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“The concept of what we’re looking for is so important. The fact that the effect is tiny is just our
misfortune.”

- Rainer Weiss [1]
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The Einstein Telescope pathfinder (ETpf) is an R&D facility located at Maastricht University, dedi-
cated to exploring innovative techniques for the next generation of gravitational wave (GW) detectors.
The primary focus of this thesis is on optical simulations for ETpf, which play a crucial role in the
transition from the simulated phase to the experimental phase of the project. The main areas of
investigation are the longitudinal control of the interferometer and laser-induced noise sources. Ad-
ditionally, the thesis demonstrates the effect of introducing folding mirrors to the geometry, which
causes an asymmetry in the arms. Regarding interferometer control, proven techniques based on
frontal laser modulation are applied to control the arm cavities and the main degrees of freedom of
the interferometer. The achieved sensitivities show promise, although for optimal performance more
advanced systems would have to be implemented. This study further shows the need to effectively
suppress laser frequency and amplitude noise within the specified budget. The impact of various de-
sign parameters, including a Michelson offset, the Schnupp asymmetry and the presence of an etalon
in the input mirror, is investigated to assess their influence on noise levels. The effect of the asymme-
try in the arms is limited in both topics, indicating that the folding mirrors will not present issues for
the project. By delving into these areas, the aim is to contribute to the advancement of gravitational
wave detector technologies, particularly in the context of ETpf.
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Chapter 1

Overview

The field of gravitational wave (GW) astronomy has opened new horizons in mankind’s understanding
of the universe, allowing researchers to detect and study cosmic events with unprecedented precision
as well as make observations of the universe at its earliest stages. As the whole sector enters the era
of GW astronomy, the development of advanced technologies for the next generation of gravitational
wave detectors becomes crucial. The Einstein Telescope pathfinder (ETpf) is an R&D facility located
at Maastricht University dedicated to exploring innovative techniques and methodologies to enhance
the capabilities of future GW detectors. The project is purely focused on development rather than
making detections. This thesis is conducted within the framework of the ETpf project and aims
to address several key objectives related to simulations of the ETpf interferometer. The primary
goals are to investigate and optimise the longitudinal control of the interferometer and examine laser-
induced noise sources. By employing simulations using FINESSE, a powerful tool for modelling
interferometric systems, insights are gained into the performance and limitations of the ETpf design.

The next chapter of this thesis discusses the concepts and theory necessary to treat these topics in-
depth. A brief overview of GWs and their detection methods is provided. The focus is on gravitational
wave interferometers, which detect the passing of a wave by analysing the interference of the two
perpendicular laser beams. A detailed approach to the implementation of arm cavities is given, as
well as the theoretical background surrounding phase-modulation of the laser. Specifically, a frontal
modulation scheme is reviewed since it will be applied to control the arm cavities and the main degrees
of freedom of the interferometer. Furthermore, the ETpf experiment specifically will be introduced
as well as the technologies it will be researching in function of the Einstein Telescope (ET) and other
future observatories. The goals and strategies of the ET project are discussed. Moreover, the different
noise sources that provide a challenge for ET are examined as well as how they could be mitigated.
This provides context for the laser-related noise sources that will be examined in chapter four.

The third chapter delves into methods for the longitudinal control of the interferometer. The first part
is dedicated to the control of the arm cavities. Cavity control involves the attempt to tune the mirror
positions of a cavity to preserve its resonance condition, which ensures it sufficiently amplifies the
laser field inside the cavity. To this end, a fraction of the laser field is extracted and analysed to be
used as an error signal. This is where the modulation of the laser carrier proves useful, the signal
can be demodulated, and the resulting signal is highly sensitive to any deviations of the cavity mirror
position. Alternatively, this type of signal can instead be used to correct the laser frequency. The error
signal response to the resonance deviations is then analysed in function of a few design parameters
such as modulation index and mirror transmittance. Furthermore, the same ideas are applied to the
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whole interferometer, which has several degrees of freedom that need to be controlled. The resulting
system can be represented in a matrix equation coupling the degrees of freedom to the error signals.
Theoretical predictions of this matrix are provided which are then compared to the simulated results.
After that, the performance of the simulated system is reviewed, and a brief overview is given of more
advanced systems that might be used to achieve results comparable to other experiments like Virgo.

The fourth and final chapter presents an analysis of laser frequency- and amplitude-related noise.
These are inherent to any optical input system and should therefore be investigated to anticipate future
challenges. The influence of various design parameters on noise transfer is examined, including the
impact of a DC offset, Schnupp asymmetry and an etalon in the input mirror of the arm cavities.
The latter induces higher order effects that occur from the mirror no longer being an infinitesimally
thin surface, but rather allowing internal reflections like it would in reality. All these design choices
increase the transfer of laser noise to the output port, where the gravitational wave is being measured.
Moreover, the necessary gain factors required for effective noise suppression within the predefined
noise budget are predicted.
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Introduction

2.1 Gravitational waves

In the same way that a photon can be seen as a wave or perturbation in the electric and magnetic field,
a Gravitational Wave (GW) is a travelling perturbation in spacetime. The most important currently
known source of gravitational waves are large masses which orbit each other and eventually collide.
This is similar to the behaviour of orbiting electric charges, which will emit electromagnetic radiation
as a result of their orbit since they experience acceleration. In contrast, the effect of a GW is not
measured in any field but in the distortion of spacetime itself. More specifically, they do not perturb
positions of anything in spacetime itself but rather the relative distances between them. A typical wave
will periodically stretch and compress spacetime in the plane perpendicular to its motion, resulting
in periodically longer and shorter distances between points in spacetime. Stretching in one direction
corresponds to compressing in the perpendicular direction and vice versa. [2, chpt. 16]

The existence of gravitational waves had already been theoretically predicted soon after the devel-
opment of general relativity, but their direct detection has formed a large problem up until recent
years. This is very justifiable, as the effect of such waves is extremely small. For example, a ’stan-
dard’ gravitational signal would only change lengths by one part in 10%!, or the order of ﬁ of a
proton diameter in 3 kilometres [2, chpt. 1]. The dimensionless quantity indicating the amount of
length change is called the strain h, which is the amplitude of the gravitational wave producing the
effect. It appears in the spacetime metric after linearisation, causing lengths to be changed by a fac-

2AL
torvV1+h=x1+ %h Therefore h = < for L some spatial dimension. This last relation already

hints at the fact that a single body that is only subject to gravitational interactions, also called a test
particle, does not suffice to detect a gravitational wave. In the reference frame of one such particle,
it simply remains at rest while a wave passes. The effect only becomes noticeable when two or more
test particles are considered, as their relative distance will be influenced by the wave. It is important
to note that particles held together by other stronger forces would not see their relative distance being
changed in the same way. For example, a steel rod is held together by bonds which are many orders
stronger than the effect of a GW from a source far away. Such a rod could therefore be placed next to
two test particles and be used as a reference to verify that the distance between the test particles has
increased or decreased. [2, chpt. 16]

The first indirect evidence of the existence of GWs was found in the changing of pulsar frequencies,
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which dates back to 1984. GWs are emitted from pulsars orbiting each other, causing the system to
lose energy and increase its frequency over time. The loss of energy can be calculated from frequency
measurements and is attributed to the emission of GWs. This is also why pulsar timing arrays are used
for the measurement of GW's (mostly in the high frequency range). Today, they are also being directly
detected here on earth by interferometer-based gravitational detectors. This technology is currently in
what is called the second generation (2G) with the most important detectors being Advanced Virgo in
Italy, the two Advanced LIGO detectors in the US and KAGRA in Japan. The Einstein Telescope will
be part of the third generation (3G) of gravitational interferometers. It is currently under development
for the 2030’s. The demand for new detectors is not only driven by the search for higher sensitivities,
but also by the need for cross-validation. Only when the gravitational signal is measured at different
detectors at almost exactly the same time, other possible sources of signals can be excluded. Multiple
perspectives of the same wave can also provide more information on the distance and direction of the
source. In fact, the third generation is expected to make so many precise observations, they can be
used as an astronomical tool, much like an optical telescope. Of course, these types of detectors need
to have an incredible amount of precision to be statistically certain of the wave properties. [3] The
process by which this certainty is achieved will be discussed in the following chapters.

The ’easiest’ types of gravitational waves to detect are those originating from binary black holes
(BBH) and binary neutron stars (BNS). When orbiting each other, they continually send out GW.
These waves have twice the frequency of the orbit itself (typically detectable frequencies are 10 -
1000 Hz). As stated earlier however, spacetime is so rigid that this effect is barely noticeable at a
distance. The amplitude of the wave is inversely related to the distance from the object. However,
when the two masses come closer and closer and eventually collide, the resulting gravitational waves
will be significantly stronger before dying out after the collision. The frequency of the signal also
increases as the orbital frequency increases. This sudden increase in amplitude and frequency is
called the chirp (fig. 2.1), which is detectable on earth if the objects are massive enough and not too
far away. When the full merger and ringdown is captured in a GW-detector, the signal can be matched
to simulation results to deduce properties of the original two masses and the final created mass. [2,
chpt. 16]

At the time of writing, the sector is striving to enter the age of GW astronomy. The 2G detectors
are currently operational and making weekly detections. ET will improve this event-frequency drasti-
cally, to perhaps an hourly rate. Making frequent precise detections allows testing currently accepted
physical theories as well as selecting or rejecting proposed ones. This includes testing general rela-
tivity for the inspiral, merger and post-merger phase of a BBH. Furthermore, several dark matter and
dark energy proposals can be evaluated. With better precision across the line, ET can attempt to detect
stochastic backgrounds for GWs that trace back to the very early universe. These signals would date
back further than the cosmic microwave background and exhibit physics at extremely high energy
scales. The data ET would collect on GWs would allow researchers to study exciting new subjects
across many different branches of physics. In the end this all leads to a much-improved understanding
of the universe, and could allow promising new technologies to be developed. [4, Chpt. 1-2]
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FIGURE 2.1: Amplitude of gravitational waves during the merger of two black holes [3,
p. 346].

2.2 Interferometry for gravitational wave detection

To understand interferometers (ITFs) for GW detection, first the basic concepts of interferometry
must be discussed. The type that is used in most GW experiments is a Michelson interferometer. The
most basic layout is shown in figure 2.2. A laser beam is split into two perpendicular directions by the
beam splitter (BS) and both beams travel multiple km’s to a mirror at the end of a vacuum tunnel. The
mirrors in gravitational detectors are often called test masses (TM), the ones at the end of the arms are
called end mirrors (EM) or end test masses (ETM). After hitting the EMs, both beams return and get
combined, which will cause the two beams to interfere with each other. The resulting superposition
will then be measured by the photodetector (PD). [5, Chpt. 5] [6, chpt. 7]

The light wave can be characterised using the plane wave solution A(x) = Age’™ with k = a—” the
wavenumber, A the wavelength and A the initial (complex) amplitude of the field at x = 0. Here
only one dimension for the position is used which either represents the west-east axis or the south-
north axis. A beam passing through the BS will acquire some phase, which is set to ¢pg = 90° in the
simulations of this work. This results in a phase factor of €8s = i. The light hitting the north EM is

1 .
ANEM) = —Ae*v, 2.1)

V2
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FIGURE 2.2: Optical layout of a basic Michelson interferometer [5, Chpt. 5].

where any phase acquired before the BS is added to Ag. It is assumed the BS divides the intensity /
of the beam into two halves perfectly, meaning the reflected coefficient contains f s.t.

1 _ANEM)P 1 02
Iy |Ao
For the east EM the beam first passes through the BS, therefore adding the phase ¢ps. The field
becomes 9
BS . j ,

A(EEM) = %Aoe"‘LE - \%Aoe"‘LE. (2.3)
Before reaching the output port, the beam coming from the north travels through the arm in the other
direction, meaning the total phase from hitting the EM and coming back is 2ikLy. This beam also has
to pass through the BS, which adds ¢ as well. The beam coming from the east only reflects off the
BS. At the output port the two beams recombine and experience interference. The light-field at the
PD can then be expressed as the following superposition

1 e [1 : 1T .
A(PD) = Eel‘f’BS {ﬁAoez’kLN} + 7 [\%Aoez"‘ﬂ (2.4)
_ %AO <ei2kLN + eiz"LE) . 2.5)

The following definitions of common arm-length and arm-length difference are now used

L= Ly—+Lg (2.6)
AL=Ly—Lg, 2.7

so that
A(PD) = 2A ( k(LHAL) 4 k(L AL)) iAge L cos(KAL). 2.8)

The intensity measured by the PD is then

I(PD) = A(PD)A(PD)* = A3 cos?(kAL). (2.9)
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The signal is therefore periodic in the differential motion of the end mirrors and insensitive to any
common motion [5, Chpt. 5]. Often it is chosen to have a slight offset between the two arms, shifting
the zero point to the dark fringe, i.e. AL = AL' 4 7. This means the y-arm is set 90° back s.t. a round
trip adds a 180° phase. This ensures if AL’ = 0 the signal will be zero as well. This transforms the
signal equation to

I(PD) = A2 cos® (kAL + g) = AZsin?(kAL'). (2.10)

2.2.1 Measurement of a gravitational wave

Equation 2.10 shows the sensitivity to the detection of gravitational waves. As a wave passes the path
lengths and AL’ will change and this will alter the measured intensity /. Some formulas are taken
from [2, Chpt. 16] to clarify this point. Assume for simplicity a wave hits the ITF with amplitude A
and angular frequency  in the so-called ’+ polarisation’, which influences a ring of test particles like
illustrated in figure 2.3. It may also be assumed the GW arrives perpendicularly to the ITF, and that
the arms line up perfectly with the x- and y-axis. In this case the lengths between the BS and the EMs
change periodically following

% 1. 5Ly 1.
L —|—§hs1n(a)t), T —Ehsm(a)t). (2.11)

This immediately implies AL’ = hsin(®t), meaning the signal at the PD is
I(PD) = A(PD)A(PD)* = Ajsin? [khsin(wt)] ~ AZk*h? sin® (). (2.12)

The amplitude and frequency of this detected signal can now be retrieved to know what the GW looked
like. Qualitatively, what happens is that space is distorted and the length of the light’s path changes.
The time it takes to travel back and forth to the ETM will periodically increase and decrease, causing
a phase difference when reaching the BS. During the passing of the wave, the beams will therefore no
longer destructively interfere perfectly in the detector. Suddenly, some photons will be measured and
this is interpreted as the measurement of the GW. The duration and intensity of the signal is of course
strongly dependent on the source of the wave [7, chpt. 3].

This illustrates the importance of the mirrors behaving like test particles, for if the mirrors were not
free to move the path length of the light would not be changed. In that case, the GW would not be
measured. The TMs will generally be suspended and isolated from all other sources of force so only
gravitation applies. Only then can the GW be discerned. The amplitudes / are generally very small
and difficult to observe, thus all sources of noise should also be reduced as much of possible. The
situation becomes more complicated for different polarisations, angles of incidence and frequency
spectra, but these ideas form the foundation for this detection method. [2, Chpt. 16] [6, chpt. 7]

To enhance the previously mentioned interferometer, optical cavities (Fabry-Perot cavities) will be
used in the arms of the detector to increase the effective distance travelled. An example of such a
setup is shown in fig. 2.4. Light enters through a semi-reflective input test mass (ITM) and bounces
off the end test mass (ETM), which is nearly fully reflective. Upon returning to the ITM, a substantial
proportion will be reflected back into the arm. This happens repeatedly of course, and depending on
the reflectance of the ITM, the mean distance travelled by the light can be found. Since the mean
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FIGURE 2.3: Illustration of a GW with the + polarisation [2, Chpt. 16].

distance increases by a lot, the effect of the GW on the interference is also much larger, allowing for
an easier detection. [6, chpt. 7] Arm cavities are studied in more detail in section 2.2.2.

2.2.2 Optical arm cavities

Resonance

The mirrors that are used are semi-transparent and their reflectance R and transmittance 7T need to be
balanced. If one assumes mirrors without loss, R+ 7 = 1. In figure 2.4, the ITM and ETM form an
optical cavity for each arm. The distance between the mirrors is characterised by two lengths: the
macroscopic length L and a phase-angle ¢. The macroscopic length is approximately the distance
between the two mirrors, in case of ETpf this would be around 9.22m but for ET this will be in
the order of multiple km. This length is used for example for calculating the focal lengths of the
mirrors etc. The phase refers to the precise microscopic "tuning’ of the positions of the mirrors. @
corresponds to a difference in distance of the order of wavelengths. For example, 360° corresponds to
placing the mirror one wavelength further back. 180° would mean half of a wavelength, resulting in a
full wavelength difference when considering the round-trip path. If the total distance of the cavity is
exactly an integer multiple of the wavelength, it is in resonance. In the case of resonance, the cavity
amplifies the power of the signal significantly because a standing wave is formed that gets amplified
by the light entering the cavity [9]. The resonance effect is seen in figure 2.6, corresponding to PD;yc
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FIGURE 2.4: Simplified optical layout of a gravitational interferometer [8, Chpt. 7].

in figure 2.5.! The wavelength that is generally used in this work is A = 1550 nm, which is one of the
wavelengths used in ETpf.

laser

ml L m?2
‘ -

FIGURE 2.5: Schematic layout of one optical cavity [9].

I'The plots in section 2.2.2 have been made by adapting FINESSE code from GWoptics.



Chapter 2. Introduction 10

Power vs. microscopic cavity length change

Power [W]

0 100 200 300 400
Position of mirror m1 [deg]

FIGURE 2.6: Power in the cavity vs. ¢, showing resonance at 0°, 180° and 360°.

A measure of how precise this resonance peak is, is called the finesse of the cavity. Higher finesse
means narrower resonance, i.e. if the frequency is closer to the true resonance-frequency stronger
power-amplification will occur. Translated into the changing of mirror position, this means if the
round-trip length is very close to an integer number of wavelengths, the power-amplification can be
very high [7, Chpt. 11]. The finesse of a cavity can be calculated with the full spectral range (FSR)
and the full-width half maximum (FWHM) or the reflectances of the cavity using the equation from
[8, Chpt. 5]. The reflection coefficient r = V/R is introduced here as well

FSR T T,/
F— _ ~ VI 2.13)
FWHM 28.I'CSiIl (1—— \/R1R2> 1 —rin
2YRIR,

When all optical cavities in an interferometer are on resonance, the interferometer is called locked.

Transmittance matching

As the previous section implies, choosing the right values of transmittance and reflectance is very
important. For m1 and m?2 these are called 7'1, R1 and 72, R2 respectively. As stated before, since
the signal has to end up in the detector in the south of figure 2.4, mirrors at the end of the cavity will
need to have a large reflectance. The cavity therefore operates in the so-called over-coupled regime
T1 > T?2. To see what happens with the reflected and circulating power, an analysis of changing 7'1
can be made. [10]

For T2 = 0.2, the changing of 7'1 is simulated in figure 2.7. For T'1 = 0.2, the same situation is found
as in figure 2.6 for ¢ in resonance. When both transmittances are equal, the system is in impedance-
matched regime. One can see that in this case, no power seems to be reflected on the first mirror.
This is paradoxical since R1 = 0.8, which implies 80% of the incoming light already gets reflected
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back to the laser. The explanation can be found by checking the phase of the reflected and circulating
signal. Passing through a mirror results in a phase shift of 90° (in the convention of this programming
language). Assuming the cavity is in resonance, a round trip will add no net phase for any number
of cycles in the cavity. Light from the cavity that leaks out of the cavity (adding a phase shift of 90°
again) will therefore have a phase difference of 180° w.r.t. the directly reflected light. The laser is set
to have a power of 1 W, which is why at 71 = 0.2 the directly reflected light will have an amplitude of
0.8 W. The light in the cavity reaches 5 W due to the amplification effect. Imagine now the 5 W beam
bouncing at m2 and returning (4 W left). Of this resulting beam, 4 W -0.2 = 0.8 W will also go into
the detector for reflected light, but with a phase difference of 180°. This is why, due to interference,
the total reflected light will have a net power of 0 W. Having no light for interference measurements
is not practical of course, which is why an over-coupled regime is chosen. In this case, the power of
the circulating light will be slightly lower but there will also be slightly less directly reflected light.
The circulating light *wins’ and the net observed light will have the phase difference of 180° w.r.t. the
light that was sent in. Most importantly though, this light will have travelled a much larger distance
than the directly reflected light and will be highly sensitive to gravitational waves.

Power vs. T1, R2 = 0.8

—— Reflected
—— Circulating

Power [W]

0.0 0.2 0.4 0.6 0.8 1.0
T1

FIGURE 2.7: Power reflected/circulating in the cavity vs. T'1.

The amount of light coming back from the cavity can be calculated through the effective reflection
coefficient of the cavity. The formula adapted from [8, Chpt. 2] is

rEMtle
exp(—2i(p) — I'IMTEM ’
o rimMm —Yem exp(2i¢))
- 1-— FIMVYEM exp(2i¢) ’

re(@) =riy —

(2.14)
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Here ¢ refers to the microscopic tuning of the cavity end mirror. For an impedance-matched cavity
with reflection coefficient  on resonance one can see that

rEMtYy _ r(1—r?) _,
exp(—2i¢) —VIMYEM 1—}’2
= r.(0) =0,

as was also shown above.

After having discussed this theory, it is interesting to see which values were actually picked in the
ETpf simulations. The values used are 71 ~ 0.003 and T2 ~ 6.4 x 10~ ~ 0. Both mirrors also have
some loss Ly = L, = 5 x 107> that is included as R+ T + L = 1. The finesse of such a cavity is
F =~ 2020. These values generate a very large power amplification effect inside the cavities. This
means the de facto laser power is much higher than the initial laser output and thus decreasing the
shot-noise in the results (see sec. 2.5.1). The light travels, on average, a much higher distance than a
single round-trip.

2.2.3 Phase modulation and demodulation

Modulation

A representation of signal modulation can be seen in figure 2.8. In this work exclusively phase-
modulation will be used, where a time-dependent phase is added to the carrier signal of the laser. The
derivation below is based on the one found in [5, Chpt. 3]. Only the time-dependent part of the light
field is considered, which reads

A(t) = Apexp (iwpt), (2.15)

with @y the carrier angular frequency. After phase modulation this becomes
A(r) = Apexp (i(wor +mcos(Q))), (2.16)

where m is the modulation index and () the modulation frequency. The standard modulation index
that is used in this work is 0.1. After modulation the wave will not only contain its carrier frequency
(for ETpf fo = % ~ 200 THz) but also various sidebands starting at f, + % and getting weaker with
every higher order of (). This can be seen by expanding the second part of the expression above using
the identity

(o)

exp(izcos@) = Y i"Ju(z)exp(ing), (2.17)

n——oo
where J, refers to the Bessel functions of the first kind. Therefore eq. 2.16 becomes

oo

A(r) = Agexp (iwpt) Y, i"Ju(m)exp(inQ) (2.18)

n=-—o0

— A0 Y "u(m) exp (i(eo + nQ)r). (2.19)

n——oo
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FIGURE 2.8: (a) Phase-modulated sine wave, (b) amplitude-modulated sine wave [8,
Chpt. 3] .

For small m the values of the Bessel functions will become smaller for higher orders of n. This means
the sum will converge and an approximation for small n can be made. There holds

Tm) = ()" y ﬂ - l (%) +0(m?), (2.20)

and
Jn(m) = (=1)"Tu(m). (2.21)

Writing out eq. 2.19 up to m? results in

2
A(r) = Agexp(iwyt) [1 - n% - zexp(lﬂt) + lexp(—th)

2 2
—exp(ZiQI)% —exp(—ziﬂt)’%} (2.22)

m2 m2
= Agexp(iopt) {1 -t imcos(Qt) — Tcos(ZQI)} : (2.23)

This shows the amplitude of the carrier has decreased by — ’"72 and sidebands have appeared at @y £ ()
and @y £ 20). Of course even higher orders are present in progressively smaller amplitudes, as repre-
sented in fig. 2.9. This is highly useful since the interferometer is resonant for the carrier frequency
but not necessarily for the sidebands, which will therefore have different behaviour. This provides
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more information on for example mirror positions in the interferometer [8, Chpt. 3]. For ETpf several
useful modulation frequencies have been determined in previous work. A determining factor is that
the frequency should be as far as possible from resonances of higher order modes of the carrier signal.
This is illustrated in fig. 2.10. The resulting frequencies are f| = % = 12.319743 MHz ~ 12.3 MHz
and secondarily f> ~ 6.13 MHz. These correspond to wavelengths of 24.4m and 48.9 m. Unless ex-
plicitly stated only the first modulation frequency is used. These are sufficiently far from resonances
of the cavity for them to be considered anti-resonant. The result is that the sidebands are reflected by
the cavity with no amplification. [11]

carrier
CA
_Lower sidebands _Upper sidebands
SB-1 SB1
SB-2 SB2
SB-3 | | SB3
0)0[—3Q wo— 20 wo—Q Wo o+ Q oo+ 2Q 0)0-10-39

FIGURE 2.9: Illustration of carrier and sidebands. @y is the carrier angular frequency,
Q) is the sideband angular frequency [12].

The Schnupp modulation scheme

At this point it is useful to see how modulation would be implemented at ETpf (and similar exper-
iments). The technique used is called Schnupp or frontal modulation, which was developed by dr.
Lise Schnupp as a new scheme to allow the modulated signal to reach the output port. In general,
since the wavelength of the modulation is orders of magnitude bigger than the carrier wavelength, the
modulation will not be sensitive to the microscopic tuning of the end mirrors. In fact, the sidebands
are basically reflected by the cavity due to being anti-resonant. This means if Michelson arm-lengths?
are equal, no modulation will reach the output port. To solve this, an asymmetry AL = 10 cm is
added between the BS and the EMX (relative to the y-arm). Microscopically the tuning is still set at a
multiple of the carrier wavelength, meaning the same interference conditions hold for the carrier. The
sidebands can now however reach the output port since they will no longer completely destructively
interfere. [8, Chpt. 8]

The exact proportion of light that reaches the output port is calculated in [13, Chpt. 1.3] and also in
chapter 3. This calculation is done for an ITF without arm cavities. The result for the first sideband

2The Michelson arms are defined from the BS to the IM, therefore excluding the arm cavities.
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FIGURE 2.10: Higher-order mode scan of the arm cavities to identify modulation fre-
quency candidates of the interferometer [11].

frequency is shown here for reference, with ¢ the phase difference of the two arms.

QAL QAL
[ o< —2Jo(m)J; (m) sin ( ) sin(¢) ~ —msin ( > sin(9) (2.24)
c c
QAL
~ —msin <—> Q. (2.25)
c
For f; = 12.3 MHz and AL = 10 cm the following value is found
. L
Megf = msin ~ 0.02578 - m. (2.26)

c

This means 2.6% of the input modulated light power reaches the output port. This is only a small
fraction, but it significantly differs from zero. Therefore, when the ITF deviates from the dark fringe
now also the sidebands will show up at the output port, which can then be used to control the ITF or
be used as an optical beat for measuring a GW. The validity of eq. 2.24 is confirmed by a FINESSE
simulation of the ITF without arm cavities, the result is shown in fig. 2.11. More information about
FINESSE can be found in section 2.6. The theoretical linear approximation is also plotted for com-
parison. The portion of modulated light reaching the output port could be increased by increasing
the Schnupp asymmetry. This would however also increase the amount of noise in the signal at that
port which will be discussed in more detail in chapter 4. An optimal length could be found through
balancing these two effects, but 10 cm is a good (although maybe temporary) value that is in the same
order of magnitude as used in similar experiments.
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1e—3 Sideband signal at the output port
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FIGURE 2.11: Simulated sideband signal at the output port for a Schnupp asymmetry
of AL = 10 and modulation index of m = 0.1. The linear approximation of eq. 2.25 is
also shown. This plot is made without DC offset (see sec. 2.4).

Demodulation

As stated earlier, when travelling through the interferometer the amplitudes of the different frequency
components will evolve separately. The one corresponding to the carrier for example will be amplified
by the arm cavities. However, the interferometer is set to the dark fringe only for the carrier. The
specific way in which this is done is discussed later. Sidebands will therefore ”leak” through to the
dark port, allowing them to be measured there. This provides a tool to monitor mirror positions for
example. In this section the extraction of sideband information will be discussed, based on [13, Chpt.
1.4]. At the output ports all amplitudes will have a different amplitude than right after modulation, so
the light field can be represented by

A(t) = exp(ioot) [ag + a exp(iQ) +a_exp(—iQ)]. (2.27)

Here only frequency components up to first order in m are shown, but the treatment can be expanded
for higher orders. The goal is however to show that even for expansion until the first order, a signal
with a frequency of 2() will still be measured. The measured signal will be proportional to the square
of the field amplitude, i.e.

Te<|A(r)?
= |ao|® + |as|* + |a_|* + (aod’. + afa_) exp(—iQ) + (aja + apa* ) exp (i)
+aya’ exp(2i) +a’ya_exp(—2iQ). (2.28)

So notably a signal at double the modulation frequency is present when only performing the calcula-
tion up to the first order of m.

Now it is of interest to see how the information contained in these amplitudes can be extracted. In
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simulations this is as simple as defining a photodetector with a demodulation frequency and phase,
which will return the amplitude of the photocurrent at that frequency. The mathematical description
of this is based on [5, Chpt. 4]. The given frequency w; and phase ¢, define a local oscillator
cos( @yt + ¢4) that is multiplied with the signal at the detector. Starting with a field amplitude of

N .
=Y i, (2.29)
i=0
the signal becomes proportional to
S():E-E*—ZZaa*’“’l 2 (2.30)
i=0j=

After multiplication with the local oscillator this becomes

1/ . »
Sl —E.Ef = Z Z al * z (w— 12 (ez(wdt+¢d) de z(a)dt+¢d)> . (231)

i=0j=
Now the DC component of this new signal is measured. This filters out the elements of the sum where

W, — 0; = T wy,.

1

Si.pc = 3 Z aiaje_i")d—i— Z aja?‘ei‘Pd (2.32)
(i.j)€A (i.j)€A
withA = {(i,j) |i,j € {0,....N} Aoy — 0; = o }
_ ¥ S {aae ) 0.33)
ijEA

Depending on ¢, two different (orthogonal) measurements can be made to extract all information in
the a,-a; terms. The in-phase measurement theoretically has ¢; = 0 and the quadrature-phase mea-
surement uses ¢; = /2. In simulation/measurement the phases are rather arbitrary, and therefore the
in-phase component is often defined at the phase with the strongest signal. This is further discussed
in the chapter on longitudinal control (chpt. 3). The quadrature-phase is always the ’in-phase’ phase
plus 90°.

2.3 Einstein telescope

ETpathfinder is designed as a test-bench for the Einstein Telescope and other future detectors. The
goal is to keep updating the pathfinder so that it is always performing experiments for the next gen-
eration of detectors. As stated earlier, the current detectors are in the second generation. ETpf will
perform tests for the third generation, in which ET will be a significant contributor. Before discussing
the specifics of the ETpf project, the goals of ET should therefore be outlined instead. That way it
will be clear what direction the GW-field is headed and why ETpf was brought to life.

ET is designed to have at least two interferometers, of which one is optimised for low-frequency
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signals (LF) and one for high-frequencies (HF). There might be three of these couples implemented
to be overlapping in the novel triangular shape shown in figure 2.12. There is however not yet a
complete consensus on the final shape, as the different interferometers might end up being built at
separate locations. The major ways ET will differ from and improve upon previous detectors are
listed below and are based on [4, Chpt. 6], [14, Chpt. 1] and [8, Chpt. 6].

* Firstly, cryogenic temperatures will be implemented for the most important TMs. This tech-
nology is already being applied by KAGRA and will be tested for ET at ETpf. Cooling the
mirrors reduces thermal effects such as thermal lensing that occurs due to the laser heating
the TM. This forms an important source of noise in the LF regime, which ET will attempt to
mitigate.

* Furthermore, the mirrors will be made of a new material, namely silicon as opposed to fused
silica (AdV & ALigo) or sapphire (KAGRA). Fused silica is unfortunately not suitable for use at
very low temperatures, as its mechanical quality drops significantly. Sapphire is less abundant
and harder to polish than silicon, making it slightly less attractive for ET. The transition to
silicon will involve many changes in aspects such as polishing and coating as well as differences
for the mechanical implementation. The LF detector will run at 10-20 K using silicon TMs,
while the HF detector will operate at room temperature with fused silica.

* This new material has different optical properties and requires the use of longer wavelengths
to reduce absorption in the mirror material. ETpf will perform experiments for wavelengths of
1550 nm and 2 pum as opposed to the 1064 nm of 2G. This also implies some changes for all
other optical components of the detector such as the laser itself, photodetectors, modulators etc.

* A final noteworthy area of improvement for 3G is that of quantum noise (QN) mitigation, see
sec. 2.5.1 for an explanation. ETpf will experiment with advanced quantum noise reduction
techniques to maximally improve the system’s precision. These could then also be utilised for
ET at a later stage.

The question of why these improvements are necessary arises since 2G detectors are currently op-
erational and making weekly detections. Rather than only making frequent detections, ET aims to
serve the function of an observatory as the whole sector enters the age of GW astronomy. The signals
and their sources should be reconstructed with a much higher precision to reach the scientific goals
that were mentioned in section 2.1. This requires higher sensitivity and signal-to-noise ratios (SNR).
Attempts could be made to improve the currently existing infrastructures. This would however ne-
cessitate a complete overhaul as well as long downtimes. All the while improvements are constrained
by the pre-existing conditions of the infrastructure. This makes the idea of a new site a lot more
attractive. [4, Chpt. 1]

ET aspires to make in the order of 10°-10° BBH coalescence observations per year, up to a redshift
distance of z ~ 20, and even higher for some mass-combinations. This includes some of the time-
period before star formation, which allows for detection of primordial BHs. For comparison, 2G
detectors might soon reach a distance of z >~ 1. Not only in distance, but also a wider region in
mass will become explorable. ET will be able to ’see’ the lightest and heaviest of BHs. Similar
improvements will apply to BNS detections, increasing the detection rate to 6 x 10* per year up to
z~2—3. The high-frequency precision of ET will allow detection of the merger phase of BNS that is
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FIGURE 2.12: General overview of the ET layout, with 3 detectors forming a equilateral
triangle of 10 km length. Bottom left is a sketch that shows that each detector consists
of two interferometers, one optimised for LF and one for HF [15, Chpt. 1].

currently not visible. The observatory further aims to detect new sources such as supernovae collapse
or continuous GW from isolated pulsars. [4, Chpt. 1-2]

2.4 The Einstein Telescope pathfinder and its layout

It is clear that a lot of modern technologies will be implemented at ET. Hence there is a very good
motivation for building the Einstein Telescope pathfinder (ETpf) as an R&D facility to acquire the
experience necessary before applying them at the large scale. ETpf is based at Maastricht University
and focuses on studying these new methods to prepare for future GW detectors. The project is only
dedicated to development rather than actually detecting gravitational waves.

The optical layout of ETpf will differ slightly from other detectors. It is shown in figure 2.13, real-life
pictures can be found in chpt. B. Since ETpf will not be large enough to make any GW detections, the
two beams that are formed by the BS will be sent into the same arm. This simplifies the situation and
allows measurements to be made with less towers operational. The two beams will also share some
of the optics, thus lowering the total cost and allowing for the other arm to perform an independent
experiment with different optics, temperatures and wavelength. The wavelengths used are 1550 nm
(~ 200 THz) and 2 um (~ 150 THz) and both have their challenges and advantages. In this work
only the 1550 nm beam is discussed, although most concepts and simulations could easily be applied
to the other beam as well. Two beams of the same wavelength will still be referred to as the x- and
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y-beam or -arm even though they are travelling parallel to each other in the same physical arm. [14,
Chpt. 6]

ETMs
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FIGURE 2.13: Layout of the first phase of ETpf. The blue beam represents 1550 nm
and the red beam 2 um [14, Chpt. 2].

ETpf will feature input mode cleaners (IMC) for each beam, which can filter unwanted modes and
help stabilise the laser frequency. Output mode cleaners (OMC) will have a similar function for
filtering the outgoing signal. The positions of the OMC mirrors are locked to the laser frequency
instead of the other way around. Currently there is no power- or signal recycling stage planned. [14,
Chpt. 7]

Folding mirrors (FMs) or steering mirrors are used to aim the beam right before entering the cavity
and will be slightly transmissive so the light that passes through can be used for control of the cavity.
In figure 2.13 they can be found between the beamsplitter and ITMs. Their transmittance is expected
to be around 7" = 0.005 or 0.5%. The y-beam of each arm can be steered using only one FM. The
x-beam however will have two such mirrors, creating an asymmetry between the two arms. This is
more clear in figure 2.14. The influence of this difference will be discussed in later chapters.

In figure 2.14 the beam comes in from the left. There it passes through the electro-optic modulator
(EOM) where the signal becomes modulated. The next important component is the beamsplitter
which divides the beam in two equal parts. As stated earlier, the interferometer is operated on the dark
fringe. When all mirrors are in their resting position the beams destructively interfere at the output
port, which is the southern side in fig. 2.14. The output port is also referred to as the asymmetric port,
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FIGURE 2.14: Control scheme and sensor setup for one ETpf beam. All photodiodes
in dark blue are for DC monitoring only, while those in light blue are demodulated [14,
Chpt. 7] .

or by the name of its node in the FINESSE simulations: 'nout’. For simplicity the simulations will
neither contain all optics at the output port, nor an OMC. Any detectors will simply be placed some
distance from the BS without any other preceding reflections. The input port of the BS is also called
the reflected port and goes by the name 'nBSin’. The interferometer is operated at a slight offset
from the dark fringe for practical reasons that are treated in sec. 3.2.6. This means the BS is moved
by 2.114° towards the x-arm. This so-called DC offset or Michelson offset allows a base amount of
carrier light to reach the detector at the operating point. The amount of light should still be kept low,
as high-efficiency and low-noise photodiodes can often not detect large photocurrents. It is important
to note this offset influences all signals and sidebands. This contrasts with the Schnupp asymmetry,
treated in section 2.2.3. A path length of 10 cm is added between the BS and the ITMX, causing an
asymmetry relative to the y-arm. [8, Chpt. 8] [14, Chpt. 7]

Going north from the BS, the light reaches the folding mirror and enters the cavity. The light returning
from the cavity hits the same FM and a fraction of it passes through to reach a control sensor behind
the FM. This sensor is named "YARM_REFL’ in the figure and ’pd_FMAy’ at node 'nFMAyOut’ in
FINESSE. A similar simulated sensor '’pd_FMXx’ is placed behind the FM closest to ITMX in node
'nFMAxOut2’. [14, Chpt. 7]

2.5 Noise budgets

Several mentions have already been made about reducing noise for more precise detections. This
allows an increase in signal-to-noise ratio SNR which is of the highest importance when making
observations with high confidence. This section will go into detail about the different kinds of relevant
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noises and how to interpret noise budget curves such as the ones shown in fig. 2.15 and 2.16. The
first displays the projected noise budgets for the two ET ITFs, the second shows the noise budget for

ETpf.

Strain [1/VHz]

Strain [1/VHz]

FIGURE 2.15: Projected noise budget for the low-frequency (top) and high-frequency
(bottom) interferometer of ET. The total noise is based on a quadratic sum of all noise
sources due to them being statistically independent [4, Chpt. 1].
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2.5.1 Low frequency noise sources
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The most relevant sources of noise in the LF regime are seismic noise, gravity gradients and quantum
noise. As stated earlier the LF interferometer has less problems with thermal effects due to the very
low temperature it is operated at.
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FIGURE 2.16: Projected noise budget for ETpf operating with a 1550 nm carrier wave-
length at 18 K [16, Chpt. 3].

Seismic noise

Seismic noise refers to noise stemming from movements and vibrations of the Earth around the de-
tector. Such vibrations include fast-changing antropogenic sources as well as the hour-long period of
the Earth’s tide motion. ET draws inspiration from the passive stabilisation techniques implemented
at Virgo. The process by which mode-frequencies of the mirror suspension are intentionally kept very
low is called attenuation. The most important optics will be suspended using a six-stage pendulum
system termed the Superattenuator (see fig. 2.17). These pendula aim to dampen any movements
and vibrations. This pendulum chain itself hangs from an inverted pendulum at the top, upon which
actuators can actively correct for movements. By doing so, the TMs act very close to a test particle
whose motion is only influenced by a passing GW. Similar attenuators will be implemented at ETpf
as well, which will be hosted in the towers shown for example in figure B.2. [16, Chpt. 3] [4, Chpt.
1, 6]

Newtonian noise

Gravity gradients originating from direct gravitational interactions between the surrounding soil and
the mirrors also provide a source of noise. These gradients are not always constant; a dominant
contribution is caused by seismic movements of the Earth mentioned in the previous paragraph. This
effect can however not be isolated from the mirrors since it is a direct interaction between mirror and
soil. ET attempts to mitigate its influence by constructing the observatory 200-300 m underground,
in a geographical region where less seismic motion is present and the soil is relatively homogeneous.
This also reduces antropogenic seismic noise. The two candidate regions that fit the requirements are
located in the Euregio Meuse-Rhine and in Sardinia. [16, Chpt. 3] [4, Chpt. 1, 7]
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FIGURE 2.17: Schematic view of a Virgo Superattenuator, similar to the ones proposed
for ET [4, Chpt. 1].

Quantum noise

Quantum noise can be understood as a result of the Heisenberg uncertainty principle associated with
the amplitude and phase of the light field. Since they are an observable conjugate pair, their uncer-
tainties can be minimised but will never become zero. What is left after minimisation is called the
vacuum noise. There are two types of quantum noise: shot-noise and radiation pressure noise. One
can not minimise both at the same time. The former is most important in the HF regime and will be
discussed in the next subsection. The latter is explained here.

Radiation pressure noise arises from increased laser power, which applies radiation pressure onto
the mirrors. Quantum fluctuations in the laser amplitude cause movement of the mirrors, which
results in a phase fluctuation of the laser light. The effect is strongest at lower frequencies. This
noise is carried all the way to the output port. To decrease the noise smaller fluctuations of light
amplitude are necessary, which will unfortunately correspond to bigger phase fluctuations. This can
be achieved using a type of squeezed light, which are light states with correlations between the phase
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and amplitude. A state is first prepared with lower phase fluctuations, which is then sent through a
filter cavity. After this it possesses the desired property of minimal amplitude fluctuations and higher
phase uncertainty. Amplitude fluctuations are also decreased by using heavier TMs. [8, Chpt. 6] [16,
Chpt. 3] [4, Chpt. 1]

2.5.2 High frequency noise sources

For the HF regime the most relevant noise sources include shot-noise, but also thermal noise which
entails noise from the suspension and from the mirrors/coatings itself. [4, Chpt. 6]

Thermal noise

Suspension thermal noise can either come from mechanical losses on the surface of the suspension,
losses at the attachment with the TM or thermoelastic noise from statistical temperature fluctuations.
The first two are caused by the Brownian motion of the particles at the surface. This motion undergoes
internal or molecular friction, which introduces losses, causing kinetic energy to be converted to heat.
Localised heat sources cause thermal lensing effects for the laser hitting the mirror that therefore
introduce noise. These thermal noise sources are well studied in other GW detectors and can be
mitigated sufficiently for ET. For the LF detector suspension thermal noise is reduced significantly by
the cryogenic cooling and the use of silicon. [4, Chpt. 6] [17, Chpt. 2]

Coating thermal noise can arise from the Brownian motion of the coating material or from thermoe-
lastic effects. One way of reducing coating noise is by increasing the size of the optics and therefore
the laser spot size, thus reducing the thermal gradient within the mirror and also the relative effect
of the Brownian motion in the coating. Fused silica is known to have very low mirror thermal noise,
which is why it’s chosen for the HF detector. In general, the coating of a mirror needs to have low
mechanical loss and thickness. Since a lot of progress has been made in almost all aspects of coatings,
it is expected that for most frequencies quantum noise will form the dominant challenge. ETpf will
be experimenting with coatings for silicon that haven’t been researched as much as those for fused
silica. [4, Chpt. 6]

Quantum noise

Shot-noise is associated with the statistical nature of the release of electrons in a photodetector. This
is non-deterministic and the number of captured photons will always have some spread, which is seen
as noise in the results. Its effect is most dominant in the HF regime. The sensitivity w.r.t. shot-noise
improves with the square root of the cavity power, and is thus mitigated by using cavities with higher
finesse. Shot-noise can also be reduced by applying squeezed-light techniques. To reduce shot-noise,
states are chosen with lower phase fluctuations at the cost of higher amplitude fluctuations. [8, Chpt.
6] [16, Chpt. 3] [4, Chpt. 1]
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Shot-noise is thus dominant in the HF regime, while radiation pressure noise is dominant for LF.
This is a big argument for the separate LF and HF interferometers. The LF interferometer runs
at cryogenic temperatures with low arm cavity power (~ 18 kW) and will use squeezed light for
minimal amplitude fluctuations and thus minimal radiation pressure noise. The HF interferometer
however runs at much higher power (~ 3 MW) to reduce phase fluctuations and thus shot-noise. As
stated earlier ETpf will already test systems to reduce either type as much as possible. In theory, by
combining the results from the two interferometers a much wider frequency spectrum is optimised
for quantum noise, allowing for more precise measurement, see fig. 2.18. [4, Chpt. 1] [14, Chpt. 1]
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FIGURE 2.18: Quantum noise budget for LF and HF interferometers, as well as the
combined results for ET [4, Chpt. 1].

2.6 The FINESSE simulation software

Finally, before any results can be treated a brief introduction to the FINESSE software should be
provided. FINESSE was used for all simulated results in this thesis. More specifically, the Python
interface PyKat was utilised. The information in this section has been adapted from [18]. FINESSE
allows the user to specify the geometry of an interferometer consisting of specific components. In this
work the following are implemented:

* Lasers, with power, wavelength and shape of the beam set by the user;
* free spaces, with chosen index of refraction;

* mirrors and beam splitters, defined with values of R, T and L and optionally a radius of curvature
(ROCO);

* modulators to apply modulation to the carrier laser;

» power-/photodetectors (PDs) with an option for defining a demodulation frequency and phase.
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Every component occupies one or more nodes of which some of the names were already mentioned
in sec. 2.4. The program computes the light field amplitudes at all nodes and can run iterative
simulations where one or more parameters will be changed. Such a parameter is then often displayed
on the x-axis of a plot. The user decides either to only consider the plane-wave laser mode or consider
Hermite-Gauss modes, which includes higher orders. The former is a lot faster, however sometimes a
realistic result is only found when using the latter. The highest order under consideration is indicated
by the value of 'maxtem’. Unless stated otherwise, this work uses plane-wave calculations. The
reason for this is not limited to reducing computation time, but also that ETpf will deploy an IMC and
OMC. These are currently not present in the simulated geometry as they are still under development.
Simulating without higher orders is therefore relatively close to the real experiment.

FINESSE uses an initial geometry specified in a file called ’ifo.kat’, which contains an interfer-
ometer layout featuring the most important components of ETpf with the correct dimensions and
parameters. Part of the work performed for this thesis was updating this file to include folding
mirrors for both arms. The file ’ifo.yaml’ goes into more detail about coatings, mirror materi-
als, noise sources, temperatures and much more. The version used in this thesis was updated on
2022-05-13. A GitHub repository containing all scripts used in this thesis is found at https:
//gitlab.nikhef.nl/etpathfinder/simulations.
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Chapter 3

Longitudinal control of the interferometer

3.1 Control of the arm cavities

Before the whole interferometer reaches its locked state, the individual arm cavities can be locked first.
This will be done using the Pound-Drever-Hall (PDH) technique. According to the technical design
report [14, chpt. 7.3], the interferometer will feature at least one photo-detector behind the folding
mirror in the y-arm which will be called ’pd_FMAy’ in this work. Folding mirrors (FMs) or steering
mirrors are used to aim the beam right before entering the cavity and will be slightly transmissive so
the light that passes through can be used for control of the cavity. Their transmittance is expected to
be around 0.005 or 0.5%. The x-arm will have two such mirrors, creating an asymmetric situation.
One can imagine a similar setup in the x-arm, where ’pd_FMAX’ is chosen to be located behind the
steering mirror closest to the cavity. Locking the y-cavity was already achieved by prof. dr. Hans
Van Haevermaet, and in this work the same method is applied to the x-cavity. It is also valuable to
compare the effect of having two FMs in one arm vs only one FM, which is what will be done in the
following sections.

3.1.1 The PDH technique

The PDH technique uses a modulated signal to detect if the mirrors of the cavity move from their
locked position. Ideally an error signal is found where the measured amount of light increases linearly
when the mirror moves in one direction and decreases when it moves in another direction. In that case
depending on the changes in the amount of light it is immediately clear how to correct the position(s)
of the mirror(s). In general, error signals will not be perfectly linear. Optical gain is defined as
the derivative of the error signal at the point of zero-displacement. One can often linearise the signal
around the zero-point, and the higher the derivative the stronger the reaction of the chosen error signal
to any deviation from zero. In other words, a higher optical gain allows the deviation from zero to
be determined with higher accuracy [8, Chpt. 8]. The region of linearity for an arm cavity in ETpf is
approximately [12, Chpt. 3]

A
AL < -~ 2x 1079 ~ 0.045°, (3.1)
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where F is the finesse of the cavity. In the case of the arm cavities the error signal is the detected
signal behind the FM after demodulation with frequency f; ~ 12.3 MHz. To achieve the clearest
possible signal, first the optimal demodulation phase is determined. This is simply done by looping
over all phases and choosing the phase with the highest optical gain for each detector. From this point
on this is done for every detector with every signal. An example of finding the optimal demodulation
phase ¢,,; can be seen in figure 3.1. The signal demodulated at this optimal phase will be referred to
as the in-phase (I) measurement (even though it is not really in phase with the modulator). One can
define a so-called second quadrature (Q) by demodulating at a phase ¢,,; + 90°, which produces an
orthogonal signal. Keep in mind that these phases depend on the exact positioning of the modulator,
photo-detectors and the lengths of cables, making them relatively arbitrary. This is why the optimal
demodulation phase is chosen as the in-phase quadrature. [12]

Optical gain i.f.o. demodulation phase

0.010 A

—  0.005 -

S

g

S, 0.000 A

[

§ —— EMAy at FMY
~0.005 1 ---- EMAx at FMX

—0.010 A

0 20 40 60 80 100 120 140 160 180
Demodulation phase [ °]

FIGURE 3.1: Finding the optimal demodulation phase, which turned out to be ¢, =
8.28° and ¢, = 3.6°.

The shape of the simulated error signal for the y-arm cavity is shown in figure 3.2. A signal with
this characteristic shape is also called the PDH signal. This error signal is ideal for controlling
the cavity length since it has a sharply peaked derivative in the zero-point. The optical gain is
1.02554 x 1072 W/°. Figure 3.3 shows the same result zoomed in around zero. The error signal
is approximately linear for [AL| < 0.025°.

In figure 3.4, the PDH signal for the x-arm is shown. The only difference with the y-arm is the addi-
tion of an extra folding mirror and a slightly different optimal demodulation phase. The optical gain
is 1.02042 x 1072 W /°, which is about 0.5% lower than the result for y. This is exactly equal to the
amount of light lost at the second x-arm folding mirror FM since its transmittance is 7 = 0.005. This
simple relation between the two arms is later confirmed by simulation in figure 3.6.

3.1.2 Dependence on transmission coefficient

It is worth looking further at the influence of the transmission coefficient of the FM on the optical
gain and related quantities. Intuitively it is clear that higher transmission will result in higher optical
gains, but also lower power in the cavity. The consequences of this are shown more quantitatively
in the following plots. Each time the comparison is made between the x- and y-arm. As always the
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Error signal abs. vs. EMAy ¢ at nFMAyOut, f = 12.3MHz Error signal diff. vs. EMAy ¢ at nFMAyOut, f = 12.3MHz
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FIGURE 3.2: PDH signal of the y-arm cavity.
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FIGURE 3.3: Zoom of the PDH signal of the y-arm cavity

x-arm has two FMs while the y-arm only has one. Some of the plots will be made with a logarithmic
x-axis. This is done because the transmittance of the FM is not definitive yet, and it is therefore of
interest to consider multiple orders of magnitude.

Fig. 3.5 shows that using two FMs only results in a significant difference once the transmittance
becomes high. The value Tz = 0.005 = 5 x 1073 is indicated by the grey dotted line. The scaling
hides this, but the y-gain increases linearly with the transmittance, while the x-gain has two FMs and
therefore scales with 7 (1 —T'). This because the first x-folding mirror only reflects a fraction 1 — T of
the light. The cavity lets the light circulate for some time until it leaks back out, back to the FM. The
optical gain is then linearly related to the amount of light coming the cavity. This becomes evident

when considering the ratio between the x- and y-optical gains behaves as T(IT_ L T, which is
clear from figure 3.6.

In the explanation above it was expected the amount of light inside the cavity is linearly related to
the amount of light entering it. Fig. 3.7 shows this with a logarithmic axis, and 3.8 shows that the
fraction of x-cavity power versus y-cavity power follows 1 — T again. The asymmetry therefore only
has a significant effect on the circulating power for high values of T'.
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Error signal abs. vs. EMAx ¢ at nFMAxOut2, f= 12.3MHz Error signal diff. vs. EMAx ¢ at nFMAxOut2, f=12.3MHz
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FIGURE 3.4: PDH signal x-arm

Quantum shot-noise (qshot noise) is the simplest type of noise to consider in simulation since it can be
approximated by white noise around the modulation frequency of 12.3 MHz. This means its spectrum
is flat and the noise can therefore be characterised by its average amplitude. At the detection port,
the noise increases with the square root of the incoming power [19, Chpt. 2]. This means again that
for the lower values of the logarithmic axis, no significant difference between one or two FMs is
present. This is shown in fig. 3.9. In this plot both AC and DC noise are considered. DC noise is the
directly measured response to a quantum shot-noise inserted into the simulation, so no demodulation
is performed. AC refers to noise present in the modulated signal (after demodulation), which is
generally slightly lower.

An important quantity to consider is the relative ratio between AC shot-noise and optical gain. This
corresponds to the sensitivity of the detector, which is found as
- w
] B Noise [ \/E}
VHz]  Optical gain [ 1]

Sensitivity [ 3.2)

From the trends discussed earlier, the sensitivity in the y-arm is expected to be proportional to VI

T
1 _ . . . T(1-T) - 1 e .
NG The x-arm will have a proportionality to ~77—~ -1 — i1 To calculate the sensitivity, the

optical gain is first converted to the right units using

, . [W] 2-360°-Optical gain [W/°]
Optical —| = . 33
ptical gain [m} A[m] (3.3)
Here the conversion factor for degrees to meters is 2-360°/A. It contains the factor 2 since the
degrees under consideration are those of the mirror positioning, while the meters refer to path lengths
of the light. Any degree of mirror position change results in two degrees of path length change since
the light travels back and forth to the mirror.

Fig. 3.10 shows that sensitivity improves as expected when the FMs become more transmissive. The

.
I-T*

when designing the FMs to find a balance between making them more transmissive to achieve higher

x- and y-arms do not differ significantly, their fraction would follow It is therefore important



Chapter 3. Longitudinal control of the interferometer

sensitivity, while also not increasing the asymmetry between the arms too much. Increasing FM
transmittance also has the downside of decreasing the cavity power, therefore lowering the precision

of the ITE.

In conclusion the values for 7 = 0.005 are shown in table 3.1. The differences for one vs. two FMs
are very small. Most importantly, the cavity power and sensitivity remain very similar. This shows the
asymmetry introduced by the FMs will not cause any significant challenges for ETpf and the cavity

control.
Quantity Value y-arm Value x-arm Percentage
change [%]
Optical gain | 1.02554 x 1072 W/° | 1.02042 x 107> W/° | —0.5%
Cavity power 587.1'W 5842 W —0.5%
. —11 _W —11 _W
AC shot-no%se 1.645 x 10 ) \/\? 1.640 x 10 ) \/\5@ —0.3%
DC shot-noise | 2.323 x 10 . Vi 2.317 %10 . Wi —0.3%
e 18 Vm 18 Vm
Sensitivity 3.452 %10 N 3.460 x 10 Wi +0.2%
TABLE 3.1: Summary of important values in this section for FM transmittance T =
0.005 and modulation index m = 0.1.
Optical gain i.f.o. transmittance
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FIGURE 3.5: Optical gain as a function of FM transmittance
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FIGURE 3.6: Optical gain of the x-arm divided by the optical gain of the y-arm. It is
given by a percentage as a function of FM transmittance.
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FIGURE 3.7: Relative circulating power as a function of FM transmittance
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FIGURE 3.8: Circulating power of the x-arm divided by the power in the y-arm. It is
given by a percentage as a function of FM transmittance
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FIGURE 3.9: Quantum shot noise as a function of FM transmittance
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Sensitivity i.f.o. transmittance
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FIGURE 3.10: Noise sensitivity as a function of FM transmittance

3.1.3 Dependence on modulation index

A similar set of simulations has been done for the modulation index. As this value increases, a
smaller portion of the light will be present in the carrier. This causes lower power in the cavities,
but the sidebands and thus the optical gain will increase in size. The transmission of the FMs is set
at 7 = 0.005. Previously a value of mg = 0.1 has been used, this value is indicated by the dotted
grey line. In the plots below it is clear that mg is sufficiently large to have high optical gain without
removing too much power from the cavities. Fig. 3.11 and 3.12 show that increasing m above 0.1
would not result in significantly more gain, while it would drastically reduce cavity power. In fig. 3.13
the shot-noise is shown to increase with m. This increase is only very small for DC noise while AC
noise is affected slightly more. Fig. 3.14 shows increasing m further would not significantly improve
the sensitivity. The sensitivity reached for m = 0.1 is already very good, given that ETpf aims for an
output sensitivity of 1 X 10_18% in its first phase [14, Chpt. 6]. A cavity is only one component of
the ITF and therefore does not have to be as sensitive as the output detection. The sensitivity attained
using the PDH technique with these parameters is therefore promising. It is also again clear that the
asymmetry in the two arms does not pose a problem for cavity control. It should be reiterated that
shot-noise is not the only source of noise that would be present in experiment. This is therefore a
simplified representation.

The values at m = 0.1 can again be referenced in table 3.1. Table 3.2 shows all combinations of T
and m for comparison. It shows the cavity power losses stemming from m and T are acceptable.
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Quantity T=0&m=0

T=0&m=0.1

Cavity power x-arm
Cavity power y-arm
AC shot-noise x-arm

AC shot-noise y-arm
DC shot-noise x-arm

DC shot-noise y-arm

593.1W
593.1W

~ N~~~

590.1 W
590.1 W

~ O~~~

590.0 W
1.638 x 10~

1.642 x 1011
2316 x 101!
2322 x 10!

w

g

TABLE 3.2: Summary of important values in this section comparing different combina-
tions of FM transmittance and modulation index.

Optical gain i.f.0. mod. index
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FIGURE 3.11: Optical gain as a function of modulation index
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Relative tuned cavity power i.f.0. mod. index
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FIGURE 3.12: Relative circulating power as a function of modulation index. These are

relative to the initial value for x and y. In general, the x-arm will have slightly lower
power than the y-arm because of the two FMs.
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FIGURE 3.13: Quantum shot noise as a function of modulation index
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Sensitivity i.f.0. mod. index
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FIGURE 3.14: Noise sensitivity as a function of modulation index

3.2 Control of the combined ITF

All concepts discussed in the previous section can of course be expanded to other longitudinal degrees
of freedom (DOFs). The three degrees of freedom that are studied in this work are DARM, CARM
and MICH. Their definitions are based on those in [8, Chpt. 8]:

* DARM: Differential arm length, DARM = L, — L,. The definitions of these lengths can be
seen in fig. 3.15. DARM is the length difference of the two arm cavities of the interferometer.
In general, differential effects are expected to be measured at the output port. This is because
differential motions generate sidebands that experience maximal constructive interference at
the output port. The same is true for gravitational waves themselves.

¢ CARM: Common-mode arm length, CARM = L, + L,. This is the sum of the arm cavity
lengths. Deviations in CARM can indicate the cavities have moved away from resonance.

e MICH: Michelson arm length difference, MICH = [, —[,. This reflects the difference the
difference in length of the short arms of the ITF. These run from the BS to the ITMs and do not
include the arm cavities. Keeping MICH under control guarantees the destructive interference
condition of the carrier at the output port.

All three DOFs will be used w.r.t. their operating point: if the ITF is locked it means that DARM =
CARM = MICH = 0. Any deviations from this point are measured in degrees of the microscopic
tuning ¢ of the mirrors involved. A pure DARM motion is generated by moving the ETMs with
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FIGURE 3.15: Schematic illustration of an ITF with all relevant lengths indicated. Also

shown are how the carrier, control sidebands and signal sidebands propagate. [, and

[y are less relevant for ETpf since power- and signal-recycling will (initially) not be
implemented [8, App. B].

opposite phase i.e. one is moved away from the ITM and the other is moved towards the ITM. CARM
motion involves moving both ETMs in the same direction. In fact, altering the frequency of the laser
is similar to a common motion of the end mirrors since they both affect the resonance condition in
the cavities. One can either set the frequency to match the length of the cavity or vice versa. This
means the CARM DOF is also sensitive to changes of the laser frequency. To create MICH movement
the same is done as for DARM, but now the ITMs perform the same motion as the ETM. The cavity
length therefore stays constant, while only the short arms of the ITF undergo a length change. The
result is similar to an ITF without arm cavities, since the whole cavities can be treated as a mirror that
lets some light through and ’reflects’ the rest.

For each degree of freedom, an error signal is defined to control that DOF. This will be a measured
amount of light at a specific port, with a specific demodulation frequency and phase. Ideally, for
example, when DARM deviates from zero, more or less light is measured, indicating that this degree
of freedom needs to be corrected. It is important to note that one signal may be sensitive to multiple
DOFs, this is the topic of section 3.2.1 and the following. Optical gain is again defined as the deriva-
tive of the error signal measured at the zero point of the degree of freedom. Based on [12], some
promising measurement locations and phases were selected. The frequency is taken to be the same as
for the cavity control: 12.3 MHz.
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Ports There are two obvious locations to measure a signal. Firstly, at the output port, also known
as the asymmetric (ASY) port because the measurement is taken on the side with destructive inter-
ference. This is also where the gravitational wave is measured. Based on theory, it is expected that
differential signals such as DARM and MICH couple more strongly to this port. This can be seen in
the very simple case considered in eq. 2.9 for example. Secondly, one can also measure at the input
port, the symmetric side. The light coming back from the BS in the direction of the laser is measured,
which is why it’s also called the reflected (REF) port. Here, more effects are expected to be observed
that are common in both arms, like with the CARM degree of freedom.

Phases/Quadratures On one hand, one can measure in phase with the modulation, denoted as I.
Theoretically this means ¢; = 0°. The other possibility is a measurement with a phase difference
of 90°, denoted as Q. This latter signal is orthogonal to the former. Most often both these signals
are extracted at one detection port and together they hold the full information on the response to
changes in the DOF. In practice, these phases are not used exactly as stated above but rather defined
at some advantageous value. Conventionally the phase is selected in a manner that allows the CARM
(common) effects to appear in the [-phase, while the DARM and MICH (differential) effects are
visible in the Q-phase. This phase is found by generating a motion in the chosen DOF and maximising
the optical gain in the chosen error signal.

3.2.1 Introduction to the optical sensing matrix

When expanding the control to multiple degrees of freedom, the system becomes more complex. In
the case of the cavity length, the response to changes in the error signal is relatively clear: the length
of the cavity needs to be adjusted proportionally to the deviation from zero. When considering the
full interferometer, multiple DOFs are present and they become coupled with each other. One signal
at a certain demodulation frequency could be influenced by multiple DOFs at the same time. It is
not immediately clear what action should be taken as a response to a change. In more mathematical
terms, the problem actually becomes a matrix equation that takes into account each DOFs relative
contribution to an error signal.

The matrix M can be set up for the four most obvious error signals in the ITF. These are the demodu-
lated signals at the reflected and asymmetric port, both in-phase and at Q-phase. The convention and
information surrounding the matrix was based on [20, Chpt. 4].

Mz - §demod

Mcrr  Mprr  Mpri CARM REF 1

e |Mcre Muro Moro| |y | — |REF O (3.4)
Mcar  Mpyar  Mpay DARM ASY I
Mcap Mpap Mpagp ASY QO

The names of the matrix elements reflect the initials of the DOF, the port and the phase in that order.
For example, the MICH response measured at the asymetric port at I-phase is My;4;. The phases
used are tuned specifically so that common effects (such as CARM) are measured at I-phase and
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differential effects (DARM & MICH) are seen at Q-phase. In simulation this is done the same way as
it was done for the arm cavities. For example, at the REF port this involves determining the CARM
gain of a signal for phases between [0, 180] and then defining the modulation phase of that detector
where the CARM gain is maximal. The asymmetric port has maximal DARM gain at Q-phase. The
implementation is similar to how this might be done in a real experiment: for CARM the end mirrors
are shaken in phase with each other, the signal is measured and the derivative at zero-displacement is
found. The phase ¢; with the highest derivative (optical gain) is then the optimal one. Conversely at
¢o = ¢r +90° the CARM gain is approximately zero. For the ASY port it is very similar except @g
is now optimised for DARM.

Before the actual values in the matrix are discussed, the normalisation of the elements is first shown.
Without this, the elements of the matrix are gains measured in W /° or W/m. These depend on a
lot of parameters in the ITF that make them difficult to compare to other experiments. The matrix
elements can be normalised in a way that is outlined in [21]. In essence each row is divided by the
Euclidean (i.e. quadratic) norm of that row. This means the new elements of the normalised matrix
M’ are

M, = Mij

ij .
Y Mg
\/ k=123

It would be very valuable to have theoretical predictions for these matrix elements. To find these,
it is necessary to know the amplitude of the sidebands at the REF and ASY ports. From these the
amplitude of the demodulated signal can be found. Eq. 2.32 and also eq. 2.28 show the relevant
demodulated amplitude will be equal to S = ApA™ + A Aj. The values of these A’s can be found as
in [12, Chpt. 3] for both the REF and ASY port. This involves treating the whole ITF system as a
single compound mirror. The laser hits this “mirror’ and some portion is reflected back to the REF
port while the rest passes through to the ASY port. The reflection coefficient can be built similarly to
how it was done for eq. 2.8.

(3.5)

First of all, the BS has rgg = tgg = @ For an input light field A;,;, the amount reaching the x- and

y-cavity is

Ay,in = igAinei%/z,

where it is assumed the paths to and from the cavity are lossless. This calculation therefore neglects
the FMs, which is reasonable since their effect was shown to be very limited in the previous section.
¢, and ¢, would be the phase accumulated from going to the cavity and back to the BS. Ay has also
gained the phase-factor i after passing through the BS. The tuning of the cavities are written as @,
and @, therefore the light fields coming back to the BS are

V2

Ax,out = TAinei(Px Te ((Dx) 5

V2
Ay,oul = —ZTAmelqjyrc(q)y).
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Here r. refers to the cavity reflection coefficient shown in eq. 2.14. A, ,,; contains a minus sign since
the I'TF is tuned to the dark fringe. That means the y-arm cavity is set 90° back s.t. a round trip adds a
180° phase. The field at the ASY port is now the part of A, ,,; that passes through the BS interfering
with the part of A, ,,,, that bounces off it. The opposite is true for the REF port.

1 . .
AREF = EAin <€l¢xrc(q)x) +€l¢y”6(q>y)> )

1 - .
Apsy = EAin (lel(pxrc(q’x) - ’el(P"rc(q)y)) .

The reflection and transmission coefficients of the compound mirror are then easily found as

A | ;
rcom(q)x’ (I)y’ Ox, ¢y) = ZREF _ (el(pxrc(q)x) —J’_el%rc(q)y)) >

Ain 2
A 1/, ;
teom (P, Py, P, 9) = isz =3 (elq)xrc(cbx) _ ez%rc(@y)) .
m

The following redefinitions can be used to simplify these expressions

1
P (@0 ®y) = 3 (re(®) +7e(@y)), (3.6)

1
Pf(q)x’q)y) = 5 (”c(q)x) - ’”c(q)y)) > (3.7)
O+ = ¢+ ¢y, (3.8)
¢— = ¢x — ¢y (3.9)

The reflection and transmission coefficients become

Feom(Ps Py, O §y) = €972 (py cos(¢—/2) +ip_sin(9_/2)), (3.10)
teom (P, Py, P, 9y) = e+/2 (p—cos(¢—/2) +ipsin(¢-/2)). (3.11)

The global phase of ¢'9+/2 can be chosen equal to 1 since any observable quantities will always
contain an equal amount of regular and conjugated versions of r and #. For example, the measured
carrier power behind a mirror is proportional to 7 -* = [t|>. The global phase factor can therefore just
as well be dropped. This means the final expressions become

Teom(Px, Py, Oy, §y) = (p+ cos(¢—/2) +ip_sin(¢9-/2)), (3.12)
tcom(q)x’q)y"f’xa‘l)y) = (p-cos(¢-/2) +ip4sin(¢-/2)). (3.13)

Now the difference for carrier and sideband should be analysed. Quantities referring to carrier and
sideband will be denoted with the subscript 0 and 1 or —1 respectively. Note that the arms will be
resonant for the carrier in the locked state. This means ®, will be a multiple of half the wavelength,
s.t. a round trip in the carrier results in an integer number of wavelengths. In equation form

L Loy

O, o=4n—-=2——=0 mod27. (3.14)
A c
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This ensures the resonance condition. The sidebands should however be close to anti-resonant in the
cavities. The frequency is in fact chosen based on this condition. This means

L +0 LO
L) _ L (3.15)

Dy =2
c c

The last equivalence is only approximate since the modulation frequency is not chosen exactly at
the anti-resonant frequency but rather at a frequency that is not significantly amplified while still far
away from higher order resonances. This is shown in fig. 2.10, the exact anti-resonance is found at
f = £zr = 8.13 MHz. The actual angle in eq. 3.15 is written as y = @ There holds @ = Dyt 7,
which can be generalised to higher orders.

The MICH tunings ¢ were introduced slightly differently: ¢, and ¢, are already round-trip phases
in the small arms. The dark-fringe condition of 180° was already excluded from this definition. The
Michelson offset introduced in sec. 2.4 should not be forgotten. This offset is ¢p; = 2.114, meaning
the BS is misplaced by this angle. In round-trips, the effect is in fact double. This means the following
composition is valid

O =20 +A¢_, (3.16)
¢ =A¢y.

Here A¢_ and A¢ are possible fluctuations of the differential and common phase respectively. The
phase ¢ is the same for the carrier and the sidebands. The result for ¢_ however will differ for the
carrier and the sidebands. Since the wavelength of the sidebands is slightly shorter or longer than the
carrier, the Michelson offset would have a slightly different value. Despite that, since () << @y, the
difference is negligible. Another difference is introduced by the Schnupp asymmetry /_ which only
affects the sidebands. They acquire at least a phase

w£Q) L0 (3.17)
C C

l_
Ap_ 11 =2 (

Here the condition 2/_wy =0 mod 27 was applied. The angle 3 is defined as f = % Finally, the
relation between ¢_ for sideband and carrier can be identified as being

O +1=0_ox2p. (3.18)

For a Schnupp asymmetry of 10 cm and a modulation angular frequency of () = 27 - 12.3 MHz the
angle 3 equals 1.477°.

3.2.2 Demodulated signal at the REF port

As a first step the fields at the reflected port are analysed. The easiest fields are the sidebands. Their
fields are determined by using 3.12. Since the sidebands are anti-resonant in the arms, this implies
that

riM+ TEM
rc,il(q’x/y) ~ T rren ~ 1. (3.19)



Chapter 3. Longitudinal control of the interferometer 44

This means p_ 1 =0=p__jand p;; =1 = p; _1. Now in general, the reflected field is propor-
tional to the input field Ej;,, the reflection coefficient of the compound mirror r¢y, + and the fraction
of power in the sideband (found using the Bessel functions as in 2.18). In mathematical terms

AREF,+ :Jl(m)Enrcoer —Jl(m) (¢ —H/Z) (3.20)
ARer,— = J (m)Emrcom,f =—Ji (m) inC (¢—,—1/2)~ (3.21)

In [12, Appendix C] a transmission coefficient 7, is also added to denote how much light actually
reaches the detector. This would consider the transmittances of all mirrors along the path from the BS
to the detector, but in simulation there are none and f,.y = 1. Applying eq. 3.18 gives

ARgF + = Ji(m)Eincos(¢—0/2+ ), (3.22)
AREF,,_—Jl(m) ((Z) ()/2 ﬁ) (323)

For the carrier the coefficients p o and p_ ( are not trivial and they depend on the DOF being con-
sidered. The calculation can be done while keeping the p’s as variables. They will be filled in later
depending on the DOF under consideration. The following shorter notation is used: pi := p4 o,
p—:=p_0,Jo:=Jo(m), Jy :=J1(m) and E := Ej,.

Aggr0 = JoE [p+cos(¢-/2) +ip—sin(¢-/2)] (3.24)
The amplitude of the demodulated signal is now found in eq. 2.28 and can be expanded using

cos(a+ ) = cos(a)cos(B) Fsin(a)sin(f), (3.25)
sin(oe + ) = sin(@) cos(B) £ sin(ex) cos(B). (3.26)

Finally, the calculation for the demodulated signal Sggr becomes
SREF = AREF 0AREF.— +AREF +AREF 0 (3.27)

= JoJ1|[E[*{=[p+cos(¢—/2) +ip_sin(¢_/2)]cos (¢ /2—B)
+ [P’ cos(9—/2) —ip* sin(¢_/2)]cos (¢9—/2+B)} (3.28)

= JoJ1|E* {cos(9—/2) [cos(¢—/2) cos(B) (—p4 + p7) + sin(¢—/2)sin(B)(—p+ — p})]
+sin(9_/2) [cos(9—/2) cos(B) (—ip— —ip*) + sin(9_/2)sin(B)(—ip— +ip")]} (3.29)

= Jo|E|*{—2iS (p4 ) cos(§_/2)*cos(B) — 2R (p+) cos (¢ /2)s1n(¢ /2)sin(B)
—2iR(p-)sin(¢_/2)cos(¢—/2)cos(B) +23 (p_)sin(¢_/2)*sin(B)} (3.30)

The result becomes more manageable once values for the p’s are found. As stated earlier the distinc-
tion between DOFs has to be made. For ease of use the equation for r. is repeated here.

r'imMm —TEM exp(2i¢)
1— FIMYEM exp(2iq>)

re(9) = (3.31)
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DARM For a DARM movement the phases of the x and y cavity change in opposite directions.
The DOF is defined as A®_P, — ®,, which is shortened in this calculation to A®_ = ¢. The p
coefficients can be calculated using @, = ¢ /2 and ®, = —¢ /2. A small angle approximation is
applied, meaning the calculation is only done to first order. This means that exp(i¢) = 1+ i¢. The
results will only hold for small deviations from the locked state. Finally the constant r, = r.(0) is

defined and the approximation F' = ]_”7:4 7y from 2.13 will be used.
1
p-=3 (re(9/2) —re(—9/2))
1 ( riv —remexp(i9)  riy —rgmexp(—ig) )
2 1—r1MrEMexp(i¢) l—rIMrEMeXp(—i(P)
1
)

( riM —TEM —TEMI®  riM —TEM + rEMIQ >
L —ripgrem — rimremi® 1 —riyrem + riuremi@
- 1 (Z(FIM — rEM)rIMrEMi(p — 2(rEM — rIMr]%M)igb)

- 2 (1 — r]MI’EM)Z
rem(riy —1)i9
(1 —rmvrem)?

_rem(rme — 1) (rig + 1)1

B (1 —rimrem)?

To make this expression slightly nicer, the approximations rEM(rIM — 1) ~riy—remyandrpy+1~x2

can be made.
. re
I —rivrem

F F
~2ire—¢@ = 2ir.—AD_
T T

p+ 1s found in a similar way.

(re(9/2) +re(—9/2))

( FIM — TEM — TEMI( "M —TEm + rEMIQ )
L —rigrem — rimremi® 1 —riurem + rimremi
2(rig —rem) (1 —rvrem) \

< (1 —rmrem)? ) —le

P+ =

Q

W= N = =

Since r. < 1 and % ~ 635, p4+ ~ 0 is used to make the equations shorter. In the end only the optical
gain will be considered, which is a derivative with respect to AD_, so p; as a constant will not
contribute. The summary of the coefficients for DARM is:
F
P~ ZZErCAq)_ (3.32)
pyr~0 (3.33)
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To fill in eq. 3.30, also ¢_ is needed. For a DARM movement ¢_ stays constant and it will equal
twice the Michelson offset: ¢_ = 2¢@),. The demodulated signal becomes

Srer = Joh) |E|? (42”ch)— Sin(¢M)ZSin(B)) : (3.34)

With no DC offset this becomes identically zero, no DARM effect would be measured at the REF
port. In the non-zero offset case a small DARM signal will be measured with a real amplitude. Since
it is a differential DOF, the convention would be to have it in the Q-component, meaning a phase
factor of i should be added to this result. This factor then also has to be applied to all other results at
the REF port. The gain is the derivative w.r.t. the DOF A®_

F )
Mpro = 4J0.11|E|2Erc sin(¢yr)% sin(B) (3.35)
= —7.440458 x 1075 W /°. (3.36)

The numerical value was found using the values in table A.1.

CARM For a CARM movement the angle under consideration is A® = O, + P, = ¢ and the
coefficients can be calculated using @, = ¢ /2 and ®, = ¢ /2. The calculation again only needs to
be done to first order.

P =5 (r(9/2) = ri(9/2))
=0

p+ 1s found in a similar way as the coefficients for DARM.

pi =5 (re(9/2) +1e972)) = re(6/2)

FIM — TEM — TEMI{
T = rimrEM — FIMTEMI
e — ey —remi][1 — rivrem + rivremi)]
- (1 —rimrem)?
[rive — rem) (1 — rivirem] — remi® [l — rivres] + [riv — rem|rivremi @
(1 —rmrem)?
— 1+ riprem + iy — rIMTEM

- rC + l¢rEM (1 . I’[MI’EM)Z
, —1+r7y
- rC + l(prEM (1 . I"]M}"EM)Z

(—1 +r1M)(1 —|—I’1M)
(1 —rmrem)?

=r.+iQrpy
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The approximations rgy (—1 4 rpy) & —rgy + riy and 14 rpy & 2 can be made again to arrive at

2
1 —rivrem)

. F F
T — Zld)rCE =rc(1 —21EA<I>+).
The summary of the coefficients for CARM is
p-=0,
F
Pt ~re(l —ZiEACI)+).

The demodulated signal in eq. 3.30 becomes

Sger = JoJ1 |E|? <4i%rcA<I>+ cos(pr)? cos(B) — 2r.cos(y) sin(@y) sin(B)) : (3.37)

With no DC offset the imaginary component becomes maximal. To find the matrix element, a phase
factor of i should again be added to this result. The gain is the derivative w.r.t. the DOF A®
o F 2
Mcp; = —4JoJ1|E| ETCCOS(fl)M) cos(B) (3.38)
=2.114381 W/°. (3.39)

The numerical value was found using the values in table A.1.

MICH In the case of MICH movements, ®,, stays constant. This means p_ =0 and p = rc.
What will change however is A¢_ in eq. 3.16. This was zero in the case of DARM and CARM. Here
it is exactly the MICH DOF. In the calculation it will be shortened to A¢_ = ¢, which is considered
up to the first order. This means cos(¢) ~ 1 and sin(¢) ~ ¢. The demodulated signal becomes

Srer = JoJ1|E|? [=2rccos(u + 0 /2) sin(¢p + ¢ /2) sin(B)] (3.40)
= —2JoJ1|E|*r.sin(B) [cos(¢r) cos( /2) —sin(ps) sin(¢ /2)] - (3.41)
[sin(nr) cos(¢/2) + cos(Par) sin(¢ /2)] (3.42)

~ —2JoJ1|E|*resin(B) [cos(¢ur) — sin(dpr) 0 /2] - (3.43)
[sin(@pr) + cos(Pur) 9 /2] (3.44)

= —2JoJ1|E*rcsin(B) [cos(gur) sin(dur) + (cos(gw)* —sin(¢m)?) ¢/2] (3.45)

= —2JoJ1|E|*resin(B) [cos(dar) sin(dps) +cos(2m ) /2] . (3.46)

The optical gain and matrix element now becomes

Myro = —2JoJ1|E|* cos(2¢) sin(B) (3.47)
— 4317419 x 107°W /° (3.48)
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With this the theoretical values for the first two rows of the sensing matrix are known. Now the same
treatment will be done for the asymmetric port to complete the matrix.

3.2.3 Demodulated signal at the ASY port

The sideband fields are now determined by using 3.13. The transmitted field is also proportional to the
input field E;,, the transmission coefficient of the compound mirror 7., + and the fraction of power
in the sideband (found using the Bessel functions as in 2.18). In mathematical terms:

Apsy + = J1(m)Eipteom,+ = iJ1(m)Ejzsin(¢— _1/2), (3.49)
AASY,— =J_ (m)Eintcom,, = —iJ; (m)Em sin(q)_,_l /2) (3.50)

The factor 45y is again omitted. Applying eq. 3.18 gives

AREF,+ = i.]] (m)Em sin(¢>_,0/2 + ﬁ), (35 1)
AREF,— = —iJ1 (m)Em sin(¢,,0/2 — ﬁ) (352)

For the carrier the coefficients p := p o and po := p_  are not trivial and they depend on the DOF
being considered. The calculation can again be done without specifying the values of the p’s.

Apsy.0 = JoE [p_cos(9_/2) +ips sin(¢_/2)] (3.53)
The demodulated signal becomes

Sasy = Aasy 0Aasy. +Aasy, +Ausyo (3.54)

= JoJ1|[E[*{i[p—cos(¢_/2) +ip, sin(¢_/2)]sin(¢_/2— B)
+i[p* cos(¢_/2) —ip* sin(¢_/2)]sin(¢_/2+B)} (3.55)

= JoJ1[E[* {cos(9-/2) [sin(9- /2) cos(B) (ip— +ip") + cos(¢-/2)sin(B)(~ip- +ip")]
+sin(¢-/2) [sin(¢- /2) cos(B) (—p+ + p}) + cos(¢-/2)sin(B) (p+ + p%)] } (3.56)

= JoJ1|E[* {2iR(p_) cos(¢_ /2)sin(¢_/2)cos(B) +23(p_)cos(¢_/2)*sin(B)
—2i3(py ) sin(¢_/2)*cos(B) +2R(py ) sin(¢_/2)cos(¢_/2)sin(B)} (3.57)

The p’s are the same as in the case of the reflected port, the results are repeated below and applied to
eq. 3.57.
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DARM
F
P~ 21ErCA<1>, (3.58)
pr =0 (3.59)
This leads to a signal of
2, F 2.
Sasy = JoJ1|E| 4ErcA<I>_ cos(y )~ sin(B) | . (3.60)

Since it is a differential DOF, the convention would be to have it’s error signal in the Q-component,
meaning a phase factor of i should be added to this result. This factor then also has to be applied to
all other results at the ASY port. The gain is

F )
MDAQ =4.]().]1’EIZEFCCOS((PM)len(ﬁ) (36])
= —5.460604 x 1072 Ww/°. (3.62)

This matrix element is related to the CARM REF element by Mpap = —tan(f8)Mcg; with tan(f) ~
0.026, showing the influence of the angle 3. If no Schnupp asymmetry was added, B = 0 and DARM
would not be measured at this port.

CARM
p- =0,
F
P+~ (1 —2i;A®+).

The demodulated signal in eq. 3.30 becomes

F . . .
Susy = JoJ1|E|* <4l;rcA<I>Jr sin(@p)? cos(B) + 2r.cos(y) sin(y) sm(B)) : (3.63)
To find the matrix element, a phase factor of i should again be added to this result.

F .
Mca; = —4JoJy yEP;rC sin(@y)? cos(B) (3.64)
—2.880994 x 1073 W /°. (3.65)

The numerical value was found using the values in table A.1.

MICH

p- =0,

P+ = Te-
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Sasy 1s found similar to the REF case. In the calculation the MICH DOF will be shortened to A¢_ = ¢,
which is considered up to the first order. The demodulated signal becomes the same as for the REF
port with an opposite sign

Sasy = JoJi |E|2 [2rccos(gpr+ @ /2)sin(gpr + @ /2) sin(f)] (3.66)
= 2JoJ1|E|?r.sin(B) [cos(¢ur) sin(dar) + cos(2¢) 0 /2] . (3.67)

The optical gain and matrix element again becomes

MMAQ = 2]0.]1 |E|2COS(2¢M) sin(ﬁ) (368)
= —4.317419 x 107°W /° (3.69)

3.2.4 Theoretical sensing matrix

The previous calculations can now all be summarised in the sensing matrix as it is predicted by the
theory. The matrix that is found is

Mcrr  Mpyrr  Mpg;
Mcro Muro Mpro

3.70
Mcar  Myar Mpay (3-70)
Mcap Muyap Mpag

Mzheory =

—2L cos(gw)*cos(B) 0 0
0 —cos(2¢y)sin(B) 2L sin(¢ps)?sin(B)
2JOJ1|E’ e —2%Sin(¢M)2COS(B) 0 0 (371)
0 cos(29y)sin(B) 2L cos(¢y)?sin(B)
2.1144 x 10° 0 0
0 43174 x 107> —7.4405x 1073
~ 12.8810x 1073 0 0 (3.72)
0 —43174x 1077 —5.4606 x 1072
After normalisation this matrix becomes
1 0 0
0 0.50189 —0.86493
;heory 1 0 0 (373)
0 —-0.00079 —1

This shows the REF I channel is suited for controlling the CARM DOF. The DARM DOF could be
read out at the port with maximal gain, which is ASY Q. The effect of MICH should be taken into
account there. MICH response is currently equal in REF Q and ASY Q. The choice for the better
port may also take noise into account. The simplest case would be to consider only shot-noise, which
depends on the power hitting the detector. It also shows up in the demodulated signal (AC shot-noise),
a formula for this is taken from [19, Chpt. 2]. AC shot-noise influences the demodulated signal power
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heP,
SPAC.shor = 1 | ; oo (3.74)

Here 4 is the Planck constant, Ppc is the undemodulated signal at the detector and 1 is the quantum
efficiency of the detector which will be unity for simulated detectors. As stated earlier, around the
modulation frequency shot-noise is approximately flat meaning there is no frequency dependence.
The following DC powers are measured at the REF and the ASY port in simulation

as

Ppc.rer = 828.9840 mW, (3.75)
Ppcasy = 4.5389 mW. (3.76)
The shot-noise is therefore
SPic shor REF = 3.260 x 10719 W , (3.77)
o VHz
SPuc shorasy = 2412 x 10711 W (3.78)

g

Since the simulated DC power was used this is only a pseudo-theoretical result and is simply checked
to make sure everything in the simulation is understood. The sensitivities can again be found using
eq. 3.2, the first two rows using the REF shot-noise and the last two the ASY shot-noise. This results
in the sensitivity matrix in m/+/Hz given by

3.3187 x 10719 / /
/ 1.6253 x 10714 94307 x 10~ 13
Stheors = | | 8022 x 10-17 / / (3.79)
/ 1.2026 x 10~15 9.5084 x 10~1°

This indicates that ASY Q might be a better port for measuring the MICH DOF since the amount of
shot-noise is lower.

3.2.5 Simulated sensing matrix

It’s not possible to experimentally verify these results at the moment. However, they are expected
to match the simulation, which serves as an initial test. Before finding the matrices, the technique
for determining the correct demodulation phase should be described. The method is inspired by [21,
Chpt. 3], where it is done for angular control. For every matrix element the simulation loops from
0° to 180° and finds the phase that yields the maximal gain. The minimum is consistently this value
plus 90°. The REF port phase is then set to the maximal CARM I-gain (@ger ~ 167.4°), which
automatically maximises MICH Q-gain. Similarly, the ASY port is optimised for maximal DARM
Q-gain (@asy ~ 146.9°), which gives high MICH Q-gain as well since MICH effects are close to
in-phase with DARM. The process is shown in fig. 3.16.

An issue with this technique is that the ’correct’ phase is never perfectly found like it is easy to do
in theory. For example, because of numerical limitations, the looping over the phases never exactly
hits the maximum or the zero crossing. Therefore, not all CARM signal will be in the I-component,
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Matrix elements i.f.0. demodulation phase

= —— CARM REF

g ---- MICH REF x40000

o J DARM REF x400

8 —— CARM ASY x100

;Q ---- MICH ASY x40000
------- DARM ASY x40

0 20 40 60 80 100 120 140 160 180
Demodulation phase [ °]

FIGURE 3.16: Finding the optimal demodulation phase, which turned out to be §rrr ~
167.4° and ¢asy ~ 146.9°. Some curves have been multiplied by constant factors to
make them visible.

some will ’leak’ into the Q-component as well. It does seem realistic this will be the case in the real
experiment as well. It could be fixed in simulation by increasing the phase accuracy further, but that
would not be realistic for an experiment. This simulation was run with an accuracy of two decimal
places on the phase.

The simulated sensing matrix is now shown in eq. 3.81. The normalised matrix is given in eq.
3.82. The "diagonal’ elements (if the third row is removed) Mcgr;, Myrp and Mpyo are predicted
relatively well by the theory. The simulated results are all within 10% of the theoretical values. The
Michelson offset causes the non-zero values of the matrix elements Mc4; and Mpgrp. However, the
theory underestimates their size by approximately an order of magnitude. This then makes the REF
Q signal less suited for reading the MICH signal as the signal will be dominated by the DARM DOF,
which is clear from the normalised matrix. This currently forms a problem for the MICH control. It
does turn out that CARM and DARM can be read out without trouble since their diagonal values are
close to unity.

[ Mcri  Muyri  Mpgrs
M, M M
Msimulation — MCCIZ? Mll‘\l/li? MZIZ? (380)
| Mcap Mmap Mpag
[ 2.0189x10°  59723x107° —5.0877 x 1073
| -8.7752x 107> 39648 x 1070 —1.9948 x 104 (3.81)
T ] 1.0990x 1072 3.8383x107°% —7.7740 x 10~° '
| 11156 x 1073 —3.9462x 1075 —5.2473 x 102
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1.00000  0.00000 —0.00252

/ _[—0.39615 0.17899 —0.90057
Msimutasion = 1.00000  0.00035 —0.00071 (3.82)

0.02126  —0.00075 —0.99977

Readers interested in the influence of the FMs are referred to appendix C. The difference is most
noticeable in three matrix elements that were predicted to be zero: Mpg;, Mpar and Mcap. Without
FMs, the simulation is closer to this prediction. It seems that the asymmetry introduced by the FMs
causes an increase in the response in these error signals. Their value is still very low and therefore they
will not pose a challenge when trying to control the three DOFs. It is concluded that the asymmetric
FMs will not create an issue for the longitudinal control of the combined ITF.

The error signals that are intended to be used are shown in the figures below. The DARM error signal
is shown in fig. 3.17. The error signal for CARM is given in fig. 3.18. The two error signals for MICH
are provided in 3.19 and 3.20. The names 'nBSin’ and ’nout’ refer to the nodes of measurement,
which are the REF and ASY port respectively.

Error signal abs. vs. DARM at nout, f= 12.3MHz

—— DARMII
0.002 - DARM Q
2 0.001 -
o
=
iy
7]
2 0.000
[«]
|
=]
w0
S -0.001 -
P
-0.002 -

-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
DARM [°]

FIGURE 3.17: DARM error signal at ASY port.
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Error signal abs. vs. CARM at nBSin, f= 12.3MHz
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FIGURE 3.18: CARM error signal at REF port.

Error signal abs. vs. MICH at nout, f=12.3MHz
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FIGURE 3.19: MICH error signal at ASY port.
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Error signal abs. vs. MICH at nBSin, f= 12.3MHz
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FIGURE 3.20: MICH error signal at REF port.

The sensing matrix can alternatively be represented in a radar plot. This was done following the
examples in [22, Chpt. A]. Such a plot contains a vector per DOF and detection port. The angle of
the vector shows the phase of the response of an error signal. If the vectors are perpendicular, a phase
can be found at which the responses are perfectly separated. If they are not, they will have some
mixing which could be minimised by an optimal choice in demodulation phase. The radar plots for
the REFL port and ASY port are displayed in fig. 3.21. The matrix elements are shown in a polar
plane where I-phase corresponds with 0° and Q-phase with 90°. Since at both ports either CARM
or DARM dominates the signal, the other DOFs have been multiplied by some factor to make them
visible. These radar plot can thus not be used to compare the relative magnitudes, but they do provide
insight into the choice of the demodulation phase. Most noticeably they show that the CARM and
MICH responses always differ by 90°, while also revealing the MICH and DARM response are not
exactly in-phase with each other at the ASY port. The former indicates it still makes sense to try to
measure the MICH response at the REFL port. The latter is only the case after adding the Michelson
offset, but the effect is small nonetheless.

Finally, the sensitivity matrix can now also be found. The simulated shot-noises agree very well with
the theoretical formula.

w
SPAC shot REF.sim = 3.262 x 10710

) (3.83)

OPAC shot ASY sim = 2.412 X 1071

(3.84)

g
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Sensing matrix at REFL port Sensing matrix at ASY port
90° 90°

B CARM
B MICH x30000
B DARM x300

B CARM x4
I MICH x800
B DARM

270° 270°

FIGURE 3.21: Radar plots showing the angular distribution of the matrix elements at
(a) the REFL port and (b) the ASY port.

The sensitivity matrix in m/+/Hz becomes

34770 x 1071 1.1760 x 10719 1.3798 x 1016
S. o _ |42745x107P 17714 x 107 25438 %1071
simulation = | 4 7904 % 10718 1.3519 x 10~14 34172 x 1013
43521 x 10717 1.3150 x 1015 9.8984 x 10~1?

(3.85)

When taking sensitivity into consideration, ASY Q should be regarded as a serious candidate for the
readout of MICH as well. Its sensitivity is an order of magnitude better than the REF Q signal. A
minimum required sensitivity is given in sec. 3.2.7. The ASY Q signal is dominated by the DARM
signal, but in section 3.2.6 it will be shown that in practice this might not form a big issue. DARM
can independently be controlled, after which only the MICH signal would remain.

3.2.6 Realistic experimental implementation

How the error signals are used in the experiment is slightly outside of the scope of this thesis, but the
concept can be summarised as follows. The sensing matrix equation 3.4 is inverted, to show which
DOFs are off-resonance based on which error signals deviate from the locked signal:

A =M "'Siemoa (3.86)

These DOFs can then be corrected by actuating on the laser frequency or the mirror positions. The
latter 1s done through coil-magnets implemented like voice coils which accompany the mirror below
the attenuator. These can produce a magnetic field that pushes or pulls a conductive element attached
to the mirror [7, Chpt 6, 11]. This process works well in the region of deviations for which the error
signals are approximately linear. That is true when the ITF is locked and the deviations are small.
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However, bringing the ITF to its locked state is called lock acquisition and is a very non-trivial task,
which would be a topic for an entirely new study. In this work only the control starting from the
locked state is considered.

The situation becomes more complex when taking into account the frequency at which the DOF is
changing. The noise transfer of shot-noise is frequency independent, but signal transfer generally
is not. The optical gains that were determined in the previous section were done so by moving the
mirror(s) by some distance, taking a measurement, and then moving the mirror(s) to the next position.
The effective speed of this motion is therefore in fact zero, meaning the situation is equivalent to the
limit of the signal frequency going to zero. For realistic signals with a frequency higher than zero, the
dynamic behaviour of the cavity should be considered as well as that of the sensor and actuator [19,
Chpt. 4]. The sensitivity would then no longer be just a number but in fact a frequency dependent
function. To work this out for the longitudinal control of ETpf was outside the scope of this thesis,
but it would be of value if done in the future.

The control scheme outlined previously in this chapter is based on the one that was worked out for
Virgo and LIGO. As hinted in the preceding paragraph the real longitudinal stabilisation that was
eventually implemented is much more complex. The rest of this section discusses some differences
that improve the performance for Virgo and could be applied at ETpf as well.

CARM An important difference for Virgo specifically is the way the CARM DOF is controlled.
Virgo applies an extra high-bandwidth (10 kHz) control loop called the Second Stage of Frequency
Stabilization (SSFS) which actuates on the laser frequency. It turns out actuation on the frequency
can happen at a much higher speed than actuating on the mirrors would. Hence, the CARM DOF can
be controlled much faster than others. It follows that the level of CARM DOF mixing into other error
signals, which was observed in the simulation, is not a significant concern once this control loop is
active. This type of system will be implemented at ETpf as well. [12, Chpt. 2] [23]

DARM The DARM DOF can also be controlled using more recent methods. The addition of
the Michelson offset enables DC detection (also called homodyne detection), which works well for
DARM. This detection method is explained below. Virgo applies a similar offset as well, with about
8 mW reaching the dark port. For the parameters used in ETpf this is about 5 mW as shown in eq.
3.76. The difference with Virgo is that they apply the offset at the end mirrors and not at the BS,
which is called a DARM offset instead [23].

DC detection uses the carrier signal directly instead of demodulating with some frequency. This is
equivalent to demodulating at 0 MHz. Without an offset, the DC signal at the dark port would be
symmetrical around the dark fringe. Any deviation would cause light to leak to the dark port but as
the signal is symmetrical it would not be clear in which direction the mirrors should be moved to
compensate. The problem is in fact the derivative being zero. If it isn’t, linear control theory can be
applied and the deviations can be compensated. This is exactly what adding the offset achieves. The
concept is shown in fig. 3.22. Another advantage is that a reference signal of the carrier is available,
instead of measuring w.r.t. zero [23].
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FIGURE 3.22: Plot showing the power variation at the detection port in response to a
differential offset in the arms [23].

The simulated DARM signal at the output port of ETpf looks very similar to this illustration. It is
shown in fig. 3.23, while the other two responses are shown in fig. 3.24. The gains and sensitivities
measured are shown in table 3.3. The sensitivity is again limited to shot-noise only. Shot-noise on the
measured carrier power is related to the AC shot-noise that was calculated before by 8 Ppc = V28 Pac
[19]. It shows DC detection proves to be an extremely sensitive and uncontaminated readout channel
for the DARM DOF. The acquired sensitivity is well below the projected noise budget shown in fig.
2.16. For Virgo, a stage of noise reduction is also applied, which reduces the coupling of MICH to
DARM, making the readout of DARM even more accurate [23].

| DARM | CARM | MICH
Gain [W/°] —2.775 1.636 x 10~° —2.117x 1073
Gain [normalized] —1| 5.89549x 1077 | —7.62883 x 10~*

Sensitivity [ﬁi] 264617 x 10720 | 4.48846 x 1014 | 3.46865 x 1017

TABLE 3.3: Summary of DC detection: gain and sensitivity

MICH At Virgo, the CARM DOF is being resolved with very high bandwidth by the SSFS (10 kHz),
and DARM is resolved using DC detection at a higher bandwidth as well (70 Hz). This filters’ the
CARM and DARM contamination from the MICH control loop since it is slower (18 Hz). All other
effects have faster actuation and will therefore already be controlled in a large capacity when the
MICH control comes into action. At Virgo MICH is therefore read out at the REF Q port with no
issues. Applying the same methods at ETpf is likely to yield successful results. [23]
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Error signal abs. vs. DARM at nout, f= 0.0MHz
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FIGURE 3.23: DARM DC response in the ASY port. The title mentions demodulating
at 0 MHz, which gives the same result as not demodulating at all.

3.2.7 Motivation for global longitudinal control

After implementation of the Superattenuators, the residual motion of the TMs at Virgo is of the order
of 1 um RMS [23]. It is reasonable to assume the same will be true for ETpf. There are however
several constraints that require precision that is multiple orders of magnitude greater. Some of these
were outlined in [12, Chpt. 3] and adapted here. For CARM a limiting factor is that fluctuations must
be at least an order of magnitude smaller than the recycling cavity resonance. Since ETpf will not
contain a power recycling stage, the finesse of this ’imaginary’ recycling cavity is simply F.. = 1.
CARM fluctuations are amplified by the arm cavities, so the condition becomes

2F 1A
—ALy <o (3.87)
— AL, <4x107'm (3.88)
~8x 107 deg (3.89)

Note that this is only an upper bound, as other factors may pose more stringent requirements. DARM
and MICH fluctuations are restricted by the coupling of laser amplitude noise to the Michelson offset.
This effect is discussed in more detail in section 4.3. If DARM or MICH vary, the offset will vary as
well which acts as a noise source that can be avoided by demanding strict longitudinal control. The
variation of the offset in function of DARM and MICH variations can be found through

A¢y [rad] = ‘;—” (Al_ + Z?FAL_) : (3.90)
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Error signal abs. vs. MICH at nout, f= 0.0MHz
Error signal abs. vs. CARM at nout, f = 0.0MHz
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FIGURE 3.24: Other DC error signals at the output port. (a) CARM DC response in the

ASY port. As calculated in sec. 2.2, this readout channel is insensitive to CARM. (b)

MICH DC response in the ASY port. The response is similar to DARM in shape but a
lot wider. This is due to the lack of amplification by the cavities.

where DARM effects are amplified by the arm cavities. The amplitude of phase noise due to such
fluctuations is

SP
09 = —A¢M (3.91)
These fluctuations are demanded to be at least smaller than the expected phase fluctuations caused by
shot-noise at the ASY port. The latter are given by [19, Chpt. 2]

OPpc 2hc rad

~&81x10
NAPpc VvHz

Combining these results produces the condition given by

2hc
00 < 3.93
(] \/ 1A Poe (3.93)

2hc

A
— AL +—AL_ 6—”P”C (3.94)

oP
P

(3.92)

The values of the parameters in this condition are shown below. The efficiency is no longer assumed
to be unity but rather a more realistic value of 0.78. The size of average power fluctuations at ETpf is
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taken from figure 4.10. The goal is to produce an order-of-magnitude estimate.

~10-6_1
-~ 10 Wit
n =0.78,
A = 1550 nm,
Ppc ~ 5 mW,

h = 6.62607015-1034] ..

(3.95)

(3.96)
(3.97)
(3.98)

(3.99)

Filling these into eq. 3.93 and demanding that both DARM and MICH fluctuations separately fulfil

the condition gives

A/ 2he
4 AP,
Al < TV 1*7be

5P
P
<1x107 m RMS
~ (0.5deg,
NAEpc
AL_ < Fm

P
< 8x 10713 m RMS

~ 4% 10" *deg.

(3.100)

(3.101)
(3.102)

(3.103)

(3.104)
(3.105)

In conclusion, all three DOFs require precision that is multiple orders of magnitude below the residual
mirror motion. These are only upper limits, for example at Virgo DARM is even controlled with
precision below 10~'® m RMS [23, Chpt. 2]. This indicates the importance of longitudinal control,
as the detector would not be functional without it. The strive for higher finesse and lower noise has

made such control systems an unavoidable feature.
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Chapter 4

Laser frequency & amplitude noise

The results in this section are based on work started by dr. Aaron Jones, dr. Phil Jones and dr. Teng
Zhang. Their goal was to characterise how certain components and parameters of ETpf influence the
transfer of laser frequency noise to the detector output. Any laser will have some inherent fluctuations
on its frequency, and if they are large these will occupy some place within the noise budget. Frequency
noise can be suppressed and their calculations make predictions on what suppression factors will be
needed for this noise to be below the existing noise budget shown in fig 2.16. In this chapter some of
their calculations will be repeated/updated and FMs will be added as well. The code written for the
simulations in this chapter is based on code authored by dr. Aaron Jones. The same treatment will
then be applied for laser amplitude noise.

4.1 Etalon effect of the input mirror

In a lot of the simulations in this and other works, mirrors are assumed to be infinitely thin. In
reality they are not, and the light experiences internal reflections inside the mirror as a result. This
becomes important when considering for example the IM of the arm cavities, since it changes the
effective reflectance and transmittance of the IM. This is referred to as the etalon effect. As the effect
is dependent on the microscopic tuning of the mirror thickness, it might not be the same for the
x- and y-IMs. That would introduce an asymmetry in the finesses of the two cavities for example.
This could cause changes in noise transfer and the amount of light reaching the ASY port, which is
referred to as a contrast defect. This will be of importance when researching the noise contribution of
having mirrors with finite thickness the following sections and is therefore treated first. The idea for
investigating this and help with simulations came from dr. Teng Zhang of Maastricht University.

A realistic IM can be modelled by creating two reflective surfaces with a mirror-like space between
them. The surface facing the BS is called the anti-reflective side (AR), the space in between is
approximately modelled after silicon and the surface facing the cavity is the highly-reflective side
(HR). Together this is now called the compound mirror, similar to how the arm cavities and later
the whole ITF were modelled as a single compound mirror in the previous chapter. The standard
parameters that were used are given in table 4.1.

The reflectance of this compound mirror is predicted in eq. 2.14. This system cannot be considered
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Parameter Value
Tar 0.99957
Lar 3% 107
Rar 1 x10°*
Neompound 3.5
Mirror thickness 8 cm
Tur 0.003056
Lygr 5% 1077
Rygr 0.996889

TABLE 4.1: Parameters for the compound mirrors used in simulation, taken from [24,
App. A] and [14, Chpt. 6]

lossless, meaning the losses have to be included in the formula. Since the equation is not symmetric
for the IM and EM, the roles must be filled in carefully. The more important effect is how the
compound mirror behaves towards the inside of the cavity and not w.r.t. the light coming from the
BS. The HR side is therefore the IM and the AR side is the EM. The equation becomes

reff((b) _ VYHR — VAR exp(2i¢) _LHRrAR exp(2i¢)' (4.1)

1 — rygrragexp(2i¢)

Here ¢ is the microscopic tuning of the AR surface. This is first tested in simulation to confirm the
validity. The compound mirror is placed in front of a laser source and the effective reflectance R,y is
measured by comparing the returning with the incoming light. A loop is then made over R4g and the
result is plotted in fig. 4.1 for various tunings. It turns out that at a tuning of 0° results in a decrease
in reflectance of the IM. For 45° the reflectance stays approximately constant. At a tuning of 90° the
reflectance increases with the AR reflectance. For R4r = O the effective reflectance becomes Ryg.

Now the attention should be drawn to the radius of curvature (ROC) of the AR surface. Until this
point it was set to 14.5 m which matches the HR surface of the IM and EM [14, Chpt. 6]. A more
realistic value however would be 9 m as investigated in [24]. This value collimates the exiting beam
towards the folding mirrors. Inside the mirror it forms an imperfection however. In [25, Chpt. 5] it
is outlined how the formula for r. s would be altered to include this ROC mismatch. Light from the
fundamental TEM(n mode is scattered into higher order modes because of the imperfection, but it can
also couple back into the fundamental mode. The equation becomes:

rops(0) = TR |koooo|rar exp(2i¢) — |koooo |Lrrrar €Xp(2i¢) 42)
eff 1-— |k0000]rHRrARexp(2iq)) ' ’

The factor kgpop adjusts for the higher order modes coupling back to the fundamental one. The
calculation of this factor is shown in [25, Chpt. 5]. For ETpf parameters this results in a value of
about |kopoo| = 0.564. To see this effect in simulation the *maxtem’ should be increased to about
n = 8, meaning higher-order modes up to the eighth order are simulated. For higher maxtem no
further changes were seen, therefore using a higher value would be unnecessary. The result is shown
in fig. 4.2. The trends are the same as for a ROC of 14.5 m, but the maximal deviation from the starting
point is smaller. Again, the theory and simulation agree well, showing this is a good theoretical model
for the compound mirror. From this point on the AR ROC will be set to 9 m.
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Etalon effect on reflectance, AR ROC = -14.5, ¢ =0.0", kgggo = 1.00
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FIGURE 4.1: Simulation and theoretical evolution of R.rs agree very well. The the-

oretical and simulated reflectance is plotted for tunings varying from 0° to 90°. ¢y is

referring to potentially adding an initial phase to the theoretical formula (not necessary

here). The negative radius of curvature (ROC) ensures the curvature is aimed towards
the inside of the cavity.

4.2 Laser frequency noise

In this chapter the noise sources described in section 2.5 will be taken from a custom entry for the
1550 nm interferometer of ETpf for the pygwinc package'. The version used was last updated in May
of 2022.

If the interferometer is run perfectly at the dark fringe, any fluctuations in the laser frequency cancel
perfectly at the ASY port. As referenced in sec. 2.4, the detector is run at a Michelson offset (DC
offset) of 2.114°, meaning a constant amount of light reaches the dark port. This forms the first of
three cases that will be covered. The second case also introduces the Schnupp asymmetry of 10 cm in
the x-arm. Finally, the third case will add compound mirrors as discussed in the previous section. This
causes not only an imbalance in the R-value of the x- and y-arm ITM, but also higher order effects
experienced by the light inside the compound mirror. The third case will consider various tunings for
the x-arm compound mirror, while the y-arm will be kept at zero tuning (on resonance). These three
situations will all increase the amount of laser noise that is transferred to the output port. This will
generally be frequency dependent. To summarise the three cases:

* Case 1: DC offset
* Case 2: DC offset + Schnupp asymmetry

* Case 3: DC offset + Schnupp asymmetry + compound mirrors

"https://git.ligo.org/gwinc/pygwinc/—/tree/master/
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Etalon effect on reflectance, AR ROC = -9, ¢g=0.0°, kggoo = 0.56
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FIGURE 4.2: r,¢r for an AR ROC of 9 m. For this value of koopo, the simulation agrees
well with the theory. The theoretical and simulated reflectance is plotted for tunings
varying from 0° to 90°.

The exact transfer functions can easily be simulated in FINESSE. It is done by adding a noise of
unitary amplitude to the laser frequency, setting a detector at the output port that demodulates at the
frequency of the noise and then looping over the frequency of the noise from 10 Hz to 300 kHz.
The demodulation isolates the noise from the carrier, however the EOM used for longitudinal control
should be turned off so it does not show up in the demodulated signal. This generates the frequency
noise transfer function H,(f) [%} To convert to sensitivities at a later point the signal transfer
function should also be measured. It will be called H,(f) [%] It is found in exactly the same way,
however now instead of noise on the laser a differential signal is generated inside the cavity. Lastly
an estimate on the real laser noise should be used to scale the sensitivity. The input system that is
proposed for ETpf is the combination of an Orion laser source, a booster optical amplifier (BOA)
and finally a 10 W Boostik amplifier, resulting in an 11W output. The corresponding noise curve is
found in [26, Chpt. 3] and recreated in fig. 4.3. It shows the amplitude spectral density of the laser

frequency noise N¢(f).

All this information can be combined into a limit on the sensitivity given by:

4.3)

S {m— ) | ¥

This indicates the size of noise, meaning it is a lower limit on the sensitivity of the detector. It is also
referred to as the noise spectrum. For reference, ETpf has a target sensitivity for its first phase of
around 1 x 10~'8m/+/Hz, which can also be seen in figure 2.16. The first step in the construction of
the sensitivity limit is simulating all the transfer functions involved. Only for this part a fourth case
was added as suggested by dr. Teng Zhang. For compatibility reasons this was called case 2.5. It
describes the effect of the R-imbalance of the two IMs, without introducing the compound mirrors
yet. It therefore does not include the noise transfer implications of having mirrors with a thickness.

m

m }:Nf(f)\Hn(fﬂ [&%HE]
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FIGURE 4.3: Frequency noise used as input for sensitivity calculations, taken from [26,
Chpt. 3] using Web Plot digitizer?.

The simulation contains infinitely thin mirrors with an adjusted reflectance:
RIM, new — Reff(RAR = 001%) (44)

This means the new reflectance is equal to the reflectance of the compound mirror with an AR re-
flectance of 0.01%, which is realistic [24]. The transmission 7 is also adjusted s.t. R+T7 +L =1
with the loss remaining L = 50 ppm. The changes are only applied for the x-IM, meaning the y-IM
does not change w.r.t. case 2. The effect will differ based on the microscopic tuning of the etalon. The
three phases of ¢ = 0°, @ =45° and ¢ = 90° will be simulated. They respectively decrease, unalter
and increase the x-IM’s reflectance as shown in fig. 4.1. The values of reflectance and transmittance
that were found in simulation are shown in table 4.2. For an AR reflectance of 0.01%, the mirror’s
effective reflectance varies by —34 ppm and +34 ppm for 0° and 90° respectively.

Tuning ‘ ¢ =0° ‘ ¢ =45° ‘ ¢ =90°
0.996860 | 0.996894 | 0.996928
3090 ppm | 3056 ppm | 3022 ppm

RIM, new
TIM, new

TABLE 4.2: Adjusted reflectance of the IM to imitate the effect of a compound input
mirror.

The resulting transfer functions are shown in figures 4.4, D.1 and D.2. It also shows the difference
between having folding mirrors and not having them. For these plots, the transmittance of the FMs
is set to an unrealistically high value: 7 = 0.1. This is only done to make the effect visible at this
scale but does not represent a realistic prospect. At a later point it will be switched to an acceptable
estimate of 7 = 0.005. The distinction between one and two x-FMs is negligible for realistic values
of the transmission and is therefore not included.

’nttps://automeris.io/WebPlotDigitizer/
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Four freq. noise sources, 2 x-FMs
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FIGURE 4.4: Frequency noise and signal transfer functions for two x-FMs with etalon
tuning ¢ = 0°. The four cases are plotted for folding mirror transmittance 7 = 0 and
T =0.1.

Noise transfer function From fig. 4.4, it is clear that relative to the other cases, the DC offset (case
1) only contributes a small amount to the noise transfer. The irregularities at low frequencies are
attributed to radiation pressure effects. The Schnupp asymmetry (case 2) increases the noise transfer
by a couple of orders of magnitude. In fact, the maximum noise has a power-law dependence on
the Schnupp asymmetry, as shown in fig 4.5. On one hand, this would warrant lowering the value
for Schnupp asymmetry. On the other hand, case 3 noise is often stronger by multiple orders, which
would not be changed by lowering the Schnupp asymmetry. Secondly, the Schnupp asymmetry should
be high enough for sidebands to sufficiently pass to the ASY port for usage in longitudinal control.

Next, it is clear that both ¢ = 0° and ¢ = 90° add about two orders of magnitude if only the R-
imbalance is considered. As predicted ¢ = 45° does not change anything. When considering the
final case with the full compound mirrors, some peculiar results arise. It turns out a compound mirror
with ¢ = 0° and ¢ = 45° would both add about two orders of magnitude to the noise transfer. For
¢ = 90° however the effect of the R-imbalance is approximately cancelled out by the presence of the
compound mirror. The resulting noise transfer is of the same order as case 2. In theory, the tuning
of the etalon could therefore correct the contrast defect. It would however be very difficult to control
the actual microscopic tuning of the etalon, therefore it is wise to continue working with the “worst
case” tuning of ¢ = 0°. As of the 2020 design report [14, Chpt. 6], it was not yet decided whether
to exploit or rather avoid the etalon effect, which is why this work assumes the effect is present in its
maximal capacity.

The reason this is considered the worst case starts from also considering the compound mirror in the
y-arm. The AR side is tuned to ¢ = 0°, but it should not be forgotten that the HR side is tuned at 90°
to preserve the dark-fringe condition at the ASY port. The y-arm thus experiences the effect that the
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x-side would have at 90°, i.e. an increased reflectance. If the x-arm then simultaneously experiences
reduced reflectance, the mismatch is the largest. This makes it the worst case when trying to achieve
symmetry between the two arms.

Finally, it should be noted that adding the FMs slightly decreases the noise transfer function across
the board. This is a result of generally less light reaching the BS and the output port.

Signal transfer function The signal transfer is not affected by the different cases. It is also clear
that signal transfer is slightly reduced by the addition of the FMs. The cavity pole is found around
4.1 kHz.

The fraction H,/H; Since the effect caused by the FMs on the transfer functions is equal for the
noise- and signal transfer functions, it cancels out in their fraction. The FMs will therefore not signif-
icantly influence the sensitivity limit. Any slight deviations are caused by the asymmetry in the x-and
y-arm since they have respectively two and one FM. This becomes clearer in the plot in figure D.3
where the fraction already has been multiplied by N¢(f). A somewhat surprising result is that the
FMs slightly decrease the noise spectrum for case 2. In figure 4.6 a more realistic value for T is used,
showing that the real FMs do not make a significant difference in simulation.

Max. noise of case 2 relative to case 1, 2 x-FMs

Relative max. noise

— T=0.0
---- T=0.005

0 2 4 6 8 10
Schnupp asymmetry [cm]

FIGURE 4.5: Maximum noise dependence on the Schnupp asymmetry relative to case
1. The result is plotted for folding mirror transmittance 7 = 0 and 7' = 0.005.

Subsequently, these displacement noise sources are placed within the context of some prominent
noise sources for ETpf. The ones included in these plots are quantum noise, suspension thermal noise
and coating brownian noise. The result is shown in fig. 4.7. It is clear that case 2 and 3 will need
suppression before they would be small enough to fit below the currently outlined budget. Case 1 is
already low enough to remain unchanged.

Figure 4.8 shows the suppression factor that would necessary. It is given by the ratio of the noise and
the budget. It also contains two suggested suppressive control schemes. They consist of a DC gain
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Three noise sources, 2 x-FMs
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FIGURE 4.6: Frequency noise spectrum Sy before suppression with FM transmittance
T =0and T = 0.005.
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FIGURE 4.7: Frequency noise spectrum Sy before suppression within the noise budget.

and a f2 low-pass filter with a cut-off frequency of 10 kHz. For case 2 and 3 the required gains are
10% and 107 respectively.

Finally, the budget is again plotted after the displacement noise of case 2 and 3 has been divided by
the suggested suppression factor. It is shown in figure 4.9. This new noise is referred to as closed
noise since it is part of a control loop. The new noise curves now fit below the line set by the budget.
This means that adding the FMs into the system did not provide any major changes with respect to
the work of dr. Aaron Jones. The method of suppression itself has not been studied in this work.
A solution could be similar to the longitudinal control system for common-mode mirror movements.
Frequency fluctuations affect the error signals the same way a common end-mirror fluctuation would,
as explained in the beginning of sec. 3.2. Therefore, a system controlling the CARM DOF automat-
ically suppresses laser frequency fluctuations as well. In fact, ETpf will likely implement a CARM
control loop that actuates on the laser frequency itself.
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Suppression factor, 2 x-FMs
4x10°%
6
10 3% 103 \/\
2 %103
104 '—/V’I'\A——/\—\—i: 10%

102 4 —— Req. Case 2, T=0.005

—— Req. Case 3, T=0.005, ¢ =0
Closed Loop Gain Option 3

—— Closed Loop Gain Option 2

h

Suppression Factor

10° 1

T T T T
10! 102 103 104 10° 106 107
Freq

FIGURE 4.8: Suppression factor requirements and suggested control loop gains. The
suppression factor is the fraction of the noise spectrum and the noise budget. The gain
options have a DC gain of 10° for option 2 and 10 for option 3.
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FIGURE 4.9: Noise budget after frequency noise suppression.

4.3 Laser amplitude noise

The treatment of laser amplitude noise will be entirely the same as for frequency noise, resulting again
in a displacement noise curve that should fit below the noise budget. The way to achieve a sensitivity
limit will contain the same building blocks. The units involved will be different however:

m 1 NP)H [T W
Salf )[m}‘ nn | ¥ | @5)

Here N,(f) is the amplitude spectral density of the laser amplitude noise, H, the amplitude noise
transfer function and H; the signal transfer function. H; remains the same w.r.t. frequency noise, the
amplitude noise transfer is now measured by adding noise to the laser amplitude. N, ( f) is again taken
from [26, Chpt. 3] and recreated in fig. 4.10. The curve chosen is again the combination of the Orion
laser source, a booster optical amplifier (BOA) and finally a 10 W Boostik amplifier, resulting in an
11 W output.
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FIGURE 4.10: Amplitude noise used as input for sensitivity calculations, taken from
[26, Chpt. 3] using Web Plot digitizer>.

The transfer functions of amplitude noise are givenin 4.11, D.4 and D.5. A significant difference with
frequency noise is that the DC offset already contributes a large part of the total noise. The influence of
the DC offset has been made clearer in fig. 4.12, showing the DC noise steeply increases as the offset
goes up. Looking at the other noise cases, the difference only becomes clear at lower frequencies.
It is clear that amplitude noise is thus very sensitive to the destructive interference condition. This
can also be seen by observing two other features. Firstly, case 2.5 already contains a large part of the
noise of case 3 with ¢ = 0°. Secondly, for all noise cases, the asymmetry caused by the FMs with
T = 0.1 adds about an order of magnitude of noise at low frequencies. To indicate this second point,
a plot was also made with only one x-FM and thus symmetrical arms. It’s shown in figure D.6. In
this case the fraction of the two transfer functions is unaffected. It is worth noting that the influence
of the asymmetric setup will be limited when using a realistic value of 7.

A final noteworthy point is the behaviour for ¢ = 45° and ¢ = 90°. The former again has case 2.5
being the same as case 2. For case 3 the noise at low frequencies increases, but for the region of
100-1000 Hz the noise transfer is actually slightly lower. At ¢ = 90° case 2.5 seems to display some
sort of resonance decreasing low-frequency noise transfer. Case 3 is exactly the same as case 2 and
1. It should be restated that it is unlikely this phase would be controllable, meaning the worst case
¢ = 0° should be considered.

The plot in figure 4.13 shows the displacement noise of the three cases. Since the FM transmittance is
kept to a realistic value, the influence of the FMs is only small. It can be seen to slightly increase the
noise at low frequencies, but not at all at higher frequencies. At this point the noise is too high to fit
the budget, as seen in fig. 4.14. It is expected that this could also be solved by applying a suppressive
control loop. The DC gain necessary for this loop is only 10°. This is shown in figure 4.15.

After applying this suppression to all three cases, they all fit the budget. This is shown in figure

3nttps://automeris.io/WebPlotDigitizer/
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Four amp. noise sources, 2 x-FMs
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FIGURE 4.11: Amplitude noise and signal transfer functions for two x-FMs with etalon
tuning ¢ = 0°. The four cases are plotted for folding mirror transmittance 7 = 0 and
T =0.005.

4.16. The way in which the control loop should be implemented is not studied in this work. An
important factor of suppression could be the control of the DARM and MICH DOFs however, since
they contribute to the amplitude noise transfer of case 1. This was shown in section 3.2.7.
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FIGURE 4.12: Maximum noise dependence on the DC offset relative to case 1. The
result is plotted for folding mirror transmittance 7 = 0 and 7 = 0.1
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Noise budget before suppression, 2 x-FMs
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Chapter 5

Conclusion

The Einstein Telescope pathfinder (ETpf) at Maastricht University is a research facility focused on
exploring innovative techniques and methodologies to enhance the capabilities of future gravitational
wave detectors. Such detectors will be able to observe gravitational waves arriving from sources in
previously unreachable regions of space and time, possibly on an hourly basis. This will provide
invaluable data which will be used to assess various physical theories and improve the understanding
of GW sources. One of these future detectors is the Einstein Telescope (ET), which will implement
major technological advancements w.r.t. the previous generation to improve its sensitivity to gravita-
tional waves. ETpf plans to research and develop these modern technologies, which include cryogenic
silicon test masses and the use of the 1550 nm and 2 um wavelengths. The ETpf interferometer is
currently transitioning from the simulation phase to the experimental phase. This thesis has con-
tributed by performing FINESSE simulations regarding the longitudinal control of the interferometer
and investigating laser-induced noise sources. This helps to pave the way for achieving the necessary
sensitivity of ETpf and future GW detectors. Such simulations had not yet been performed for the
specific layout of ETpf but will be important when the Pathfinder becomes operational.

In the second chapter, a solid theoretical foundation was established, delving into the concepts and
theories crucial for understanding GWs and their detection methods. The working principle of grav-
itational interferometers was reviewed and an investigation was conducted into the implementation
of arm-cavities and the application of phase-modulation techniques. Moreover, an overview of the
ETpf experiment and its role in the broader context of the ET project was also given, highlighting
its intended contributions to future observatories. A description of the various noise sources that will
complicate the measurements was outlined, providing the necessary context for the later discussion
of laser-induced noise sources.

The third chapter centred around the crucial topic of longitudinal control of the interferometer (ITF).
A lot of experience surrounding this topic was already gathered by other experiments such as Virgo
and LIGO. The control system of an ITF involves laser carrier modulation and extracting demodu-
lated error signals at the demodulation phase associated with maximal optical gain. These techniques
were successfully applied to the control of the ETpf arm cavities and the control of the whole in-
terferometer. Cavity control was done using the light extracted behind folding mirrors positioned
between the beam splitter and the arm cavities. Introducing these folding mirrors into the ETpf ge-
ometry and analysing their influence for the first time was an important achievement of this work.
A shot-noise limited sensitivity in the order of 10~'8 m/+/Hz was achieved for the cavity mirror
positions. The three large-scale degrees of freedom of the ITF were also effectively controlled, with
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sensitivities already close to the goal precision of 1 x 10~!8 m/+/Hz. For common arm movements
(CARM) the shot-noise limited sensitivity achieved at the reflected port I-phase was already of the
order 1071° m/ \/E The small arms of the ITF (MICH) could be controlled with sensitivities of
10~ m/+/Hz and 1015 m/+/Hz at the reflected and asymmetric port respectively, both measured
at Q-phase. These readout channels were both dominated by response to other DOFs however. Dif-
ferential arm movements (DARM) could be read out using the asymmetric Q-phase signal with a
sensitivity in the order of 1071 m/+/Hz. Another option would be DC readout, where no demodu-
lation is applied. The response is therefore determined directly from the carrier power, leading to a
sensitivity of 1072° m/+/Hz for DARM. To make the system more precise, advanced control loops
and noise reduction techniques that are already present at Virgo should be implemented for ETpf
as well. This would introduce a signal-frequency dependence and take into account the dynamic be-
haviour of all the components in the control loop. It would also be worthwhile to develop an algorithm
for lock acquisition of the pathfinder, as this has currently not been investigated.

In the last chapter, laser frequency- and amplitude-induced noise were examined, addressing the chal-
lenges introduced by an imperfect optical input system. The impact of various design parameters on
noise transfer and signal sensitivity were evaluated, including the DC offset, Schnupp asymmetry, and
the etalon tuning of the input mirror of the cavity (IM). The etalon tuning refers to the microscopic
tuning of the thickness of the IM that is no longer considered infinitely thin. This allows for internal
reflections which influence the effective reflectance of the mirror. It was confirmed that the influ-
ence of the tuning in simulation matches the theoretical prediction. For an AR reflectance of 0.01%,
the mirror’s effective reflectance varies by +34 ppm, which significantly increases noise transfer if
the x- and y-IM reflectance become mismatched. All these contributions to the noise transfer were
considered as well as the expected noise spectral densities for ETpf when setting up the frequency-
and amplitude noise spectra. The necessary gain factors for noise suppression were determined to fit
these noise sources within the predefined budgets. Although no specific noise reduction technique is
currently put forward, no major difficulties are expected with gains varying from 10° for amplitude
noise to 107 for frequency noise. If a complete longitudinal control system is worked out in the future,
it would be informative to check that they sufficiently suppress these noise sources.

In conclusion, this thesis has endeavoured to contribute to the advancement of GW detector tech-
nologies through the development of the ETpf. By working on key objectives related to longitudinal
control and noise characterisation, valuable insights have been gained into how ETpf could be con-
trolled. Potential challenges have been identified and addressed such as the asymmetry caused by the
folding mirrors, the mixing of the other DOFs in the MICH error signal and the etalon effect of the
IM. When necessary, effective strategies have been proposed to mitigate them based on simulation
results. The insights gained from this research may not only address unresolved objectives of the
ETpf project but may also guide future researchers working on similar subjects. This work forms a
part of the global quest to ultimately unravelling the mysteries of the universe with unprecedented
precision and clarity with 3G detectors.
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Appendix A

Parameter table

Operating temperature

Category Parameter Value
Cavity parameters Tim 3056 ppm
Lim 50 ppm
Rim 0.9969
Tem 6.405 ppm
Ley 50 ppm
Rem 0.999936
re —0.9644
F 1984
IM and EM ROC 145m
Cavity length 922 m
Light and modulation A 1550 x 10~° nm
o 3.216 x 10" rad/s
Ein 1w
JSiock 12.3 MHz
m 0.1
Jo 0.9975
Ji 0.04994
QO 77.283 x 10° rad/s
B 0.08208
Central ITF Ischnupp 0.1m
Length BS to IM 6.406 m
% 2.114°
Trm 5000 ppm
Rry 0.995
Lry 0
120 K

TABLE A.1: Parameters for ETpf used in simulation




Appendix B

Pictures of ETpathfinder

FIGURE B.1: Picture showing the construction of the interferometer. Each tower will
contain suspended optics and measurement equipment [27].
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Appendix B. Pictures of ETpathfinder
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FIGURE B.2: Picture displaying one of the ETpf towers with humans for scale. Taken
during the ETpf workshop in February, 2023.



Appendix C
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Simulated sensing matrix without folding

mirrors

The simulated sensing matrix without folding mirrors in W /° is given by:

Msimulation, no FM —

The normalised version of this matrix is:

!

simulation, no FM —

Mcri

Mcgo
Mcay

[ Mcag

Mgy
Muyro
Myar
Muya0

[ 2.0495 x 10°
—2.2246 x 1074
1.1201 x 102

Mpri
Mpro
Mpap
Mpag

6.0628 x 1077
4.0249 x 107>
—4.6061 x 1077
| —8.7542x 107 —4.0249 x 107> —5.3017 x 1072

1.00000

—0.73225 0.13248
—0.00000
—0.00076

1.00000
—0.00165

(C.1)

—3.0565 x 108
—2.0295x 1074

—6.0674 x 107° C2)

—0.00000
—0.66802
—0.00054
—1.00000

(C.3)



Appendix D

Noise budget plots

D.1 Laser frequency noise

Four freq. noise sources, 2 x-FMs

107 Ny Case 1, T=0.0

T T T T —— Case 2, T=0.0

Case 2.5, T=0.0, ¢ =45
_ —— —— Case 3, T=0.0, ¢ =45
EIY 10-17 — —— Case 1, T=0.1

i:;. —-— Case 2, T=0.1

GE: 10720 4 Case 2.5, T=0.1, ¢ =45
—-— Case 3, T=0.1, ¢ =45

I T T T T
10! 102 103 10* 10°
Frequency [Hz]

FIGURE D.1: Frequency noise and signal transfer functions for two x-FMs with etalon
tuning ¢ = 45°. The four cases are plotted for folding mirror transmittance 7 = 0 and
T =0.1.
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Appendix D. Noise budget plots

Four freq. noise sources, 2 x-FMs

ZE 100 4
<
=
T
107 4 N Case 1, T=0.0
) ) ) ) —— Case 2, T=0.0
Case 2.5, T=0.0, ¢ =90
— 107184 —— Case 3, T=0.0, ¢ =90
ElF 10-18 7 —— Case 1, T=0.1
<
= 10-20 4 —— Case 2, T=0.1
T Case 2.5, T=0.1, ¢ = 90
< 1022 4
—-— Case 3, T=0.1, ¢ =90
10-24 M“
101 102 109 104 10°

Frequency [Hz]

FIGURE D.2: Frequency noise and signal transfer functions for two x-FMs with etalon
tuning ¢ = 90°. The four cases are plotted for folding mirror transmittance 7 = 0 and
T =0.1.

Three noise sources, 2 x-FMs
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FIGURE D.3: Frequency noise spectrum before suppression.



Appendix D. Noise budget plots

D.2 Laser amplitude noise

Four amp. noise sources, 2 x-FMs

1

W
Hz

Hn() [

RN
—_ =
ZE 108 4 \\\
< A\
T N
107 5 N
—— Case 1, T=0.0

! ! ! ! —— Case 2, T=0.0
Case 2.5, ¢ =45, T=0.0
Case 3, ¢ =45, T=0.0

£l Case 1, T=0.1

€ 100 Case 2, T=0.1

3 Case 2.5, ¢ =45, T=0.1
= Case 3, ¢ =45, T=0.1

10711 4

10! 102 103 10* 10°
Frequency [Hz]

FIGURE D.4: Amplitude noise and signal transfer functions for two x-FMs with etalon
tuning ¢ = 45°. The four cases are plotted for folding mirror transmittance 7 = 0 and
T =0.1.



Appendix D. Noise budget plots

Four amp. noise sources, 2 x-FMs
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FIGURE D.5: Amplitude noise and signal transfer functions for two x-FMs with etalon
tuning ¢ = 90°. The four cases are plotted for folding mirror transmittance 7 = 0 and
T =0.1.

Four amp. noise sources, 1 x-FM
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FIGURE D.6: Amplitude noise and signal transfer functions for one x-FMs with etalon
tuning ¢ = 0°.
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