3: Thermal noise budget for different mirror substrate materials. Q
denotes the mechanical quality factor, a the coefficient of thermal expansion.
All noise density values S, are x10~'° Z2 at 1 Hz and refer to a single mirror.
Sy refers to thermoelastic, Sxy and Syc to Brownian thermal noise of
the substrate and the coating, and Syt to the total thermal noise density.
Calculations assume a beam waist of wg = 200 um and a coating thickness
of 10 pm.

which is at a level of /vy ~ 1.5 x 107! and agrees well with this estimate
on thermal noise.

The question remains, how to overcome this thermal noise limit. An ob-
vious solution would be cooling the resonators to liquid-Helium temperature
T = 4K. According to the FDT, relative frequency instabilities are expected
to scale with /T, allowing for a factor of ~ 8 improvement. Further benefits
could be expected from an increased mechanical Q-factor at lower temper-
ature. However, this does not hold for fused silica [JKR64]. On the other
hand, continuously operating the rotating experiment at cryogenic tempera-
ture introduces further experimental difficulties and is rather cost-intensive.
Thus, it was decided to replace the cavities by new ones, which feature an op-
timized design for room temperature application within a Michelson-Morley
experiment. This optimum configuration features a material of high me-
chanical Q), such as fused silica, at reasonable low CTE and a larger cavity
length. An increased length a priori reduces relative frequency instabilities
due to mirror displacement noise such as thermal noise. In addition, it leads
to a larger beam diameter at the mirrors which reduces the effect of thermal
noise even more. This new set of resonators is described in chapter 7.

Performance of the lock electronics

A comparison of the frequencies of laser L1 and L2, stabilized to two neigh-
boring TEMyy, modes of R2 was performed to test the performance of the
stabilization electronics. All cavity length fluctuations in this measurement
are common mode. Thus, frequency stability is limited by the performance
of the lock electronics only. As shown in Figure 4.16, the Allan deviation for
this measurement features a flicker floor at a level of 5 x 10715, which is better
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| scheme | material L [cm] wy [pm] | Allan deviation o /vy |

A BK7 3 170 1.3 x 107
B BK7 10 225 3.3 x1071°
C Zerodur 5.5 200 4.8 x 1071
D FS 5.5 200 1.4 x 1071
E ULE 5.5 200 1.9x 1071
F ULE 24 270 3.4 x 10716

Table 4.4: Thermal noise budget for different cavity configurations. All
calculations assume \ = 1064 nm and include the effect of spacer thermal
noise. The latter is usually negligible compared to mirror thermal noise,
except for Zerodur. Cavity schemes A and B are those for R1 and R2.
The estimate of thermal noise for cavity R1 is in good agreement with the
observed flicker noise. Schemes C, D and E correspond to a new set of
resonators implemented in an improved version of the experiment (see 7).
Scheme F corresponds to the cavity used by [YCIB99], who reported on the
lowest cavity frequency stability obtained so far. They observed a flicker
floor above 15 at a level of 2 x 10716, which agrees with the calculated value
within a factor of two.

than the comparison of R1 to R2 by a factor of three. As will be shown in
chapter 7, the origin of this flicker noise has been identified to be instabilities
of beam pointing. Fluctuations of beam pointing on the photodetector have
been observed to cause fluctuations of the phase of the error signal [Tro05].
These in turn shift the lock point and lead to frequency instabilities on the
order of several Hertz per degree phase shift. For a comparison of two lasers
locked to one resonator described in chapter 7, an Allan deviation down to
5 x 10716 has been obtained, applying the same lock electronics but with
improved beam pointing stability of the laser beams.

4.4.3 Frequency drift

Long-term frequency drift is mainly caused by temperature drift. This has
been verified for R2 by comparing its frequency to an iodine frequency stan-
dard [Sch03], which provides an independent long-term stable frequency ref-
erence. A fraction of the light of laser L2 is frequency-doubled and used
for stabilizing the laser to a transition in molecular iodine (see [Sch03] for
details). The light at 1064 nm is sent through a double-pass AOM, driven at
faom, before it is coupled to a TEMy, mode of R2. The voltage controlled
oscillator that generates faowm is controlled by the PDH error signal of R2 in
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order to track the cavity resonance. Thus, 2 faom always equals the relative
deviation of the cavity frequency with respect to the long-term stable iodine
transition.

The top graph in Figure 4.18 shows a recording of 2 faon during a long-term
measurement of seven days. In direct comparison the temperature changes
of the resonator mount, measured using a 10 k{2 thermistor, are also shown.
The correlation among the two becomes evident from the lower graph in Fig-
ure 4.18. According to this measurement a CTE of (6.82 +0.28) x 1077 /K
can be deduced.

Furthermore, this measurement allows to estimate the temperature indepen-
dent drift due to material ageing. If we assume that this effect contributes
a constant linear frequency drift, we can evaluate an approximately linear
section of the graph in Figure 4.18, which shows that material ageing con-
tributes < 0.1 Hz/s to the total drift rate. This low value suggests, that an
improved temperature stability could directly provide a significant improve-
ment of long-term frequency stability. Thus, attempts to set up an active
temperature stabilization have been undertaken here and are described in
[Sen06]. However, the temperature stability required to achieve frequency
stability at the Hertz level is on the order of ~ 100 nK. This is far from the
level that could be achieved applying an active stabilization. However, for a
future version of the experiment significantly improved temperature stability
has been targeted, based on an advanced passive thermal isolation in a new
vacuum chamber (see Appendix F).
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Figure 4.18: Top: Frequency and temperature drift of R2. Bottom: The cor-
relation of frequency drift of R2 to temperature variations inside the vacuum
chamber allows to deduce the effective CTE of resonator R2.
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Figure 4.19: Precision turntable for rotating the laser stabilization setup for
R1. Specifications are given in Table 4.5.

4.5 Active rotation of the setup

4.5.1 The turntable

A turntable of extraordinary precision (Kugler GmbH, RTV600) is applied to
rotate the complete laser stabilization setup for resonator R1. This turntable
features minimum axial and planar runout, even when applying a heavy off-
center load. Some specifications of the turntable are given in Table 4.5.
The hemispherical rotor has a diameter of 60 cm and hovers on an air bear-

| specification | value |
rotor diameter 60 cm
weight 400 kg
maximum applicable load | 1000 kg
air bearing pressure 4 - 6 bar
rotation axis wobble < lurad
planar runout <0.1nm
axial stiffness 300 N/um
angular readout accuracy | 0.02°

Table 4.5: Specifications of the precision turntable.
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ing generated by compressed air. Compressed air of six bar is supplied by a
compressor (Hydrovane, HV01) located in a neighboring room. The air bear-
ing gap between rotor and stator measures < 10 um. The table is equipped
with a port for connecting a vacuum pump, which allows to pump on the
air bearing which sets the table under an effective pre-load equal to 1000 kg.
This increases the stiffness of the table and makes it less sensitive to varying
loads.

The table rests on three aluminum rods which are 20 cm in height and 10 cm
in diameter. These rods are supported by a flat tripod that is welded from
three steel beams, each 120 cm in length. The tripod distributes the weight
of the setup (~ 840kg in total), which was necessary, given a maximum al-
lowed load for the laboratory floor of 700 kg/m?. The tripod again rests on
three wedge shoes, which allow to level the complete setup at an accuracy of
few urad. The position of the wedge shoes coincides with lines of structural
steel beams in the laboratory concrete floor to minimize bending of the floor.
The table is equipped with a DC-motor by the manufacturer, connected by
a flat rubber belt smoothly wrapped around the rotor. However, using two
simple 12-V DC-motors (Shayang Ye Industrial, RB350200) that drive rub-
ber friction wheels of 2cm in diameter yielded a tighter connection between
motor and turntable rotor. The two motors are mounted at opposite sides
of the table. In this way no asymmetric force is applied to the rotor and
rotational true run is preserved.

The table is equipped with an encoder that reads out the instantaneous ro-
tation angle. This encoder consists of a Zerodur disk etched with 18000
radial lines and a photo sensor. This sensor’s readout is turned into sinu-
soidal quadrature signals with an angular resolution of 360°/18000 = 0.02°
per period of the encoder signal. Additionally, the encoder gives out a single
peak on a third channel every time the table rotor passes its "zero”-position
marked on the Zerodur disk.

4.5.2 Setup on the turntable

A high-performance optical breadboard with a center hole of 360 mm in di-
ameter is placed on the turntable. This allows access to the center bore hole
of the turntable (2 cm diameter), which was used to transfer light from L1 to
the laboratory as described in section 4.5.2. Additionally, it allows to remove
or close the bottom shield of the vacuum chamber during assembly of the
setup. Lasers and optics are mounted on the breadboard as shown in Figure
4.11. It also carries a steel beam construction that supports the vacuum
chamber and racks for the electronic equipment. A turbomolecular pump is
directly attached to a side flange of the vacuum chamber (see Figure 4.21),
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backed by a stationary roughing pump from outside via a rotating vacuum
feedthrough.

Rotating electric and vacuum feedthrough

A rotating electric feedthrough is used (Fabricast Inc., 19815) to supply the
rotating setup with line power. This feedthrough consists of a pile of 15
slip rings of 4 cm in diameter on the rotor side, and silver graphite brushes
on the stator side. Three channels are used for the transfer of line power
and the additional channels for transfer of measurement signals between the
laboratory and the rotating setup. The rotor of this assembly is attached
to a vertical brass tube centered on the rotation axis and connected to a
vacuum feedthrough (Turian Eng.) on top of the electric feedthrough. This
vacuum feedthrough allows to rough-pump the turbomolecular pump, which
is directly attached to a flange of the vacuum chamber.

The feedthrough is not rigidly attached to the rotating table, and is rotated
by another DC-motor instead (Shayang Ye Industrial, RB350200). A simple
control scheme is applied, in order to make it exactly follow the table rotation:
as shown in Figure 4.20 differential rotation of feedthrough and table turns
a potentiometer on axis below the assembly, which adjusts the pulse-contact
control that drives the motor. This simple direct control achieved stable
and reliable rotation of the feedthrough together with the table. This was
especially important, as otherwise small forces are mediated between table
and feedthrough, which distort rotational true run of the table. As discussed
in chapter 5, the centrifugal forces caused by such a distortion give rise to a
systematic variation of the beat frequency.

For the case of a malfunction of the feedthrough control, two emergency
switches are implemented on top of the rotating setup. If the feedthrough
lacks behind or runs ahead by 90° with respect to the table, a lever arm
connected to the feedthrough rotor triggers these switches, which shuts down
the power supply that drives both the table and feedthrough rotation motors.

Optical feedthrough

The center bore hole of the turntable is used to transfer a fraction of the
light of L1 from the rotating setup to the beat measurement setup in the
laboratory rest frame. Since for the beat frequency measurement the light
has to be focussed on a small area photodiode, the beams have to be aligned
with the rotation axis to < 0.1 mrad. This provides sufficient pointing sta-
bility, such that the amplitude of the beat signal remains within a range of
0dBm to 5 dBm during a table rotation. This signal level is required for an
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Figure 4.20: Top: Schematic of the electric and vacuum feedthrough at the
top of the setup. The potentiometer mounted on axis below the feedthrough
adjusts the feedthrough motor drive such that it exactly follows table rota-
tion. Bottom: Schematic of the optical feedthrough. Light from laser L1
is transferred along the rotation axis to the beat measurement system on
a stationary platform at the bottom of the turntable. For the transfer the
linear polarization is turned into circular polarization, which can again be
converted into a linear polarization of fixed orientation in the laboratory.
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4. The setup

accurate frequency measurement.

Special care was spent on the polarization of the transferred light. Without
any precautions the linear polarization of the transferred beam would rotate
with table rotation in the laboratory frame. Generation of a beat signal with
light from L2 however requires fixed parallel linear polarizations. This is
achieved using the configuration shown in Figure 4.20. The linear polariza-
tion of light from L1 is turned into circular polarization by a first A/4-plate.
Then, the light is directed along the rotation axis towards the beat measure-
ment platform beneath the table, using two silver mirrors. These metallic
mirrors preserve the circular polarization in contrast to standard dielectric
mirrors. Upon passing a second \/4-plate, the light is turned to fixed linear
polarization parallel to that of L2. Note, that in this scheme the frequency
of the light is shifted by the table rotation frequency of v, = 0.02 Hz. This
is however only a constant shift and yet beyond the sensitivity of this exper-
iment.

4.6 Beat frequency measurements with a ro-
tating setup

Basically, all measurements consist of a record of the beat frequency of the
rotating cavity R1 with the stationary cavity R2, recorded with a gate time of
one second. A complete measurement always extends over at least 24 hours
of continuous rotation and involves acquisition of time, tilt of the rotation
axis and rotation angle. Thus, each data point of the frequency measurement
can be assigned the exact time and orientation of the rotating cavity R1.

4.6.1 Optimum table rotation rate

The optimum table rotation rate has been determined as follows: Accord-
ing to Figure 4.13 the timescale of best frequency stability is at 7 ~ 30s.
The rotation rate can be chosen at one turn per 60s, such that 2w, corre-
sponds to this regime. Since flicker noise is prevalent in this time regime, the
Hadamard deviation increases towards shorter integration times with a slope
< —1. Thus, faster rotation rate can more than compensate for reduced fre-
quency stability at shorter integration times, because it allows to increase the
number of measurements and thus to improve the statistics. Consequently,
the rotation period was set to T" = 45...50s. Even faster rotation turned out
to increase the level of systematic effects, due to the influence of centrifugal
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4.6. Beat frequency measurements with a rotating setup

forces (see chapter 5). Rotation was performed counterclockwise for all mea-
surements, which is required by the presence of a screw joint in the vacuum
feedthrough. Clockwise rotation, as has been tried once, loosens this screw
joint and breaks the vacuum after few hours of rotation.

4.6.2 Measurement procedure

Figure 4.21 gives a schematic of the complete turntable setup together with
a simplified scheme of the data acquisition system and the control loops
applied. Each measurement is initiated as follows: First, the PDH control
loop CL1 for frequency stabilization is closed and the table rotation is started
by closing the control loop CL2 (see chapter 5 for details). The electric
feedthrough motor control CL3 starts automatically with table rotation. The
computer readout of frequency and other data is started by an encoder trigger
pulse, that indicates the table’s zero position and is read out via a channel of
the voltmeter (Agilent, 34970A). Two counters (SRS, SR620) are applied to
record the beat frequency of R1 with R2, and optionally the beat frequency
of R1 or R2 with another frequency reference. A third counter (HP 5334B)
records the rotation angle by reading in the turntable encoder. The voltmeter
offers several additional channels to register further data, such as the signals
received from the tilt sensor on the table. These are routinely monitored and
used as input for further control loops (CL44-5) for leveling the rotation axis.
A detailed description of this tilt control system is given in chapter 5.
When the data acquisition is stopped after > 24 h, the program continues to
record data until it receives the next encoder trigger pulse. This guarantees,
that each data set consists of an integer number of rotations.

4.6.3 Systematic effects arising from table rotation

Actively rotating the laser stabilization setup on a turntable, causes a number
of systematic effects that compromize the beat frequency stability. Mainly,
these are caused by direct forces that act on the resonators, which are usually
either gravitational or centrifugal. Further influences arise from modulation
of ambient conditions, which affect other parts of the setup, e.g. the servo
electronics. Figure 4.23 gives an impression of how systematic frequency vari-
ations appeared in the first measurements obtained from a rotating setup.
Typically, the amplitude of systematic frequency oscillations at w,.; was as
large as 10 Hz and more. A detailed description of the sources of such effects
and their suppression below 1 Hz is presented in chapter 5.

The spectral distribution of amplitude and phase of systematics has been
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Figure 4.21: Schematic of the rotating setup in total. The data acquisition and the different control loops applied
are depicted schematically. CL1 is the Pound-Drever-Hall frequency stabilization according to section 4.2.5. The
electric feedthrough, the optical feedthrough and CL3 are described in section 4.5.2. Details on tilt control (CL4+5)
and rotation rate control (CL2) are given in chapter 5. Data acquisition covers one or two beat frequencies, rotation

angle, rotation axis tilt as well as the trigger signal indicating the table’s zero position.
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Figure 4.22: Picture of the complete rotating setup.

79



4. The setup

studied applying two methods of analyzing the data:

e Fourier transformations of the beat frequency data, as shown in Figure
4.24 to the top.

e Periodical averages of the beat frequency modulo 360°, as presented
in Figure 4.24 to the bottom. Here, subsequent samples of the beat
frequency measurement, each extending over exactly one table rotation,
are averaged to picture the average frequency variation during a table
rotation. These plots are briefly denoted "periodical averages” within
the following.

Both methods are applied to data that has been high-pass filtered with a
corner frequency of f. = 1/(200s), in order to remove the large frequency
drift. Thus, spectral features < wyo/4 are not displayed in these plots. The
high-pass filter has been realized by subtraction of a running average from
the data, calculated from the 200 next neighbors for each data point. Possi-
ble signal distortions and phase shifts due to this filtering are not considered
further here and these periodical averages and FFT plots are only used to
obtain a rough estimate of the systematic effect throughout the following.
Note further, that the periodical average as displayed in Figure 4.24 is lim-
ited to the description of a systematic effect of constant phase. A systematic
effect of varying phase will partially or completely average out in these these
plots.
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Figure 4.23: A typical example for a measurement affected by systematic
effects as observed within initial measurements. Top: An extract of the beat
frequency measurement, after application of a numerical high-pass filter to
the data (f. = 1/(200s)). The rotation rate was set to 44s. A systematic
variation can be recognized superimposed by flicker noise. Bottom: The
Hadamard deviation calculated from this measurement. A bump at ~ Ty /2
indicates the presence of a systematic oscillation at a period of T.
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Figure 4.24: Bottom: A periodical average of the beat frequency measure-
ment of Figure 4.23 including ~ 2000 rotations shows the average frequency
variation during a table rotation. The frequency exhibits a distorted sinu-
soidal oscillation at w..;. The absolute amplitude of the systematic oscillation
at wyor Is ~ 7THz. Top: The Fourier transform of this beat frequency mea-
surement shows peaks at the turntable rotation rate w..; and its harmonics.

Below w,o /4 the spectrum is cut off due to the application of the high-pass
filter.

82



Chapter 5

Systematic effects

The dominant systematic effect was observed at once the frequency of table
rotation wy rather than at 2w, the period of a Lorentz violation signal.
Furthermore, for a measurement spanning more than one day, most of the
Lorentz violation signal is contained in the sidereal sidebands of the 2w,
component (see Figure 3.1). Still, harmonics of the systematic effect at wi
compromize the 2w,.; component and, if this systematic effect is modulated
with a 12 or 24 hour period, the sidereal sidebands as well. Consequently,
systematics must be considered carefully here. The various systematic effects
identified throughout the course of this work and the precautions taken to
suppress them are described in this chapter.

5.1 Rotation axis tilt

5.1.1 Model

Tilting the cavity axis against the horizontal leads to a deformation of the
cavity geometry due to the gravitational force. If we approximate the cavity
as a solid cylinder, a simple estimate of the effect can be obtained as follows.
Let the cavity axis be tilted at a constant angle o with respect to the hori-
zontal. Deformation of its length then occurs in two ways: First, there is the
strain along the cavity axis due to Fi sin « (see Figure 5.1). Second, there is
the orthogonal force Fi cos ar, which causes an additional deformation along
the cavity axis due to the finite Poisson ratio 1 of the material. If the cavity
is fixed in the middle, the first deformation splits into two exactly cancelling
contributions from the left and the right part. More generally, we consider
the case that the cavity is fixed at a position displaced from the middle by
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T
“]

Figure 5.1: Illustration of rotation axis tilt. Let the resonator be fixed at
a single point P. During a rotation of the table the optical axis of the cav-
ity is tilted against the horizontal by a maximum and a minimum angle of
o192 = oo £ o,.. The gravitational force that deforms the cavity can be split
into components Fysin oy o and Fjcos a2, which vary systematically with
rotation. For zero rotation axis tilt the cavity tilt remains constant during
table rotation (a2 = o) and the forces acting on the cavity do not vary.



5.1. Rotation axis tilt

~vL/2 with 0 < v < 1. Then, for variations of the tilt angle oo + Aa, cavity
deformation along the optical axis can be modeled as
AL  ypLg
L FE

npdg
E

sin(a + Aa) + cos(a + Aar), (5.1)

where L is the cavity length, d is the diameter, F is Young’s modulus, g is
the gravitational acceleration and p is the material density. An expansion of
this expression for small o + A« up to terms of second order results in

AL  ~vpLg npdg a?  Aa?
7 [a + Aa] + - [ alAa] (5.2)

Disregarding the constant offset terms that do not involve A« results in

AL  pLg
L E

w0
(YA« LaAa 75 .

(5.3)

After rearranging this equation and using AL/L = Av/y, the tilt sensitivity
can be modeled as

A _ JAa+ BAaY, (5.4)
1%
with
_pLg, _nd

A= l;[v L(ﬂ, (5.5)
npdyg

B =17 :
5 (5.6)

For a symmetry factor v = 0.05 and a negligible offset tilt (a < 100 mrad is
sufficient), insertion of values for R1 leads to

A =43 x10""%/purad,
B =8.9 x 10722/ prad?.

Referred to Av using vy = 2.82 x 10 this corresponds to

A = 120mHz/prad, (5.9)
B = 0.03mHz/purad?. (5.10)

In the next step, the case of a tilted cavity rotating on a turntable is
considered. If the rotation axis is vertical, the tilt angle against the horizontal
is not modulated, even with non-vanishing offset tilt a (see Figure 5.1). Only
if the rotation axis is tilted by «,., this leads to a modulated cavity tilt
Aa = a, sinwyeit. Inserting this into equation (5.4) and neglecting constant
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5. Systematic effects

offset terms leads to a systematic frequency variation at once and twice the

table rotation: ,
g = A, sin wyet + B COS 2wyt t (5.11)

%0} 2
According to this model, the dominant effect occurs at w,o; as long as
a, < 2A/B ~ 8mrad. Furthermore, an observable systematic effect of
> 1Hz at 2w, is only expected for rotation axis tilts > 260 urad. How-
ever in practice, harmonics of the w,,; component at 2w, can never be fully
suppressed. Thus, accurate control of rotation axis tilt is required. Typical
changes of the laboratory floor tilt are shown in Figure 5.4 to the top. They
are on the order of 10 urad per day, which over few days of measurement

accumulates to a systematic error of several Hertz at wyo.

5.1.2 Active control of rotation axis tilt

An electronic two-axis bubble-level tilt sensor (Applied Geomechanics, 755-
1129) is mounted at the center of the turntable in order to measure the
rotation axis tilt a,. The angular resolution of this sensor is 0.1 yrad. The
sensor mount enables leveling in two axes x and y, in order to minimize an
offset tilt a, of the sensor relative to the table platform. If the rotation
axis is tilted, the output of the two sensor channels oscillates with table
rotation. The peak-amplitude of this oscillation equals ., whereas the offset
corresponds to a,, which does not systematically affect the beat frequency.
The tilt signals are amplified by a factor of 100 and read out via two channels
of the rotating electric feedthrough. After low-pass filtering with 1 Hz corner
frequency, a voltmeter (Agilent, 34970A) converts these signals into digitized
data. The voltmeter is read out by the computer at a rate of one sample per
second. As the tilt is measured on the rotating table, the computer needs to
transform the sensor output into the laboratory frame. This is done using a
transformation

< Ay g > _ < sin Qbrot — COS ¢rot ) < Ay o4 )

Q. y COS Prot  SIN Prot Cryoe )

where ¢, is the instantaneous rotation angle given by the encoder read out.
The transformed signals again vary sinusoidally with table rotation, however
the offset of this signal now corresponds to «,. whereas the amplitude of the
variation gives a,.

In order to zero rotation axis tilt, a simple actuator has been realized by

placing the table upon three aluminum cylinders, each 20 cm in length and
10 cm in diameter. This allows to control the table tilt in two axes by means
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Figure 5.2: Schematic outline of the two-stage tilt control system. See text
for a description.
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Figure 5.3: Details of the tilt control system. Left: The two-axis bubble-level
tilt sensor mounted at the turntable center in a horizontal mirror mount. Be-
neath and surrounding are components of the optical feedthrough (compare
to Figure 4.20). Right: One of the aluminum feet, equipped with two 100 W
heat cartridges and a Pt100 thermistor.

of the thermal expansion of these legs. The temperature of two of these legs
can be set in a range from 30° C to 70° C. The coefficient of thermal expan-
sion for aluminum is 2.5 x 107°/K. Thus, varying the temperature by +20 K
results in length changes of 0.1 mm. With the feet placed at a distance
r = 250 mm from the center, «, can thus be varied by 400 urad.

A feedback loop for tilt control is implemented in a two-stage configuration
as sketched in Figure 5.2. This nested control loop scheme was a natu-
ral choice, since commercial digital PID-controllers (LakeShore, Autotuning
Temperature Controller 330) were applied for stabilizing the temperature of
the aluminum feet. The optimum operating temperature is about 50° C, for
which the cooling and heating rate are approximately equal. Adjustment of
the feet temperature by several tenths of a Kelvin typically takes about ~ 10
seconds.

Within a second, outer feedback loop the computer then adjusts the setpoint
temperature for both temperature controllers, such that the rotation axis tilt
is reduced below 1 urad. A new appropriate setpoint temperature is derived
from the tilt measurement once every rotation. This is done using a digital
Pl-algorithm, which generates a correction signal (c,, ¢,) from the measured
a,. As the legs (labeled 1 and 2) are set up in a triangular configuration, the
two actuators are correlated in their effect on tilt along the x- and y-axis.
Thus, another coordinate transformation is applied which distributes the cor-
rections referred to the laboratory frame axes (¢, ¢,) to the axes defined by
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The tilt control loop’s setpoint is a,. = 0 by default, but arbitrary set-

points resulting in a constant non-vanishing «, can be chosen as well. To
prevent interference with the slow time constants (~ 10s) of the tempera-
ture control loop, an adjustment every second or third rotation only would be
advisable. Nonetheless, also with the temperature adjusted every rotation,
rotation axis tilt could be reliably reduced below 1 urad as evident from the
bottom graph in Figure 5.4. There, the step response to a large 100 purad step
in rotation axis tilt along one axis is shown. With the feedback parameters
adjusted to a slight underdamping, the tilt is reduced below 1 urad within
~ 6 hours (480 rotations). The insert shows the residual long-term variations
of tilt with active control applied. Variations are below 1 urad, which corre-
sponds to a systematic effect at w;o; of < 0.1 Hz according to equation (5.4).
This performance is sufficient at the present level of accuracy and is lim-
ited by noise of the tilt signals e.g. by vibrations and the slow bandwidth of
the control loop. Within a future setup the application of high-load piezo
actuators might allow a significantly faster and more sensitive tilt control.

the legs (cq, ¢o)

Experimental determination of tilt sensitivity

The accurate tilt control eventually allowed to determine the tilt sensitivity
coefficients of equation (5.11). For this purpose the tilt feedback loop was set
to a discrete offset tilt of a,. along the y-axis. For o, = 200 purad a periodical
average of the resulting beat frequency involving ~ 1000 rotations is shown
in Figure 5.5 to the top. Similar periodical averages of the beat frequency
have been obtained for other values of «, ranging from 0 to 250 urad. The
amplitudes of the corresponding frequency variation at w,.; respectively 2w;qt
have been determined from fits to these averages. The reaults are plotted as
a function of «, in Figure 5.5 to the bottom. The resulting linear dependence
(A ~ 0.1Hz/urad) for the signal at w,o is agrees with the simple estimate
of equation (5.4) if 7 ~ 0.05 is assumed. The effect at 2w, is about 10% of
that at w,o;. However, no significant quadratic dependence can be observed.
Thus, the effect at 2w, must be attributed to harmonics of the effect at wyot
only. The second order coefficient B of equation (5.11) cannot be determined
from this data. According to the above estimate a determination of B would
have to apply larger tilt values on the order of several mrad in order to
produce observable systematic effects of > 1 Hz at 2w,.
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Figure 5.4: Top graph: Typical variations of rotation axis tilt extend over
ten or more urad. These variations are caused by small movements of the
building, where the experiment resides in a laboratory on the eighth floor.
Bottom graph: Step response of tilt to an abrupt change of 100 urad in y-axis
tilt with active feedback applied. Insert: Residual long-term variations of tilt
after 10 hours do not exceed 1urad. Note that the data has been smoothed
to reduce measurement noise on the order of 1 urad (peak).
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Figure 5.5: Effect of large rotation axis tilt on the beat frequency. Top:
Here, the setpoint of the rotation axis tilt control system was set to «, =
200 purad along the laboratory y-axis. Thus, cavity tilt and beat frequency
are modulated with turntable rotation as described by equation (5.11). The
graph presents the periodical averages of the rotating tilt sensor’s output

and the beat frequency calculated from ~ 2000 rotations.

Bottom: The

systematic amplitudes as obtained for several values of rotation axis tilt.
From a fit to this data, the tilt sensitivity coefficients of equation (5.11) can
be determined. A’ is included to model the leakage of the effect at w,o; to
2wrot. C and C’ correspond to the residual systematic effect at wyoy and 2w,
at zero rotation axis tilt. The fit results in A = (105 + 4) mHz/urad, C =

1.7Hz, and A’
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5. Systematic effects

5.1.3 Axial runout

Modulation of cavity tilt due to axial runout (wobble) during a single rota-
tion is not compensated by the slow tilt control described above. The table’s
specification on axial runout is < 1urad with a high stiffness (300 N/um) even
for heavy off-center loads. However, this only holds if the table is operated at
the specified air pressures, preloaded by permanent vacuum pumping on the
air bearing. The latter requires use of a heavy duty rotary vane pump next
to the experiment. Since ambient vibrations deteriorate resonator frequency
stability it was decided to omit such pumping. The effect of axial runout
without vacuum preloading remained to be determined though. Thus, spe-
cial care was taken to balance the center-of-mass of the rotating setup.
This further helped to minimize the effect of deformations of the support-
ing steel beam tripod, which vary with table rotation. The steel beams are
not infinitely stiff and are estimated to bend by ~ 100 um. Thus, systematic
variations of only 1% of this value suffice to cause axis wobble on the order of
1 prad. Thereby, the threefold symmetry of the supporting tripod favors sys-
tematic effects at 3w,or or 6w, respectively. On the other hand, the twofold
symmetry of the setup, mounted on the 1200 x 900 mm? breadboard, might
cause an effect at the critical frequency 2w,q.
The total load on the turntable is approximately 450 kg. The rotation table
itself contributes 390kg. This gives a total load of ~ 840kg on the tri-
pod. To be able to balance the center-of-mass of the setup, three flat strain
gauges are attached to the bottom of the table. When the table rotates,
these strain gauges sense the periodical deformations of the supporting tri-
pod. The amplitudes of the strain gauge signals oscillate with table rotation,
which provides a measure for the offset of the center-of-mass. With loads
of 0.5kg to 10kg each, placed at different positions on the rotating setup,
these variations of strain during table rotation can be minimized. With the
optimum distribution of balancing weights on the table, it is enough to add
another 0.5kg at ~ 0.5m distance from the center to causes an observable
shift in the center-of-mass. Thus, for the balanced table the offset of the
center-of-mass from the rotation axis r, is approximately given by
0.5kg x 0.5m
To < ——————
450 kg
The sensitivity of the beat frequency to off-center loads has been stud-
ied as shown in Figure 5.6. Here, after balancing the table, a compact steel
block of 13kg was placed onto the top plate of the rack that supports the
vacuum chamber. For different distances from the center, the resulting shift
r, of the center-of-mass was estimated as in equation 5.12 and a beat fre-
quency measurement over ~ 1000 rotations for each value of r, was recorded.

= 0.5 mm. (5.12)
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Figure 5.6: Effect of translating the center-of-mass of the turntable setup.
The periodical averages give the average beat frequency variation over a single
rotation for different displacements 1o (0.5 mm) of the center-of-mass from
the turntable center. FEach periodical average is calculated from ~ 1000
rotations.
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The periodical averages calculated from these measurements do not show an
increase of the systematic effect at w,o; or 2w, above 2 Hz. Thus, the sen-
sitivity to axial runout is conservatively estimated to be below 1 Hz per mm
center-of-mass displacement. With a carefully balanced table (r, < 0.5 mm)
the effect is < 0.5 Hz.

5.2 Centrifugal forces

5.2.1 Model

Centrifugal forces can cause a systematic effect if they are modulated due
to table rotation runout. The effect of centrifugal forces can be modeled in
a simplified manner, treating the cavity as a fused silica cylinder of length
L. The cavity is placed on the turntable with its optical axis aligned in
radial direction. The inner end of the cylinder is at a distance a; from the
rotation axis and the outer end is at a distance ay = ay + L. p is the
material density and E is Young’s modulus. The table rotates at an angular
frequency w and the cavity is assumed to be fixed at a single point P at a
linear offset of a; + (v + 1)L/2 from the turntable center, where 0 < v < 1.
The relative length changes are calculated separately for the inner and outer
part as referred to P.

The centrifugal deformation of a cavity segment of length dr at a distance r
from the rotation axis is

AL pw?

This expression is integrated from r = a; to r = a; + (y+1)L/2 for the inner
part, respectively from r = a; + (v + 1)L/2 to r = a; + L for the outer part.
The difference of the resulting expressions is given by

2

AL pw? L

According to this model a change of the rotation rate w to W' = w + Aw
alters the cavity frequency by

) (5) ()
W/ s N s N (5.15)

L2
— %[fyalL + Z(fyZ + 27y — 1)](2wAw + AwQ),
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where again AL/L = Av/vyy was applied. For small variations in rotation
rate Aw < 2w and symmetric mounting of the cavity (7 = 0), this reduces
to a linear effect of

(A”> — AAw (5.16)
Vo Aw
with 12
_ PE
A= SE Y (5.17)

1

Insertion of values for R1 and w = 27 /45s~! yields the relative sensitivity

A = 200 x 10-14/724. (5.18)
S

Conversion to sensitivity of Av with vy = 2.82 x 10 Hz yields:
d
A = 560 Hz/ <. (5.19)
S

Thus, systematic variations of w, = 27/4557! have to be kept at Aw <
1073 rad/s corresponding to Aw/w < 1%, in order to suppress systematic
frequency fluctuations below a level of 1 Hz. Note however, that this estimate
holds for a cavity fixed at a single point at the center only, while the actual
effect largely depends on the mounting of the cavity.

5.2.2 Active stabilization of rotation rate

An active stabilization of the turntable rotation rate was implemented in
order to (i) provide constant rotation rate throughout a measurement and
(ii) minimize variations of centrifugal forces. Constant rotation rate (i) sub-
stantially simplifies the analysis of the data for a Lorentz violation signal,
though in principle only accurate knowledge of table position at any instant
of the measurement is required. With respect to (ii) a modulation at 2wy is
especially critical, which might be caused by interactions with a badly syn-
chronized electric feedthrough rotation.

The rotation rate can be determined from the output of the encoder, which
is a sinusoidal signal with 18000 periods per turn (see Section 4.5.1). This
corresponds to a frequency of 400 Hz at the desired rotation period of 45s.
Stabilization of the rotation rate is achieved by phase-locking this encoder
signal to a stable reference (HP 33120A). The encoder output and the refer-
ence signal are fed into a digital phase detector, that determines the relative
phase of the two signals unambiguously in a range of 127 x 27. This corre-
sponds to 5° deviation in angular table position. The instantaneous phase
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Figure 5.7: Schematic outline of the rotation rate control system. See text
for a description.

difference is converted to an analog output by a digital-to-analog converter
and a low-pass filter. Thus, angular deviations from ideal rotation even below
360° /18000 = 0.02° can be resolved. The analog output of the phase detector
serves as input to a PID-controller, which control the two DC-motors that
rotate the table. The table’s large inertia thereby served as an effective low-
pass suppressing any high-frequency (>~ 1Hz) noise on the rotation rate.
This substantially simplified the realization of the phase lock.

The performance of this active rotation rate control is illustrated in Figure
5.8. To the top, the initial settling of the rotation rate at the onset of table
rotation is shown. After five table rotations deviations from the setpoint
rotation rate remain below 1%. To the bottom, periodical averages of the
remaining deviations in rotation rate are given for slow (T}, = 88s) and fast
(Trot = 365) rotation rate. At faster rotation a modulation of the rotation
rate at w,, appears with an average systematic peak deviation in rotation
angle on the order of 0.2°. The corresponding systematic effect on the beat
frequency is on the order of 0.2 Hz.
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Figure 5.8: Performance of rotation rate control. Top: It takes about five full
rotations after starting the table rotation until the rotation rate is adjusted
to the setpoint. The spikes are an artefact arising from synchronization of the
counter gate time. Bottom graph: Residual deviations from constant rotation
rate for fast (T = 36s) and slow (1.,, = 88s) rotation rate. Periodical
averages of the the deviation from the setpoint rotation rate are shown,
each obtained from more than 1000 rotations. The average systematic peak
deviation in rotation angle is below 0.2° in the worst case. The axis to the
right gives the estimated associated systematic frequency deviation according
to the experimentally determined sensitivity. For fast rotation (T,o < 40s),

residual centrifugal forces contribute a systematic effect at w,o; on the order
of 0.2 Hz.
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5. Systematic effects

Experimental determination of sensitivity to centrifugal forces

The accurate control of the table rotation rate allowed a determination of
the parameter A in equation (5.16). Slowly sweeping the table rotation rate
up and down produced a beat frequency variation as shown in Figure 5.9.
The amplitude of this beat frequency modulation Ar was determined from
periodical averages involving several hundred sweeps. This amplitude can
be related to the span of the rotation rate sweep Aw,.:. In total five such
measurements with different spans Aw,.; were performed. A linear fit to this

data yields
rad

A = (666 + 84) Hz/?, (5.20)
which is only slightly larger than the value estimated from the simple model
above. This value of A corresponds to a beat frequency change of ~ 2Hz
when changing T, = 45 by AT = 1s. A closer consideration of the data in
Figure 5.9 however reveals, that the five data points do not agree well with
the linear fit. One reason might be the fact that data from two measurement
runs has been combined here, which seem to exhibit different sensitivity
to centrifugal forces. Thus, the data from the two measurements has been
fitted separately as a second approach. Furthermore, since the applied values
of Aw do not meet the requirement Aw < 2w, a quadratic term (A’) has
been included into these fits. Finally, for Aw,,; — 0 the two measurements
show a linear dependence with A = 966 Hz/(rad/s) and A = 648 Hz/(rad/s)
respectively. Of course, the significance of these fits that rely on such few
data points remains questionable. Still, they might given an estimate of the
order of magnitude of the effect.

5.3 Electromagnetic interference

The very first measurements taken with a rotating table showed systematic
effects due to variations of the electronic offset on the error signal. This was
caused by electric stray fields at the PDH modulation frequency w,,, which
added to the error signal. A source of such electric stray signals is the local
oscillator (LO) for demodulation of the error signal, which produces a high-
level signal at w,,. Interference of the error signal with reflections of LO stray
fields depends on the orientation of the setup. Thus, the error signal offset
gets modulated when the table is rotated, which causes a systematic beat
frequency variation (see Figure 5.13). Initially, for a comparison of R1 to the
identical co-rotating resonator, an effect on the order of 100 Hz as shown in
Figure 5.11 could be observed. The most sensitive spot to such interference
is the preamplifier stage, where the error signal is weakest. Enclosure of this
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Figure 5.9: Effect of a varying rotation rate on the beat frequency. Top: The
rotation rate wyo; = 0.14rad/s has been swept by Awy/2 = £0.035 rad/s
with a period of 500s. The graph shows the corresponding periodical average
of the simultaneously recorded beat frequency and the instantaneous rotation
rate over ~ 200 sweeps. Bottom: The beat frequency variation Av (peak
to peak) has been determined from similar measurements for several values
of Aw,ot. An average linear dependence Av = AAw,, has been fitted to

the data which gives A = (666 + 84) Hz/(rad/s) (see text for details on the
additional fits).
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Figure 5.10: A view of the neighboring building gives an impression of the
rather noisy environment regarding to electromagnetic stray signals.

preamplifier in a well-sealed steel-plate box, and the use of some additional
aluminum foil, sufficed to significantly reduce the effect. Further, this effect
scales with the cavity linewidth and thus was much less pronounced for R1
than for the (damaged) corotating cavity. To circumvent any residual prob-
lems from such interference of LO stray fields, the error signal was shifted
to a different frequency after amplification and before demodulation, using
an additional mixer and another local oscillator as sketched in Figure 5.12.
At the cost of an additional local oscillator, this scheme guarantees that LO
stray signals are separated in frequency from the sensitive error signal at w,,.

5.4 Temperature gradients

The presence of a permanent temperature gradient in the laboratory causes
a modulation of ambient temperature of the setup when the table rotates.
Such a gradient could be caused by the air conditioning which features an
outlet of cooled air in the laboratory ceiling, close to one side of the setup.
Sensitive components to temperature variations are (i) the resonators inside
the chamber (ii) the servo electronics (iii) the mixer in the PDH setup and
(iv) the optical setup. With respect to resonator temperature the good ther-
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Figure 5.11: Illustration of the effect of electromagnetic stray signals. Top:
An extract of 1000s taken from one of the first beat frequency measurement
that was obtained from the rotating setup, comparing the two rotating res-
onators. The rotation period was set to 200s here and systematic frequency
variations are on the order of several 100 Hz. Bottom: A measurement of the
beat frequency after improved shielding of the first preamplifier. Here, the
rotation period was set to ~100s.
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Figure 5.12: Reconstruction of the lock electronics in order to avoid interfer-
ence with local oscillator stray signals. With an additional mixer and local
oscillator (1), the signal is shifted from 440 kHz to 1644 kHz before demodu-
lation to DC.
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5. Systematic effects

mal isolation effectively suppresses modulations at a period of 45s and no
indication for a modulation of resonator temperature with table rotation has
been observed.

A modulation of the temperature of the electronic circuits (ii) and (iii) af-
fects the mixer offset voltage and OpAmp offset voltages in the range of
100nV /°C, possibly amplified by subsequent stages. Also variations of resis-
tor and capacity values, which set the servo gain, might be caused. Heating
these components by > 10°C with a heat gun, produced a beat frequency
change on the order of several Hertz. Thus, we estimate that no systematic
effect > 1 Hz should be caused, as long as temperature gradients do not ex-
ceed 0.1°C.

For the optical setup (iv), temperature variation causes frequency shifts due
to varying parasitic etalons. Such etalons are formed between lenses, win-
dows, photodiode surface and cavity mirrors etc., and effectively add a small
offset to the PDH error signal. Thermal expansion of the setup alters the
length of these parasitic etalons and leads to a varying offset and a varying
lock point frequency. Thus, great care has been spent to avoid such parasitic
etalons by tilting windows, lenses and photodiodes. Heating different parts
of the optical setup by several degrees with a heat gun finally did not produce
an effect of more than ~ 5Hz/°C. Thus, with a temperature modulation of

< 0.1°C per turn, corresponding systematic beat frequency variations are
below 0.5 Hz.

5.5 Modulation of error signal amplitude and
offset

Temperature gradients and electric stray signals, as discussed above, both
shift the lockpoint by changing the error signal offset and amplitude. Other
unknown systematic influences might affect the beat frequency in the same
way. Thus, two measurements were performed here, to at least estimate the
extent of such effects irrespective of their actual origin.

Given a symmetric error signal and no offset, a decrease in error signal
amplitude should not affect the lock point as illustrated in Figure 5.13 (a).
For a non-vanishing offset however, a decreased error signal amplitude leads
to a shift of the lock point frequency (Figure 5.13 (c)). For small lock point
shifts v, — 11 <€ Avg, the error signal slope can be approximated to be
2A/Ave and a variation of error signal amplitude leads to

1
Av =1y — 1 = 2?4AVC(:I; - 1), (5.21)
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Figure 5.13: Frequency shift Av = vy — v of the lock point due to electronic
error signal offset. Graphs b and c illustrate the lock point shifts due to a
varying error signal amplitude A with zero offset (b) and a finite offset O (c).

Graph d illustrates the lock point shifts due to a variation of the error signal
offset.
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where A is the error signal peak amplitude, A’ = xA is the decreased error
signal amplitude, O is the offset on the error signal and Awv, is the cavity
linewidth. Assuming a systematic variation of the error signal amplitude of
1% (x = 0.99) and an offset of O = 0.01 x 24 (e.g. 2.5mV for A = 125mV

at the mixer output), the systematic frequency shift is
Av = 10"*Av.,. (5.22)

This turns into a systematic effect of ~ 3 Hz for the rotating cavity R1.

Vice versa, the measurement of the beat frequency provides a sensitive tool
to determine the relative magnitude of variations of the error signal ampli-
tude with turntable rotation. A deliberately generated large offset enhances
the systematic effect caused by small variations of the amplitude. Conse-
quently, approximately 1000 rotations have been performed with an error
signal amplitude A = 125mV and the offset O adjusted to 0mV, 10mV or
20mV respectively. The corresponding systematic effect can be determined
from periodical averages of the beat frequency for each of these measure-
ments (see Figure 5.14). While for zero offset no effect > 1Hz is found, an
offset of 20mV a leads to a systematic effect as large as Av = 5 + 1 Hz.
Insertion of this value into equation (5.21) together with O/2A = 0.08 yields
x = 0.9979 4+ 0.0004. This corresponds to an absolute fluctuation of 250 + 50
1V and a relative fluctuation of ~ 0.21 +0.04%. As the effect scales linearly
with offset voltage, the offset has to be kept below 4mV or O/A < 3%, in
order to keep the systematic variation of the beat frequency below 1 Hz.

The above consideration assumes constant offset. However, a modulation
of the offset with table rotation might occur as well. This affect the beat
frequency, even if the error signal amplitude is kept constant (see Figure 5.13
(d)). A systematic variation of the error signal offset AO = Oy — O, leads
to a systematic frequency shift of

A0
2A

Av =1y — 1) = Av,. (5.23)
Thus, for the rotating resonator R1 an offset variation during one rotation
of AO/2A = 10~* only, produces a systematic error of ~ 3Hz. Analogous
to the above measurement, the effect of a systematically varying offset AO
on the beat frequency can be enhanced by reducing the error signal ampli-
tude A. However, this requires to tune the amplitude without varying the
offset. If the offset is of purely electronic origin (e.g. mixer offset), this can
be achieved by reducing the power of the incident laser light. Consequently,
a measurement including 1000 rotations at five times decreased light power
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Modulation of error signal amplitude and offset
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Figure 5.14: Effect of systematic error signal amplitude fluctuations in the
presence of an electronic offset. An electronic offset O was superimposed
onto the error signal. The error signal amplitude was 250 mVpp. The period-
ical averages have been calculated from ~ 1000 rotations each and give the
average frequency variation over a single turntable rotation. The increased
systematic variation for O = 20 mV can be attributed to small fluctuations of
the error signal amplitude (assuming constant offset during a single rotation).
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was performed (A ~ 25mV). However, this did not reveal any effect > 1 Hz.
Thus, systematic electronic offset fluctuations AO are estimated to be below
1 uV corresponding to AO/2A = 4 x 1075, Note however, that this measure-
ment does not include a variation of the error signal offset by purely optical
means, such as varying parasitic etalons.

In conclusion, the above effects do not contribute a systematic error
> 1Hz, as long as offsets are kept below ~ 3% of the error signal amplitude
and show no systematic variations > 0.01% of the error signal amplitude
(> 5 uV for the typically applied error signal amplitude). These conditions
are currently met without active stabilization of the offset or the coupling
of to the resonators. Note however, that long-term drifts of the error signal
offset exceed the specified limits within few days. Thus, in order to perform a
long-term measurement within a future setup, an active stabilization of offset
is advisable. This could be implemented following a scheme that has been
applied in a previous measurement and is described in [MHST03b]. Further-
more, a stabilization of the coupling to the resonator has been described in
[Miil04], which could also help to improve future performance.

5.6 Failure of counter synchronization

Some of the initial measurements showed abrupt steps of the beat frequency
of several Hertz, which occurred systematically with turntable rotation. This
characteristic feature was caused by a failure in data acquisition due to bad
initialization of the counter. If not reset properly, data from a preceding
measurement is buffered in the counter’s memory, which in effect distorts
the synchronization. As a consequence, for the initial sampling gate time of
each turntable rotation a delay of several ms is caused, which compromises
the result of the frequency measurement during this interval. A correlation of
this systematic effect and a delayed initial gate time was indeed observed. In
accordance with these observations, the magnitude of the effect is was found
to depend on the instantaneous beat frequency drift. However, the effect
was not studied in detail, as it disappeared after proper initialization of the
counter. Still, it shows quite plainly that the synchronization of the data

acquisition is a critical issue, especially in the presence of a large frequency
drift.
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5.7 Earth’s magnetic field

Magnetostriction within Earth’s magnetic field is an effect that plagued many
previous versions of Michelson-Morley experiments. Some of these experi-
ments were especially sensitive to this effect, because they applied masers
featuring metallic microwave cavities [JJMT64] or spacers for the interfer-
ometer arms made from Invar. Rotation in the Earth’s magnetic field then
results in a periodic contraction of the setup, which causes a signal at the
critical frequency of 2w,o. Indeed, to avoid such a magnetostriction effect,
G. Joos for his experiment [Joo30] explicitly avoided the use of Invar, and
applied a quartz glass construction to support the interferometer arms.

In the present setup magnetostriction should not affect the rotating cavity
directly, because it is fabricated from fused silica, and to our knowledge no
magnetostriction (possibly due to magnetic impurities) has been observed
for this or other fused glass material so far. Still, Earth’s magnetic field
could affect other components of the rotating setup. However, no indication
was found that such an effect might be relevant at this level of accuracy.
Nonetheless, the sensitivity to magnetic fields remains to be studied in detail
within a future setup.

5.8 Summary

Table 5.1 gives an overview of all systematic effects identified throughout
this work and the level of suppression achieved for each effect. The values
are stated for the dominant systematic effects at w,o, where it is understood
that the effect at 2w, is less or at most equal in magnitude. The progress
with respect to suppression of systematic effects during the first 250 days
of the measurement can be read off from Figure 5.15. During the gap from
day 50 to 100 the stationary resonator R2 was implemented. The measure-
ments before have been obtained from a comparison of the rotating to the
second co-rotating resonator. The schemes for tilt control and rotation rate
control were implemented in a basic version from beginning on, however,
steadily improved and modified during the course of the measurements. The
graph gives the systematic effects for all data sets acquired during this time.
Out of these measurements, only those from R1 compared to R2, extending
over > 24 hours and not affected by obvious malfunctions of control systems
entered the final analysis. From December 2004 on (day ~ 150), residual
systematic effects are on the order of a few Hertz and often below 1 Hz, cor-
responding to a relative instability of < 3 x 107!, As an example, consider
the Fourier transform of a four-day data set shown in Figure 5.15, as com-
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pared to the Fourier transform of an initial measurement shown in Figure
4.24. The peaks that indicate a systematic effect have been reduced below
1 Hz at wye, respectively below the level of measurement noise at 2w,q;. This
is a major achievement of the present work, as similar previous experiments
were affected by systematic effects on the order of 107! [BHT79] and also
concurrent work has been reported, that reaches a suppression on the order

of 3 x 107! only [SKET03, AOGS05b].
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Figure 5.15: Top: Improvements achieved with respect to suppression of
systematic errors during the first 250 days after start of the measurements.
Bottom: FF'T of a beat frequency measurement extending over four days,
after suppression of systematics. No systematic effect > 1 Hz is visible neither

at wyor NOr at 2wret.
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D.

effect

7 sensitivity

7 typical variation

initial Av at wye 7 suppression 7 final Av at wyet

rotation axis tilt ~ 0.1Hz/prad o, > 100 prad > 10 Hz a, < 1 prad < 0.1Hz
rotation rate ~ 2Hz/AToy = 18 | ATop ~ 158 ~ 2Hz ATt < 0.05s5 | < 0.1Hz
center-of-mass ~ 1Hz/cm r, = lcm ~ 1Hz ro < lmm < 0.1Hz
electrom. stray fields | - - > 10Hz n.q. < 0.1Hz
sampling errors - - > 10Hz n.q. < 1Hz
temperature gradient | < 5Hz/°C AT < 0.1°C < 0.5Hz - < 0.5Hz
(parasitic etalons,
mixer offset,...)
PDH signal amplitude | < 3 Hz/mV@ AAJA~02% | < 1Hz® - < 1Hz
PDH signal offset ~ 30 Hz/mV®© AO < 10 uV < 0.3Hz - < 0.3Hz
Earth’s magnetic field | - - < 1Hz - < 1Hz

7 total effect > 10 Hz 7 7 < 1Hz

Table 5.1: Overview of identified systematic effects and the suppression that has been achieved. n.q. = not quantified.
(@) . assuming an error signal offset < 10% of the error signal amplitude. () : with the error signal offset adjusted to
< 3% of the error signal amplitude. (9 assuming an error signal amplitude of A=1V.
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Chapter 6

Analysis and results

6.1 Course of the measurement

The basic measures to suppress systematic effects, mainly tilt control and
stabilization of rotation rate, were implemented until November 2004. From
December 2004 until March 2005 (phase 1), beat frequency measurements
were taken at low systematic error and data could be taken regularly. Each
data set consists of a continuous beat frequency measurement, sampled with
a gate time of 1s with the table rotating at a rate of one turn per To;. Trot
was set to 50 s for the initial measurements and decreased to 45s in February,
due to a modification of the rotation rate control system. During this period
of 131 days, 14 data sets each spanning more than 24 h have been acquired.
These data sets are rather equally distributed over phase 1 and all together
cover 37 days including more than 71000 table rotations. The duty cycle,
defined as the actual measurement time referred to the total time span, is
about 28%. Phase one thus represents a time of intense data collection ex-
tending over four months (see Figure 6.1).

From April to June 2005, no measurements were performed, since additional
heaters and thermistors were implemented in an attempt to actively stabilize
the temperature of the resonator mount.

From June 2005 on, data collection continued and data was recorded at ir-
regular intervals until January 2006. During this period of eight months, 13
data sets > 24 h were obtained, that all together cover 25 days and include
47000 rotations. This corresponds to a reduced duty cycle during phase 2
of ~12%. The main reasons for this are problems with the error-prone tem-
perature stabilization and a breakdown of the pressurized air supply in late
August. Acquisition and installation of a new compressor caused a second
break of measurements from September to October 2005.
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’ ‘ phase 1 ‘ phase 2 ‘ total ‘

total time span 12/04 - 03/05 | 06/05 - 01/06 | 12/04 - 01/06
131 days 214 days 396 days

total measurements 66 41 107
usable measurements 14 13 27
total days 68 41 109
usable days 37 25 62
total rotations 130844 79680 210524
usable rotations 71000 47000 118000
duty cycle 28% 12% 16%
(usable days/time span)

Table 6.1: Overview of the duty cycle achieved during different phases of the
measurement span of one year.

In total, measurement data has been collected during a time span of more
than one year. During this period the data is not equally distributed with
two gaps of two months each.

6.2 Data of a single continuous measurement

As an example, the data recorded during a single continuous measurement
is presented in more detail here. With a measurement span of four days, the
example data set presented in Figure 6.2 constitutes the longest continuous
measurement that was recorded. This and all other data sets are referred to
a time axis ¢ starting 0:00 UTC on January 1st, 2000. The example data
set started at t = 1875.75 days, which is February 18th, and includes about
8000 rotations at a rotation period of T,, = 45s.

Figure 6.2 shows the raw data, which exhibits an average frequency drift of ~
—35Hz/s. This large drift compromized the application of an FFT, in order
to determine the Fourier coefficients at 2w, and the sidereal sidebands. The
varying long term drift contributes to these Fourier components, irrespective
of the applied windowing function. Thus, previous to a Fourier analysis a
numerical high-pass filter (see Section 4.6) was applied to the data. The
corner frequency of the high-pass filter was chosen as w, = 1/(2008) < wyot.
Note however, that such a filter distorts the amplitude and phase of the
signal at 2w,o. This is especially critical here, because the signal amplitudes
in question (~ 0.1Hz) are about four orders of magnitude smaller than the
frequency drift during a single table rotation (~ 1kHz).

Within the filtered data, characteristic peaks of ~ 100 Hz amplitude can be
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Figure 6.1: Raw data collected during phase 1. The beat frequency mea-
surements displayed here span from January 2005 to end of March 2005.

observed at regular intervals of ~ 1.2h and ~ 3h. Presumably, these peaks
are caused by electromagnetic interference with stray fields from regularly
switching electrical instruments located in the same building (e.g. motors
of the air conditioning). Since this disturbance only affects approximately
every hundredth table rotation, it results only in few outliers which can be
excluded from the analysis without significant reduction of the data basis.
The Fourier transform of the filtered data (Figure 6.3) reveals no systematic
effect > Av/yy = 1 x 1071 at the relevant frequency 2wyoi. At wper (nOt
shown) a small peak indicates a residual systematic effect as large as 1 Hz.
In principle, estimates of the coefficients By, and Cj can be obtained from
Figure 6.3 directly, if we consider the Fourier spectrum of a Lorentz violation
signal as derived in Section 3.1. The Fourier coefficients are on the order
of 1 x 107" and provide upper limits on the linear combinations of SME
parameters given in Table C.2.

According to Table C.2, the same linear combinations of SME parameters
enter the coefficients By, and the associated Ci. Thus, a measurement span-
ning a few days can only provide limits on five independent combinations of
SME parameters. This is not sufficient to determine independent limits for
all eight SME parameters.
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Figure 6.2: Data from a single continuous measurement. The measurement
starts February 18th, 2005, and extends over four days. Top: beat frequency
raw data. Bottom: beat frequency after removal of drift applying a high-pass
filter of corner frequency ~ 1/(200s). The sampling rate is one data point
per second.
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Figure 6.3: Results of an FF'T of the data displayed in Figure 6.2. The sine
and cosine amplitudes in the vicinity of 2w,,; are shown and the sidereal
sideband amplitudes according to Table C.2 are assigned (compare to Figure
3.1). No systematic effect at 2w, is visible.
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On the other hand, the Fourier amplitudes B, and Cj could be determined
for all 27 measurements as done for the example above. Then, the complete
set of SME parameters could be determined from a fit of the annual variation
of these amplitudes as given in Table C.2.

However, the signal distortions due to the applied filter are expected to limit
the accuracy of such an FFT based analysis, though this has not been studied
in detail here. However, from analyzing test data sets, an alternative method
was found to well account for the large frequency drift and reproduce test
signals at an accuracy < £0.1 Hz. This method is described below.

6.3 SME-analysis

For simplicity, the analysis focusses on the photonic sector of the SME. This
also enables a direct comparison to similar experiments, which explicitly or
implicitly assume no Lorentz violation in the electronic sector of the SME. As
was shown in Section 3.1.3 however, Lorentz violation in the electronic sector
of the SME can be taken into account by substituting &7 with &7 +2 Mgy s
in the final results.

6.3.1 Fit procedure

The analysis of the complete data is done in three subsequent fitting steps.
In a first step, the amplitudes B and C' are determined from a least squares
fit of equation (3.13) to samples of few table rotations each. Then, the
amplitudes By and Cj, of equation (3.10) and (3.11) are determined for each
single data set in a second step. In the last step, the annual modulation of
these amplitudes as given in Table 3.1 is determined and estimates of the
SME parameters are obtained. Each step includes data from an increased
time span, thus the spectral resolution increases from step to step, until the
complete signal for Lorentz violation is recovered.

Step 1

First, the data from each continuous measurement is divided into samples
that extend over n rotations each. The sample size is chosen small enough
to guarantee n X Ty << Tyq, such that B and C are approximately constant
within each sample. Hereby the ¢th sample is attributed its mean time t;
on the adopted time axis and the amplitudes are labeled correspondingly,
i.e. B(t;) = BY and O(t;) = CY.
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Figure 6.4: A sample of the beat frequency measurement spanning ten ro-
tations and a fit according to equation (6.2). Top: original data and fit.
Bottom: linear and quadratic drift removed (for display only).

The basic fit function to determine B® and C® from the ith sample is

A . . , ,
2V BO sin (2wt — to)) + C cos(2wmen (t — o)) + A + APt (6.1)
Vo

where A(()i) and Agi) are included to account for an arbitrary offset and a lin-
ear drift. ¢y is chosen such that ¢t — ty = T, as defined in Section 3.1, i.e. it
is set to the first instant within a measurement at which the optical axis of
the rotating resonator and the laboratory x-axis coincide. The offset of this
table rotation angle from the table’s zero position is 41° and is included in
to.

With the rotation rate control applied, deviations from an ideal rotation dur-
ing a measurement are not an issue, as long as no strong disturbance of table
rotation occurs (see Section 5.2). Nonetheless, the data was referred to the
recorded table position when performing the fit, which guarantees that the
fitted signal matches the phase of the table rotation at any instant of the
measurement. This eventually involved corrections of the time axis on the
order of few seconds, which however are not an issue within the following fit
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Figure 6.5: Results of a fit of equation (6.1) to test data using different
sample sizes. The graph gives the results obtained from fitting test data
superimposed to the raw data of the four-day measurement, considered as
an example in the previous section. For bin sizes n > 10 rotations, the test
data amplitudes B x vy = 10 Hz and C' x vy = 5 Hz are reproduced correctly
within the 10 error. The latter is on the order of 0.1 Hz. A small phase
shift is observed though, which leads to a small systematic underestimation
of the amplitudes B and a corresponding overestimation of amplitudes C.
The absolute signal amplitude v/ B? + C? however remains unaffected.

step concerning periods of 12h and 24 h.

Optimum sample size in the presence of large frequency drift: A least squares
fit to a sinusoidal signal at 2w, superimposed with a linear frequency drift,
does not give a correct estimate of the actual signal amplitude if the fit spans
only a single period of a sinewave. However, the correlation of drift and si-
nusoidal signal decreases, if the number of periods included into the fit is
increased. This is illustrated by results on test data, shown in Figure 6.5.
The test data has been generated by superimposing a signal as described by
equation (6.1) with B x vy = 10Hz and C' x vy = 5Hz to the raw data of
Figure 6.2. Dividing this test data set into samples of n rotations each (with
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n = 1,2,5,10,20), fitting equation (6.1) to each sample, and averaging the
results for B and C'®, yields the mean values and standard errors shown
in Figure 6.5. For sample sizes n < 5, the results differ significantly from
the actual signal amplitudes. Thus, a sample size n = 10 was chosen, which
yields results that are not affected by frequency drift, while it still meets the
condition 10 X To; ~ 450 s < Tiq ~ 86400 s.

Optimum fit function: The fit function (6.1) has been extended by further
parameters to better account for certain spectral characteristics of the data.
Additional fit parameters Ag) and A(é) have been introduced to account for
a potential systematic effect at w,o;, where no Lorentz violation signal but
only residual systematic effects are expected. Furthermore, as evinced by the
Hadamard deviation shown in Figure 4.13, frequency drift is dominated by
a nonlinear contribution above integration times of ~ 100s corresponding to
~ 2 table rotations. With a sample size of 10 rotations this nonlinear drift
becomes relevant and a quadratic term with fit parameter A, is added. The
final fit function thus is:
Av

— = BYsin(2wyor (t — to)) + CW cos(2uwer (t — to))
Yo

+ Ag) Sin Wrot (t - to) + Ag) COS Wrot (t - to) <62)

+ AY + AW+ A2,

As shown in Figure 6.6, inclusion of the additional parameters leads to a
reduction of the average fit residuals of ~ 10%.

Results of step 1: With a sample size n = 10 and T,,, = 45s, the fit step
1 yields 192 equally distributed coefficients B® and C'® from each 24 hour
segment of data. For the example data set of Section 6.2, the resulting dis-
tributions are shown in Figure 6.7. We find a normal distribution around
zero as evinced by the histograms and standard statistical tests. The stan-
dard deviation for both coefficients is ~ 2.8 Hz and the standard error is
on the order of 0.1 Hz, which provides a first estimate of the sensitivity of
the measurement. Similar distributions of B® and C® have been obtained
from all other measurements as well. In total, we are thus left with 2 x 27
distributions, each spanning at least 24 h.

Step 2

In a second step, the 27 distributions of B®) and C'¥ versus time ¢; are fitted
with equations (3.10) and (3.11), respectively. This fit is performed as a
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Figure 6.6: Distribution of fit residuals of fit step 1 obtained from a data
set that is affected by large drift and a systematic effect at wyo; of ~ 5 Hz.
Each point gives the average /X2 for a fit of equation (6.2) (bottom graph)
or equation (6.1) (top graph) to a sample of ten rotations. A decrease of the
average fit residuals of ~ 10% is observed, if the complete fit function (6.2)

is applied.
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Figure 6.7: Results for amplitudes B®) and C'¥) of the four-day measurement
of Figure 6.2, involving ~ 800 samples. The values B® and C®) are normally
distributed around zero, which is further evinced by results of Shapiro- Wilks
and t-tests. The associated standard error of both distributions is 0.1 Hz,
corresponding to a standard deviation of ~ 2.8 Hz. A fit of equation (6.3) and
(6.4) according to fit step 2 is also displayed. These fits yield the modulation
amplitudes By, and Cj (all x1071%): Cy = 0.7+ 3.3, Cy = —1.4 + 4.7,
Oy = 88447 Cy = —914+47, Cy = —314+47, By = 1.0+ 3.3,
Bg=344+47 By =—-42447, By =5944.7, By, =5.7+4.7.
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linear regression with B and C}, as the free parameters of the fit functions

B(t) = By + Bg sin(we(t — tg)) + Ber cos(wa (t — ty))

6.3
+ B sin(2we (t — tg)) + Beg cos(2wg (t — 1)), (63)

C(t) = Cy + Cyy sin(wg (t — ty)) + Cey cos(we(t — t5))
+ Cso sin(2wg (t — tg)) + Cez cos(2we (t — t;)).

The phase is set by t; to a time when the laboratory y- and SCCEF Y-axis
coincide such that ¢t — t{, = Ty. t; = 79.4681 days denotes such an instant
on the adopted time axis. According to data available from [US 06], this
coincides with Sun’s transit through the zenith for Berlin at vernal equinox
(11:17 UTC, March 20th, 2000). Thus, at ¢, = 79.4681 the SCCEF X-axis
points towards the Sun, and the SCCEF Y-axis is oriented East-West, coin-
ciding with the laboratory y-axis.

For the four-day measurement considered as an example before, the results
of this fit are also displayed in Figure 6.7. Similar fits on all data sets all
together yield 27 values for each coefficient By and C%, which are presented
in Figure 6.8. The mean value and standard deviation for each of the 2 x 5
coefficients is stated in each graph of Figure 6.8. The average applies weight-
ing of the amplitudes according to their reciprocal squared fit error which
accounts for the differing length and quality of the data sets.

Residual systematic effects at 2w, affect the coefficients Cy and By, as evi-
dent from the top graphs in Figure 6.8 (note the different scale). On average,
the systematic deviation of Cy and By for a single data set is on the order of
five 0. However, the phase and magnitude of these systematics are different
within separate data sets. This is also evident from the top graph of Figure
6.9. Thus, the systematic deviation from zero averages out to some extent,
when combining the results of all measurements. However, this results in an
increased error bar on the mean value of Cy and By.

The other amplitudes are sensitive to a systematic effect modulated at 12 h or
24 h. Such a modulation might be caused by a daily modulation of tempera-
ture or tilt of the building floor. However, the results presented in Figure 6.8
are not significantly affected by such an effect. This is evinced by statistical
checks, which have been performed on these results and which are summa-
rized in Table 6.2. As shown there, the results are normally distributed
around zero at the 95% level of confidence for most of the amplitudes.

(6.4)

Alternative schemes for fit step 2: As compared to the procedure described
above, two slightly differing approaches to fit step 2 have been applied for an
analysis of the data as presented in [HSK™05] and [HSK*06], respectively.
While all three schemes provide similar estimates on SME parameters and
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CO C’sl Ccl Cs2 CC2
o/a; | 6.5 1.2 1.3 1.1 1.0
psw | 0.30 0.60 0.96 0.87 0.40
Csw | 0.96 0.97 099 098 0.96
Pt 0.78 0.06 0.61 050 0.17
Cy 0.29 -1.98 0.51 -0.69 1.42

By Bs1  Ba By B
o/a; | 8.9 0.9 1.3 1.4 0.9
psw | 0.002 0.89 0.17 0.54 0.01
Csw | 0.86 0.98 095 097 0.90
Pt 0.16 0.70 0.67 0.84 0.17
Cy -1.46  -0.38 -0.44 -0.20 -1.41

Table 6.2: Statistics on the results of fit step 2 for By and C} as displayed in
Figure 6.8. o is the standard error of the distribution of the 27 data points
and ¢; denotes the average of the associated 27 single error bars. A value
o/a; > 1 as for By and C thus indicates the presence of systematic effects
differing among the single measurements. Cgw and psw give the results of the
Shapiro-Wilks test, which tests for normal distribution of the data. Cgw ~ 1
and psw > 0.05 indicate normal distribution at the 95% confidence level.
Whether the data is significantly different from a zero result, is indicated by
the results of a t-test with C; > 1.7 and pgw > 0.05 verifying this hypothesis
at the 95% confidence level.
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error bars, the simple scheme described above (scheme A) has been chosen
for the analysis presented here. It gives the most conservative estimate on
the actual error bar, in accordance with results of an analysis of test data
(see Appendix D). Nonetheless, we briefly outline the two refined approaches
below:

The first is to divide the distributions of B® and C¥ into windows of exactly
24 hours, and to fit each window separately (scheme B). This scheme has been
adopted in [HSKT05]. It reduces the correlation between Fourier components
at wg and 2wg,. A data set of n x 244 € hours then yields n sets of amplitudes
By, and Cj, while € hours of the measurement are lost. Each set of amplitudes
By, and C}, is then assigned with the mean time of the respective 24 h interval
and is treated as an independent measurement result. Note however, that
given a residual systematic effect, which is approximately constant during a
single measurement run of a few days, such independence of 24 hour windows
can not really be claimed.

In order to avoid the loss of measurement data that exceeds exact multiples of
24 hours, overlapping 24 h windows, each shifted by one hour with respect to
the preceding window, have been considered as well (scheme C). This scheme
was adopted in [HSK*06] and requires an asymmetric weighting scheme,
such that data points in the center of a data set do not multiply enter the
analysis, as opposed to data points at the beginning or end of a measurement.
Consequently, each point is assigned the inverse of the number of windows
it enters as a weighting factor. For a measurement spanning n x 24 + € full
hours, p = (n—1) x 24+ e+ 1 windows have to be fitted. The resulting p sets
of By and ()}, are then averaged to one single set, weighted with the inverse
of the squared fit error of each amplitude.

A comparison of results obtained from test data applying all three schemes
can be found in Appendix D.

Step 3

In the final step, the annual variation of the amplitudes By and C} as given
in Table 3.1 is fitted to the data of Figure 6.8. Inserting the colatitude of
Berlin xy = 37° and n = 23° yields the fit functions:

Co = 0.14%77 — 0.0785 7)) cos(Qa(t — tg))
+ 0.08B 727 cos(Qe (t — ty)) — 0.098 &) 7 sin(Qe (t — t7)),
Cq = —0.24RY7 + 0.2285 7, cos(Qe(t — 17))
— 0.098p 77 cos(Qe(t — t7))
= 0.8B,,
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Cor = —0.24727 — 0228 sin(Qa (t — t7))
+ 0.09857Y 7 cos(Qa(t — t0))
= —1.03B4,
Csr = 04175 — 0.388¢ k)7 cos(Qa(t —tg))
— 0418577 sin(Qqp(t — 17))
= 1.03B,,
Ceg = 0.20[F5Y — &XY] + 0418577 7 sin(Qe (t — 1))
— 0.38Bg k7 cos(Qe(t — t7))
= —2B,.

The phase is set by t; which coincides with vernal equinox in the year

2000 such that t — tj = T’ as defined in Section 2.2.1. According to data
from [US 06], this is ¢t = 79.31597 days on the adopted time axis.
For each distribution, this fit is performed by a linear regression with the
eight SME coefficients as the free fit parameters. Each value of By and C}, is
weighted with the reciprocal square of its fit error of step 2. Note, that each of
the k._ elements enters only one pair of By and C} amplitudes, while the &,
elements appear in different combinations. Thus, the SME parameters have
to be adjusted to several distributions of Figure 6.8 simultaneously, i.e. the
regression is performed by including all ten distributions and their respective
fit functions and varying the complete set of SME parameters at a time.
The implementation of this procedure in Mathematica has been described in
detail in [Sen06]. Finally, this regression gives an estimate and a 1o error
for each SME parameter.

6.3.2 Results obtained from the complete data

In Table 6.3 and Figure 6.10 the results for the photonic SME parameters
are presented, as obtained from an analysis of all 27 data sets. The results
are consistent with a null result, since deviations from zero do not exceed
20 (95% confidence) and only four of nine values exceed the 10 level (68%
confidence).

The correlation matrix obtained from the linear regression of step 3 (see
Table 6.4) gives the residual correlations of the fit estimates. Most entries
are < 0.1, however few off-diagonal entries ~ 0.25 remain, which is attributed
to the fragmented distribution of the data over the measurement span.
Most of the 1o limits are < 107'° apart from those of #Z% and &2~ — &Y
which feature increased error bars. The most stringent limits of o = +2.5 x
10716 are obtamed for #XY and #X7.

The parameter 7% enters the coefficient Cy only. Thus, £2Z may be most
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sensitive to the residual systematic effects, that are evident in the distribution
of Cy values in Figure 6.8. Still, the deviation of #2Z = (13.3 +9.8) x 10716
from zero is only ~ 10, because the phases of the systematic effects vary
among independent measurements and systematic deviations from zero of
single data sets average out. This averaging results in an increased error
bar for this SME parameter, reflecting the variation of residual systematic
effects.

SME parameters other than %% could be compromized by systematic effects
that are modulated at a period of 24 h or 12 h, respectively. However, no such
modulation has been observed during the measurements and no indication
for it can be deduced, neither from the results on By and C}%, nor from the
results on the SME-parameters.

The increased error bar on #X* — g¥Y = (5.7 £ 22.6) x 107! remains an
unresolved issue, which might be attributed to the irregular distribution of
the data over the time span of one year.

6.3.3 Results obtained from a subset of the data

During phase 1 of this experiment, the focus was set on intensive data col-
lection and data is more homogenously distributed as compared to the total
measurement. Thus, an analysis of these measurements alone was considered
worthwhile. However, the correlation matrix (Table 6.5) obtained from fit
step 3 then exhibits many significantly nonzero off-diagonal entries. Thus,
in order to provide a useful estimate on separate parameters, the set of fit
parameters must be reduced by either dropping the k. terms or the &,
terms within fit step 3. The obtained results for the SME parameters are
given in Table 6.3 and are displayed in Figure 6.10. The values there provide
limits on the respective parameters, based on the assumption that nonzero
SME parameters do not cancel within the measurement signal.

Apart from %% all values agree well with a zero result and none of the error
bars exceeds the 1071 level. In comparison to the analysis of the complete
data, the error bar on (&X* — &¥Y) = (—0.1 & 4.4) x 10716 is reduced by a
factor of five. For k7% the effect of residual systematics is much more pro-
nounced as compared to the results from the complete data. The value of
k27 = (—82.7432.4) x 1071° features a deviation from zero of more than 2
and at the same time a largely increased error bar. Presumably, this indicates
that the systematic effect did not vary as much during the measurements of
phase 1 as it did during the complete measurement span of one year.
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parameter \ complete phase 1 ‘

RXY -4.9 £ 2.5 —25+34

kX% —1.4+25 —01+45

RrZ 4.1 + 3.9 2.7+4.6

P 13.3 + 9.8 -82.7 + 324
RXX —RYY | 574226 —0.1+44

gy 5.7+ 3.7 99495

X2 53+6.3 33455

ReZ —02+62 14455

Table 6.3: Results for photonic SME parameters obtained from the complete
data and data from phase 1 only. All k._ values are x107%, K, values
are x10712. The results for phase 1 are based on the assumption that F._
and R,y terms do not cancel each other within a Lorentz violation signal.
Deviations from zero exceeding 1 o are highlighted in bold face.

parameter | X0 ki Z R Z  RZZ RXXTYY ORXY kX2 RYZ
Rt 1 0.00 0.01 -0.03 0.00 -0.03 -0.30 0.22
RXZ 000 1 007 0.02 002 0.31 003 006
RYZ 001 007 1 001 -001 0.22 -0.05 -0.01
rZZ -0.03 0.01 001 1 -0.01  0.07 0.05 -0.07
FXX-YY 1000 002 -0.01 -0.01 1 0.01 0.22 0.30
Y -0.03 0.31 0.22 007 001 1 009 -0.02
e -0.30 0.03 -0.05 0.05 0.22 0.09 1  0.00
rYZ 0.22 0.06 -0.01 -0.07 0.30 -0.02 0.00 1

Table 6.4: Correlation matrix for the fit to data spanning one year. The
parameter combination (FXX — &YY) is denoted £X*=YY for brevity. Due
to the fragmented data basis several correlations exceed the level of 10%

(highlighted in bold face).
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’ parameter ‘ R - gZ4 XYY /%iiy /%g(f /%};Z
EXY 1 0.17 0.11 -0.18 -0.01 0.03 -0.45 0.65
kX% 0.17 1 042 0.14 0.15 059 004 0.28
RYZ 0.11 0.42 1 0.16 -0.07 0.71 -0.15 0.07
P -0.18 0.14 0.16 1 0.10 0.29 0.24 -0.12

FXX=YY 10,01 0.15 -0.07 0.10 1 0.09 0.65 0.43
FXY 0.03 0.59 0.71 0.29 0.09 1 0.07  0.09
Rz -0.45 0.04 -0.15 0.24 0.65 0.07 1 -0.01
rYZ 0.65 0.28 0.07 -0.12 0.43 0.09 -0.01 1

Table 6.5: Correlation matrix for a fit of data of phase 1 spanning four
months. The parameter combination (k2 — YY) is denoted &XXYY for
brevity. Parameters are strongly correlated, thus a determination of inde-

pendent limits on all parameters is not feasible.

6.4 RMS-analysis

An analysis in the RMS framework can be based on the results of fit steps 1
and 2 of the previous section. In step 3, an annual variation of By and C}, as
given in Table 3.2 is then fitted to the respective distributions of Figure 6.8,
with the RMS parameter Pypy = (8 — 9 — %) as the fit parameter. Insertion
of the colatitude of Berlin y = 37° and n = 23° into the expressions of Table
3.2 yields the fit functions

2

Coy = [0.088 + 0.004 cos(Qe (¢ — 1)) — 0.014sin(Qe(t — )] Punt <,
C
2
Ci1 = [0.010 + 0.001 cos(Qg (t — t7))] PMM%
C
= —0.8B,
2
Cer = [—0.049 + 0.015 cos(Qe (t — tg)) + 0.004 sin(Qe (¢t — 17))] PMMU—;
C
= 0.8By,
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Cep = [0.165 4 0.060 cos(Qs (£ — 7)) — 0.014 sin(Q ( — £7))] PMMZSQ
= 1.03Be,

Cra = [~0.370 4 0.013 cos(Qes (t — 1)) + 0.065 sin(Q (£ — 17))] PMM?
— —1.03Bg.

Contrary to the SME analysis, these fits are largely constrained, because
Py is the only free parameter. The effect of a non-vanishing parameter Py
would be most pronounced in the distributions of C.; and Bsy, resulting in a
non-vanishing mean value of the respective coefficient and a relative annual
variation of ~ 20% of this value.

To determine the RMS parameter Py, a constrained linear regression is
performed in a similar way as done for the SME analysis. Accordingly, Py
is determined such that it minimizes the sum of residuals obtained from all
distributions of By and C) and the respective equations at a time. The final
result from an analysis of the complete data then is

Pum = (0.5 4+3.2) x 1071, (6.5)

The RMS analysis applies only one free parameter and is thus not restricted
to data from a measurement spanning a full year. Consequently, the analyzed
data can be restricted to data of better quality such as that of phase 1. An
analysis of this data however yields a similar result as before:

Puy = (—=2.7£3.0) x 107, (6.6)

6.5 Comparison to results of similar experi-
ments

6.5.1 Comparison to existing limits on SME parame-
ters

A comparison of the above results on SME parameter to results that have
been reported by preceding experiments [WBCT04, MHB"03a] is given in
Table 6.3. The limits obtained from the present experiment improve these
results by approximately one order of magnitude. Furthermore, previous ex-
periments did not provide a limit on %%, because they were all relying on
Earth’s rotation. Since Earth’s rotation axis is oriented along the SCCEF
Z-axis, these experiments were insensitive to this coefficient.

Simultaneously to the work presented in this thesis, two similar experiments
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have been performed by other groups at the Heinrich-Heine-Universitat in
Diisseldorf, Germany, and the University of Western Australia in Perth, Aus-
tralia. A comparison to the results reported by these groups is presented in
Table 6.6.

Stanwix et al. [STWT05] utilize two cryogenically cooled sapphire cavities,
operated in a microwave whispering gallery mode at ~ 10 GHz. The res-
onators are mounted with orthogonal axes inside a liquid-Helium dewar on a
turntable, which can be rotated continuously at a period of 18s. In [STWT05]
five data sets of a continuous beat frequency measurement are analyzed. The
longest data set extends over four days and all data measurements were done
within a period spanning four months. The limits on the SME parameters
that they derive are comparable to those obtained here, except for #ZZ. Their
value for this parameter 2% = (2104570) x 10716 is obscured by a systematic
effect that is about one order of magnitude larger than achieved within the
present work. As their published data does not span one year, they assume
that no cancelation of 5. and kK, terms takes place, in the same way as
was done for the analysis of data from phase 1 above. According to [Tob06],
further data has been collected meanwhile, and now extends over more than
one year as well. As this experiment applies cavities of different geometry,
operates in the microwave regime and is performed at a different latitude of
the southern hemisphere, it contributes complementary information with re-
spect to a possible violation of Lorentz invariance. This is further considered
below and in Appendix E, where Lorentz violation in the electronic sector of
the SME is taken into account.

Antonini et al. [AOGS05b] reported on an optical Michelson-Morley ex-
periment, however not applying continuous rotation. They compare the fre-
quencies of two orthogonally oriented cryogenic sapphire resonators and have
presented an analysis of a single data set spanning four days in [AOGS05b],
later extended by additional data [AOGS05a]. The experiment is set up on
a rotation stage, which can be rotated back and forth by 90° within several
minutes. As they are not able to disentangle all SME parameters from that
single measurement, they give limits on the By and C} amplitudes only. Fur-
thermore, they present an estimate of #ZZ, which is approximately one order
of magnitude less stringent than the limit reported in the present experiment,
due to a large systematic effect.

In conclusion, the present experiment allows to determine a significantly more
stringent limit on #ZZ as compared to [SKE'03] and [AOGS05b] due to the
achieved low level of systematics. Furthermore it relies on a much more
extended data basis and provides the most stringent limits on independent
SME parameters.
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Limits on electronic SME parameters

| this work | [STWT05]

[AOGS05b] | [WBCT04] [MHB'03a] |

Fo¥ | —4.9+25] —63+4.3 - —57+23 17426
FEZ | —14£25| 1.9+3.7 - —324+13 —63+124
e 41439 | 45437 - 5+13 36 & 90
£ZZ2 | 13.3+£9.8 | 210570 —290 £ 220 - -
FoX=YY 1 574226 | —13+9 - —32+46 89449
REY | BT£37 | 20+21 - —184+15 1404140
Fol 53+6.3 | —9.1+£4.6 - —14+23 —12+26
RYZ | —02+£62| 44+46 - 27 £ 22 1427

Table 6.6: Comparison of the results presented in this thesis to previous
and concurrent work. The parameter combination (£X* — &YY) is denoted
RXX=YY for brevity. All k. values are x107' &,, values are x10712.

The results of [WBC* 04, AOGS05b] are of similar accuracy, apart from the
significantly larger systematics affecting the value of £Z%.

6.5.2 Comparison to existing limits on the RMS pa-
rameter

A comparison of the above result for the RMS parameter Py to previous
results is presented in Table 6.7. The limit deduced from this measurement
represents an improvement of about one order of magnitude as compared to
preceding experiments. Similar accuracy has been obtained by the simulta-
neously performed experiments of Stanwix et al. [STWT05] and Antonini et
al. [AOGSO05b].

Insertion of the value for Pypy into the basic equation (2.22), allows to derive
a limit on Ac/c as given by

Ac _

= (—0.15 +4.8) x 1071, (6.7)

C

where v = 370km/s has been adopted as the average velocity of the labo-
ratory with respect to the CMB. This allows to give a direct comparison to
results of earlier Michelson-Morley experiments as presented in Figure 6.11.

6.6 Limits on electronic SME parameters

As discussed in Section 3.1.3 the extension of the present analysis to Lorentz

violation in the electronic sector of the SME can be achieved by substituting
Rl — B 4 2 M),

I I
Rop — Roy
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’ reference ‘ Py x 10719 ‘
this work (—0.1+3.2)
[STW05] 2005 (—0.9 +2.0)

AOGS05b] 2005 | (—0.6 + 3.3)

[

[MHBT03a] 2003 | (22 & 15)
[WBC*+03] 2003 | (12 =+ 22)
[BHT79] 1979 < 50

Table 6.7: Comparison of the result for the RMS parameter Py to previous
and concurrent measurements.

| parameter | this work | [Mil05] |

Cxx — Cyy 1.0+ 3.7 11.5+6.4
C(xv) 12445 | 7.6+35
v z) 03420 | 2.1+46

C3 56.8 £ 364.2 < 1000

Table 6.8: Limits on electronic SME parameters obtained from a combined
analysis of the present measurement and the measurement of Stanwix et al.
All values are x10716.

Thus, in the full context of the SME, the limits of Table 6.3 must be regarded
as limits on a combination of electronic and photonic SME parameters.

A comparison of the present experiment to that of Stanwix et al. offers
further interesting perspectives: The two experiments were performed on
different hemispheres and feature cavities of different material and geometry.
Thus, they have different sensitivity to Lorentz violation and the null results
provided by either experiment can be used to derive limits on electronic
parameters independent from photonic parameters. This derivation is given
in Appendix E and the results are presented in Table 6.8. They represent
an improvement by up to a factor of three compared to the limits previously
reported on these parameters.

6.7 Conclusion

The results of this work are consistent with zero and do not provide any
significant evidence for a violation of Lorentz invariance. Instead, they give
an experimental confirmation of its validity in electrodynamics at the 10716
level of accuracy. The analysis of the measurement provides limits on test
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parameters of the SME and RMS, which are more stringent by up to one
order of magnitude as compared to previous results. This improvement is
mostly based on two achievements:

(i) A large data basis spanning one year and involving more than 100000
turntable rotations.

(ii) Suppression of systematic errors caused by active rotation below 1 Hz.
The level of systematic effects is one to two orders of magnitude below the
level achieved in similar experiments. This is considered to be a promising
basis for further improvements, which have already been started and are de-
scribed in the following chapter.

Furthermore, the analysis includes effects from Lorentz violation in the mat-
ter sector of the standard-model of particle physics, which has often been
neglected in similar past experiments. Thus, the analysis exploits the full
generality provided by the SME framework. Even more, such an extended
analysis allows to apply the complementary results obtained by the similar
experiment of [SKET03] to improve bounds on several SME parameters of
the electronic sector.

The sensitivity of the measurement is limited by thermal noise of the cavities,
which limits the achieved relative frequency stability during one rotation to a
level of 1074, As shown in the next chapter this has already been overcome
within an improved setup applying new cavities which will allow for another
order of magnitude improvement in the near future.
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Figure 6.8: Results for By, and C} of all 27 data sets. FEach graph presents
the results of fit step 2 for a certain coefficient By and C} plotted against
time. Fach data point within a graph is obtained from one of the 27 data
sets. The average value of the respective coefficient, weighted according to
the fit error, is also stated within each graph. Note the different scale of
the top graphs giving the results for Cy and By, which are affected by small
residual systematics.
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Figure 6.10: Results for the photonic SME parameters determined from the
complete data, respectively from phase 1 only, compared to results of a si-
multaneously performed experiment by Stanwix et al.. The SME parameter
combination (FXX — &YY) is denoted &#X*~YY for brevity. B ~ 107* de-
notes Farth’s orbital boost. For the results of phase 1 the SME parameter
k27 = (—82.7 £32.4) x 10716 is beyond the scale of the graph. This is also
the case for the value 7% = (210 4 570) x 10716 of Stanwix et al., which is

more than tenfold increased as compared to the present measurement.
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Chapter 7

An improved setup

In February 2006, after completion of one year of measurement, a reconstruc-
tion of the setup was started. The new design incorporates several features
that should improve the measurement sensitivity by one to two orders of
magnitude. These features are: (i) new cavities with narrow linewidths and
low thermal noise, (ii) an active vibration isolation, and (iii) a new vacuum
chamber which specifically matches the needs of this experiment, i.e. it of-

fers better thermal isolation and is capable to maintain ultra-high vacuum
(UHV).

7.1 New cavities

Following an idea proposed in [Bra0l], new high-finesse cavities have been
designed, specifically for application in a Michelson-Morley experiment. The
two cavities are implemented in one monolithic spacer block in a crossed
configuration, in order to provide common mode rejection of length fluctua-
tions. Two such pairs of crossed cavities have been fabricated by Advanced
Thin Films, Inc.. The first pair is made from fused silica, which is of high
mechanical quality (Q > 10°). As estimated in Section 4.4, these cavities
should provide a low level of thermal noise and thus should overcome the
previous limitation of cavity frequency stability.

The second cavity block is made from Zerodur of expansion class 0, which
features a low thermal expansion coefficient at room temperature (CTE
< 2 x 1078 /K). Zerodur was chosen instead of ultra-low expansion (ULE)
glass ceramics, because the latter is anisotropic with respect to the zero
crossings of the CTE. These differ along different axes of the material, which
deteriorates common mode rejection of temperature fluctuations. On the
other hand, Zerodur has a low mechanical quality factor (Q ~ 10%), which
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7. An improved setup

Figure 7.1: New crossed resonators implemented in a block of Zerodur (left)
and fused silica (right).

leads to increased thermal noise. However, the decisive parts with respect
to thermal noise are the mirror substrates only. Thus, an additional set of
HR-coated mirrors made from fused silica has been purchased, which can be
used to replace the present Zerodur mirrors. This will be done, after some
preliminary measurements on the present cavities have been completed.

Figure 7.1 shows pictures of the two cavity pairs. A cavity length of
L = 5.5cm has been chosen for both items. Longer cavities (L > 10cm)
would have been favorable, since this would decrease cavity linewidth and
the effect of thermal noise. However, the size was limited to the above value
in order to implement the setup in a compact chamber on the turntable.
Furthermore, a reduced size minimizes tilt effects that increase with cavity
length.
Each cavity’s mirror pair consists of a planar and a concave mirror (r =
50cm). This configuration allows for a better alignment of the optical axes,
when contacting the mirrors to the spacer and minimizes the sensitivity of
the resonance frequency to cavity deformations. The targeted Finesse was
300000, corresponding to a linewidth of 9kHz. Larger Finesse would have
been achievable only at the cost of reduced impedance matching. Table
7.1 gives the actual measured linewidths and achieved transmission for the
TEMgo modes of the cavities. The impedance matching of all cavities allowed
for a transmission of ~ 60% while the actual linewidths of 8 kHz and 13 kHz
for the Zerodur resonators, and 7 kHz for both fused silica resonators are close
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to the desired value. The absolute lengths of the two cavities within each
block have been determined from a comparison of the free spectral ranges to
differ by 2 pym.

| cavity | linewidth (TEMy) | Finesse (TEMg) |

FS1 7kHz 400000
FS2 7kHz 400000
Zerl | 8kHz 340000
Zer2 | 13kHz 210000

Table 7.1: Properties of the new resonators. F'S = fused silica, Zer = Zerodur.

7.2 Modifications of the setup

Improved cavity mounting

The new cavity blocks are mounted inside another more compact cryostat
now, one block at a time. This cryostat provides a rigid support for the
resonator mount and no internal movements or oscillations have been ob-
served so far. The (preliminary) resonator mount is a copper pot with a
ring-edge milled into the bottom plate to provide a line contact to the cavity
block placed inside. The turbo-molecular pump has been replaced by an ion
pump, which further reduces external vibrations and does not require per-
manent rough pumping from outside through the vacuum feedthrough.
Having the cavities still mounted inside a cryostat, provides the interesting
possibility to study the temperature dependence of thermal noise by cool-
ing the cavities down to liquid-Helium temperature. These low-temperature
measurements are scheduled to be done before this cryostat is replaced by a
new room temperature vacuum chamber. Such a chamber, has been designed
by A. Senger for this Michelson-Morley experiment [Sen06] and is currently
being fabricated (see Appendix F).

Active vibration isolation

An active vibration isolation system (HWL 350-M) has been acquired, which
now supports a breadboard that carries the optics and the vacuum chamber
with the cavities inside. The system consists of two bench units (600 x 155 x
120 mm?) with a maximum applicable load of 350kg (see Figure 7.3). The
unit provides both passive isolation at frequencies beyond 200 Hz by means
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Figure 7.2: Schematic of the new setup. Left: The new setup features a vibration-isolated breadboard on the
turntable. The turbo-molecular pump has been replaced by an ion pump, that does not introduce vibrations to the
setup and does not require a vacuum feedthrough. Right: Optical setup after reconstruction. The light of both
lasers is coupled to the same polarization-maintaining single mode fiber for transter to the isolated platform. The
light paths to the two cavities now exhibit a maximum degree of symmetry.
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of springs, and active isolation at frequencies down to 1.2Hz by means of
electromagnetic actuators. The performance of the isolation unit is shown
in Figure 7.3. Isolation sets in at ~ 1 Hz and reaches approximately —40dB
at 10 Hz. Above 30 Hz, the performance seems to decrease and further fine
tuning will be required to improve on this.

Reconstruction of the optical setup

Laser L2 has been replaced by another NPRO Nd:YAG laser (LWE, model
124) and is placed on the turntable now. Both lasers were placed on the
vibration isolated platform initially and coupled to the resonators free beam.
The first measurements compared the frequencies of the two Zerodur cavities
and were dominated by flicker noise at the 10~'* level, as shown in Figure 7.6.
This is in good agreement with the estimate on thermal noise for this cavity
configuration given in Table 4.4. To further investigate on the origin of this
flicker noise, the two lasers were locked to two neighboring TEMgg-modes
of the same Zerodur resonator. Therefor, the two beams were overlapped
and coupled to the cavities free beam, separately mode matched by means
of two telescopes. This frequency comparison is insensitive to fluctuations
of the resonator length such as those caused by thermal noise, and should
thus reflect the performance of the laser stabilization electronics. As shown
in Figure 7.6, the flicker noise in this measurement was reduced to a relative
Allan deviation of 7 x 107°. This limit is set by beam pointing fluctuations
of the two beams relative to each other on the photodetector, which cause
phase shifts of the PDH error signal. To minimize these fluctuations, the op-
tical setup was rebuilt as depicted in Figure 7.2. Now, both lasers are placed
on the non-vibration-isolated breadboard and the beams are overlapped in-
side the same polarization-maintaining single-mode optical fiber for transfer
to the isolated platform. This provides mode-cleaned, perfectly overlapped
beams and enables to use the same single telescope for mode matching to
the cavities. This scheme basically eliminates all relative beam movements
among the two beams, when they are coupled to the same resonator and
indeed helped to improve the relative Allan deviation to below 10~!° for in-
tegration times > 1s. Still, the comparison of two Zerodur cavities again
yields a flicker floor at a level above 1074, despite the reduction of beam
pointing problems. This shows that this limit is set by an intrinsic property
of the cavities, which we consider to be thermal noise.
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Figure 7.3: Picture of the active vibration isolation and performance of the
system. The active vibration isolation system is placed on the turntable
and supports a breadboard that carries the optics and the vacuum chamber.
Residual accelerations between 1.2Hz and 20 Hz are suppressed by up to
a factor of one hundred. The performance with respect to suppression of
vibrations above still needs to be improved. (Note that the seismometer
sensitivity above 60 Hz decreases as 1/f which is not corrected for in this

graph.)

144



7.3. Improvement of relative frequency stability
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Figure 7.4: Comparison of a Fourier transform of a beat frequency measure-
ment of 10s, sampled at 1 ms.

7.3 Improvement of relative frequency stabil-
ity

A frequency comparison of the two new fused silica cavities achieved a rel-
ative frequency stability of 2 x 1071° at 7 > 1s. This is almost an order of
magnitude improvement, as compared to the measurements recorded from
the Zerodur cavities and the previously applied cavities R1 and R2. The
Hadamard deviation obtained from a comparison without rotating the table
is given in Figure 7.6. This measurement was performed applying the same
lock electronics and the optimized optical setup as for the Zerodur resonators.
Again, the observed stability is in good agreement with the estimate on ther-
mal noise for these cavities given in Table 4.4. However, further studies are
required to investigate on other possible limitations at this level of sensitiv-
ity.

Furthermore, the improved rigid mounting of the cavities and the appli-
cation of the active vibration isolation helped to greatly reduce frequency
oscillations at timescales < 1s caused by Doppler effect and vibrations. No
significant such effect could be observed as evident from Figure 7.4. The beat
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Figure 7.5: Beat linewidth obtained from a comparison of the two fused silica
cavities. The linewidth at 1s integration time is ~ 5 Hz.
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linewidth could thus be reduced to ~ 5 Hz at an integration time of 1s (see
Figure 7.5).

Finally, also the relative long-term frequency stability of the new cavities sig-
nificantly overcomes that of the previously applied cavities R1 and R2. The
beat frequency drift is on the order of 1 Hz/s, as compared to ~ 100 Hz for the
previous setup. If we assume that the temperature drift of a single cavity here
is similar to that of R1 or R2, we can estimate that common mode rejection
suppresses thermal length fluctuations by a factor of up to 100. Still, an ac-
curate determination of thermal common mode rejection remains to be done.

7.4 First results obtained from the new ro-
tating setup

The first measurement that compared the crossed fused silica resonators with
rotating table (T, = 45s) showed a systematic effect at wyo; on the order
of a few Hertz. Due to the improved frequency stability, this effect could
be observed from a few table rotations already as shown in Figure 7.7. This
substantially simplifies the analysis of systematic effects at the Hertz level as
compared to the previous setup, where effects of this magnitude could only
be revealed by averaging data of hundreds of table rotations.

The initial systematic effect could be significantly reduced after replacing two
windows of the vacuum chamber, which turned out to feature the wrong AR-
coating. Thus these windows had formed parasitic etalons with the cavity
mirrors, which got modulated by a small temperature gradient when rotating
the setup. The reduction of systematic frequency oscillations by replacing
these windows with properly AR-coated ones is shown in Figure 7.7 to the
bottom.

A preliminary analysis of a measurement spanning three days yields the am-
plitudes B and C' as shown in Figure 7.8. The values do not exceed one Hertz
which is a reduction by factor of ~ 10 as compared to the results of the pre-
vious setup (see Figure 6.7). However, there is a modulation with a period
of 12h. A corresponding, larger modulation with a 24 h period is observed
for the systematic effect at w,o; (see Figure 7.9). A closer consideration re-
veals, that the absolute magnitude of this systematic effect is approximately
constant but the phase of this effect is continuously shifted by 360° within
24h. The signal at 2w, with a modulation at half that period ,i.e. 12h, is
considered to be leakage of the effect at w,;. Consequently, no indication for
Lorentz violation may be drawn from this preliminary data.
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Figure 7.6: Top: Relative frequency stability achieved with the new set of res-
onators and performance of the lock electronics. Bottom: Effect of improved
beam pointing on relative frequency stability. The top most curve shows the
relative frequency stability for a comparison of the two Zerodur resonators.
The two lower curves show the relative frequency stability for comparisons
of two neighboring TEMy, modes of one of the Zerodur resonators, before
and after improving the pointing stability.
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Figure 7.7: First measurements of the new setup (top) exhibited a systematic
effect of several Hertz (Tyox = 45s), which could however be reduced by

straightforward measures (bottom).
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The cause of this phase modulated systematic effect remains to be deter-
mined. A simple explanation would be a malfunction of the turntable encoder
readout. For an actually constant systematic effect, an increasing discrep-
ancy of actual and measured rotation rate continuously shifts the phase of
the fitted signal in the analysis of the data. However, no indication for such a
malfunction could be found and there is no reason to assume that this phase
shift exactly matches with the period of one day. A confusion of sidereal
and non-sidereal days can be excluded as well, as this becomes only relevant
within the subsequent steps of the analysis. First estimates on the effect
of rotation axis tilt of the current setup indicate an increased sensitivity of
0.5 Hz/purad. Thus, if the tilt control system leaves an unsuppressed varying
effect on the order of 41 urad, this might be an explanation. Furthermore,
there are several other effects that might be subject to a daily modulation of
temperature and an investigation on these effects has yet to be done.

The amplitudes of the sidereal modulation B, and C}, have been derived from
a fit to the distribution of Figure 7.8 and are stated in Table 7.2. Clearly,
the modulated residual systematic effect compromises the results obtained
for some of the coefficients. However, the error bars already reach a level
of < 5 x 10717, Note further, that the current setup applies two rotating
resonators, which increases its sensitivity to Lorentz violation parameters by
another factor of 2. Thus, if the systematic effects can be further reduced,
the new setup should enable an improvement of the previous results by more
than one order of magnitude already from a measurement of few days only.

7.5 Next steps and estimated ultimate sensi-
tivity

Based on the results of the above measurement of three days, the accuracy
that could be obtained from a long-term measurement over ~100 days can
be estimated. At the current noise, level further integration might allow to
reduce the error bars on Lorentz violation parameters to below 10717, How-
ever, to fully exploit this sensitivity the major challenge will be to identify
and reduce the residual systematic effects, which are currently on the order
of 1071%, by about two orders of magnitude.

The observed residual systematics are especially unfavorable, because they
are modulated at a 24 h period. Thus, in a first step the origin of this mod-
ulation needs to be identified. Measures such as an improved temperature
shielding of the setup, e.g. enclosing the rotating setup inside a box, or a
further improvement of the tilt control system, might achieve this rather
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Figure 7.8: B and C amplitudes (at 2w, ) determined from step 1 of the
analysis, applied to data that has been obtained from a three day comparison
of the rotating new fused silica cavities. While the amplitudes are generally
reduced by a factor of 10 as compared to the previous setup (see Figure 6.7),
a modulated systematic effect with 12 h period is clearly visible.
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Figure 7.9: Sine (Ag) and cosine (A¢) amplitudes at wyo, are modulated with
a 24 h period. Such a modulation at w.. is not a signal for a violation of
Lorentz invariance. Presumably the modulation of amplitudes at 2w, shown
in Figure 7.8 can be traced to the same, not yet recovered systematic effect.

’ parameter ‘ value previous ‘
Co —26+32 | 7433
4 49445 | —14447
C —1.0+4.6 | —88+47
Ca —16.7+45 | —91 +47
Ceo —107.6 4.5 | —31 +47
By 10.7+£31 | 10+33
By —6.24+43 | 34447
B., 123444 | —424+47
B —08.54+43 | 5947
Bes 124444 | 57447

Table 7.2: Preliminary results from the new setup. All values are x10717.
The error bars generally are in the mid 10~17 range which is a tenfold improve-
ment over the results from the previous setup. However most components
are severely affected by the modulated systematic effect, most prominently

the amplitudes Cyo and Bsgo.
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quickly. Furthermore, the new vacuum chamber is almost ready for imple-
mentation (Appendix F). This chamber will allow to reduce frequency drift
due to temperature creep and thus enhance long-term frequency stability. As
this chamber can also enclose most parts of the optics and the detection sys-
tem, with the light coupled through optical fibers from outside, it might as
well help to reduce systematic effects that are caused by temperature mod-
ulation.

With a constant systematic effect even as large as 107'°, the experiment
would already offer a largely increased sensitivity to all SME parameters but
#ZZ. A phase of intensive data collection could then be started, which would
provide significantly improved bounds on combinations of SME parameters
and the RMS parameter Pyny. All together a determination of Lorentz vi-
olation parameters at an accuracy improved by another order of magnitude
should be possible with the current setup within the near future. Finally
these results should be able to restrict a hypothetical anisotropy of the speed
of light at a level well below 10717,
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Appendix A

Estimators for frequency
stability in the time domain

The present thesis applies two measures of frequency stability in the time
domain: the Allan deviation and the Hadamard deviation. Here, definitions
are given and the connection to the power-law model is briefly outlined.
Consider a time series of frequency data, where each frequency measurement
y; has been recorded within a sampling time 7y, assuming no dead time
among adjacent intervals. This time series can be divided into intervals
extending over a time 7 = mry each. ¥, is the average value of the m
frequency measurements within the k;, such interval. The average variance
of these values y, among N subsequent intervals of length 7, then is a general
measure of frequency stability, as given by

1 N

2 —
O—y(N77_) = ﬁk

y’f - Z y] (A'l)

The most common such measure of frequency stability is the Allan variance
[A1l66, Rut78], which is the average 2-sample variance according to the above
definition with N = 2. This results in

= <kZ_: g — Zyg — )% (A.2)

where the average () ideally extends over an infinite number of adjacent pairs
of y,. In practice, the finite size of any frequency measurement requires an
approximation that involves only a finite number of m such pairs. Thus the
practical definition of the Allan variance can be written as

m—1
o4 = Z Uk+1 — Ur) (A.3)
=1
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A. Estimators for frequency stability in the time domain

Noise type | a | S3(/) | a4 (1) |
random walk frequency | -2 | h_of 2 %h_ﬂ
flicker frequency -1 [ hoyft 2In2h_,
white frequency 0 ho % %
flicker phase +1 hlf h1(1.04+2ﬂl'r21(27rfh7')) T%
white phase +2 | hof? Shaln L

Table A.1: Allan deviation and its connection to the power-law model.

The square root o4 of this is denoted the Allan deviation or root Allan vari-
ance (RAV). Beyond the above definition, several refinements of the Allan
deviation exist such as the modified Allan deviation or the total Allan devi-
ation, which are widely applied [AB81].

According to the so-called power-law model the spectral noise density of
an oscillator can be modeled as

a=+2

S2="3" hafe.

a=-2

(A.4)

This expression includes the five characteristic noise types with their char-
acteristic dependence (see Table A.1). To link the power law model to the
Allan deviation, the transformation given in [Rut78] can be applied:

2 sint (77 f)

UA:/ Y (r7f)?

This expression diverges if a > 1, thus an upper cut-off frequency f;, has to
be stated if flicker phase- or white phase-noise are considered. The resulting
connection of the Allan deviation to the different noise types of the power-
law model are also stated in Table A.1. Furthermore, Figure A.1 depicts the
characteristic slopes of the Allan deviation for the different noise types of an
arbitrary oscillator.

The Hadamard deviation [Bau71] is a further estimator of frequency sta-
bility of an oscillator. It is an analogue to the Allan deviation where the
3-sample variance is considered, i.e. the second difference of frequency vari-
ations. The Hadamard variance is thus given as

= gy (A.5)

1 m—2
2 e SN (g2 — 20 7 A6
On 6(m —2) kz=:1 (Ur+2 = 2Un+1 + Yi) (A.6)

The fundamental difference as compared to the Allan deviation is that the
Hadamard deviation is insensitive to a linear drift. Thus it is commonly
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Figure A.1: Typical appearance of power-law noise contributions within the
Allan deviation.

adopted for analysis of frequency stability where the interesting spectral fea-
tures might be compromised by frequency drift [Hut96]. Furthermore, while
the same power-law noise contributions can be identified within a plot of
the Hadamard deviation as in the Allan deviation, the Hadamard deviation
converges also for flicker walk and random walk frequency noise, with slopes
of +1 and +3/2 respectively [HBGT05].
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Appendix B

Full expressions of SME signal
coeflicients

The full expressions of amplitude modulation coefficients of equations (3.9),
(3.10) and (3.11) are given here. Expressions are stated to first order in
orbital boost only, including the full set of photonic SME parameters. For the
analysis the k., and k,_ terms are neglected, as they are already restricted by
astrophysical measurements well below the sensitivity of the measurement.

Ag -

16

+2cos(n) cos (e T) By (3/%29 Of) — 2sin (QgT) ﬁ@mo+) cos?(x)
—167¢; + 3sin? (x)RZ4 — k% — 9sin’(y)RZZ 4 3RZZ

+18sin’(x) sin (U T) Bk l? — 6sin (e T) B il ?

—12cos (e T) sin(n) sin? (x) Bakdy + 4 cos (QaT) sin(n) Bakdy
—cos(n)(3cos(2x) — 1) cos (QgT) Ba (3/{X_Z - /%fff)

—6sin?(x) sin (g T) Bakel + 2sin (U T) Boke )

1
— (—3 (REZ — 3R + 65in (QaT) Beke? — 4cos (e T) sin(n) Bo k)
~X

1
~ 1 sin(2y) ( fl? — 3k YE + 3sin (QeT) Bake” — 3sin (U T) Bok’?
+3 cos(n) cos (2T Pa ( RXY — /%?E)
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B. Full expressions of SME signal coefficients

1
A @ — 1 sin(2y) ( f? — 3RYZ + 35in (QeT) Bakl”

+3 cos(n) cos (NgT") Ba ( XX /@ZZ) + 3sin (U T) Boko
+3cos (gT) sin(n) Ba (F@O - /%gf))
Ag - i sin?(x) ( REY 4+ 3825 + 3sin (QpT) Bokd”
+3 cos (QeT) sin(n) Be (R’XX - /%YY) + 35in (U T) Bo ki
+3 cos(n) cos (2T Ba ( + REE))
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—6sin (QaT) Bk L% + 6 cos(n) cos (U T) Be (/%f.fz + i%g(f)
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Appendix C

Fourier coefficients of a Lorentz
violation signal

The Fourier coefficients that contribute to the signal of Lorentz violation as
given in equation (3.16) are stated here. Table C.2 gives the Fourier com-
ponents for the SME, Table C.3 those applying for the RMS framework.
Referred to an appropriate time axis as described in Section 3.1.2, the am-
plitudes of equations (3.10) and (3.11) are related to these coeflicients as
denoted in Table C.1.

C. G By By
Co G By By
Ca ?H — ?4 B (?71 - (?H
Cer Q+1 + Q—l B B_1+ B
Cs2 Bis — B_ By Cy— O
Ceo Cio+C_y Beo B_5+ B

Table C.1: Relation of Fourier coefficients to amplitudes B and C} of equa-

tions (3.10) and (3.11).
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C. Fourier coefficients of a Lorentz violation signal

SME amplitude

Co Ao (%fff_z — Bol(cosnit? + 2sinniY) cos Qg Ty — kY Z sin Q@T@])

C+1 '3/1 (_l‘%giz -+ 6@ [Sin T]/ZQZ/JFZ COS Q@T@ — I%OXJFY Sin Q@T@])

Ciz Ao (1 (RS — RY] — Bgcos 77’~€§+Z cos QT — ’ZJZJFZ sin Q@T@])

— e

G Yo
By 0

By (—/%Z,Z + Ba[(cos i) — sinnr?) cos Q@T@])

Bis A (Rff — BalcosnilZ cos Qe T + Fi sin Q@T@])

B 2B

Table C.2: Fourier spectrum amplitudes according to equation (3.16) related
to SME parameters. 7y = isin2 X, 1 = i(l + cosx)siny, Yo = %(1 +
cos )%, 93 = 3(1 —cos x) sin x, and Y4 = —%(1 —cos x)%. Relations are stated

to first order in orbital boost. 34 = 10™* is the boost parameter, x = 37° is
the colatitude of the Berlin laboratory and n = 23° is the tilt of Earth’s axis
relative to the SCCEF Z-axis.
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RMS amplitude (XPMM%g)

Co 290(—1 + 3cos20)
+27290(sin a cos B cos ) — 2sin Bsinn) cos Qe Ty
+27250 cos B cos asin Qg Ty

Cyq —y1 cos asin 23
—2%‘371 cos acos Fsinn cos Qg Ty
—2 2y sin Bsin Qg Ty
Cs —5 cos 2 cos? 3

42724, sin a cos 3 cos 1) cos Qg Ty
(&
—22274, cos a cos B sin Qg T,

o 20,
c, —ué,
By 0

B, —4; sin asin 23

—2°291(sin B cosn + sin acos Fsin ) cos Qe T

B, A9 sin 2ax cos? 3
+2%‘j7y2 cos « cos 3 cosn cos Qg Ty
+2° 299 sin o cos Bsin Qg Ty

i B
B—l ,s/lB-‘rl

N
B 72 B2

Table C.3: Fourier spectrum amplitudes according to equation (3.16) related
to RMS parameter Pyn. 5o = 7sin® x, 51 = (1 +cosx)sinx, 52 = 5(1 +
cosx)?, 43 = i(l — cosy)siny, and 7, = —%(1 —cosx)?. x denotes the
laboratory colatitude, n the tilt of Earth’s axis relative to the SCCEF Z-axis.
Terms varying with Earth’s orbital motion are suppressed by vg /v, ~ 0.08.

o = 168° and [ = —6° denote the orientation of v. in the SCCEF.
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Appendix D

Validation of the analysis on
test data

The performance of the final fit procedure including all three steps as well as
schemes A, B and C for step 2 has been evaluated by analyzing test data sets.
Each set of test data is a time series of simulated measurement data, that
contains a Lorentz violation signal modeled using the expressions of Table
3.1, with certain or all of the respective SME parameters set to non vanishing
values. Two kinds of test data have been applied:

(i) For all 27 measurement runs beat frequency measurement data has been
replaced by pure test data without drift or noise. As the discrete time axis
has been retained, the distribution of test data over one year remains the
same as that for the actual measurements.

(ii) In order to obtain a more realistic simulation of measurement data, noise
and large frequency drift have been added simply by superimposing the sig-
nals from (i) to the actual measurement data. Of course "noise” added this
way is not white noise. An actual measurement signal or small residual sys-
tematic effects might add to the test data. However, as long as test data sets
are generated from SME parameters that produce signals significantly above
the level of residual effects, useful information can still be obtained from such
an analysis. It can be used to reveal a wrong estimate of the actual mean
values and error bars on SME parameters, or it can be used to compare the
performance of different analysis schemes.

A typical test data set of type (i) has been generated from

~XY ~YZ ~ XY RYZ —92x 10—14

"ie— 7He— » o+ 0 "o+
~ XX ~YY ~XZ ~YZ __ —14
Rl — R K, Koy =1 x107,

As an example Figure D.1 shows the test data set obtained from the above
values which substitutes the four-day data set described in Section 6.2. The

179



D. Validation of the analysis on test data

Frequency [Hz]

1 8|76 ' 18I77 ' 1 8|78 | 18I79 | 1880
Time [days since 01/01/2000]

Figure D.1: Simulated Lorentz violation signal for the four-day data set
considered in Section 6.2. The actual variation with turntable rotation is not
resolved within this graph.
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B, [Hz]

1876 1877 1878 1879 1880 1876 1877 1878 1879 1880
Time [days since 01/01/2000] Time [days since 01/01/2000]

Figure D.2: Results of fit step 1 for the simulated Lorentz violation signal of
Figure D.1.

sinusoidal oscillation of the beat frequency at the turntable rotation period
is not resolved in the graph and merges into a black area. The envelope of
the peak amplitudes is modulated at once and twice the period of a sidereal
day. This modulation also becomes evident from the results of fit step 1 for
this test data set (Figure D.2)

In total, test data substitutes for all 27 measurement runs have been

generated and analyzed accordingly. Application of fit step 2 to these distri-
butions of B® and C'® gives the coefficients By, and Cj, shown in Figure D.3.
Note, that the scale of these graphs is about twofold increased in comparison
to Figure 6.8, while the test data values are about 10 — 50 times larger than
the limits deduced in Section 6.3.
The SME parameters extracted from the distributions of Figure D.3 in fit
step 3 are presented in Figure D.4 to the top. All schemes A, B and C for
step 2 reproduce the & values at an accuracy of < 1.5% deviation from the
test value. Fit errors are not stated for the pure test data sets, because in the
absence of measurement noise they do not provide any useful information.

Results on more realistic test data of type (ii), affected by measurement
noise and large frequency drift, are given in the bottom graph of Figure
D.4. The test values are recovered within reasonable error bars for schemes
A and B, i.e. deviations do not substantially exceed the 1o fit error for all
parameters apart from £ZZ. This parameter is associated to the coefficient
Cp which is affected by residual systematic effects that interfere with the
SME parameter test value. Application of scheme C results in deviations
from the test value, that exceed the 3o level (< 1% probability) for several
of the parameters. Following the results of scheme A and B we assume that
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D. Validation of the analysis on test data

these deviations are not caused by a real signal hidden in the superimposed
measurement data. Thus, we consider scheme C to produce less reliable
estimates as compared to schemes A and B.
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Figure D.3: Results of step 2 of the analysis, obtained from the simulated
Lorentz violation signal for the complete measurement.
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D. Validation of the analysis on test data
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Figure D.4: Top: Results obtained from application of the complete fitting
procedure to pure test data generated from a set of non vanishing SME
parameters. The parameter combination (k2™ — kYY) is denoted XXV
for brevity. All three schemes within fit step 2 reliably reproduce the test
values within an accuracy of ~ 1%. Bottom: Results obtained from realistic
test data superimposed with measurement noise and drift. Deviations for
fitting scheme C generally exceed the 1o level, while estimates produced by
schemes A and B are more accurate.
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Appendix E

Limits on electronic SME
parameters

Here, a derivation of independent limits on electronic and photonic SME pa-
rameters from combining the measurement results from this work with that
of Stanwix et al. is given.

The sensitivity of the present experimental configuration to Lorentz viola-
tion in the electronic sector has been described in Section 3.1.3 following
[MHS*03a]. The sensitivity of the experiment of Stanwix et al. remains to
be estimated. The effect of Lorentz violation in the electronic sector on the
frequency of a single whispering gallery resonator made from crystalline sap-
phire has been estimated in [Miil05], taking into account geometrical changes
as well as a change of the index of refraction of the monolithic whispering
gallery resonators. The fractional change of the frequency of the whispering
gallery mode in [Ml05] is modeled according to

5
= My B, (E.1)

v

where E} = E,, + E,,, — 2E,, and the sensitivity coefficient is

Mg = 3[_(:1)) - ;Mlii) + Bugl- (E.2)

Inserting the values for crystalline sapphire taken from [Miil05] we obtain
Mg = —2.25. (E.3)

Transformation from the SCCEF to the laboratory frame and taking the
difference signal of two orthogonal rotating whispering gallery resonators
gives the "electronic” signal coefficients of the Michelson-Morley experiment

185



E. Limits on electronic SME parameters

’ B;/C; ‘ parameter combination ‘
Co 5 sin? x[RZZ 4+ Mcs]
C_y | —cos (X/2)[( X = B) + Mg(exx — eyy)]
C 4 (cosy + 1) sin x[RXZ 4+ MygC(x 2)]
~ cos 1)
C~’+1 Ecosiﬁ—&—l C_
Clyo tan'(y/2)C
B 0
E~3_2 2 cost(x/2)[FEY + Myge (xY))
B_, —(cosx + 1) sin X[ Y2+ MygCiyz)
r (cos x—1)
l?“ (cos>>§+1)B*
B_|_2 — tan4(x/2)B_2

Table E.1: Amplitudes of a Lorentz violation signal from the Stanwix et
al. experiment, involving electronic parameters, however neglecting the k.
terms. x = 148.1° is the colatitude of Perth, Australia.

performed by Stanwix et al.. It turns out, that these can be combined with
the purely photonic ones of [TSST06] using

~1J ~1J
Ro” — K2 + Mgy,

! — sl
The signals neglecting the <, terms are given in Table E.1, stated in terms
of Fourier coefficients in accordance with the presentation of [TSS*06].

Again, only five of these equations are linearly independent, because the
same pair of electronic and photonic SME parameter is present within either
two of these amplitudes. Unfortunately, the measured values for each B, and
C are not stated in [SKE*03]. Only the final results for each SME parameter
assuming vanishing %, terms are given. Each of these parameters has been
determined from two expressions in principle, however, one finds that one of
these two coefficients exceeds the second by roughly a factor of ten. Thus, it
is possible to reconstruct the measured values v + Av of the five dominant
amplitudes among By, and C), from the values of SME parameters stated in
[SKE*03].

From the present experiment another five independent equations can be
obtained, restricting other combinations of electronic and photonic SME pa-
rameters as given in Table 3.1. This finally yields 10 independent equations
involving five k. and five ¢y ; terms. The three &, parameters are neglected,
which allows to derive independent limits on photonic and electronic parame-
ters from this equation system, assuming vanishing &, terms. The resulting
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’ amplitude ‘ 1J ‘ K1/ ‘ K ‘ v [x1071] ‘ Av [x10719] ‘

Co 77 0.21 | -0.31 44.1 119.7
Cq XZ |-027| 22 0.5 1.0
Cis XX-YY |-0.11 | 1.9 1.4 1.0
B, YZ |-027] 22 1.2 1.0
B XY [-0.23] -3.8 1.7 1.2

Co 77 0.14 | 0.28 1.7 5.5
Co XY | 041 | 24 2.1 1.3
o XX-YY | 02 | 1.2 1.9 1.2
By X7 0.3 | 1.8 - 0.1 1.1
Ba YZ | -03 | -1.8 0.1 1.6

Table E.2: The upper five amplitudes give the values v = Av /v for the five
dominant Fourier coefficients determined from the Stanwix et al. experiment.
The lower five amplitudes are those obtained from the present experiment.

equation system is given by
v = Kéle',gi -+ KCIJC[J, (E4)

where K7 and K/ are given in Table E.2 and v denotes the signal amplitude
Av/v. Solving this equation system for electron and photon parameters
finally yields the estimates presented in Table E.3.

187



E. Limits on electronic SME parameters

parameter \ value

Fot — R | 3.8%£5.0
i 125.7 4 329.2
RXY —12.0 £5.7
kX% ~1.0+£26
Ry —2.1434

Cxx — Cyy 1.0£3.7
C(XY) 1.24+45
C(x2) 0.1£+1.9
C(yz) 0.3£+2.0

cs 56.8 & 364.2

Table E.3: Limits on electronic and photonic SME parameters assuming
vanishing &, terms. All values are x 10716, (See Section 6.6 for a comparison

to previous results.)
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Appendix F

A new vacuum chamber

A new vacuum chamber is currently being fabricated, that will provide bet-
ter thermal isolation and thus improved long-term stability of the resonator
frequencies. The details of the design have been elaborated by A. Senger and
are described in [Sen06] in detail. A schematic drawing and a picture of the
outer chamber are shown in Figure F'.1.

The resonator pair is mounted inside an inner vacuum chamber (IVC), which
is pumped by a combination of a getter and a small bakeable ion pump (Var-
ian Inc., Vaclon Plus 21/s) to ultra-high vacuum < 107'°mbar. The res-
onator block is placed on a 5mm wide ring milled into a titanium disk. A
diameter of ~ 4 cm has been chosen to provide minimum static deformation
along the optical axis of the resonator according to a finite element simula-
tion (see Figure F.2).

The IVC enclosing the cavity block is kinematically mounted on three glass
spheres on the bottom of the first surrounding thermal shield. Kinematical
mounting is provided by supporting the glass spheres inside circular shaped
pits on the bottom of the first thermal shield and grooves on the bottom
of the IVC. This support provides both mechanical stability and thermal
isolation. In total, three layers of thermal shields are used. The inner two
of these are made from stainless steel, whereas the outermost is made from
copper. Each shield is kinematically mounted in a similar way as the IVC
on three glass spheres within the next surrounding shield. The outermost
copper shield, which is actively temperature-stabilized is 1 cm thick and con-
tributes a rather large heat capacity. At the resonator site inside the IVC
temperature stability is maintained passively only. It has been estimated to
be at the nK-level [Sen06] (with no laser light dissipated inside the system).
The most critical cause of heat transfer to the inside is thermal conduction
via electrical connections to the getter and ion pumps. Thus, all cables have
to be attached carefully to each successive thermal shield. Heat dissipation
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F. A new vacuum chamber

S )|

Figure F.1: Picture of the outside part of the new vacuum chamber and a
sketch of the inside design [Sen06]. The resonator block is placed inside an
inner vacuum chamber pumped by an ion pump on top and surrounded by
several thermal shields.

Min -2,65

Figure F.2: Resonator mounting on a titanium disk. To the right, the result
of a finite element analysis of the static resonator deformation is illustrated
graphically (largely exaggerated for display). The titanium ring diameter
has been chosen to yield minimum deformation along the optical axis.
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by the ion pump is estimated to contribute < 10uW at the final pressure of
< 10719 mbar.

The outer vacuum chamber is made from stainless steel and will be pumped
by an ion pump to a background pressure of < 10~ mbar, which is sufficient
to prevent heat transport between thermal shields by convection.
Preparation of the system for UHV will involve "baking out” the IVC and ac-
tivation of the getter pump at > 1000°C. During this process, the resonators
might be heated up to > 300°C, which they should endure without damage,
provided that the ramping of the temperature is done slowly (~ 100K/h).
After rough-pumping the chamber the ion pump can be activated and the
IVC can be enclosed inside the thermal shields and the outer vacuum cham-
ber. The thermal time constant of the complete setup under vacuum has
been calculated to be about one month. Thus, after assembly and before
pumping, it will be thermalized introducing helium into the outer chamber
as a contact gas.

Optical access from outside is provided through windows on four sides of
each shield. Furthermore, several electrical feedthroughs allow to read out
electrical signals, necessary for the active temperature stabilization. These
feedthroughs also enable detection of the light, reflected or transmitted by
the cavities, inside the chamber. This is considered necessary, in order to
minimize possible beam pointing instabilities.

Finally, the chamber also offers the possibility to send the light in via an
optical fiber, and to place most parts of the optics inside the outer vacuum
chamber. This might help to substantially reduce systematic effects caused
by temperature variations and parasitic etalons.
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