LISA Optical Bench development:
Experimental investigation of
Differential-Wavefront Sensing for a
spaceborne Gravitational Wave detector

Von der Quest-Leibniz-Forschungsschule
der Gottfried Wilhelm Leibniz Universitat Hannover
zur Erlangung des akademischen Grades

Doktor der Naturwissenschaften Dr. rer. nat.
von

M. Sci. Alvise Pizzella

geboren am 06.04.1995 in Padova, Italien

2025



Referent: Apl. Prof. Dr. Gerhard Heinzel
Max Planck Institute for Gravitational Physics (AEI)
Callinstrafle 38, 30167 Hannover, Germany

Korreferent: Prof. Dr. Karsten Danzmann
Max Planck Institute for Gravitational Physics (AEI)
Callinstrafle 38, 30167 Hannover, Germany

Korreferent: Prof. Dr. Oliver Gerberding
Universitat Hamburg, Institut fiir Experimentalphysik
Luruper Chaussee 149, 22761 Hamburg, Germany

Date of Defence: 24th January 2025

Some minor corrections recommended by the referents that do not change the ar-
guments or results have been applied to the version submitted on the 27th November
2024.



A mio Nonno Guido
che ha spinto questa ricerca prima di me,
mi mancherai

A mio Papad Alessandro
che mi ha insegnato come pensare

measure

etymology: italian misura, french mésure, latin MENSURA | coming from MENSUS,
past participle of the verb METIRI meaning to measure. This verb has its origins
in the Indo-European root M fl; as the sanscrit mat: meaning measure, to measure,
greek matram — metron, slavish and serbian mata, celtic mead, meas, ancient alt
german meéz, maza and the modern Maas, ancient german mezzan and modern
messen, gotic mitan mata.

This root can also be found in the words meter - the fundamental unit to measure
lengths, imitate, mimic - the act of 'measuring’ someone or something in order to
reproduce it, mathematics (since this root gained also the metaphorical meaning
of ”thinking”), moon (since the lunar period was the fundamental unit to measure
months’ duration) and hence month [22].
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Abstract

The Laser Interferometer Space Antenna (LISA) is a satellite mission led by the
European Space Agency (ESA) scheduled to be launched in 2035. It will be the first
space-based gravitational wave (GW) observatory, aiming to detect GWs in the
10~* — 107! Hz band. Heterodyne laser interferometry is used to measure changes
in distance between two test masses (TMs) shielded by two spacecraft and separated
by millions of kilometers. The ambitious sensitivity of pm/v/Hzpresents many tech-
nical challenges, such as the weak-light condition and the coupling of the angular
jitter of the spacecraft and TMs to the interferometrically-measured longitudinal
displacement, or tilt-to-length (TTL).

Addressing this weak-light condition requires careful optimization of the het-
erodyne detection system, mainly of the quadrant photoreceivers (QPRs) and the
phasemeter (PM) electronics. The angular motion of the spacecraft and especially
the jitter of the moving optical subassemblies (MOSAs) introduce additional phase
noise that is one of the main contributors to the total displacement noise. To mit-
igate these effects, differential wavefront-sensing (DWS) is employed. DWS serves
both in flight for the active control of the position and rotation of the TMs, MOSAs
and spacecraft, and on ground, for calibration and subtraction of residual TTL in
post-processing. The sensitivity of the DWS technique under weak-light conditions
and in the presence of tilts remains uncharacterized. This gap represents a major
focus of the current work, aiming to evaluate DWS performance in conditions that
closely simulate those expected in LISA during flight.

During this thesis, such performance was demonstrated for the first time using
TDOBS, a testbed representative of LISA’s optical bench (OB). This is an ultra-
stable interferometer testbed that has been developed to validate critical interfer-
ometric techniques for the LISA mission. The testbed features a pair of steering
mirrors that can induce synthetic tilts between the beams to simulate spacecraft
or TM motion. This experiment, which already successfully demonstrated optical
reduction of TTL by means of imaging systems (ISs) using kHz beat notes, was
upgraded to beat notes in the 5-25 MHz band, becoming fully LISA representative.
Furthermore, TDOBS features low-noise QPRs comparable to those of LISA.

The first part of the thesis focuses on understanding the DWS signals, modelling
their dependence on the geometrical properties of the optical setup, and their cal-
ibration. This section is essential for connecting the measurements performed in
TDOBS to their analogue in LISA, and for estimating how to test LISA’s require-
ments on the ground.

The second part focuses on the experimental setup. The DWS noise performance
is characterized and broken down into individual noise contributors. Experimental
investigations are presented, including first-time measurements of DWS noise under
weak-light conditions and in the presence of beam tilts. The working principle of
a novel architecture of tracking beat notes from a quadrant photodiode (QPD) is
demonstrated for the first time using optically generated beat notes. To conclude,
the future improvements and projects of TDOBS together with the takeaways for
LISA are discussed.

Keywords: gravitational waves, LISA, heterodyne interferometry, phasemeter,
differential wavefront-sensing, low-noise photoreceiver
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Chapter 1

Introduction

After giving a brief introduction to general relativity (GR), gravitational waves
(GWs) and the history of GW experiments, this Chapter introduces the main fea-
tures of the LISA mission. For a more complete argumentation about GR and GWs
the Author refers to [51].

1.1 General Relativity and Gravitational Waves

Albert Einstein published the theory of general relativity (GR) in 1915 [26, 27, 24,
25]. The theory was an innovative way of seeing gravity no longer as a distance
interaction between bodies but as a mutual interaction between spacetime and bod-
ies, where "matter tells spacetime how to curve, and spacetime tells matter how to
move” [79]. Spacetime is described as a Riemannian manifold and its properties
are expressed by the metric tensor g,,. The energy-mass distribution is described
with the energy-momentum tensor 7),,. Finally, Einstein’s field equations relate the
spacetime properties g, to the energy-momentum tensor 7},

1 G
R, — ERg,ﬂ, =—7"T,, (1.1)

A
where G is Newton'’s constant, ¢ is the speed of light, R, is the Ricci tensor and R
is the Ricci scalar. The coupling constant on the right side of the equation (1.1) is
as small as Sg—f ~ 2.071 x 107 s?m~'kg~!, making spacetime very stiff to deform;
only extremely massive and energetic events give rise to a significant curvature. In
the absence of matter, equation (1.1) is solved by the flat Minkowskian metric 7, =
diag(-1, 1, 1, 1).

GWs emerge when analyzing small perturbations of a metric. This can be shown
by taking the flat metric as an example. In a situation where the energy-mass density
contribution is very small, the metric g,, differs only slightly from the flat metric.
Mathematically, the metric can be linearized as

Guv = v + Iy || <1 0,0, < 1, (1.2)

where the tensor h,, represents the small deviations from the flat metric. In the
weak field approzimation defined in equation (1.2), the Einstein field equations (1.1)
can be shown to become a wave equation for the tensor h,, = h,, — %Wuhﬁ

167G
—C—4TW, (1.3)

Oh,, =



1.1 General Relativity and Gravitational Waves

where [J is defined as the flat space d’Alambertian operator [J = 7,,,0"9". Equation
(1.3) is the starting point for calculating the generation of GWs within the linearized
theory. To study the propagation of GWs and their interaction with TMs, we fix the
energy-momentum tensor to zero (7),, = 0) as we are in a vacuum. Hence, equation
(1.3) can be rewritten as

Ohyw =0 (1.4)

Such an equation as (1.4) can be solved with the Green function method. The
generic solution takes the form

h’#l/ = A/weikpxp? (15)

with A, € Cand k € R, k = (w/c, k) w/c,= |k| (with the usual convention of
taking the real part after the computation) along with the transverse condition
k,A? = 0 and light speed propagation condition k,k” = 0. Gauging away the
degrees of freedom, one can set the trace to vanish A = 0. This gauge is called the

traceless transverse (TT) gauge. The AZIT tensor for a generic GW propagating in
the k= (1,0,0,1) direction is

00 0 0

7TT 0 hy A 0] wgu(t—=

e ={o at Zn o€ (=3), (1.6)
00 0 0

where wg,, is the GW’s frequency and ¢ — £ is the retarded time. Two degrees of free-
dom are left, as in the case of electromagnetic waves. The resulting wave is, hence, a
superposition of two polarizations named plus (+) and cross (x), respectively. One
can define two polarization tensors as

00 0 O 0000
01 0 0 0010
7100 -1 0 =~ 1o 100 (1.7)
00 0 O 00 0O
At this point, equation (1.6) can be rewritten as
RLE = > b, (5. (1.8)

1=+, X

In the TT gauge, the coordinates of a particle at rest are not changed by the
arrival of a GW, making it seem that GWs have no physical effect on matter. This
effect is instead to be searched in the consequences of a change of the metric, for
example in the variation of the proper distance between two points at rest. In the
presence of a GW, the metric g, is

-1 0 0 0
R X 0 14 hgcos(wug(t—2))  hyxcos(wuwg(t—2)) 0
Gy = T T My 0 hy cos(wug(t — 2)) 1 —hycos(wug(t —2)) 0
0 0 0 1
(1.9)
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Taking two simultaneous events x; = (ct1,21,0,0) and xo = (ct1, 29,0,0) and their
distance Ax = x5 —x3 = (0, L,0,0), in the presence of only a plus polarized GW
the proper distance is

1
s = N, Az Ax"u + hTTnWAa:“Ax u—sxL <1 + §h+ oS (wwg (t — f))) .

c

(1.10)
The proper distance between the two events, which is L in the absence of a GW,
is amplitude-modulated with amplitude %h+L. As the proper distance variation is
proportional to Ax, to define the strength of a GW the relative length variation, or
strain, is introduced as h = %.

An example to help visualize the effect of a GW’s propagation is to use a ring of
matter placed on a plane perpendicular to the wave’s propagation. The ring starts
at rest position. After one-quarter of the period, in the case of a plus polarized wave,
one axis is stretched (y-axis in Figure 1.1), while the perpendicular axis contracts
simultaneously. After one-half of the period, the ring returns to its rest position.
After three-quarters of the period the two axes switch roles. The cross-polarization
has the same effect, but with a 7 rotation.

OO0

t=0 t=% =1 =3

STITELIN

Figure 1.1: Effect of a GW propagating through a ring of matter lying on a plane
perpendicular to the GW’s propagation axis. Figure from [14].

GWs have characteristically low amplitudes due to the tiny value of GR’s cou-
pling constant. We can only hope to measure the effects of the most massive and
energetic astronomical objects. Hence, the sources of GWs observed so far were:

e the inspiral and merger of binary black holes (e.g. [2])
e the inspiral and merger of binary neutron stars (e.g. [1])

Still awaited detections are GW from supernovae and spinning neutron stars.

The amplitude of such GWs on Earth is reduced because of the distance to the
source: the expected amplitude on Earth is at most of the order of h ~ 1072! [66].
Inflation is also expected to have generated a stochastic background of GWs, which
are expected to be smaller than those of astrophysical origin.



1.2 Gravitational Wave Experiments

The detection of GWs is not only a further confirmation of GR but presents an
entirely new way of observing the universe. Astrophysics, up to recently, relied on
the observation of the full spectrum of electromagnetic waves and neutrinos. Since
the advent of GW detection, the field is enriched with a new type of signal and with
sources that were previously unobservable.

1.2 Gravitational Wave Experiments

The technological advances of the 1940s and 1950s made it reasonable to start
experiments to detect such small signals as GWs. The pioneer of the field was
Joseph Weber, who developed resonant-mass detectors. These relatively simple
devices were mostly sensitive at one specific frequency, chosen to be of the order
of kHz since that is the expected characteristic frequency of supernovae [62]. A
transiting gravitational wave would release some mechanical energy into the bar,
and the induced excitation is then detected. A limit of this method is the energy
released in the bar itself by the thermal noise. These devices were improved and ran
until the first decade of the present century. Since these experiments failed to achieve
a clear detection, the effort moved towards GW interferometers (IFMs). These are
significantly more complex devices that require the participation of thousands of
researchers, on top of more than 30 years of preparation, but they also have a much
broader detection band. The detection principle is to monitor the distance between
some ideally free-falling TMs!, which is perturbed by the transit of GWs. Some
technical challenges that these experiments have to overcome are the realization of
stable laser sources in both power and frequency, seismic isolation systems able to
suppress ground motion - due to earth’s seismic activity or human activity - by ~10
orders of magnitude and the production of large volume high vacuum enclosures for
the laser beam propagation. The first large-scale ground-based IFM, LIGO, was
completed in 1999 in the US, while VIRGO, in Italy, was completed in 2003. In
2016, LIGO announced the first ever detection of a GW [2].

A significant limitation to the sensitivity of these devices is the earth itself. The
microscopic vibrations caused by the earth’s seismic activity produce residual motion
characterized by a displacement spectral density of [66]

10~m/vHz from 1 to 10 Hz
z(f) = o [ 101\ 2 (1.11)
10 <TZ> m/vHz for f > 10Hz,

originating a strain noise orders of magnitude above the typical GW strain signal
[51]. These can be effectively decoupled from the detector’s output by seismic iso-
lation stages. However, the varying gravitational field caused by these microscopic
vibrations, which is called Newtonian noise or gravity gradients noise, cannot. This
makes the measurement of frequencies lower than ~1 Hz impossible. Conversely,
the mHz region of the GW spectrum is potentially very rich in GW sources, includ-
ing fascinating objects as supermassive black holes [51]. Newtonian noise can be
avoided only by moving away from its source i.e. the Earth. This leads to space-
borne GW IFMs, such as the LISA from ESA and TianQin [50] and Taiji [82] from

1On earth it is impossible to have real free-fall. It is possible instead to have quasi-free-fall, i.e.
an object which is, to a certain extent, characterized by the spectrum of stray acceleration in the
relevant degrees of freedom typical of free-fall.
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China. Another strategy currently followed in ground-based detectors is the active
subtraction of the interferometric signal caused by Newtonian noise [74].

Figure 1.2: Exaggerated representation of the interaction of the LISA constellation with
a GW transiting in a perpendicular direction to the plane of the constellation, for both
polarizations. Figure from [20].

1.3 LISA

The Laser Interferometer Space Antenna (LISA) is planned to be the first space-
based GW observatory and is currently scheduled to be launched in 2035 as of
the writing of this thesis (2025) [28]. The LISA mission is led by ESA and is a
collaboration of ESA, National Aeronautics and Space Administration (NASA) and
an international consortium of scientists and space agencies. LISA consists of three
equal spacecraft which, in space and far from sources of Newtonian noise, will be
able to detect GWs in the 107* — 1 Hz band [19]. This section addresses the main
features of this mission.

1.3.1 The Orbit

LISA’s three spacecraft form a near equilateral triangular constellation, the so-
called cartwheel formation, with an armlength of 2.5 x 10° m [53]. As illustrated in
Figure 1.3, the constellation is placed on a heliocentric orbit, following the Earth
with a ~ 20° separation, meaning approximately 5 x 10 m distance from the
Earth [19]. The plane of the constellation is angled at 60° with respect to the
ecliptic. As it orbits, the constellation rotates on its plane, as depicted in Figure
1.3. These particular heliocentric orbits are chosen to maximize the stability of the
constellation, i.e. minimizing the variation of armlength and corner angle between
the spacecraft - which inevitably happen due to the gravitational interaction with all
the planets in the solar system [63] - while keeping the spacecraft close enough to the
Earth to allow communications [19]. The stability of these orbits is guaranteed over
the mission time of 10 years (4 nominal 4+ 6 extension) [53]. In this configuration,
the constellation’s plane always faces the sun on the same side, which is essential for
the required thermal stability of the spacecraft. The Chinese mission Taiji adopts
a similar orbit, albeit orbiting ahead of the Earth [82] in contrast with LISA, while
TianQin plans a geocentric orbit [50]. The constellation’s stability is shown in Figure
1.4. The armlength variation rate is constrained to be smaller than 10 m/s with
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Sun

Figure 1.3: Drawing of LISA and its heliocentric orbit. Above: The equilateral triangle
follows the Earth with a separation angle of ~ 20° separation, meaning approximately
5 x 10'° m distance from the Earth [19]. The center of the triangle lies on the ecliptic
plane, and the triangle itself will form a 60° with the ecliptic plane. Bottom: depiction of
the rotation of the constellation during the orbit. Figure from LISA Mission Consortium,
adapted from [20].

relative armlength variations up to few percent, while the corner angle always lies
within 60° 4 1°.
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Figure 1.4: Graphs with the orbital parameters of the LISA mission. Figures from [17].

1.3.2 The Payload

The LISA payload faces numerous challenges to achieve its goal of measuring the
separation between two TMs that are 2.5 x 10° m apart with ~pm resolution. This
subsection describes the subsystems contributing to reaching this requirement.
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The Optical System

The optical system (OS) contains all the components needed for the interferometric
measurement (see Figure 1.8). The OS consists of two MOSAs, one per laser link.
Each MOSA holds an ensemble of gravity reference sensor (GRS), optical bench
(OB) and telescope, and each GRS shields a test mass (TM). The TM-to-TM
displacement measurement is split into 3 sub-measurements as depicted in Figure
1.8:

e The test mass interferometer (TMI) measures the displacement of the start
TM with respect to its OB in the start spacecraft.

e The Long-Arm IFM, or inter-satellite interferometer (ISI) performs the inter-
satellite measure of the displacement between the above mentioned OB in the
start spacecraft and the corresponding OB in the end spacecraft.

e In the end spacecraft a second TMI measures again the displacement between
the second OB and the end TM.

The TM-to-TM distance is evaluated by combining the three sub-measurements.
Each sub-measurement has to reach the ~pm resolution.

The main component of the OS is the OB, which is a Zerodur® ? glass-ceramic
plate with a diameter of approximately 450 mm [12], where all the needed optical
components are attached, including photodiodes (PDs) and laser couplers. The
optical components are distributed on both sides of the plate, with side A facing
the telescope and side B facing the TM. The technique used for bonding the fused
silica mirrors and beam splitters (BSs) onto the OB is hydroxide catalysis bonding
[12].

Each OB hosts three beams and three IFMs. The beams are the beam received
from the remote spacecraft (RX), the transmitted beam (TX) and the beam received
from the other OB in the same spacecraft through the backlink fiber (LO). Side A of
the OB hosts exclusively the ISI, which interferes the RX beam with the TX beam;
on side B, the TMI interferes the TX beam after a reflection on the TM with the
LO beam. A reference interferometer (RFI) is also present; this is placed on side B
and interferes LO and TX beam without reflection on the TM. Its readout provides
a phase reference in the other IFMs as well as an error signal for phase-locking [20].
A total of four QPDs per IFM are needed to measure each output port of the IFM
redundantly (see Figure 1.5). One 4-lense imaging systems (ISs) is placed on each
output porf of each IFM for TTL mitigation (see Section 3.1) and beam compression.
The measurements of both ports of an IFM are combined using balanced detection,
a technique that uses the fact that the outputs of the two interferometric ports have
a 7 shift to suppress correlated noises as relative intensity noise (RIN) (see 2.1.5) or
straylight by subtracting them [33]. In the ISI, all photoreceivers (PRs) are operated
continuously and simultaneously (hot-redundant) while in the TMI and RFT only
two PRs are operated at any given time (i.e., two are nominal, and the other two
are “cold redundant”).

Two additional mechanisms are present in the OB. The point-ahead angle mech-
anism (PAAM) is a very stable steering mirror that points the transmitted beam to

2Zerodur® is a lithium-aluminosilicate glass-ceramic with a very low coefficient of thermal
expansion, about 2 x 1078 K ~1, chosen to give a high thermal stability.
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where the receiving spacecraft is going to be in a time 7 = % ~ 8.3 s. The beam
alignment mechanisms (BAMs) uses a couple of rotatable glass slabs to laterally
shift the TX and RX beam and correct for misalignments.

Inter-spacecraft Side A Reference Side B
Interferometer (ISI) -~ Interferometer RI) -
,.—"' RN - T 0 ~

Beam Matching

Beam Alignment

3 =
Constellation % g
Acquisition 'S
Censor (CAS) 4 /X._
SR Power N E
Monitors
=
- ‘,_E_\,
1
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Nl
o & ﬂ To Side A
Transmitting ’ Point-ahead Angle

Laser (TX]

\ Local

Laser (LO)

| Mechanism (PAAM)

Fibre Switching Unit (FSU)

Figure 1.5: Representation of the LISA OB. The labeled beams are: TX - red, RX -
green, LO beam - blue. Figure from [17].
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Figure 1.6: Representation of the LISA telescope, depicting also the imaging properties.
Figure from [17].

The telescope (in Figure 1.6) collects light from the RX beam and directs it to
the OB while simultaneously transmitting the TX beam with an appropriate beam
profile. The telescope is an off-axis telescope with a main mirror diameter of 30 cm,
a total length of 60 cm [20] and a magnification of ~134 [65] (see Subsection 2.2.2).
Its design has the properties of an imaging system (IS), as it images the RX beam
on an exit pupil, the RX-clip: any spacecraft rotation causes an effective magnified
rotation of the RX beam around this pupil [65]. Because of the long inter-satellite
baseline and its finite size, the telescope can only gather up to ~ 450 pW of laser
power [30]. This makes a direct back reflection of the incoming beam unfeasible, as
this would result in receiving about as little as 6.25 x 1072 W of the sent power in
the transmitting spacecraft [19]. In contrast to ground-based IFMs, LISA operates
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1.3 LISA

in transponder mode, i.e. each satellite will return an amplified copy of the weak
received RX beam to the transmitting spacecraft. This is achieved by measuring the
phase of the RX beam and phase locking to it the TX beam’s phase. This results
in a total of 6 transponder links (2 per arm) [19].

The long baseline also leads to a main difference between the TMI and ISI: in
the first case, the two interfered beams have a limited propagation length, are both
fundamental Gaussian modes and have powers of the order of ~ 100...300 pW [34];
in the latter case the received laser beam is a small portion of a huge and almost
flat wavefront which is clipped and focused by the telescope.

Figure 1.7: Drawing of the optical assembly with the two MOSAs. Each MOSA consists
of the telescope, the OB and the GRS. The OB is orthogonal to the telescope’s axis. A
support ring holds both OB and GRS. The angle between the two telescopes is nominally
60°, but can be varied by +1.5° using the optical assembly tracking mechanism (OATM).
Figure from [20]

The relative velocities between the spacecraft cause time-dependent Doppler
shifts between the laser beams in the range of £8 MHz [42]. This setup does not
allow LISA to operate as a homodyne IFM?. Hence a heterodyne interferometric
detection system is employed*. The heterodyne interferometric detection system
(comprising the lasers, PRs and PMs, among other instruments) imposes some limi-
tations on the frequencies of the beat notes, which have to lie in the 5-25 MHz band
[42]. To achieve this the laser beams has a controlled and time-dependent frequency
offset, explained in detail in [42].

As mentioned in Subsection 1.3.1, the angle between the satellites is subject to
variations of +1°. To correct for pointing error, each MOSA can be individually
rotated about a vertical pivot axis for precision pointing toward their respective

3see Section 2.1.3
4see Section 2.1.3
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™ -TM

LA IFM
S/C-S/C:2.5x10°m

Figure 1.8: Schematic drawing of the OS in LISA’s spacecraft. Each spacecraft hosts 2
MOSAs, consisting of a GRS shielding a TM, an OBs and a telescope. The two OBs of
a spacecraft are connected together by the backlink fiber. The TM to TM measurement
subdivision is also illustrated on the top.

remote counterpart [3] by the OATM, with an actuation range of £1.5°. The optical
assembly tracking mechanism (OATM) actuates on the ensemble of GRS, OB and
telescope, and its angular jitter contributes to the total spacecraft pointing jitter.
The expected spacecraft pointing jitter with respect to inertial space is expected to
be 5 nrad/v/Hz[34].

The Test Masses

The TMs are 46 mm cubes with a weight of mry=1.9282 kg [34], made from a
dense 73% gold and 27% platinum alloy. The mixing ratio of the two metals is

chosen to have a high density and minimize magnetic susceptibility [17]. The TMs
are shielded by the GRS.
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1.3 LISA

The Laser System

The Laser System of LISA has to deliver sufficiently stable laser light in both fre-
quency and amplitude. Each spacecraft hosts two lasers, one per OB. The planned
system uses the master oscillator fiber power amplifier (MOFPA) approach, having
as low-power master oscillator a Nd:YAG non-planar ring oscillator (NPRO) emit-
ting 40mW of 1064nm light [20]. A small fraction of the light is used for frequency
stabilization purposes. The remaining light is passed through an electro-optical
modulator (EOM) which imprints phase sidebands for clock-transfer and ranging.
After this a double-clad fiber amplifier brings the final power to 2W. The beam is
linearly polarized to be able to separate transmitted and received beam [20)].

The frequency stability is crucial for LISA. The above mentioned relative veloc-
ities lead to armlength differences up to AL & 3.5 x 10" m (see Figure 1.4). This
leads to a massive coupling of laser frequency noise. To see this, one can compare
the phase noise induced by frequency noise d¢, (see equation (2.77)) and the phase
shift induced on a beam of wavelength A = % propagating in an interferometric arm
by the transit of a GW?.

Apgy ~ 27wh% S, = 27T£(51/ (1.12)
c c

In order to detect a GW, the phase shift induced by it must be much larger than that
induced from frequency noise, or A¢g,, > 6¢,. This statement can be rearranged
using the two equations in (1.12) as

ov 2L

” > h AL (1.13)
Plugging in LISA’s tipical values of h ~ 1072 and % ~ 1072, the right-hand
side of expression (1.13) is ~ 107!8. This fractional frequency stability is orders of
magnitude away from what is reachable with current laser technology, making this
a main challenge. The solution adopted in LISA uses two steps. First, frequency
stabilization: the free-running laser would have a fractional frequency stability of
~ 1071% The stabilization by means of an ultra-stable reference cavity improves
this to ~ 10713 in the LISA detection band. The second step takes place in post-
processing and aims to remove the phase signal caused by the frequency noise using
a technique called time delayed interferometry (TDI) [71]. This technique consists of
time shifting and combining the individual IFMs’ outputs to synthesize virtual inter-
ferometric arms with a much smaller armlength difference of the order of ALtp; ~ 1
m [19]. This effectively reduces the required fractional frequency stability to ~ 107,
satisfying expression (1.13). To time-shift the measured phase signals, TDI requires
the knowledge of the absolute distance between the spacecraft with a precision of the
order of 1 m. This is achieved by a pseudo-ranging measurement, which is realized
by imprinting a pseudo-random phase modulation onto the laser beams [34] and a
delay-locked loop similarly to the GPS [70].

The fractional power stability of the laser must be

e as low as 107*/v/Hz in the detection band to keep the radiation pressure noise

Sfor simplicity, the case where the GW’s frequency much lower than the inverse of the round
trip time 75, = 2£ of the arm (see equation 2.65) is used.
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1.3 LISA

below 3.4 x 1071%m/s?/v/Hz [34, 13| (see equation (1.14)).

2
cmrtMm

5P (1.14)

5a'TM =

where mTy is the mass of the TM, 0P is the power variation and daty is the
variation of the TM’s acceleration,

e as low as 1078 /v/Hz in the 5-50 MHz bandwidth to limit RIN induced phase
noise [13] (see Subsection 2.1.5).

The Drag-Free Attitude Control System

The drag-free attitude control system (DFACS) is the subsystem responsable for
making LISA’s environment as quiet as possible. The principle of operation is to keep
the TMs in a state of nearly free-fall by measuring the position and orientation of
the TM with respect to the spacecraft, applying a control law and commands to the
micro-newton thrusters such that the relative position of orientation of the spacecraft
with respect to the TM is maintained [20]. The spacecraft is affected by external
forces such as solar radiation pressure, interaction with solar wind and impacts with
micrometeoroids. The TMs situated inside the spacecraft are shielded from these
external disturbances, but the spacecraft is actively controlled to follow the TMs’s
geodetic motion. As each LISA spacecraft hosts two TMs, it is impossible to keep
both of them in free-fall condition in all degrees of freedom and simultaneously
ensure that the TMs stay at their nominal position with respect ot the OB [20].
However, it is sufficient to maintain free fall in the direction of the sensitive axes®.
This can be achieved by controlling the “non-sensitive” degrees of freedom of the
test masses and the position and attitude of the spacecraft. Many other forces have
to be mitigated in order to maintain a certain degree of free-fall purity in both TMs:

e gravitational force; this force cannot be shielded, and the mass distribution
of the spacecraft itself can cause significant disturbances to the TMs. The
spacecraft has to be modelled in detail to allow the analysis of mass imbalances
and limit gravity gradients [20].

e magnetic forces; these can cause non-gravitational accelerations of the TM
because of its non-zero magnetic susceptibility [20].

e clectromagnetic forces due to TM’s charge; such charge build-up may arise
because of interaction with solar wind and cosmic rays. The GRS features
fibers for injection of UV light for photoelectric discharge of the TM [19].

e forces from radiometric effect might arise from temperature fluctuations and
residual outgassing [20]. For this reason, temperature variations must not
exceed 107° K/ vHzat the TMs. Despite being in space, a vacuum system is
needed to keep the pressure at 10~® mbar.

The GRS is the main component of the DFACS. The GRS is the housing enclos-
ing a TM, which ensures the drag-free operation, i.e. the effective free-fall of each
TM. The GRS’s core consists of electrodes, at several mm separation from the test

6The sensitive axis is the axis being probed by the TMI and by the ISI.
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1.3 LISA

mass, used for nm/ vHzprecision capacitive sensing and nN-level electrostatic force
actuation in all "non-sensitive” degrees of freedom[19]. Such electrodes are used
for the capacitive measurement of the relative position of TM and spacecraft. The
TM’s stability inside the GRS is expected to be of 1 nm/ vHztranslational jitter
with respect to the OB, and 10 nrad/ vHzangular stability with respect to the OB.

The Phase Measurement

The Phase Measurement is the process of extraction of the phase information from
the beat notes. This task is carried out by a dedicated instrument, the phasemeter
(PM). The LISA PM is based on the digital phase-locked loop (DPLL) scheme shown
in Figure 1.9. This scheme is capable of extracting all three instantaneous amplitude,
frequency and phase information from the beat note. The working principle is
explained in more detail in [8]. Note that a DPLL acts on the beat note output
of one segment of a QPD, and hence 4 DPLLs are needed to track a QPR in the
simplest scheme”. A scheme of the DPLL is shown in Figure 1.9.

E

Nrow

sin(2mft)

LUT %—

cos(2nft)

1,

v(t,)

ADC

Figure 1.9: Scheme of a digital phase-locked loop (DPLL). The voltage signal from
the PD is first digitized by the analog to digital converter (ADC). A mixer and low-pass
filter are used to generate the () and I signals. The () signal is used as error signal in
a proportional-integral (PI)-servo to drive the numerically controller oscillator (NCO).
The DPLL outputs the phase increment register (PIR) (instantaneous frequency), phase
accumulator (PA) (instantaneous phase), I (instantaneous amplitude) and @ (error signal).
Together, these quantities fully describe v(t).

The voltage signal from a photoreceiver (PR)’s channel is a beat note with time-
dependent amplitude A(t), frequency f(t) and phase ¢(t).

v(t) = A(t)sin(2r f ()t + p(t)) (1.15)

This signal is digitized by an ADC with sampling frequency famp, with correspond-
ing sampling period tgamp = fa_lmp The sampling frequency must be high enough
such that the Nyquist frequency exceeds the frequency of the highest occurring beat
note in the system [20], which is 25 MHz [42]; fiamp = 80 MHz has been chosen [17].

Due to limited bandwidth, the DPLL can only track changes of A, f and ¢ which

"More details about this will come in chapter 7

15
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take place on timescales much larger than the sampling period tsamp. More in detail,
an example of transfer function (TF) of the DPLL is shown in Figure 1.10.

The whole process takes place in the digital domain. The signal is mixed in
two quadratures with a digital sine/cosine wave of the same frequency and phase
generated by a NCO, resulting in the Q and I signals. The obtained signals have
a ~ DC component and a second harmonic (2f) component; low pass filtering®
eliminates the second harmonic.

LPF[v(t) -sin(27f + )] = Q x Ap (1.16)
LPF[v(t) -cos2nf 4+ )| =1 x A (1.17)

The PI controller keeps the Q signal very close to zero by actuating on the NCO’s
frequency; the purpose of this scheme is to make the NCO create a tracking copy
of the PR’s signal. The NCO consists of a phase increment register (PIR), phase
accumulator (PA) and of cosine and sine look up tables (LUTs). The loop needs an
initial guess fy of the instantaneous frequency to lock. This value is set as the initial
value of the PIR. At each iteration the PIR is updated, allowing the calculation of
the phase.

System transfer function

1010 i i,
—— Model ! I
5  10°H | Unity gain frequency : :
E 0 | Crossover frequency ! I
2 10 : '
& L
S 107 F 1 I
1 |
10—10 1 ! I 1 1 | 1
107 1072 10° 10° 10* 10°
180 T
—_ ——— Model :
8 90| | Unitygain frequency I
el Crossover frequency !
@ 0 1
Ua? I
= -90F :
—180 I I I 1 1 1
107* 1072 10° 10 10* 10°

Frequency (Hz)

Figure 1.10: Example of TF of the DPLL from [9]. The unity gain frequency of the loop
is around 40 kHz and phase margin is ~ 59°.

This frequency data are used to reconstruct the signal’s phase changes over time
©(t,) as a cumulative sum of the instantaneous frequency values f(t,).

n

> () (1.18)

fsamp i—1

1

o(t,) = 2w

The PA represents the instantaneous phase of the signal. Finally, the I signal
represents the instantaneous amplitude of the signal. For performance reasons,

8indicated with the LPF operator in the equation
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1.3 LISA

these operations are implemented in a field-programmable gate array (FPGA) [20].

The required phase reconstruction performance is 27 "fggg ~ 6prad/+/Hz.

A critical point of this scheme is the ADC’s sample time jitter: during digi-
tization, the signal is sampled according to the provided ADC clock. A jitter of
this clock, combined with time jitter by the ADC itself, causes a phase change in
the measured signals. The amplitude spectral density (ASD) of this noise @c;(f)

depends on the signal’s frequency fggna and on the ASD of the timing jitter 7(f).

@Cj(f) = 27T fsignal%(f) (119)

Unfortunately, all ADCs under test fail this requirement and spoil the system per-
formance [8] for beat notes higher than ~ 5 MHz. This issue can be solved in
post-processing by measuring the timing jitter at the ADC. This is done by adding
a reference tone to the measured signal; such a tone is called pilot tone (PT). The
PT is affected by the same ADC jitter as the main signal. The PT phase correction
of the main signal is performed using equation (1.20), where fg, is the frequency

of the main signal, fpr is the frequency of the PT and ypr is the measured phase
of the PT.

Psig. cor — Psig. — PPT : (12())
fer

1.3.3 The Sensitivity

The expected sensitivity of LISA is shown in Figure 1.11. Since it depends on time,
sky location of the source and polarization of the GW, it is conventionally averaged
on these parameters. LISA’s sensitivity is limited at low frequencies (< 1mHz) by
the residual acceleration noise of the TMs, while at higher frequencies (> 100mHz) it
is limited by the arm’s response. This is due to the fact that the period of the GWs
is shorter than the round-trip period of light (see Section 2.1.4). In the ”bucket”
region, between 1 mHz and 100 mHz, the sensitivity is limited by the interferometric
sensing noise, mainly shot noise in the IST [34], at a level of 10 pm/+v/Hzaround 10
mHz, or strain noise of ~ 10_20/\/5.
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Figure 1.11: ASD of the time, sky and polarization averaged strain sensitivity of LISA.
Figure from [19]
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Figure 1.12: Examples of GW sources in the LISA band and LISA’s sensitivity in a
3-arm configuration. Figure from [4]

18



Chapter 2

Interferometric Signals with
Quadrant Photodiodes

This chapter introduces the main concepts used in this thesis. The first section in-
troduces a mathematical description of Gaussian beams and beam overlap, followed
by interferometers (IFMs), the effect of a gravitational wave (GW) on an interfer-
ometer’s arm and the noises which affect interferometric measurements. The second
section briefly introduces ray transfer matrices, which are used to describe imaging
systems (ISs). The last section introduces quadrant photodiodes (QPDs) and the
signals which are measured with them, namely differential power sensing (DPS),
longitudinal pathlength sensing (LPS), differential wavefront-sensing (DWS). DWS
is mathematically modelled in detail as of major relevance throughout the whole
thesis.

2.1 Gaussian Beams and Interferometry

2.1.1 Gaussian Beams

For a detailed description of Gaussian laser beams, see [69] or [51]. A laser beam is
an electromagnetic field propagating in space. Since the magnetic field mimics the
electric field’s behaviour, only one of the two needs to be described, and the electric
field is traditionally chosen. An electric field E (t,7) propagating in a vacuum obeys
the equation

[_618—2 + VQ] E(t, %) = 0. (2.1)

Taking a monochromatic component of frequency v = w/27m of E(t, ), this can be
factorized as E(t,Z) = E(Z)e”™!, and replacing this expression in equation (2.1)
one gets that £(Z) must obey

(V2 + k2 E(Z)e ™ = 0, (2.2)

with k£ = 2{ = %, which is called Helmholtz equation. The oscillatory term e ™t s
going to be neglected for the remainder of this chapter.
It can be of physical interest to look for solutions of the Helmholtz equation

(2.2) where the angle between the vectors normal to the wavefronts' and the beam’s

Ithe 2-dimensional varieties where the phase of the beam is constant.
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2.1 Gaussian Beams and Interferometry

propagation direction is small. Fixing z to be the electromagnetic field’s propagation
direction, this can be formalized as

E(Z) = £,E(z; 2, y)e™, (2.3)

where £, is a generic polarization versor with |é,| = 1, |£,| L &, and £(z;z,y) is a
slowly varying function of z, such that its dependence on z manifests only for z > k.
This can be summarized in the conditions
0*E oE| |0%€| |0%*€
022 0z | |0x%| | Oy?
Applying these conditions to equation (2.2) , one obtains the parazial approzimation
e 9% o€
— + — —2ki— = 0. (2.5)
ox?  Oy? 0z
Equation (2.5) is a partial differential equation which admits infinitely many solu-

tions. The simplest solution is called fundamental mode Ey or transverse electromagneticgg
(TEMgg) and takes the form

i =iy (o (5w )).

where Ey € R, [V/m] is the amplitude scaling factor, z [m] is the distance from
the waist, which is positioned at z = zg [m], ¢ = kz is the phase that the beam
accumulates during propagation, wg [m] is the beam radius at the waist and w(z)
in equation (2.7) is the local beam radius or spot size.

< 262 , . (2.4)

2

z

w(z) = w1+ (—) (2.7)
ZR

The geometrical meaning of the spot size is to be the distance from the center for

which the intensity decreases by a factor e=2 ~ 13.5% with respect to its maximum

value at the beam’s center. The parameter zgr [m] is the Rayleigh range which is

related to the waist by
Twy

ZR — b\ (28)
and has the geometrical meaning of being the length over which the beam is rather
collimated. A [m] is the wavelength of the beam, and & [1/m] is the wave number
_ 2w
-5
Far away from the waist, i.e. where z > zg, the beam diverges. Equation (2.7) can
be approximated to

k (2.9)

A\
w(z) A wyg— = Oz with © = 2 = (2.10)
ZR ZR TWo

where © is divergence angle. Note that the smaller the waist, the shorter the
Rayleigh range and the bigger the divergence angle. R(z) [m] is the curvature

e R(z) = » (1 + (2—3)2) (2.11)

z
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2.1 Gaussian Beams and Interferometry

which is infinite at the waist position, R(z = 0%) = 400, and asymptotically zero
at infinity, R(£o0) = +oo, and has a minimum of R(z = +z) = £2zg. Finally,
the n(z) term is the guoy phase

n(2) = arctan (i) : (2.12)

which is an extra phase term that a Gaussian beam accumulates with respect to
a plane wave. To recover the vectorial nature of the electric field, the polarization
versor has to be added, giving

Eoo(2;2,y) = &p€o0(2; 7, y)e*. (2.13)
The intensity [ 5] of the beam is proportional to the squared modulus of the electric
field B 2
23X, Y
I(z; = 2.14
<z7 ‘/Eﬂ y) 2Z ) < )

where Z [(1] is the wave impedance of the medium in which the beam is propagating.
For a fundamental Gaussian beam (2.13) this gives

I(za,y) = 10% (%)2 exp (—256;(;%2) , (2.15)

where Iy = EO‘Q. The total power of the beam (2.13) can be found by integrating
the intensity in equation (2.15) over an infinite surface on the xy plane.

Py = //dmdy[ z;2,y) = lw] (2.16)

The power P, impinging on a circular portion of plane centered around z = 0 and
of radius 7 can be derived from equation (2.15) and is

V2r

P,=Py(1—e") =0

(2.17)

The other possible solutions to equation (2.5) are called higher-order modes.
These are an infinite set of solutions that can be collected in a base. The most
used bases are the Hermite-Gauss and the Laguerre-Gauss bases, which make use
of Hermite polynomials and generalized Laguerre polynomials, respectively. For
example, Hermite-Gauss modes are given by

Hij(z,y,2) = mwfz)ﬁ (Z{j) H; (%) exp (—I;Z;)y;) 0.18)
e (=i (M i+ i) ) )

where 4,j > 0. H;(x) are the Hermite polynomials of order i. Such modes appear
with propagation because of misalignments and spurious reflections. Notice that
higher order modes accumulate a different guoy phase according to their order.
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2.1 Gaussian Beams and Interferometry

Figure 2.1: Left: Schematic representation of the profile of a fundamental mode Gaussian
beam. The waist wg is the minimum width of the beam at its center. Departing from
the waist position and symmetrically in both directions, the beam width w(z) increases
according to equation (2.7). For distances larger than 2z, w(z) can be approximated using
(2.10). Source https://en.wikipedia.org/wiki/Gaussian_beam.

Short application to LISA. Assuming a received beam is a wy ~ r = 15 cm
radius beam with waist position situated on the next spacecraft d ~ 2.5 x 10°
m separation, the fraction of the received beam’s power f gathered by the r
= 15 cm radius telescope is

A A
w(d) ~ 0d =—d=—d =565x10°m

TWq mr

r2 r2 o2t
=|1- -2 ~ 2 = =1.41x 107°.
f { exp( w(d)?)} w(@f ~ NP X 10

2.1.2 Beam Superposition

When two beams El(z; x,y) and Eg(z; x,y) are interfered, the electric fields have to

be summed.
Etotal('zsmay) :El(z>$7y)+E2(Za$ay> (219)

As the intensity of the total electric field is calculated using equation (2.14), the
interference term appears.

1
Itotal(z;xay) = ﬁ |E1(2;x,y)|2 + ‘E2(2,$,y)’2/+

Vv
DC intensity

(2.20)

+ & Epa(Br(ziz,y) Ba(z2,y)" + Ea(27,9) Ea(2 2, y))

-_
interference intensity term

22


https://en.wikipedia.org/wiki/Gaussian_beam

2.1 Gaussian Beams and Interferometry

The power measured by a PD located at z = zpp is the integral of (2.20) over the
PD’s surface Spp is

1 _ o
Ptotal, PD — =5 [/ dS|E1(ZPD;I,?J)|2 +/ dS|E2(ZPD;$,?/>|2+
27 Spp

SPD

+ €p1 - Ep2 (/ dSE;(zpp; @, y) Es(2pp; 2,y)"+ (2.21)
Spp

—|—/ dSEl(ZpD;I,y)*E2(ZPD;$7y)>:|‘
Spp

From now on the dependence of E on zpp will be omitted. It is convenient to define
the overlap integral Ioyerap € C of the two beams as [80]:

fSPD dSEl (l’, y>E2(m7 y)*

= — = nheteid}a (222)
Jsoo ASIEs (2,9) 2\ [y, dS1 B (2, )2

]overlap =Ep,1-Ep,2 \/

where 0 < /mne; < 1 is the heterodyne efficiency. This parameter depends only
on the PD and beams’ geometry, which quantifies the spatial overlap of the two
beams and hence the 'quality’ of the interference. When considering a QPD, the
heterodyne efficiency can be calculated for each segment. Then equation (2.21) can
then be rewritten as

Piotal, pp = Pipp + Popp + 21/ Mhet P1pp Po.pp €0S(1)). (2.23)

For two generic Gaussian beams with same linear polarization, generic phases ¢; =
kz; and detected with an infinite area single element photodiode (SEPD), the overlap
integral in equation (2.22) takes the form [78§]

. 2
1 1 GZ(ALP—’—An) 7 arctan ( ];Zefi )
Ioverlap, GB-GB — 2 e e, (224)
wy(z) wo(z) /L LR
wl 4R?
eff rel

where the used quantities are

1 1 1 1 1 .
W wi(z) + w3 (z) R Ri(2)  Ra(2) (2.25)
Ap = k(z1 — 22) An =m(z) — n2(2). (2.26)

In the case of a plane wave and a Gaussian beam, describing the plane wave
as Eplane(x,y) = Epe*#r with fSPD dS]Eplane(x, y)|? = |Ep|*Spp, assuming that the
Gaussian beam is fully detected by the SEPD, and that the SEPD is round hence
the area is Spp = 7rap, the overlap integral takes the very simple form

. kw(z)2
\/§w0 e’b arctan(m) el(n(z)+A¢)
Y
PD

Ioverlap, GB-PW — (227)

where Ap = k(z; — zp).
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Beam Overlap Integral
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Figure 2.2: Plot of |Ioyerlap, cB-GB| from equation (2.24) for R, = oco. Gaussian beam
overlap looks like a resonance curve as the overlap is maximum if the two beam sizes are
identical.

2.1.3 Interferometers

Interferometry (from latin intér (= inbetween) + féro (to bring) + meétior (= to
measure), to be used acronym IFM) is a technique which uses the interference of
superimposed waves, such as electromagnetic waves, to extract information. This
technique is applied when the used electromagnetic wave’s frequency is very high
(> 10'° Hz), making it impossible to follow both the amplitude and phase of a beam
individually, as, for instance, radiotelescopes do. In such case, an additional beam
must be interfered, and the phase-difference-dependent power is measured. IFMs
are largely used for their high sensitivity to measure microscopic displacements, re-
fractive index changes or irregularities of surfaces. Several interferometric topologies
exist, depending on the needs and purposes.

The (Homodyne) Michelson Interferometer

This Sub-subsection briefly explains how a Michelson IFM works in its most straight-
forward conceptual scheme, as it is the current standard for ground-based GW de-
tectors. Michelson and Morley used a similar device to prove the non-existence of
ether [51].

The layout described here is shown in Figure 2.3. The beam source is a monochro-
matic laser light source, which generates a single laser beam. This beam is sent to
a 50-50 ratio beam splitter (BS). The beam is split into two equal power and equal
phase beams, with perpendicular propagation directions, x and y. At the end of
both arms, two mirrors, M, and M, reflect each beam backwards. The two beams
recombine at the BS. Recombination at the BS generates two beams, one of which
is heading back to the laser source while the other one is heading to the PD. The
PD measures the intensity of this beam. Since only one monochromatic beam is
used, such an IFM is called a homodyne TFM.

To describe the main features of an IFM mathematically, it is sufficient to de-
scribe the beam as a plane wave

a; = age' ke (2.28)

where ag is the complex amplitude aq ( £[a,] = [V/m]) which carries the information
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Figure 2.3: Topology of a simple Michelson IFM.

of the amplitude E, and phase ¢, of the beam.

ag = Eye' (2.29)
R[ag] = Ey (beam’s amplitude) (2.30)
arg(ag) = o (beam’s initial phase) (2.31)

All optics are assumed to be ideal, i.e. lossless and perfectly reflecting in the case
of the mirrors. The BS can be represented with the unitary matrix

Qout, 1 — P T Qin, 1 (2 32)
Qout, 2 1T P Qin, 2 ’ ’

where p and 7 are respectively the reflectivity and transmity of the BS. For a lossless

50-50 BS, p =17 = \/Li After the BS the initial beam splits and becomes

Uy = iTa; = ita,eFw (2.33)

ay1 = pa; = paoei(kz_m). (2.34)

The beams are then reflected on the mirrors M, ,, which in this example have an
ideal reflectivity of 1. By propagating along different arms, the beams accumulate
different phases. Just before the recombination at the BS the respective plane waves
are

12k L,

Uyy = € 2k L

(p1 = ITAE gllkz—wt) (2.35)

2Ly | = payei2hlyeikeut) (2.36)

Qyo = €

After recombination, there are two outputs from the BS. One is called symmetric
port, since the beams out of it have been once reflected and once transmitted by the
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BS. The other one is called antisymmetric port since the beams were either twice
reflected or twice transmitted.

Ao, 5 = Plga + iTAys = piTae 2wt (¢i2kla  oiZkLy) (2.37)

o, A = iTAy + Py = aoei(kz—wt)<_T26i2kLm 4 p26i2kLy) (238)

The intensity can be obtained using equation (2.14): [ = % = Ezg The overlap
integral of plane waves is always one. From here on, I define I, = %

I, s = 1o2p*7*(1 + cos(2k(L, — L)) (2.39)

I, a = Io(T* + p* — 2p*7% cos(2k(L, — L,)) (2.40)

As a result, the output intensity is the sum of a DC term, resulting from the indi-
vidual beam’s intensities, and an interference term due to the interference between
the two beams. One can check that the energy is conserved at every moment as
I, s+ 1, 4 = Iy as the two interference terms are opposite. This means that the
pathlength difference L, — L, = AL just determines which port the intensity is
directed towards. Plugging in the reflectance and transmittance values for an ideal
IFM, one obtains the intensity heading out of each port.

I
Io,s = 5 (14 cos(2kAL)) = Iycos®(kAL) (2.41)
I
I =5 (1 cos(2kAL)) = Iysin?(kAL) (2.42)
A displacement of the order of one wavelength in one arm diverts all the power from

one port to the other. The measured displacement on the symmetric port is for
example

AL = A arccos (QIOS - 1) . (2.43)
2T ]0

Note that an IFM, unlike many other measurement techniques, is self-calibrated,
as the wavelength of the beam is the only needed conversion factor from detector
output (the integrated intensity on a PD) to length. Unfortunately, such an IFM
has some blind spots: this is when the sensitivity vanishes, or (% = 0. This means
that if the measured power crosses that spot, one can no longer tell from the IFM’s
output if AL has increased or decreased. This is shown in Figure 2.4.

The IFM’s output signal is converted into a voltage output by the photoreceiver

(PR). This, for the symmetric port, is equal to

Vvo,s =RA / dS[(l',y,ZPD). (244)
Spp

Where R[Q)] is the gain of the trans-impedance amplifier (TTA) of the PR, A[:] is
the responsivity of the PD, zpp is the position of the PD along the beam path, Spp
is the PD’s surface and (z,y) are the transverse beam’s coordinates.

A crucial parameter in IFMs is the contrast 0 < C' < 1, which indicates the ratio
of the interference term’s amplitude over the DC beam powers, defined as

Vmax - Vmin
Vmax + Vmin

Imax - ]min

Irnax + [min

: (2.45)
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Figure 2.4: Schematic graph of the intensity of the I, ¢ port of the Michelson IFM in
Figure 2.3 in case of using a wavelength of 1064 nm. In this example, the contrast is 90%,
and the total intensity of 1 W. The output’s blind spots are highlighted in orange.

where the right side of equation (2.45) holds only if the TTA introduces a negligible
offset. The contrast is related to the heterodyne efficiency in equation (2.22) by
2v/Net P1 P
O = 2V het! 1072 (2.46)
P+ P
One can easily see from equations (2.39) and (2.40) that in the case of a plane-wave
IFM this is

4,027_2
Chg=———-=1 2.47
5= (2.47)
4/)27'2
Cpp=——. 2.48
A 2(p4 4 7_4) ( )

The contrast of the symmetric port is always one, while the asymmetric port varies
according to the reflectance and transmittance of the BS. This is an idealized
example, as plane waves have a perfect overlap; in the realistic case, other factors
such as losses, reflectance and transmittance mismatches at the BS, and the use of
Gaussian beams having imperfect beam overlap lower, in general, the contrast.

The (Heterodyne) Mach-Zender Interferometer

Heterodyne interferometry is the case in which beams at different frequencies are
interfered. The advantage of this is it removes the unavoidable blind spots of homo-
dyne interferometry. A possible implementation of a heterodyne IFM setup is shown
in Figure 2.5. The beam from one laser source is split and then propagated through
two acousto-optical modulators (AOMs). These are devices that use photon-phonon
interaction to shift the frequency of a laser beam by a value typically around 80MHz?

2This frequency shift is very small in comparison to the laser beam’s frequency, which is, for a
A = 1064nm beam, v ~ 2.82 x 10'* Hz: therefore, the two beams can still be considered to have
the same wavelength A
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[60]. By using two of these, one can achieve even smaller frequency differences. An
alternative could be to have two laser sources and lock their frequencies with a
constant offset. The initial laser beam is again equation (2.28), and both BSs are
treated with equation (2.32). The output beams of this setup are

Ao 1 = aoipr(e“‘”HkLl + e“’JQHkLQ) 2.49)

2 dwit+klLq

o2 = ap(p’e — 7eiwntthla) (2.50)

and the respective powers are

I, = 120> 7% (1 + cos(Awpest + kAL)) (2.51)
Ip o = Io(p* + 7" — 2 cos(Awpert + kAL)), (2.52)

where Awpet = w1 — wo takes the name of heterodyne frequency and AL = Ly — Lo
is the usual pathlength difference. In heterodyne interferometry, the output is a
beat note at the frequency difference between the two beams, and wanted phase
information is the phase of this beat note.

PD,

Laser
source

I
»

Figure 2.5: Layout of a simple Mach-Zender heteroryne interferometer.

The extraction of the phase information from a heterodyne IFM is more complex
than in the case of a Michelson IFM. To demodulate this a dedicated device is
needed, the phasemeter (PM). In the case of a fixed frequency beat note, this
demodulation can be simplified as following (this subsection is adapted from [67]).
The beat note in equation (2.51) can be rewritten for a real IFM’s output to be

P(t) = P[1 + C cos(Awt + Ag)], (2.53)

28



2.1 Gaussian Beams and Interferometry

where P is the average power measured by the PD, C is the contrast and A¢ is
the phase difference between the beams. If the phase changes are sufficiently slow
compared to the beat note oscillation, the phase can be treated as constant (@ <
w) during one cycle of the demodulation process. The beat note is multiplied by
two time series in quadrature represented by sin(Awt) and cos(Awt) at the same
frequency and integrated over one (or multiple) period(s). This results in the two
quantities int, and int..

int, = / " i At sin( Awt) P(1)
0

2m 2
W—i— PC’/ d(Awt) sin(Awt) cos(Awt + A¢)
(2.54)
= —PC W / d(Awt) sin(—Ag)

= PCr sin(

In the first line the first Werner formula has been used, sina cos 8 = £ [sin(a + ) +
sin(a — )]. Similarly, for the cosine integral

int, = /27r d(Awt) cos(Awt)P(t)
0

2m 2m
W+ PC’/ d(Awt) cos(Awt) cos(Awt + Ad)
(2.55)
= —PC’ W / d(Awt) cos(—Ag)

= PCr cos(

In the second line the first Werner formula has been used, cosacos 8 = 1[cos(a +
) + cos(a — 3)]. Hence one can obtain the phase of the beat note as

A¢ = — arctan (mt ) : (2.56)

int,

The advantage of such a system is that there are no more blind spots, and pathlength
variations longer than one wavelength can be measured. What is shown here is the
phase extraction for a heterodyne IFM with a fixed heterodyne frequency; such a
demodulation scheme takes the name of single bin fast fourier transform (FFT) PM.
This is not the case of LISA, where the heterodyne frequencies vary in a range of
5-25 MHz. For this application a DPLL PM is used.

2.1.4 Effect of a Gravitational Wave on an Interferometer

Michelson interferometers (IFMs) are naturally suited to measure the effect of a GW
since they are able to measure the length difference of two perpendicular pathlengths.
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2.1 Gaussian Beams and Interferometry

With a general relativistic computation, [51] calculates the phase shift induced in
an arm of a Michelson IFM by the transit of a monochromatic GW. In LISA, the
beam propagating along the arm is not reflected backwards by an end mirror but
an amplified beam with a well defined frequency offset it is sent back by the receiver
spacecraft; this introduces no difference in the calculation.

Let the IFM’s arm be parallel to the z-axis and have a length L. The GW is
plus polarized in the used reference frame (RF) and propagates along the z-axis.
The GW in the TT gauge takes the form

hy(t) = ého cos(wgyt). (2.57)
The spacetime interval in the T'T gauge is
ds® = —dt* + [1 + hy(t)]dz® + [1 — hy (t)]dy® + d2*. (2.58)

The photons in an IFM travel along null geodesics®, hence for a photon propagating
along the arm it holds

1
dr = tcdtn/1+ hy(t) =~ £cdt [1 + §h+(t)} : (2.59)

where the plus-minus sign indicates the direction of propagation and the square
root has been approximated to the first-order Taylor expansion as h ~ 102!, The
photons in the IFM arm first propagate from # = 0 to z = L %, and then backwards
from z = L to x = 0. Let’s name the starting time ¢y, the arrival time at the end
mirror ¢; and the time of return to the BS ¢;. The time interval experienced by the
photon can be calculated by integrating equation (2.59) with proper signs for the
travelling directions in the arm.

L t1 1 c t1
L= / dr= ¢ / dr [1+ §h+(t')] = et~ o) + ¢ / () (2.60)
0 to

¢
0 to 1 c Otg
—L = / dr = —c/ dt' |14 zh ()] = c(ta —t1) + —/ dt'hyo(t') (2.61)
L t1 2 2 t1
Summing the two equations (2.60) and (2.61) together one gets
2L 1 "
tz - t(] - — — —/ dt/ h+<t/) (262)

c 2 J4

To first-order approximation t, = to + %, and this can be replaced on the upper
limit of the integral. Plugging in the explicit expression of the GW in equation
(2.57) in equation (2.62) one gets

2 1 [0t
— - —/ dt' ho cos(wgyt')

c 2 J

2L ho | . ; +2L in (0 to)
= — - Sin | Wy — | | — sin(wguw
¢ 2wWgy g T w0

_ 2L hoLsin(*2%) (w (to + £>)
_ »
Cc

tg—toz

(2.63)

c c @l
C

e (s (100 7)) e (225)
=——hy Wy | to + — sinc ,
c c c

3Null geodesics are defined as paths characterized by ds? = 0.
4In the TT gauge the coordinates of test masses are not changed by the transit of a GW
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where in the third line the identity sin(a 4 28) —sina = 2sin f cos(a + ) has been
used and in the fourth line the function sinc(z) = #2£ has been introduced. This
means that the transit of a gravitational wave along an arm placed on the z-axis
causes a time-dependent time difference in the light’s propagation time of

Aty (t) = hoésinc (“ng) cos [wgw (t - 5)] . (2.64)

C C

The quantity ¢ can be defined to be the corner frequency of the IFM, as wgw, » =
The corresponding phase shift on a laser beam can be obtained by multiplying the
time shift in equation (2.64) with the light’s pulsation w; = 27y.

Adyu(t) = ho%sinc (Wi) cos [wgw (t - 5)] (2.65)

Wow, x C

The physical meaning of the sinc function is that if - > 1, i.e. the period of the
GW is comparable or smaller to the round trip tlme of a photon in the arm, then
the GW changes sign during the propagation along the arm, and partially cancels.
This is the case in LISA, where this armlength-penalty is reducing the sensitivity on
the high frequency end 5 In the opposite case w‘”” << 1 the GW has a constant

sign along the arm and sinc(0)~ 1, which is the case in ground-based IFMs. This

mechanism also introduces a comb of blind frequencies sin (—”) =0 - e =
Waw, *

Waw, *
(2n+1)F, n € N to which an IFM arm of length L is not sensitive at all as the GWs
completely cancel.
In a Michelson GW IFM the phase shift at the BS’s output is twice that in
equation (2.65) as the same effect happens in both arms with opposite signs. In
LISA, it is a bit more complicated, as the arms have a 60° angle.

Short application to LISA. Plugging in some typical numbers for LISA
(L =25 % 10° m, wy, = 1 mHz, hy(t) = 1072°V¢) the time shift and phase
shift are

@

Wow s = 7 = (0.12Hz (2.66)
2.5 x 10°
Aty = #ﬁrﬁ 1020 ~ 10795 (2.67)
Apgy = 212.8 x 10 Hz 107 s ~ 107* rad (2.68)
A
ALgu,eq = - Adgu ~ 107" m. (2.69)

2.1.5 Noises of interferometric origin

As with any existing measurement setup, the explained interferometric schemes in
Section 2.1.3 are also affected by noise. This subsection is a brief overview of the
noises linked to the nature of the interferometeric measurement itself.

5see Figure 1.11

31



2.1 Gaussian Beams and Interferometry

Relative Intensity Noise

An ideal laser emits a constant laser power, which can be formalized as a Gaussian
beam (see equation (2.6)) with constant amplitude. Unfortunately, this is not the
case, and real lasers suffer power oscillations. Such power oscillations are misin-
terpreted as pathlength variations by the interferometric measurement. The phase
error due to this is called intensity noise. As soon explained, the phase noise due to
these power oscillations is independent of the mean power of the beam; therefore,
this phase noise is called relative intensity noise (RIN). RIN can be described as fol-
lows [81]: a laser beam of ideal power P has instead a power P(t) = P+ §P(t) with
§P(t) < PVt. This can be rewritten as P(t) = P(1 + r(t)) with r(t) = % < 1Vt.
Given two interfering beams of average powers P, and P, beam overlap /et fre-
quency difference wye, and phase difference ¢, the power impinging on a PD is (from
equation (2.23))

Pous = Pi(1+71) + Py(14+73) + 2\/77hetp1(1 +71) Po(1 + 73) cos(whett + )

_ _ _ _ + ___
~ (P4 Py + Piry + Pyrg) + 2 (1 + n 5 TQ) V Thet P1 P2 cos(whett + ©)

= Pl +P2+p17’1—|—P2T2+(7’1+T2)\/7]hetP1P2COS<whett+QD)‘F
W—/ . ~~ - [ ~ /
DC 1f—RIN 2f—RIN

+ 2v/ et P1 Py €08 (whert + ),

signal

(2.70)

where /142 ~ 1+ /2 was used, and the term r1ry was neglected. The term
P, + P, is a constant DC term, the term Pir; 4+ Pory is known as 1f-RIN and is
an additive noise, while the term (1 + )/ Met P1 Pa cos(Wheit + ¢) is known as 2 f-
RIN and is a multiplicative noise. The induced phase noise can be characterized by
calculating the inverse carrier-to-noise (C/N) density ratio (C/Ny) as

N Noise ASD

Proise = m, (2.71)

where the noise is evaluated near fie and the root mean square (RMS) of a signal
s(t) over a period T is defined as

RMS{s(t)} = \/ % /0 [s(t))2dt. (2.72)

For the signal (underbraced in equation (2.70)), the RMS operator in equation
(2.72) gives RMS{2v/ Nt P Pa cos(whett + )} = /21t L Po. The phase noise due
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to 1f-RIN is hence
5 Pi7y + | B Pyiy
1f = ——
V 2Mhet PL P2
- o 5 ) )
nt/8h e L p,
2/ Mhet (2.73)

[n
— if P, > P.
! 2nhetP2 ' ! ?

where 7 9 is the ASD of the 1f-RIN coupling 7 o evaluated at the beat note fre-
quency and +/H indicates that a simple sum has to be used in case 7; and 7 are
correlated (e.g. they come from the same laser) or the squared sum has to be used
if they are uncorrelated (e.g. they come from the separate lasers). This coupling is
power-dependent and is enhanced in the case of power mismatches.

The coupling of 2f-RIN arises as 71 o are multiplied by the beat note. The only
frequency band at which RIN can couple into the PM’s readout is that around 2 fje.
After multiplication, this causes a third and a first harmonic, of which only the latter
one is processed by the PM.

Q

il

~
~

Y

N A==k
Paf —2\/5

In this relation 7 o are evaluated at twice the heterodyne frequency. Note that
equation (2.74) is both power- and contrast-independent.

As two detectors measuring the same beams experience the same RIN, a strategy
for RIN mitigation is that of using a reference IFM to measure the phase pg. This
has the same RIN content but does not experience the measurement-related phase
variations of the measurement IFM. In post-processing, the phase difference ¢ — g
is calculated. The performance of this process is limited by the correlation of the
subtracted phasors, which depends on the phase of the involved signals. This gives
rise to an phase-difference-dependence of the RIN subtraction level [81], which for
similar RIN levels 71 ~ 79 = 7 is

(2.74)

¢ — PRy = x/§(P1f1(1fhe:)7+]éE]I;P2f2(1fhet)) ‘sm (—(’0 —2901%)’ (2.75)
V Tlhet £ 1472
© — PRroy = [12ha) +\;§Bﬂ Po(2 e |sin(p — ¢r)|. (2.76)

The quantity ¢ — g is the phase difference measured by the PM, which also includes
eventual due to the phase TF of the involved electronics. Note also that this cal-
culations assumes the same power ratio in both the measurement anf the reference

IFM.
Frequency Noise

Laser frequency noise arises because of variations in the frequency v, or wavelength
A, of the laser carrier. If in an IFM a beam is first split, propagated along two
different arms and then recombined, this frequency noise would cancel out as long
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as the propagation pathlengths along the two arms are equal, as the two phase
fluctuations would be the same. If not, the phase noise dpgeq due to laser frequency
variations is proportional to the armlength mismatch As because they are delayed
with respect to each other. This can be seen in the following equation (2.77) [59].

A c (2.77)

The fundamental limit of low power interferometers: Shot Noise

Shot noise is one of the limiting noises in IFMs. It is caused by the quantum nature
of light and the consequent random arrival time of individual photons on a PD. A
beam consists of a flux of photons in time; let N,(¢) be the function describing the
photon flux through an open surface at the time ¢. This quantity can be derived
from the beam’s instantaneous power P(t) by dividing it by the energy carried by a
single photon N, (¢) = P(t)/E,, with E, = hv; = fiw; = h-. The average number of
photons which have gone through the surface in a time 7 is N,y = % fOT N(t)dt. This
amount is not stable but is subject to a Poissonian statistic. The average power

measured during 7 is P = M The variance of the average power is
_ AE?  ANZRvP  N,h*?  Ph
Var(Plgpos = APy = —5- = —2— = = = —. (2.78)
T2 T2 T2 T

As there is no correlation between the fluctuations in the number of photons arriving
at different times N, (t) and N, (t'), the auto-correlation function of N, () is a delta
function.

(N ()N, (1)) = Nod(t —t') (2.79)

This implies that the spectrum of N,?( f) is white, i.e. independent of the frequency.
[51] demonstrates that one can obtain the one-sided spectrum of a white noise by
multiplying its variance (in equation (2.78)) by 27. The one-sided power spectral
density (PSD) of shot noise is hence

ps2hot<f> = 2phyl' (280>

The above equation equation (2.80) was derived considering the power flux through
an open surface and describes an intrinsic noise of the beam. In an experiment,
this surface would be the active area of a PD. In a PD, only a fraction of photons
is converted into photocurrent. To account for this, the average power has to be
multiplied by the efficiency of this process, P — npp P where npp = %A < 1is the
quantum efficiency of the PD, h is Planck’s constant, ¢ is the fundamental charge,
and A [A/W] is the responsivity of the PD. This substitution is done directly in
equation (2.82) after the calculation of the phase noise associated to power shot
noise.

As in the case of RIN, the power fluctuations caused by the shot noise on the
photodiode are fundamentally indistinguishable from those caused by a phase varia-
tion. The coupling to phase noise can be calculated using equation (2.71) on output
power (2.23)

Poui () = P+ Py + 21/ et Py Pa cos(wheit + ), (2.81)
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Where P, 5, are the powers of the two interfering beams. Accounting for npp this
gives

(pl + Pg)h,Vl
NPDMhet 1 o

2h _ _
_ Mt p~ Py (2.82)
1PD et P

h _ _
"™ itP > P,
1PD et F2

@shot(f) =

~
~
~
~

Note that, in the case where P, > P,, the phase noise depends only on the power
of the weakest beam. Equation 2.82 is often written in terms of current shot noise
since what has been discussed above for photons and laser powers applies dually
to currents and electrons when the electrons are generated in the PD. The two
formulations are perfectly equivalent.

- P, + P)hv 11+
o (f) = ([ E P _ [ diti) (2.83)
77PD77hetP1P2 Thet?1%2

where i1, 9 = AP 5 is the photocurrent induced on the PD by the laser beam. The
case where one beam is much less powerful than the other one is relevant for LISA,
as shot noise is the largest noise source in the ISI. The resulting ASDs of phase and
pathlength noise due to shot noise for P, > P, and npp = npey = 1 are

o(f) = \/@ = 4.32 x 1071°(P[W]) "2 rad/vHz (2.84)
AL(f) = %,/% — 732 x 10-7(P[W]) "4 m/v/iTa. (2.85)

Short application to LISA. Plugging in the RX beam power for LISA
Prx = 92 pW [30] in equations (2.84, 2.85) gives

@(f) = 4.50 x 10~°rad /vVHz (2.86)
AL(f) = 7.63 x 10""?m/+/Hz (2.87)

These values are just one order of magnitude smaller than those in equations
(2.68, 2.69).

2.2 Ray Transfer Matrices and Imaging Systems

2.2.1 Ray Transfer Matrices

This subsection introduces the aspects of ray transfer matrices used in this the-
sis. For a more detailed description, see [69]. Ray transfer matrices (also known
as ABCD matrices) describe the propagation of geometrical optical rays through
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paraxial optical elements, such as lenses and curved mirrors[69]. They describe a
ray propagating along an axis z by using its transverse position z and angle ¢ = g—z.
These two parameters are made into a 2-vector ¥ = (z,6)”, and every propagation
medium can be described with a 2x2 matrix describing how the optical element

changes the vector 7.

To o A B X1 A B B g_ii g_ggf
(92>_<C D) (91> (C D)‘(% o0, (2.88)

Such matrices can be calculated for simple optical elements such as free space prop-
agation, thin lenses, and refraction through curved interfaces. Elements of further
complexity such as thick lenses can be described by combining such matrices back-
wards.

1 d
Mfree space(d) = (0 1) (289)
- 1 0
Mcurved interface (n17 na, R) = (nlng ﬂ) (290)
Rno ng
~ 1 0
Mcurved mirror(R) = (_2 1) (291)
R
- 1 0
Mthin 1ens(f) - (_l 1) (292)
f

Where the d is the free space propagation distance, n; and ny are, respectively,
the initial and final refraction index, f is the focal length, and R is the radius of
curvature (RoC) of the interface, defined to be R > 0 for convex curvatures i.e.
center of curvature is after interface. The determinant of the above matrices (2.89,
2.90, 2.91, 2.92) is -, which is one if there is no refraction index change. A thick
lens can be modelled by combining the refraction at curved interfaces of RoC Ry

and R, and the propagation through the lense’s thickness ¢.

~

Mthick lens — curved interface (n2> ny, R2) : Mfree space (t) : Mcurved interface (nh na, Rl)

(2.93)

1 0 1 ¢ 1 0
- (M m) (O 1> (m—m ﬂ) (2.94)
Raony n1 Rino no

Note that det|Mipick 1ens) = 1. Ray transfer matrices can be used not only to model
the propagation of a light ray through a system but also to determine how a system
changes the mode of a Gaussian beam [69]. This is done by replacing the ¥ = (x,0)7
vector with 7gg = (¢, 1)T where ¢ is the so-called g-parameter of a Gaussian beam.

q=z+izp (2.95)

In this context, the ray transfer equation becomes

(¥)=#(c p) (%), a0

and the second component of the equation just serves as a normalization. The final
form for equation (2.96) is
_ Aq+ B

q2
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2.3 The QPD Signals: DPS, LPS and DWS

2.2.2 Imaging Systems

In classical optics, pupil-to-pupil imaging systems (ISs) image a specific point along
the beam’s propagation z; into a second one z5. This means all rays leaving from
z1 at a specific x; position, independently on the angle 6;, cross in 2z, at a certain
2o position. In terms of ray transfer matrix formalism, the condition for this is that
the B element of the matrix describing the system is zero; therefore o = A - 2. As
the determinant of the matrix describing an imaging system (IS) is one, this implies
D = A~! hence a generic IS ray transfer matrix is

Mg = (m(; ng) . (2.98)

At the simplest level, such systems can be realized by one lens or a curved mirror
at the proper spatial separation. An IS is characterized by having an input and
output object plane [69], and a magnified image of the input object plane forms at
the output object plane. The image demagnification of the IS is m™!, while m is
the angular magnification or beam compression. For simplicity, during the rest of
this, thesis I will refer to m simply as magnification.

Appendix E reports some calculations performed using this formalism, which
have been used to realize the experiment.

2.3 The QPD Signals: Differential Power Sens-
ing, Longitudinal Pathlength Signal and Dif-
ferential Wavefront-Sensing

In LISA, and therefore in this thesis, quadrant photodiodes (QPDs) are widely
used. A QPD is a PD where the sensitive area is divided into four segments, called
quadrants, and each quadrant gives an independent measurement of power and
phase. The gap between the segments is called slit and is insensitive. This Section
is a brief description of the QPD-based techniques and signals that are largely used
in this experiment. These recover the position, relative phase and angle of the
impinging beams.

Figure 2.6: left: Schematical drawing of a QPD, with the used segment naming
convention used throughout this thesis. Right: picture of a QPD from first sen-
sor (https://www.first-sensor.com/de/produkte/optische-sensoren/detektoren/
quadranten-pin-photodioden-qp/)
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2.3 The QPD Signals: DPS, LPS and DWS

2.3.1 Differential Power Sensing

DPS is a technique that uses a QPD to measure the position of an impinging beam.
Information on the beam position is achieved by comparing the power P; with i €
(A, B,C, D) that is impinging in each segment, more specifically calculating the
dimensionless quantities DPS,, (vertical DPS) and DPS), (horizontal DPS)

Pioo — Poottom P Pg—FP-—P

DPS, — top bott _ A+ B (o} D (2.99)
Pt0p+Pbottom PA+PB+PC+PD
B, — P Py — P Po— P,

DPS,, = et — Lright _ Azt o I (2.100)
Biegy + Pight Py+ Pp+ Poc+ Pp

The quantities DPS, and DPS,, are related, respectively, to the vertical and
horizontal beam displacement from the center of the QPD. The relation between
displacement and DPS is called DPS calibration. In the ideal case of a TEMgy beam
(see equation (2.6)) impinging on a QPD with vanishing slit width and infinite
radius, the relation can be derived analytically (see equation (2.101))

DPS, (Ay) = —erf <@> DPSy(Ax) = —erf <@> : (2.101)

w(z) w(z)

where w(z) is the beam’s spot size at the QPD (see equation (2.7)) and Ay, Az
are the vertical and horizontal displacements of the beam’s position. Depending
on the laser beam and QPD used, this technique can reach an alignment precision
up to fractions of micrometers. By using amplitude modulation and consequent

demodulation, it is possible to track the position of more than one beam on the
same QPD.

2.3.2 Longitudinal Pathlength Signal

The longitudinal pathlength sensing (LPS) signal combines the four phase measure-
ments from the individual segments of a QPD to calculate a QPD phase signal,
which is then calibrated into pathlength As, defined as

A

As = %Ago. (2.102)

Two different formulae are most commonly found in the literature to calculate path-
length, the mean phase and the LISA Pathfinder longitudinal signal. The average
phase LPS simply calculates the arithmetic average of the phase measured by each

segment

_loat+ys+ec+ep
SAP — T .

k 4

This is the most straightforward way of calculating the phase, but it does not take
into account how much power is impinging in each segment. The LISA Pathfinder
longitudinal signal® weights the four measured phases by the correspondingly mea-
sured power

(2.103)

1 ) ) ) )
SLPF = Earg (AAewA + AB61<PB + Acewc _|_AD€Z<PD) ) (2'104)

6This formula takes the name from the fact that it was implemented in the PM in LISA
Pathfinder [5].
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2.3 The QPD Signals: DPS, LPS and DWS

This formula, in the ideal case of a QPD with vanishing slits, coincides with the
pathlength that a SEPD would measure. These two formulae coincide if the powers
per segment are the same.

For this thesis, the average phase is used, but the difference with respect to the
LISA Pathfinder would be negligible as the beams are always very well centered on
the measuring QPDs and hence the powers very similar.

2.3.3 Differential Wavefront-Sensing
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Figure 2.7: Representation of two beams impinging on a PD. The red beam is the
reference beam, while the blue beam is the measurement beam, which can be subject to
tilt (in this case around the center of the QPD). If the measurement beam is aligned as in
the upper case, the phases of the four beat notes on the four segments of the QPD is in-
phase, and hence the DWS values vanish. In case of a tilt of the measurement beam, as in
the lower case, an offset between the phases measured on the top and bottom quadrants of
the QPD occurs because the wavefronts of the measurement beam reach them at different
times. This phase offset can be calibrated versus the measurement beam’s physical tilt
angle.

DWS [55, 56] is a technique that uses a QPD to measure the angle of an impinging
beam. It can be thought of as the analogue of DPS, but using interference rather
than DC power measurement and measuring tilt between wavefronts rather than
beam position on a QPD. The setup requires one more aligned (i.e. centered and
perpendicular to the QPD) reference beam, but the outcome has interferometric-
level precision. In this subsection DWS is explained as implemented in LISA, with
heterodyne interferometry. The relative phase of the beat note between the reference
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2.3 The QPD Signals: DPS, LPS and DWS

beam and the measurement beam is separately measured in the four segments of the
QPD, giving ¢; with i € (A, B,C, D). These are then compared by calculating the
quantities DWS, (vertical DWS) and DWS}, (horizontal DWS) [dimension = rad]

_patys—¢c—¢p

DWSy = @reft — @rignt 5 (2.105)
DWSV ‘= Ptop — Pbottom = PAT 9B _'2_ LS . (2106)

An additional quantity with expected null output which can be computed is the
ellipticity, or cross DWS signal DWS,’

A— Y+ Yo — Yp

p
DWS, =
5 2

(2.107)

The geometrical meaning of DWS is that of measuring the different time of
arrival of the wavefronts of the measurement beam on the segments of the QPD.
This difference in time of arrival causes - among other effects - the beat notes
generated at the QPD’s segments to have a phase offset between them, as depicted
in Figure 2.7. The bigger the tilt, the bigger the offset; the exact relation between
offset and angle is the DWS calibration and is derived during this Section. For small
tilts, this relationship is linear:

where 6 is the tilt angle and ¢ € (v, h) indicates the tilt axis. The quantity s,
[rad/rad] is called DWS gain (or gain at null angle) and depends on the wavelength,
beam parameters and size of the QPD. Its order of magnitude is roughly x; ~ TQ; 2,
where rqpp is the QPD radius and A is the beam’s wavelength. As the typical size
of a QPD is 1 mm and A ~ 1 pm, this gives k; ~ 10 [rad/rad], meaning that a 1
rad DWS phase offset in the electrical beat notes corresponds to 1 mrad tilt angle

between optical wavefronts.

Analytical DWS model

In this subsection, an analytical model is derived to determine the calibration func-
tion and other features involving DWS in case of tilts around the center of the
QPD. This work was started and carried out mostly by myself before finding out
that it was already elegantly published by [41] in case of an infinite radius QPD.
Also included in [41] is the more general case of tilts not happening at the center
of the QPD, which generally gives a lower DWS gain. Therefore I used the same
formalism as in [41] and further expanded the model to describe DWS in the case
of a finite-size QPDs, the non-linearity of DWS for large tilts and the heterodyne
efficiency loss as a function of the tilt.

The electric field of a tilted beam Let & = (z,y,2)" be the laboratory’s RF.
In this RF the QPD is a surface defined by z = 0, and the reference beam propagates
along the z-axis. The electric field of the reference beam in the lab’s RF is

"cross DWS is not related to any physical quantity other than the ellipticity of the beam. Any
beam tilt angle don’t show up in it as it will be explained further in this Section. This signal can
be used as noise floor benchmark for a the DWS measurement.
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z
r Lab RF x [x

R(-6) |R(6) \
t L ent beam RF X

A
r L= positive tilt in lab RF
°

Figure 2.8: Scheme of the used reference frames in the calculation and angular orientation
of the measurement beam’s tilt at the QPD. The reference beam is here depicted in blue
color as the LO beam and the measurement beam in green as the RX beam.

E(Z), = £,E,(T), (2.109)

where &, = (€,€6,,0)7 is a generic polarization vector an electromagnetic wave
propagating along the z-axis and

. 2 E.wg x>+ %+ 2
(Z) =4/ ~= ’ — +i |k + kz, +n(z , 2.11
& (T) \/;wr(zr) exp ( PRERE i 2R (2) zr +n(z) (2.110)

where z, = 2 — 2, is the waist position adjusted z-coordinate and wy , is the

beam’s waist. The constant \/g wﬁ%) plays no role in the beam’s phase and will

be omitted. The measurement beam propagates on a generic, slightly rotated axis
with respect to the z-axis called 2’. This axis is used to define a the measurement
beam’s RF, which uses the primed coordinates @ = (2/,%/,2')". Without loss of
generality, this rotation is assumed to be a yaw rotation with pivot on the QPD’s
center (z,y,2)T = (0,0,0)7. Therefore, lab RF and measurement beam’s RF are
related by a rotation matrix (2.111)

x cos(f) 0 sin(6) x
yl= 0 1 0 y' or 7= R()7. (2.111)
z —sin(#) 0  cos(0) 2’

The electric field of the measurement beam is expressed by the same equations 2.109
and 2.110 in the measurement beam’s RF. As the electric field is a vector field and
transforms as

E(Z) = R(—0)E'(¥) = R(—0)E'(R(0)%), (2.112)
where in the second step equation (2.111) has been used. The measurement beam’s
propagation axis in the lab RF is (z = —tan(f)z, y = 0). The expression for the
measurement beam in the lab’s RF is hence

En(T) = &,(R(0)7)
2,.2 2 2,.2 2
_ \/g_Emwm’O exp (—COS(Q) TV (kcos(e) UYL (213)

T W (Zm) W (2m )? 2R, (2m)
+k(sin(0)z + zm) + 1(2m)))

where z,, = cos(0)(z — 2o.,n,) being the waist position adjusted z-coordinate in the
lab RF. The polarization versor is rotated with R(—6)

€x cos(0)e,
= 1€ | = én=R(-0), = €y ) (2.114)
0 sin(0)e,
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2.3 The QPD Signals: DPS, LPS and DWS

As the effective tilts are very small (S mrad), the 6 dependent terms can be ex-
panded to the 1st order in 6. Relative variations of the Guoy phase, curvature radius
and of wy,(—20,m) along the z-axis can be shown to be of the order of 107¢ and can
be neglected. The new resulting term is simply e?**:

. 2 E,w,, 2 4 .2 2 4 .2
Bo() = ém\/jﬂ exp (—u +i (ku + kel +kzpt
<~

2
T Wy (2 ) Wi (2m) 2R, (2m) e (2.115)
+ 1(zm))) -
The intensity of the superimposed beams is
1 — — — — — —
Iiw = 5 B+ Bul? = |BP + |Bul> + By - By + By - B (2.116)

As any multiplicative or additive constant does not contribute to the phase varia-
tion, the terms |E,|* and |E,|* will be omitted and factors as 5, \/EM

T Wm, r(Zm,r) ’
e!kzm,+4n(zm. 1)) set to one. The term E;f . E,, carries the same phase information
as ET . E; and will also be omitted 8. Let’s suppose that the reference and mea-
surement beams share the same linear polarization, either vertical or horizontal. If
they are vertically polarized, then &, - £,, = 1; if they are horizontally polarized,
Er - €m = cos(f). The resulting interference intensity term (see equation (2.20)),
omitting the multiplicative constants, is:

22 4 42 22 4 2

Ligm, v(2,9,0) = - ik kaxf 2.117

o (2,9,6) exp( Lt +m~) (2.117)
2,2 2,2

Ligm, n(z,y,0) = cos(6) exp (_x —Zy +ik Y +ikx9). (2.118)
weﬁ‘ 2Rrel

where the quantities weg and R, are introduced, mutatis mutandis, in equation
(2.25). Defining the parameter

2
wigk
= 2.119
P 2chl ( )
allows to greatly simply equations (2.117, 2.118) as
2, 2
Lifm, v(2, y,0) = exp (—x J;y (1—1ip) + ika:@) (2.120)
Weg
2,2
Figm. 1(2, 5, 8) = cos(8) exp (—m TV (1 —ip)+ ik::v@) . (2.121)
Weg

The parameter p has the geometrical meaning of effective-waist-normalized wave-
front mismatch, or relative wavefront-mismatch. p is zero if the two radii of cur-
vature are identical. Note that the values of p are typically smaller than 1. For
instance, for two interfering beams having the same spot size w, = w,, = w, and

supposing R, = —R,, = R to maximize RLI, as the smallest possible value of |R| is

8This step corresponds to omitting the complex conjugate of E, - E'; and causes the presence
of an immaginary term in the resulting intensity. This apparent issue is not relevant, as this
derivation aims to recover the phase of the interference intensity term.
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1 1
1S
Rrel Rrel, min

| Rimin| = 22g, the largest value of = i The maximum value that p

can have is
wisk wik  wik w?k

I ~1. 2.122
Pma 2R 2z kw? ( )

P= 2Rrel

For simplicity, equation (2.120) will from here on be used.

The Beat note A PD integrates the intensity of the beam (2.117) over its active
surface Spp, obtaining a power. This de facto is a a weighted average of the local
phase, where the weights are the local intensity values. The obtained expression
Psgpp in (2.123) represents the a beat note, of which the PM can extract phase and
amplitude. Mathematically, these operations are represented by arg(Psgpp) and
| Psgpp | respectively.

Psgpp = // dx dy exp (—
SqpPp

In case of a limited size PD or round PD, the integrals are analytically challenging
(unless @ = 0). I will describe the finite QPD case later in the Section; therefore
an infinite QPD radius is at first assumed. This assumption allows us to obtain
analytic results which are valid in the case where the beam spot size at the QPD
is much smaller than the QPD’s size. A numerical solution to the limited PD size
case is in Sub-subsection 2.3.3.

2 2
vy (1—¢p)+¢kx9) (2.123)
weﬁ

The Infinite PhotoDiode case In case of a SEPD of infinite radius equation
(2.123) becomes

+o0o +o00 ZE2 + y2
Psgpp = / d:c/ dy exp <— 5— (1 —ip) + ikx&) : (2.124)
—00 —00 Wegr
A QPD instead integrates separately the intensity on each quadrant; for instance,
for quadrant A of the QPD in Figure 2.6 and assuming an infinite radius and no
slits one obtains

0 +o0 $2 +_y2 . .
Papp, 4 = /Oo da:/o dy exp (— - (1 —ip)+ @kza:&) . (2.125)
And similarly for the other segments, with the proper integration boundaries. For
symmetry reasons, Popp, ¢ = fi)oo dx fi)oo dyFEism = Popp, 4 and Popp, 5 = Papp, b-
Also @iery = Popp, auc = fi)oo dx f_Jr;o dyFim = arg(Popp, 4) = @a, hence the left
phase e, = arg(Pqapp, auc) = 3(pa + ¢c), and similarly for the right phase. Using
the properties of the arg() function, the DWS signals then take the form

+oo +o0
_ _ dlE d Ii m
pws, — Lates—ve—en () —oo 000 OO (2.126)
2 f_oo dx f_oo dy Ligm
0 +o00
— — dx d -[im
Dws, — ¢4 =vstec—en () = J —e D) 2197)
2 0 dx ffoo dy[ifm
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These integrals are a double integral of the types

+oo 2
/ exp(—(az® + bx + ¢)) dx = ﬁeia_c (2.128)
o a

/lexp(_(ax2+bx+c))dx: 2\/\2632—5 (1+ orf (%)) (2.129)

which is valid for ®(a) > 0. In equation (2.129), if the integral is evaluated in

z € [0, +00], the erf <ﬁa term changes sign. The above used constants are

1
a; = ay = — (1 —ip) b, = +ikf b, =0 c=0,
Weg
where as required R(a,), R(a,) > 0. The explicit result for (2.124) and (2.125) are
Tw? —k w62
Psgpp = —& = 2.130
DT (4(1 —ip) ) (2130)

Tw? —k2w?.6? kwegh
P — et v Teft” 144 erfi | — 2131
e = gt (Groay ) (e (gt ) ) e

Tw? —k?w?.6? kwegh
P = _—°ff _ et 1—ierfi| ———— 2.132
=y (G ) (1 en (7)) e

where erf(iz) =i erfi(2).

The DWS signals on an Infinite QPD For an infinite radius QPD by substi-
tuting integrals (2.131) and (2.132) into (2.126) and (2.127), one gets

DWS,(0) =0 DWS,,(6) = arg (1 i m) [DWS.(#) = 0] (2.133)

1 -

kwegt Wegk® |14 1p
= erfi| —— | = erfi . 2.134
a= er <2 _1_1,'0) er ( 5 ”1—1—p2> (2.134)

For simplicity 5 = w%kaw /% is defined, and oo = erfi(f). As expected, DWS is an

odd function of the tilt angle, as if 6 is transformed as § — —6, then @« - —a and
DWS(—0) = arg (;ZZ) = —DWS(0). As the beam tilts to be measured are usually
very small, it makes sense to linearize the expression for DWS; (6) from equations
(2.133, 2.134) around # = 0 This procedure leads to the coefficient x; defined in
(2.108). Assuming § < 1 — «a < 1, the first-order approximation is relatively

intuitive, following the steps

with

arg (1 i_ zz> ~ arg (1 + 2ic) = arctan <%) ~ arctan (2R[a]) ~ 2R[q|

R(B] = Werk® 1 Ccos <% arctan(p)) weﬁkGF(p)

1
i (L et _
> T sin (2 arc an(p)) 5
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with the explicit expression of the F'(p) and G(p) being

Fp) = ,/1;(1— V+1;;)p2 (2.135)

G(p) = P . (2.136)
V1+ p2\/2(1 + 1+ p?)
This results in 2
DWS,,(0) ~ ﬁk weg F(p) + O(6?), (2.137)
from which it is clear that 9
K1 = %Dwsh<0)|9:0 (2138)

as in [41]. The parameter x; has the physical meaning of being the DWS gain when
the tilt angle is zero. The linearization (2.137) is useful since it gives an easy way
to compare the DWS signals induced for small angles by different beam geometries.
Hence, F(p) is usually close to one (see Figure 2.9). This makes wes the dominant
parameter in determining x;. For a given weg, k1 is maximum for p = 0, that is

Rl - = 0 and hence when the two radii of curvature are the same R, = R,.

F(p) and G( p)

pl]

Figure 2.9: Plot of F(p) and G(p). G(p) is relevant only for expansion terms from the
third order onwards, where it appears only squared. The values of p for the RX-GB & LO
and RX-FT & LO beams are indicated, being prx.aB & .o = 0.1387 and prx.FT & LO =
0.3446 respectively. These specific beams are part of the TDOBS experiment, which is
introduced in Section 3.2.2.

Further expanding DWS,, from equations (2.133, 2.134) shows also for the non
linear nature of DWS. As DWS is an odd function, this procedure gives only odd
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non-zero coeflicients. The first three terms are

DWS,,(0) = k16 + K30® + k560° + O(07) (2.139)
K = %F(p)weﬁck (2.140)
iy = F(p)(F(p)? = 3G(p)*)(m — 4)(wegth)” (2.141)
62 '
. F(p)(F(p)* = 10F(p)*G(p)* + 5G(p)*)(96 + 7 (37 — 40)) (werth)”
° 24073 '
(2.142)

Typical order of magnitudes are x; ~ 10% rad/rad, x5 ~ 10° rad/rad® and x5 ~ 10*3
rad/rad’. Practically, x5 is always negligible, while k3 defines at which angle the
non-linearity starts being relevant. k3 is always negative, meaning that the DWS
gain is maximum if § = 0 and decreases in case of a tilt.

The Finite PhotoDiode case The results shown above are valid for a QPD or
infinite radius, or more generally in cases where rqpp > weg. In order to treat
cases where the two values are comparable, the integrals (2.124, 2.125) have to be
limited to the QPD’s effective area. The typical shapes for a QPD are either square
or circular, with small slits separating the quadrants. The only case which can be
treated analytically is a square QPD. Equation 2.143 calculates the beat note in
case of a square QPD without slits.

square QPD — / / GXp CLI$2 + ayy2 + bpx + byy + C)) dxdy =

- erf ([ 6‘5"2 641?316 “| erf bo + 205\ erf by — 207
v e, N N

(2.143)

In case of a round QPD without slits the most one can do is to solve just one of the

two integrals, as in (2.144). Results for this are in the numerical DWS Subsection
2.3.3.

+r  pVrZ—a?
Fround qpp = / / exp(—(a,2° + ayy® + byx + byy + ¢)) de dy =
7"2‘9” (2.144)

— 4ax J— J— 2
= elre” dx‘/ayexp (azx —i—bx))erf( (r2 —2?)a )

Heterodyne efficiency decrease Besides the DWS signals, equation (2.130) also
predicts a decrease of the beat note’s amplitude due to the tilt. The overlap integral
of two parallel Gaussian beams was already calculated in equation (2.24) in the case
of an infinite SEPD, and is re-written here in terms of p.

/ 1 1 wielBetan
overlap, GB-GB — 2
P OEEE T T (2) wal2) V 1+ p?

With | /Mhet, 0 = R[Loverlap, GB-GBJ. As visible in equation 2.145, the heterodyne effi-
ciency depends on p and is maximum if the relative wavefront mismatch is p = 0.

eiarctan(p)’ (2145)
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This is physically interpretable as the two wavefronts being in-phase in the whole
transverse space. The interference of the two beams is converted into an electrical
beat note at every point of the suface of the PD. All of these beat notes are in-phase,
hence are summed up constructively. As soon as p departs from zero, in the sum a
destructive component appears.

A similar effect can be caused by the tilt, which introduces a further mismatch
between the wavefronts. The heterodyne efficiency on an infinite SEPD then varies
as

kw?s

Vet (0) = /et oe & = —_eft 2.146
Th t( ) Thet, 0 5 4m ( )

Hence the presence of a wavefront mismatch reduces /mnet, 0, but also reduces the

constant £&. The term e 870 always dominates the cos(f) effect caused by the beam’s
rotation which occurs if the polarization plane is the same as the rotation plane. A
typical value is € ~ 10% rad~! which is a huge effect, causing a contrast decrease by
a factor of 10 for a tilt of only 1.5 mrad on a SEPD. It is to be noted that, when
calculating the amplitude of the beat note on a QPD, this works differently, as the
interference signal is integrated separately on the four segments. Mathematically,
this can be described as Psgpp(Fifm) # Popp(Eim), where the operators SEPD-
power Psgpp(Eim) and QPD-power Popp(Fifm), together with the QPD-segment-
power, were for convenience defined.

+00 +o00
Psgpp (lifm) = / / dxdy Iy, (2.147)
0 oo
Papp, a(fifm) = / / dxdy lifm (2.148)
—o0 J0
+o0 +o0
Papp, B(fim) = / / drdy Ligm (2.149)
0 0
0 0
Papp, ¢(fifm) = / / drdy Ligm (2.150)
P
Papp, p(fitm) = / dzdy lifm (2.151)
0 —00

Porp (Lirm) = Paprp, a(Litm) + Popp, 8(Litm) + Popp, ¢(Litm) + Popp, D (Lifm)
(2.152)

It turns out that the loss of contrast on QPD segments occurs roughly half as rapid
as on a SEPD. In order to analytically calculate this effect for the QPD amplitude
the absolute value of equation (2.132) must be calculated. This includes calculating
the absolute value of a complex error function term, which is not present in the
SEPD intensity in equation (2.130). As separating real and imaginary part of a
compelx error function is analytically impossible, this calculation is analytically not
possible. Results for this are in the numerical DWS Subsection 2.3.3.

Numerical DWS model

This Subsection shows the used numerical integration method and characterization
and lists all the numerical answers to the unsolved questions from above which
required the integration of equations (2.124) and (2.125).
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Tilt=0.001rad 1 Tilt=0.001rad

QPD y axis
QPD y axis

QPD x axis QPD x axis

Figure 2.10: Plot of the numerical integration of the interference intensity term in
equation (2.117) in arbitrary units. The used beam parameters are weg = 0.6686 mm,
p = —0.13865 on the left and weg = 0.8740 mm, p = —0.34461 on the right. The used
photodiode geometry is that of the reference QPDs (REFQPDs) (see section 3.2). These
specific beams and QPDs are part of the TDOBS experiment, which is introduced in
Section 3.2.2. The plot shows the resulting intensity of the interference term (2.117) for
a tilt of 8 = 1 mrad together with the contour of a GAP1000Q QPD. The plots are
downsampled by a factor 10 for plotting clearness.

The numerical integration method The continuous space (z,y) has been dis-
cretized to a point-grid (z;,y;) of spatial separation As. All integrals are approx-
imated to discrete sums, and the integrand function is evaluated in the center of
each square bin, as

P(Iigm) = // dz dy Ligm (z,y) = Z Z Iifm(l'i,yj)A52 = P(Lifm, num)-
Sqpp i, 2,€5QPD J, ¥;€5QPD

(2.153)
Using the resulting power P(Iigm, num), amplitude and phase can be calculated as
usual. It can be shown that this method causes an error of O(As?). In a calculation
using the science QPDs (SCIQPDs) beam parameters and a spatial grid of As =5
pm 2, this method has shown an error in the DWS signal estimation of at most
5 x 1075 rad and a maximum DWS gain error of 4 x 1072 rad/rad. Given that the
DWS signal is O(1) rad and that the DWS gain is O(10%) rad/rad, the results of
this method are trustable up to 107 in terms of predicted DWS gain, which is well
within the target for this analysis. Figure 2.10 shows, as an example, some intensity
fields calculated during this process.

Finite QPD size The first investigation which was carried out was how the finite
QPD size affects the resulting DWS signals in the case of a round QPD. The
resulting electric field of a given interfering configuration was integrated on QPDs
of different sizes. The resulting DWS signal was fit with a third-order polynomial
to derive the first two coefficients of the polynomial expansion x; and k3. Slits are
neglected to make the result scalable in terms of rqpp/wes. This was feasible upon
numerically checking that slits as small as s = 20 pm have a negligible effect, as this
value is much smaller than both the QPD and beam radii. Figures 2.11 and 2.12
show the relation between k; and k3, respectively, and the QPD’s radius.

9this value was chosen as it is one quarter of the GAP1000Q’s slit width
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k1 strongly decreases as the QPD’s radius shrinks. This relationship can be
decently approximated with an exponential function f(r) = k(1 —aexp(—bx1)),
where k1 ¢y is the expected k; value from equation (2.140). The visible discrepancy
between the simulated values at large QPD radii and the theoretical value is likely
due to a systematic error in the fitting procedure.

k3 also strongly decreases as the QPD’s radius shrinks. This relationship can
also be roughly approximated with the function f(r) = kg3, mexp(bexp(—c * 1)),
where k3 ¢ is the expected k3 value from equation (2.141). Also here the visible
discrepancy between the simulated values at large QPD radii and the theoretical
value is likely due to a systematic error in the fitting procedure.

Figure 2.13 plots the measured values from Figures (2.140) and (2.141) together.
Note that k3 decreases much quicker than ki, resulting in the fact that a smaller
QPD gives a less steep but more linear DWS signal.

Numerically simulated DWS slope at null tilt &

7000
6000 1 = 6 63.3?0.3 . 8 = . . . . o °
= 5000 - // #, vs. QPD radiusfit: c*(1-a*exp(-b*x))
©
= B f(x) = c*(1-a*exp(-b*x))
3 4000 = —a = 0.84093
= b=1.2795
— -
< 3000 ﬁ ¢ = 6179.2535
2000 | o ° Numerically Simulated Values
%, analytic «, for oo 9D
1000 T ' : : '
0 2 4 6 8 10
QPD radius/w off [1
200 - e® o
[ ]
» 100 o °
T " R ° Zero
S ke .
'-ugu % ° °
9 -100 _. ° .“ N [ ] ° [ ] [ ] [ ] [ ] L]
0 gﬂ’ ° residuals
_200 1 1 1 1 1 1 1 1 ]
0 1 2 3 4 5 6 7 8 9 10

QPD radius [mm]

Figure 2.11: DWS slope at null tilt x; computed as a function of the relative radius of
the QPD T’QPD/weff.

DWS models for TDOBS [ calculated some DWS calibrations for TDOBS, the
experiment introduced in Section 3.2. Figures 2.14, 2.15 and 2.16 show the results of
the numerical modelling of the DWS signals for some TDOBS specific cases, where
the used PD is a GAP1000Q), alongside an analytical calibration valid if the QPD
has an infinite radius. As the QPD’s size is reduced, the DWS signals have a lower
slope and look more linear as discussed in the previous paragraph.
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%«10° Numerically simulated DWS 3rd order coeflicient k3
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Figure 2.12: DWS third-order fit parameter k3 computed as a function of the relative
radius of the QPD rqpp /we-
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Figure 2.13: DWS first- and third-order fit parameter k1 & k3 plotted together, normal-
ized to their asymptotic value.
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DWS signal RXGB-LO on REFQPD1/2
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DWS gain = 3204
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0 500

angle [urad]
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Figure 2.14: DWS curves computed for the RX-GB & LO beams (the beam parameters
are shown in the textbox in the plot) at the REFQPDs. The analytic curve is calculated
for an infinite size QPD, while the numerical curve is calculated for the specific GAP1000Q

size.
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Figure 2.15: DWS curves computed for the RX-FT & LO beams (the beam parameters
are shown in the textbox in the plot) at the REFQPDs. The analytic curve is calculated
for an infinite size QPD, while the numerical curve is calculated for the specific GAP1000Q
size. Note that in this case the limited size of the QPD completely suppresses k3.
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DWS signal RXGB-LO on SCIQPD1/2

4 -
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Figure 2.16: DWS curves computed for the RX-GB & LO beams (the beam parameters
are shown in the textbox in the plot) at the SCIQPDs. The analytic curve treats the QPD
as infinite size, while the numerical curve is calculated for the specific GAP1000Q size.
The DWS gain is calculated at the QPD, excluding any magnification from the IS. The
x-axis range has been extended as in the experiment the angle would be magnified by the

IS.
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Heterodyne efficiency as a function of the tilt angle As already adressed
in paragraph 2.3.3, the heterodyne efficiency decreases as one beam is tilted. This
phenomenon is driven by the fact that, in the presence of e.g. a horizontal tilt, the
interfering beams are not anymore in-phase. As the phase offset between the beat
notes at two points of the PD is proportional to their separation'® (see tilt term
in equation (2.115)), this effect is expected to be mitigated in the case of a finite
size PD. Therefore, taking as an example an infinite SEPD, a finite SEPD and a
finite QPD, the decrease of the heterodyne efficiency is strongest in the first case
and further mitigated on the finite SEPD and finite QPD.

Figures 2.17 and 2.18 plot the numerically simulated decrease of the heterodyne
efficiency as a function of the measurement beam’s tilt angle for the specific param-
eters of the RX-GB & LO beams (see Section 3.2). The calculated configurations
are the heterodyne efficiency decrease on a) a finite size SEPD with a radius of 0.5
mm, b) a finite size QPD of the same radius, and c) a single segment of a QPD of
the same radius. The simulated curves were fitted with a Gaussian function, and
the obtained coefficients are reported in Table 2.1.

For the finite SEPD amplitude, the simulated curve can still be approximated
to a Gaussian curve as described for an infinite SEPD, but the constant £ has a
different, in particular smaller, value. The same holds for the QPD amplitude, with
a further smaller ¢ value. The single segment of the QPD gives a very similar & value
to that of the QPD amplitude, but the angle of maximum heterodyne efficiency is
not anymore zero (see Table 2.1). The next simulation shows more details on this.

. Het. Eff. as function of the meas. beam's tilt angle

o
oo
T

o
(o2}
T

W = 6.686e-01mm
p =-1.3865e-01

©
~
T

Normalized Heterodyne Efficiency [ ]

02k mmm— nalytic infinite SEPD amplitude
mmmm— analytic infinite QPD amp
numeric GAP1000Q QPD amp
0 1 1 1 I
-1000 -500 0 500 1000

angle [urad]

Figure 2.17: Heterodyne efficiency decrease as a function of beam the tilt angle in the
case of an infinite SEPD, a finite SEPD and a finite QPD for a horizontal beam tilt around
the center of the QPD. Used beam parameters are those of RX-GB & LO beams impinging
on the REFQPDs. The curves for a finite SEPD and finite QPD were fit with a Gaussian
function, and the obtained coefficients are reported in Table 2.1. The fit is not shown for
simplicity.

10T be more precise, it is proportional to the projection of their separation onto the axis of the
tilt.
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Het. Eff. as function of the meas. beam'’s tilt angle
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Figure 2.18: Heterodyne efficiency decrease as a function of beam the tilt angle in the
case of a segment of a finite QPD for a horizontal beam tilt around the center of the QPD.
Used beam parameters are those of RX-GB & LO beams impinging on the REFQPDs.
The curve was fit with a Gaussian function, and the obtained coefficients are reported in
Table 2.1.

Parameter | SEPD amplitude | QPD amplitude | Segment A amplitude
all 1.018 + 0.004 | 1.002 + 0.0003 | 1.002 + 0.0003
s [prad] 218 + 38 9516 + 0.8 951.3 £ 0.8
2o [prad] | 0 + 2 0 + 039 |-0.25 <+ 0.39

Table 2.1: Fit parameters from Figures 2.17 and 2.18. The used fit function is f(z) =

a exp (—% (%)2) The parameter & can be derived as £ = ﬁ

Heterodyne efficiency as a function of p For symmetry reasons, if the beams
are centered, the tilt angle at which the heterodyne efficiency is maximum in a
SEPD and a QPD is always zero. On the other hand, the tilt angle at which the
heterodyne efficiency is maximum in a QPD segment is a function of the parameter
p. This can be naively understood as p states how mismatched the wavefronts are,
with the mismatch being zero if p = 0. In the case of p # 0, a tilt of the beam can,
in general, reduce the mismatch hence increasing the heterodyne efficiency.

This is shown in the following simulations (Figures 2.19 and 2.20), which use the
beam parameters for the TMI in LISA reported in Section 5.1.1 together with an
exaggerated range for p of p € |-1, 1], while the beam spot size was set to be 0.46
mm, which is approximately the largest possible value.

Figure 2.19 shows the normalized heterodyne efficiency of a QPD (see equation
(2.152)) as a function as a function of the beam tilt angle for various values of p. The
normalization is useful to suppress the dependency of the curve’s maximum value on
p. As p departs from 0, the heterodyne efficiency curve broadens. Simultaneously,
the curve’s shape departs from Gaussianity. This process depends only on |p|.

Figure 2.20 shows the normalized heterodyne efficiency of a segment of a QPD
(see equations (2.148, 2.149, 2.150, 2.151) as a function as a function of the beam tilt
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angle for various values of p. For this plot, segment A was chosen. The normalization
is useful to suppress the dependency of the curve’s maximum value on p. As p
departs from 1, the angle at which the heterodyne efficiency is maximum shifts
either to positive or negative tilt angles. Simultaneously, the curve’s shape departs
from Gaussianity. This fact is relevant when combining the beat notes from a QPD
to calculate the DWS or LPS signals.

Ii|et. Eff. as function of the meas beam's tilt angle
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Figure 2.19: Heterodyne efficiency of the combined four segments of a QPD in the TMI,
based on equation (2.152) numerically calculated for a finite QPD and plotted for various
values of p. The curves depend only on |rho| and not on the sign of p, hence the curves
for values of p > 0 are plotted with dashed lines to avoid overlap.

The numerically calculated curves in Figures 2.19 and 2.20 were fitted using
Gaussian curves f(x) = aexp (—% (%)2> to obtain the relationship between the

fit parameter and p. The resulting fit parameters are reported in Figure 2.21.

The plot of the a parameter states that the heterodyne efficiency for both QPD
and QPD segment is maximum at p = 0, while it decreases symmetrically as |p|
increases. This behaviour of the QPD matches equation (2.146), as for |p| = 1 the
parameter a decreases by a factor of v/2. The single QPD channel experiences a
mitigated decrease of a.

The plot of the parameter s states that the amplitude of the Gaussian curve
increases symmetrically as p increases, meaning that the decrease of the heterodyne
efficiency as a function of the beam tilt angle is mitigated for higher values of p. This
effect is stronger for the QPD-heterodyne efficiency. The error bars on s increase
as a function of |p|, as the approximation of the numerically calculated curves to a
Gaussian function worsens.

The plot of the parameter xy shows that the tilt angle at which the heterodyne
efficiency of a QPD is maximum is always 0 rad. This is expected due to symmetry
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I1|et. Eff. as function of the meas beam's tilt angle
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Figure 2.20: Heterodyne efficiency of segment A of a QPD in the TMI, based on equation
(2.125) numerically calculated for a finite QPD and plotted for various values of p.

reasons. On the other hand, the angle at which the heterodyne efficiency of a QPD-
segment is maximum is an odd function of p. This means that, in any situation
where p is different than zero, the maximum of the heterodyne efficiency is not at a
tilt angle of 0 rad.

These considerations are relevant in any context where the signals from a mis-
aligned IFM using a QPD are used. In the case of centered beams, a wavefront
mismatch breakes the symmetry between LPF and AP LPS (see Section 2.3.2).
Furthermore, there are non-trivial implications on LPS and DWS noise calcula-
tions, as these depend on the heterodyne efficiency. Note that values the maximum
|p| in LISA is 0.469 for both the TMI and ISI, hence these effects could be also very
pronounced.

2.4 Conclusion

In the first part of this chapter, the main concepts of Gaussian beams, interferometry
and ray transfer matrices were introduced. The second part of this chapter intro-
duces the main signals derived from the use of QPDs, in specific differential power
sensing (DPS), longitudinal pathlength sensing (LPS) and differential wavefront-
sensing (DWS). A detailed model is derived for DWS, to describe the signal de-
pending on the geometrical properties of the used setup. This model calculates the
DWS signals a) analytically under the assumption of infinite QPD size and no slits,
b) semi-analitically and numerically for a general case. The reduction of the hetero-
dyne efficiency as a function of the beam tilt, which is a relevant parameter in the
noise performance models, is also discussed.
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Figure 2.21: Plot of the fit parameters from the Gaussian fit of Figures 2.19 and 2.20.
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Chapter 3

The Tilt-to-Length Coupling and
Differential Wavefront-Sensing
Optical Bench Simulator

In Section 2.1.3 interferometry was introduced as an transducer capable of convert-
ing optical pathlength, related to the target of the measurement, into a voltage
signal. This is an ideal picture, as the measured voltage variations can have many
other causes, which are indistinguishable from pathlength variations of the same
magnitude; some causes related to the laser’s properties were described in Subsec-
tion 2.1.5. Another possible issue is the coupling of pathlength variations which
are not the target of the measurement. This is caused, for instance, by tilts of a
test mass (TM), which alter the optical path of a laser beam reflecting on the TM,
even if the center of mass of the TM has not moved. Such issue currently affects
the sensitivity of ground-based interferometers (IFMs) at low frequencies [52], and
is estimated to be the second-largest noise entry in LISA’s TMI [34].

3.1 Tilt-to-Length Coupling in LISA

Figure 3.1, above shows an example of how tilt couples into the pathlength mea-
surement. The target of the measurement is the displacement of the center of mass
of the TM, indicated with the coordinate x. If the TM shifts along the x-axis, the
optical pathlength changes, and this is measured by the IFM as a change of power
due to interference. A free floating TM is also likely to rotate around its center of
mass; such rotations are indicated by the coordinate 6. The beam reflecting on the
TM tilts by 20 and travel a longer optical pathlength. The IFM cannot distinguish
a variation of # from a variation of x. The mentioned example is called lever-arm
TTL and gives an additional pathlength of Asjever = dpivotd?, Where dpiyor is the TM
to PD distance [67, 40] and belongs to the category of geometrical TTL, together
with the piston effect [67, 40]. Sources of non-geometrical TTL also exist, as varia-
tions of beam offset and parameters as well as wavefront errors, can couple into the
interferometric measurement [67, 40].

All of these TTL couplings would be of little consequence if the interferometric
topology was stable, but in reality this is never the case. In LISA the angular
stability is at most 1 nrad/v/Hz[34, page 19], as a result of active control of the
spacecraft’s attitude and of the TM’s degrees of freedom. In such condition and
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despite further mitigation, TTL is foreseen to be one of the main noise sources in
the TMI [34, Figure 18].
TTL mitigation in LISA is achieved through three main channels:

1. Active: control of the spacecraft’s attitude and MOSA’s angle and TM’s po-
sition and angle with respect to the MOSA to the order of few nrad/+v/Hzand

nm/x/@

2. Offtine: post-processing subtraction of the additional pathlength caused by
TTL. This procedure requires a model of the extra pathlength caused by the
tilt As = As(n,¢) ! [68]. Such models have already been developed for LISA-
Pathfinder [40] and a 24-parameter TTL model has been developed for LISA
in [58]; these parameters can be recovered either by calibration maneuvres [49]
or by measuring the naturally occurring MOSA’s jitter via DWS and fitting
to the readout signals [17].

3. Passive: suppression of geometrical TTL by using imaging systems (ISs) [77,
67, 3] (see Subsection 2.2.2).

Active Control The active control of the spacecraft by means of the micro-
newton thrusters keeps the angular jitter at a level of few ~nrad/ VHz. In order to
achieve this, a readout with at least this sensitivity is needed. This is provided in
LISA by DWS (see Section 2.3.3). DWS has demonstrated its effectiveness in the
GRACE Follow-On mission, where it was key for achieving the precise laser-beam
pointing required between the two spacecraft in low Earth orbit [21]. This successful
deployment validated DWS as a critical tool for inter-satellite laser interferometry,
offering a foundation for its extended application in the LISA mission, where the
technology needs to operate in the more challenging condition of weak-light hetero-
dyne detection.

Post-processing TTL corrections in post-processing have been demonstrated to
reach the LISA’s required performance only if the DWS noise floor is lower than 1.5
nrad/v/Hz(see Figure 3.2) [58]. To the knowledge of the author, such sensitivity -
which is also required for the active control - has not been proven yet on ground in
LISA-like conditions and in the whole LISA detection band. This gives motivation
for the investigations of the thesis.

Imaging Systems Imaging systems (ISs) are optical instruments that can help
to mitigate TTL in IFMs [77, 67, 3]. The working principle is shown in Figure
3.1, bottom. By definition, an IS in this context propagates a light ray transiting
through the intersection point of its input pupil plane and the optical axis through
the intersection of the optical axis and output pupil plane, independently of the light
ray’s input angle. Since Fermat’s principle states that light always takes the shortest
path between two points, this implies that all these possible paths have the same
length. This principle is illustrated in Figure 3.1. The condition for this solution to
be useful is that the beam undergoing tilt must have a well-defined rotation pivot.
This is the case in LISA, as

!Conventionally ¢ denotes the yaw angle i.e. horizontal rotations and 1 denotes the pitch angle
i.e. vertical rotations of the measurement beam
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e In the inter-satellite interferometer (ISI), the telescope acts as an IS. It images
its entrance pupil on the RX-clip on the OB, which becomes the entrance pupil
of the ISs of the ISI.

e In the test mass interferometer (TMI) the tilt of the TX beam originates at
the surface of the TM, as in Figure 3.1.

Therefore, ISs can be used to image the RX-clip and the TM’s surface onto the
QPDs. There is more to this, as actually the ISs in LISA have a three-fold goal [37]:

e Suppress TTL by imaging the point of rotation of the beam into the center of
the QPR.

e Compress the beams to adjust their size at the QPR’s active area. Some
considerations about this can be found in Appendix E.

e Suppress the diffraction rings caused by beam clipping. The RX beam is
clipped both at the telescope and at the RX-clip, causing a concentric diffrac-
tion pattern [67]. ISs have the property of imaging their entrance pupil on
their exit pupil, suppressing diffraction. This imaging process happens twice
along the RX beam path: at the telescope and at the ISs.

In the previous years research has been carried out at Albert Einstein Institute
(AEI) showing that IS are an effective technology in suppressing TTL for both the
TMI and ISI [72, 16]. Imaging systems with 2 and 4 lenses have been tested. The
4-lense IS’s performance was proven to be less dependent on the beams’ parameters,
and hence is the baseline for LISA,| which employs 4-lenses refractive folded imaging
systems (see Figure 1.5) [12].
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Figure 3.1: Example of an interferometer where the reference beam is reflected on a
floating cubic TMs. The longitudinal and angular degrees of freedom of the TM are
indicated by the coordinates z and 6. The top IFM features no IS, and in case of TM
tilts, the measurement beam is laterally shifted on the QPD. This causes the beam’s
pathlength to depend not only on x but also on 6 due to the lever-arm effect. The bottom
IFM features a 2-lense IS, which images the point of rotation of the beam onto the QPD so
that beam walk is suppressed. The IS reduces the coupling between the IFM’s pathlength
difference and 6. Figure inspired by [67].

3.2 The Tilt-to-Length Coupling and Differential
Wavefront-Sensing Optical Bench Simulator

The TDOBS experiment was built to investigate interferometric readout noise in a
LISA-like environment. Its design procedure and final construction parameters are
reported in [15] and the successful results of TTL mitigation by the use of lens ISs
in TMI and ISI in case of only vertical beam tilts are published in respectively [72,
16]. During this thesis TDOBS was operated as testbed for some of LISA’s key
technologies, as testing precision DWS in weak-light conditions and in the presence
of tilts, and testing the pre-developments of the LISA PM while using optically
generated beat notes as input.

The core of the experiment is a testbed consisting of two baseplates made of ultra-
stable Zerodur® glass-ceramic, shown in Figure 3.3 and 3.4. The main baseplate is
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Figure 3.2: PSD of the pathlength noise after post-processing TTL subtraction as a
function of the DWS angular noise. The requirement is reached only if the DWS perfor-
mance is better than 1.5 nrad/vHz. Figure from [58].

Figure 3.3: Photo of the two baseplates of tilt-to-length coupling and DWS Optical
Bench Simulator (TDOBS). The telescope simulator (TS) sits on top of the LISA-Optical
Bench (LISA-OB) in its nominal position.

the LISA-OB, which is a simplified version of the OB that is planned for LISA. The
second baseplate is the TS, which is an optical ground support equipment (OGSE)
used to simulate the beams that the OB receives from the telescope or TM. The
testbed is encapsulated in a thermal shield and placed inside a vacuum chamber. All
beams used in TDOBS are generated externally from a single laser on a modulation
bench (MB) and are fed into the vacuum chamber (VC) and testbed via feed-through
optical fibers. Further details on the setup are provided in the remainder of this
Section. Figure 3.5 shows a simplified optical layout of the baseplates placed inside
the VC and Figure 3.28 shows a simplified optical layout of the whole setup. Table
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Figure 3.4: Photo of the telescope simulator (TS).

3.1 lists all the used beams, their main features and the color code used to distinguish
them through the thesis.

Beam | Injection baseplate Present in LISA  Fixed/Tiltable Color
RX TS yes tiltable green
X LISA-OB yes fixed red
LO TS no fixed blue

Table 3.1: List of the beams and main details used in TDOBS. The indicated beam
colors scheme is valid through the whole document.

3.2.1 The LISA-Optical Bench

The LISA-Optical Bench (LISA-OB) consists of a Zerodur® glass-ceramic baseplate
of diameter 580 mm, thickness 80 mm and mass 55 kg [15]. The baseplate thickness
was chosen to minimize bending, to ensure satisfactory positional stability of all
mounted components throughout the build and also measurement accuracy during
testing [15]. It simulates the interferometry that happens in one of the IFMs in
an OB in a LISA spacecraft while lacking mechanisms such as the PAAM or BAM
for simplicity. Mirrors, BS and fiber injector optical sub-assemblies (FIOSs) are
hydroxide-catalysis bonded as in LISA and made partially in Glasgow. Other op-
tical components, such as PDs, are glued onto a layer of Kapton tape stuck to the
baseplate. This method allows the removal of the glued components should it be
required [15].

On the LISA-OB, the TX beam is injected via a FIOS [10]. This is a customized
ultra-stable fiber injector attached to the LISA-OB by monolithic joints [10] provid-
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Figure 3.5: Simplified optical layout of TDOBS, with the TS on the left and the LISA-OB
on the right.

ing a ~2 mm diameter beam?. A polarizing beam splitter (PBS) is placed in front
of the TX FIOS, cleaning the polarization and setting it to linear vertical. The
TX beam simulates the local beam on a spacecraft, and interferes at BS21 with the
RX and LO beams, which are injected on the TS and propagated to the LISA-OB
via periscope optics. This interference can simulate either the test mass interfer-
ometers (TMIs) or the inter-satellite interferometers (ISIs), depending on the used
beams. The two output ports of the IFM host two identical 4-lenses imaging systems
(see Subsection 3.2.3) and two science QPDs, short SCIQPDs. The LISA-OB also
hosts the RX-clip. In TDOBS the RX-clip has a double function. It simulates both
the RX-clip on LISA’s OB (see Figure 1.5), i.e. the point in space along the RX’s
beam path around which the RX beam is rotated due to the imaging provided by
the telescope, and also the point of rotation of the RX beam for the TMI, which
is the surface of the TM. In this position, the LISA-OB hosts a magnetic mount
which allows the installation of an aperture, such that clipping would take place as
in the ISI, while no clipping is required when simulating the TMI.

On the left side of the LISA-OB is a couple of spatially separated QPDs, short
calibrated quadrant photodiode pair (CQP), which help to align the beams coming
from the telescope simulator (T'S) on the LISA-OB [36]. These are large PDs which
are suited for DPS measurements. The CQP was fixed and aligned during the
baseplate’s manufacture such that any beam from the TS arriving at the center of
both QPDs would optimally interfere with the TX beam in both the TS and the
LISA-OB.

3.2.2 The Telescope Simulator

The telescope simulator (TS) is a 280 mm x 280 mm Zerodur® baseplate of thickness
35 mm and mass 7 kg [15]. This sits on top of the LISA-OB as shown in Figure 3.3.
It has no rigid connection to the LISA-OB and is free to rotate and translate with
respect to it. The layout of the optics on the TS is shown in Figure 3.4. On this

2for further detail on the beam mode see Figure 3.9 and Table 3.1
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Figure 3.6: Optical layout of the LISA-OB featuring two 4-lenses ISs.

baseplate, the RX and the LO beams are generated. The RX beam simulates the
measurement beam, which is either the beam reflected on the TM in the TMI or
the received beam from the next spacecraft in the ISI. The LO beam is an auxiliary
beam which is not present in LISA, which is used as a phase reference and as an
alignment aid. The LO is injected as the TX beam by a FIOS with a polarization
cleaning PBS and is a ~2 mm diameter Gaussian beam.

The key feature of this baseplate is that it can generate two kinds of RX beams:
one is again a FIOS injected, polarization cleaned ~2mm diameter Gaussian beam,
named RX-GB; this beam simulates the measurement beam in the TMI. The second
is a flat-top beam, called RX-FT beam. This beam simulates the RX beam in
LISA, i.e. the measurement beam in the ISI. The RX beam in LISA is a small
portion of a Gaussian beam which, after 2.5 x 10° m propagation, has a huge ~km
wavefront. This beam is clipped at the telescope and results in a weak beam with
uniform intensity and phase profile. Such a beam is generated in the T'S by the Flat-
Top beam generator, consisting of a large fiber coupler producing a 9 mm-radius
Gaussian beam that is clipped by an apodized aperture [15] (Figure 3.7, bottom
left). This is an aperture optimized to generate a beam with a flat profile in both
phase and intensity at an optimal working distance of ~ 80 cm. Figure 3.8 shows
the intensity profile of the beam at this position. Via BS12 both the RX-GB and
the RX-FT are made to propagate along the same axis, and either the RX-GB or
the RX-FT beams can be used. Their propagation axis is not exactly the same, but
this can be corrected using the actuators (see actuator 1 and actuator 2 in Figure
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Figure 3.7: Optical layout of the TS. Next to the Flat-Top beam generator is a picture
of the apodized aperture placed inside it.

3.7). This operation is quite tedious as the REFQPDs, due to their diameter being
much smaller than that of the RX-FT beam, are not sensitive at all to the DPS
signal of the RX-FT beam.

The baseplate features a hole through which the periscope optics direct the beams
to and from the LISA-OB. The LO and RX beams are propagated to the LISA-OB
for the interferometry and the TX beam is propagated from LISA-OB to TS for
phase referencing.

Beam | wy, radius [mm]| | 2, waist position [mm| x*/DoF  Prob. worse
RX-GB | 0.802 + 0.007 | -635 £ 14 65.98/59 0.248
RX-FT | 00+ - - - /- ;

LO 0.826 £ 0.005|230 £ 17 10.55/53 1
TX 0.788 £ 0.005 | 100 £ 24 34.06/16 0.005

Table 3.2: Fit parameters from Figure 3.9. The fitting function is Radius(z) =
woy/ 1+ (—)\(Z_ZO))Q.

2
TWq

To simulate the RX beam tilts the TS, features a pair of mirrors glued on piezo
step actuators AG-M100 from Agilis™. These actuators are capable of performing
stable step tilts, with each step being roughly ~ 5 prad.

The RX and LO beams interfere at BS1. A nominal position for the actuators is
defined when the RX and LO beams propagate in parallel. The beams leaving BS1
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Figure 3.8: Beam profile of the RX-FT beam taken at an 80 cm distance from the FT
beam generator. The beam conserves the ’star’ shape of the aperture, but one can see
that the central intensity profile is approximately flat. On the TS, the RX-clip is placed at
110 cm from the Flat-Top beam generator, so ~30 c¢cm further than the nominal position.
This is not a problem as the flatness of the RX-FT beam degradates very slowly.
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Figure 3.9: Profile of the beams from the two FIOSs on the TS together with the TX
beam from the OB. The z-axis is set to be 0 at the RX-GB FIOS, and the beams’s
propagation axes are referred together at the RX clip. Resulting fit parameters are in
Table 3.2. The radius of the RX and LO beams at the RX-clip is respectively 1.0384+0.008
mm and 0.874 + 0.006 mm. The size of the RX beam at the AUXQPD and CQPD2 is
1.19 +0.01 mm.
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on the left port (see Figure 3.7) stay on the TS, while the beams leaving BS1 from
the bottom port are propagated to the LISA-OB via the periscope optics. The T'S-
bounded port is used to create a copy of the beams entering the LISA-OB, allowing
to monitor the beams without having to stop them. This 'copy’ is further split at
BS11, BS4 and BS15 to create a total of 4 copies. The distance between BS1 and
the detectors used for the copies is the same as the geometrical distance between
BS1 and the RX-clip, making them optical copies of the RX-clip. Monitoring means
e.g. to measure DPS and DWS of the RX beam to know its position and angle,
or measuring the relative phase between two beams. In the optical copy positions
several detectors are placed:

e Two of the four copies are occupied by a QPD. These are labelled REFQPD1
and REFQPD2, short REFQPDs. They are positioned such that the LO
beam impinges in the center of them, and are used to measure the RX beam’s
position and angle at the RX-clip using DPS and DWS. In the original version
of the TS, the REFQPD2 was a large area SEPD labelled as REF AUX [67,
Figure 4.6]. I replaced this in order to have two QPDs placed in optical copies.

e One copy is occupied by a pinhole SEPD. The small size of this PD makes
it TTL-insensitive. This SEPD is used as an in-loop detector for two optical
pathlength difference (OPD) stabilization loops?.

e One copy is occupied by a phase camera and a trigger-detector for diagnostics,
as spatially resolved intensity and phase measurements [67]. This device was
not used during this thesis.

An additional large area QPD was developed by me to be gravity-mounted in
front of the phase camera. Its goal is to measure the DPS signal of the RX-FT beam
in one of the optical copy positions. This QPD has not yet been installed.

The overlap integral of the RX and LO beams was characterized at the REFQPDs
by inducing a ~10 Hz beat note using the AOMs (see Section 3.3.1 for the beat note
generation scheme). This beat note could be tracked with DC electronics while
keeping the RX beam in the nominal position. The overlap between RX-GB and
LO beams on REFQPDI1 and REFQPD2 is /e, x-cBro ~ 86 & 1%. This is
significantly different from the expected value for an infinite size QPD given by
equation (2.24), which predicts a value of 94.5% for the RX-GB & LO beams; this
difference is due to the limited size of the REFQPDs. The overlap between RX-FT
and LO beams on REFQPD1 and REFQPD2 is | /e, Rx-Fr L0 ~ 92 + 1%.

As the TS is free to rotate and translate with respect to the LISA-OB, a reference
is needed to define a nominal position. This is given by the CQP and by the LO
beam (which is fixed on the TS); the nominal position is when the LO beam is
impinging on the center of the CQP.

To achieve ~ pm/+/Hzstability between TS and LISA-OB, an all Zerodur® ad-
justable mount was designed [67]. This is visible in Figure 3.4. This consists of two
pieces of Zerodur® - a foot and a mounting block - clamped together by a spring
[67]. The clamping force can be increased or decreased by tightening a bolt. When
tightened, the clamping force provided by the spring causes enough friction between
the two Zerodur® blocks to sustain the whole weight of the TS. When the bolt is

3further explained in 3.3.1.
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loose, the feet can move relatively to the mounting block, allowing to lift or lower
the TS. The length of each mount can be adjusted with such procedure. A mi-
crometer screw placed on the top of each foot helps in the fine-tuning. When the
desired position is reached, the bolt has to be tightened and the adjustment screw
backed off in order to make the mount a continuous connection of only Zerodur®
parts. A total of three mounts is used to hold the TS, and these need to be correctly
regulated to center the LO beam on the CQP.

3.2.3 The Imaging Systems

The IS that have been used during the TTL mitigation campaign [72, 16] were
removed after testing. They were re-installed by me in front of the SCIQPDs.
These image the RX clip onto the center of the SCIQPDs, suppressing the beam
walk which occurs while rotating the RX beam. The development details can be
found in [73]. A total of four ISs, two featuring two and two featuring four lenses,
were built (see Figure 3.10), and we had to the pair to be used. Both ISs have a
magnification of ~2.5 and very similar ray transfer matrices. The 4-lens IS features
a C element very close to zero, outputting a collimated beam. As this one was

proven to be better as being more robust against beam parameter variation, this
was chosen for installation in TDOBS in front of the SCIQPDs.

—0.399627 0
Mar, = <8.518 x 107° —2.50233) mar, o = 2:50233 (3.1)
—0.400052 0
Mo = < —0.01346 —2.50233) Mo, = 249967 (3.2)

The ISs were aligned by checking that the LO beam impinges in the SCIQPDs in
the same position - the center of the QPD - as if the ISs were not present. Following,
it was checked that a beam tilt around the RX-clip produces no beam walk. Thanks
to the beam compression, the overlap integral of the RX-GB and LO beams at the

SCIQPDs is ~ 1.
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Figure 3.10: Scheme of the 2- and 4-lenses ISs, with positions and RoCs of the lenses
in mm. The lenses’ positions are measured from the RX-clip, and the final pupil plane
represents the QPD’s position. The shown beam profile is that of the RX-GB. Figure from
[16]; the position value of the third lense in the 4-lense imaging system corrected from a
value of 419.745 mm to 447.82 mm.
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Figure 3.11: Picture of one 4-lense IS positioned in front of SCIQPD2.

3.3 Upgrade of TDOBS

As mentioned in Section 3.2, TDOBS had already been operated to prove the effec-
tiveness of ISs in the reduction of TTL coupling [72, 16] before the start of this work.
As the properties of these don’t depend on the specific used heterodyne frequency,
the experiment was operated with stable heterodyne frequencies of the order of a
few kHz. One of the main tasks during the PhD was to upgrade the experiment
to the use of MHz heterodyne beat notes, which is closer to LISA. This required
redesigning the the MB and upgrading the front-end Electronics (FEE) of the pho-
todiodes (PDs). An additional second-stage amplifier was designed to separate the
AC and DC components of the beat notes. A new DPLL-based phasemeter (PM),
capable of extracting the phase from MHz beat notes with low noise, was installed
in addition to the previously used FFT PM. Further improvements were also made
to the vacuum system, and a thermal shield was installed around the TDOBS base-
plates.

3.3.1 The Modulation Bench

The modulation bench (MB) is the subsystem which prepares and delivers three
beams with a tunable frequency difference lying in the LISA heterodyne band (3-30
MHz).

The used laser source is NPRO-type Nd:YAG laser (laser system 'Prometheus’
provided by InnoLight GmbH). The laser beam’s frequency can be stabilized by
means of an iodine cell to achieve a frequency stability as good as 1000 Hz/ vHzat
100 Hz [44]. The laser light is fiber-coupled and injected into the MB.

A simplified version of this setup is shown in Figure 3.28. A scaled version of
the MB is shown in Figure E.2. The laser beam is collimated and split into three
separate beams (RX, LO, TX). One of the secondary reflections of a BS is detected
by a photodiode for input power monitoring. To generate the ~MHz beat notes
the MB uses three AOMs, each in double-pass configuration (see Figure 3.28). This
setup allows suppression of the first-order beam’s propagation axis dependence on
the applied modulation frequency to the AOM faom, as the deflection angle of a
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Efficiency of the RX imaging system and RX-FT fiber coupling
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Figure 3.12: Efficiency as a function of the AOM modulation frequency of the RX AOM
double-pass system, defined as output power over input power for every stage. Note that
the efficiency of the second pass is worse than that of the first pass as the beam does
not propagate anymore through the AOM at its waist position. The final fiber coupling
efficiency only has a slight dependence on the modulation frequency, and is almost always
above ~70%.

beam through an AOM due to Bragg’s law is

Sil’l(e) [fAOM] = mcifAOM, (33)

S

where m is the order of the mode, A is the beam’s wavelength, and ¢, is the speed
of sound in the AOM’s crystal. For TDOBS the first-order mode is used, and the
AOM’s material is PbMoO,, which has a ¢; = 3630 m/s. In order to achieve a
20 MHz frequency band as in LISA, the variation of the output angle is A§ = 5.9
prad = 0.34 deg. A beam with such a propagation axis variability cannot be fiber
coupled. By applying a second pass through the AOM, the double-passed first-
order beam is affected again by the same effect, with reversed angle but additive
frequency shift, canceling this dependency out. The double-pass is achieved by using
a curved mirror as retro-reflector, reflecting back into the AOM the first-order beam
independently of its exit angle. Such system is by definition an imaging system (IS).
More details about the realization of this configuration are in Appendix E.2.1. The
used nominal frequency is faom = 80 MHz for the LO beam, while the RX and TX
can be operated at any value within 75-90 MHz without a significant fiber coupling
loss; an overall power loss is inevitable since the AOM’s efficiency decreases if the
modulation frequency departs from the value it is optimized for, which is 80 MHz.
A further advantage of the double-pass topology is that the output beam is twice
frequency-shifted thus the required bandwidth is halved. This system has proven
to be easy to repair even in case of AOM failure, as it has happened twice during
the time of this thesis. The performance of this system in terms of output power
efficiency is reported in Figure 3.12. All three AOM double-pass systems were found
to introduce strong astigmatism to the beams, which had way different vertical (y)
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and horizontal (z) modes (see Figure 3.13, above). This caused major loss in the
fiber coupling, as fiber couplers are designed for non-astigmatic beams. A solution
was found by implementing cylindrical lens telescopes to reduce the mode mismatch
between the two axes. The details about this are shown in Figure 3.13.

LO Beam Profile after AOM double pass
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Figure 3.13: Example of the beam astigmatism caused by the AOM double-pass for the
LO beam. Above: x and y beam modes measured after the AOM double-pass, showing
evidently different modes. Below: x and y beam modes after the cylindrical lens telescope.
The initial waist ratio was wg 5/wo 4 = 0.56 and the average waist position mismatch

M = —3.67. After the telescope this was reduced to wo, ,/wo,, = 1.13 and the
§(ZR,:c+ZR,y) ’ ?
average waist position mismatch M = —0.58.
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After the AOM double-pass system, the TX and RX beams are phase-locked to
the LO beam by piezo actuators in feedback loops. The used sensor for these loops is
the reference SEPD (REFSEPD) in the T'S. This phase-locking is a historical inher-
itance from the TTL measurements, when it was used to suppress additional phase
contributions prior to the RX-clip. The REFSEPD is a 300 pm diameter SEPD
used since the small diameter active area reduces its sensitivity to TTL coupling
[67].

The RX beam is further split by means of a half waveplate (HWP) and a PBS,
to direct the laser power either to the RX-GB or to the RX-FT beam fiber couplers.
All beams are fiber-coupled and propagated to TDOBS via polarization-maintaining
optical fibers.

3.3.2 The Photoreceivers

With the term photoreceiver, I refer to the ensemble of photodiode (PD) and trans-
impedance amplifier (TIA). The characteristics of both PD and TIA are crucial
to limiting electronic noise and achieving the phase noise requirement in weak-light
conditions, such as in the inter-satellite interferometer (ISI). Based on [32], custom
QPRs were developed for TDOBS in order to achieve the cutting-edge performance
needed to simulate LISA.

LISA’s QPDs

The baseline for LISA’s QPRs is to use indium gallium arsenide (InGaAs) for the
absorption layer, to have an active area diameter of 1.5mm and 20 pm wide slits
[54]. The use of such a large active area is motivated by the beam parameters but
has the drawback of causing the QPD to have a large capacitance.

eApp  emrip
d  d
Where App is the active area of the PD, rpp is the radius of the PD, ¢ is the
permittivity of the material, and d is the depletion region width of the PD (see Figure
3.14). A high PD capacitance is a problem as this increases the QPR electronic noise
at high frequencies. Electronic noise is usually expressed in terms of equivalent input
current noise density ie, in units of pA/v/Hz [32]. For LISA it is required to be lower
than 2 pA/vHz in the LISA heterodyne band [54]. The contributions to ie, for a
TIA are the Johnson noise of the feedback resistor Ry and the electronic noise of the

used active circuit element used to amplify the beat note. Neglecting minor terms,
this is

C1PD =

(3.4)

~ 4ksT -
ien(f) ~ \/ Ri + i%cp + 27 f(Cpp + Cack) €ack)? (3.5)

where kp is Boltzmann’s constant and T is the absolute temperature in Kelvin,
usually approximated to 300K for room conditions, Cacg, iace and éxcg are, re-
spectively, the capacitance, input current noise and input voltage noise of the used
active circuit element, e.g. an operational amplifier (OpAmp) or a transistor. These
have typical values of few pA/v/Hz and nV/v/Hz [32]. The first term of expression
(3.5) would give a value of 1pA/v/Hz for Rp = 16.6 k{2, meaning that a feedback
resistance of the order of several k(2 is needed. The last term of expression (3.5)
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is frequency dependent and usually dominates for frequencies higher than 20 MHz,
and for this reason, QPDs with low capacitance PDs are desired.

As the area is constrained and the permittivity allows little tuning, the only
option to lower the capacitance in LISA’s photodiodes is to increase the depletion
region width by applying a high bias voltage [54]. The PD’s capacitance Cpp is
roughly inversely proportional to the applied bias voltage Vj, [54].

| qNeAi,
Cpp = 4| —"+C, 3.6
PD 2V, + V) + Cy (3.6)

where ¢ is the elementary charge, N is the doping concentration of the diode, V; is
the built-in voltage and Cj is some additional spurious capacitance. LISA’s QPDs
are planned to use a 24 V bias voltage. They are currently under development at
Nationaal Instituut voor subatomaire fysica (Nikhef)? and Netherlands Institute for
Space Research (SRON)?.
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Figure 3.14: Scheme of the cross-section of a LISA QPD. Figure from [54, slide 3].

TDOBS’s QPDs

The Photodiodes As of 2025, LISA’s QPDs are not available for testing, and
other PDs with similar parameters are also not commercially available. Further-
more, at the time of experimental design, a final LISA PRs baseline was not yet
ready. With this in mind, we opted to use the QPD model GAP1000Q by [18] as
representative of LISA’s PDs. This was thought as a tradeoff between area and
capacitance, in order to have a large enough active area for high enough DWS gain
and a low enough capacitance to not limit the sensitivity at the higher heterodyne
frequencies. Note that the needed voltage bias for the GAP1000Q is much lower
than 24 V. Hence, we operate it at 5 V bias. A comparison between the parameters
of the two PDs and other similar QPD models is shown in Table 3.3:

TDOBS uses a total of four GAP1000Q, two as REFQPDs on the TS and two
SCIQPDs. REFQPD?2 is also part of the upgrade, as that position was previously oc-
cupied by a large silicon SEPD. TDOBS also features some non-LISA-representative
PDs, which are not used for DWS. These are:

4Dutch institue for subatomic physics, https://www.nikhef.nl/en/ .
®Neatherlands institute for space research, https://www.sron.nl/ .
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LISA QPDs | GAP500Q GAP1000Q GAP1500Q

Wavelength 1064 nm 1064 nm 1064 nm 1064 nm
Diameter 1.5 mm 0.5 mm 1 mm 1.5 mm
Absorption layer material InGaAs InGaAs InGaAs InGaAs
Reverse bias voltage 24V 5V 5V 5V
Responsivity 0.8 A/W 0.6 A/W 0.6 A/W 0.6 A/W
Quantum Efficiency nqpp 0.93 0.70 0.70 0.70
Dark current (@bias) < pA* 0.1 nA 0.6 nA 1 nA
Capacitance (@bias) <5 pF 5 pF 9 pF 20 pF

Table 3.3: Comparison table with the parameters of the QPD model planned for LISA
(data taken from [54]) and the commercial InGaAs QPD models of various diameters from
OEC [18]. Model GAP1000Q (in bold) was chosen for TDOBS. The dark current and
capacitance values are per segment. * for the LISA QPD, the 1 pA is a post-irradiation
requirement. The value of the LISA QPD is unexpectedly higher, but dark noise is not a
limiting noise source. This is discussed in Figure 5.12.

e The calibrated quadrant photodiode pair (CQP), a couple of large silicon
QPDs placed on the LISA-OB at different pathlengths along the RX and
LO beam paths, which serve as reference for aligning the TS to the LISA-OB.
I will refer to these QPDs as CQPD1 and CQPD2.

e The AUXQPD, an additional 8 mm diameter silicon QPD mounted on an
external translation stage, which serves as calibration reference for the whole

experiment. This QPD size allows us to measure the DPS calibration of the
RX-FT beam.

e the REFSEPD, a small area InGaAs SEPD, which acts as an in-loop detector
for the optical pathlength difference stabilization loops between the RX & LO
and TX & LO beams. This was upgraded from a large silicon photodiode with
a small aperture glued in front of it to an OEC GAP300.

Table 3.4 summarizes the main characteristics of the eight PDs used in TDOBS.

Photodiode | Baseplate | Model Material Diameter
REFQPD1 TS OEC GAP1000Q InGaAs 1lmm
REFQPD2 TS OEC GAP1000Q InGaAs Imm
REFSEPD TS OEC GQP300 InGaAs 300 pm
SCIQPD1 | LISA-OB | OEC GAP1000Q InGaAs 1lmm
SCIQPD2 | LISA-OB | OEC GAP1000Q InGaAs 1lmm
CQPD 1 | LISA-OB | First Sensor QP22 Silicon 4dmm
CQPD 2 | LISA-OB | First Sensor QP22 Silicon 4mm
AUXQPD | LISA-OB | Pacific Silicon Sensor PC50-7-TO8  Silicon 8mm

Table 3.4: Table with all used PDs in TDOBS. For a detailed positioning see Figures
3.7 and 3.6.

The Mount All PDs except for the AUXQPD are glued on a PEEK plastic sup-
port, which is itself screwed on aluminum flexure mounts. This is adjustable in 2
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degrees of freedom for vertical and horizontal alignment within a ~ 0.15 mm dis-
placement range and < 3 pm precision and is designed to minimize the coupling
of temperature variations and minimize thermally induced stress transferred to the
baseplate [61, 15, 64]. The mount is shown in Figure 3.15.

Figure 3.15: Photo of a SCIQPD on the flexure mount with the TTA printed circuit
board (PCB) behind it.

The Trans-Impedance Amplifiers Custom TIAs were developed for each QPD,
with more than one iteration for the LISA-representative QPDs (REFQPDs and
SCIQPDs). As TDOBS was initially built to operate with kHz beat notes, the TIAs
of all PD were placed in a single PCB several meters away from the PDs. For the
required MHz-beat notes upgrades, the TTA has to be placed very close to th PD
(~5 mm) to avoid electromagnetic pickup® and to minimize parasitic capacitance.
Non-LISA-representative PDs were also upgraded, as it is convenient to completely
replace the previous TIA circuit. Dedicated TIA models were manufactured during
for each PD, featuring electronical and mechanical adaptations to obtain the needed
TF, noise performance and fit the stringent spatial constraints. The PCB’s size was
critical for the stringent spatial constraints of the TS and LISA-OB.

For the non-LISA-representative QPDs, we designed an OpAmp-based TTA using
the AD8038, reported in Table 3.5. For the LISA-representative QPDs, two different
TIAs were developed. The first (#1) is a simple OpAmp-based TIA, which was
optimized until converging to a configuration based on the LMH6624 OpAmp, Rp =
40 k2 and Cr = 0 pF. This TIA model was used for the REFQPDs and is currently
used for the SCIQPDs. A second lower noise TIA was designed following the current
baseline for the LISA TIA (described in [32]) by using commercial counterparts of the

6Electromagnetic pickups are especially critical because of the high power MHz signals driving
the AOMs.
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flight components. This model is based on the BFP740 transistor and the AD8038
OpAmp and uses a feedback resistance of Rp = 30.1 k2 (#2). The schematics of
the LISA-representative QPDs are reported in Appendix B, and the main features
are summarized in Table 3.6. All TIAs are designed to have cutoff frequencies a
little higher than 25MHz. The obtained TF for REFQPD2 and CQPD1 is shown in
Figure 3.17. The TFs of equivalent QPRs are similar.

Photodiode | OpAmp | Rp k] CF [pF]
CQPD1 ADS8038 2 1.5
CQPD2 | ADS038 p 1.5
AUXQPD | AD8038 12 1.0
REFSEPD | AD8038 1 3.3

Table 3.5: TIA parameters of the non-LISA-representative PRs.

Photodiode Transistor | OpAmp | Rp [kQ] Cp [pF]
SCIQPDs - LMH6624 40 0
REFQPDs #1 ; LMH6624 40 0
REFQPDs #2 | BFPT740 ADS038 30.1 0

Table 3.6: TIA parameters of the LISA-representative PRs.
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Figure 3.16: Photo of the REFQPD1 and REFQPD2 PDs featuring TTA #2, mounted
on the flexure mounts and with the TIA PCBs attached right on the back.

The diameter of the used PD is smaller than or comparable to that of the beam
impinging on it. The estimated fraction of beam power impinging on each PD’s
active area is reported in Table 3.7.
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Figure 3.17: From top to bottom: TF of the TIA of REFQPD2 in configuration #1 and
#2 and CQPD1. REFQPD2 #1 is representative of the current SCIQPDs’ TF. In all

plots the B, C, D magnitude is normalized to that of A in the lowest frequenecy bin.
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Photodiode RX-GB RX-FT LO
REFQPDS ORX-GB, REF:0371 ORX-FT, REF:0015 JLO, REF:O488
SCIQPDS ORX-GB, 501:0.980 - 0LO, 501:0.987
REFSEPD ORX-GB, SEPD:0-041 - JLO, SEPD:0-057

Table 3.7: Fraction of incident beam power detected by each PD in TDOBS. This
amount is estimated using equation (2.17), assuming a centered beam and neglecting slits.
For the QPDs, this fraction has to be divided by 4 to obtain the optical power per segment.
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The phase TFs of the four segments of a QPD o1, ; with i € (A, B, C, D) cause
a phase bias on all phase related measurements, as the optical phase is shifted by the
electronics. The propagation of such bias to LPS and DWS can be calculated from
the measured TFs of each QPD segment by applying the same equations (2.103)
and (2.106). The bias for the LISA pathfinder longitudinal signal is excluded from
this example.

1

PLPS AP, bias = Z(SOTF, A+ @1E, B+ ¢1R, ¢ + P18, D) (3.7)
1

©DWSv, bias = §(S0TF, A+ YTR, B — YTF, ¢ — PTF, D) (3.8)
1

YDWSh, bias = §(SOTF, A — PTF, B+ @TF, ¢ — ©TF, D)- (3~9)

This effect has been characterized, as an example, using the data for REFQPD2 in
Figure 3.17, obtaining Figure 3.18. Such offset in the case of the LPS signal and of
a static beat note frequency is no harm, as only the optical phase variations have a
physical meaning. If the beat note frequency is varied, as it happens in LISA due
to the Doppler shift, an extra phase contribution appears. Such effect is much more
relevant in the case of the DWS signals, as the DWS signals are supposed to be zero
if the angle between the beams is zero. Thus this effect must be characterized, as not
characterizing the DWS bias as a function of the heterodyne frequency introduces a
heterodyne-frequency-dependent offset in the estimation of the angles between the
beams.

200 REFQPD2 TR 30kOhm DWS bias
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Figure 3.18: LPS and DWS bias calculated measured on REFQPD2.

The electronic noise from the two TTA models was characterized using the white
light method [32, Section 3.3 |, which consists of measuring the output noise of
the TIA first without shining any light on the QPD and then by shining a shot
noise limited light source, e.g. an incandescence lamp. The output of the first
measurement, in equation (3.10), gives the electronic noise of the TTA fen times the
TIA’s gain Gria (3.10). The second measurement, in equation (3.11), measures the
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voltage noise in the presence of additional shot noise v, .

6en = GTIA;en (310>

Oy = Griay/ 12, + 120 (3.11)

The amount of shot noise can be estimated from the generated DC photocurrent as
gshot(ZqIDc)%, with Inc = VpcRy' and Ry is the feedback resistor of the TIA. The
combination of the two measurements leads to isolating the TIA electronic noise
contribution and the gain of the TTA.

NI

. 2q1 Uen
o = 2afD0)? Gria = 22 (3.12)

()

Note that this method does not require the a priori knowledge the TTA’s gain, which
is an output of this measurement method. Beyond that, the gain of any second-stage
amplifier is factored out in equation (3.12).

Electronic Noise of the TDOBS TIAs
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Figure 3.19: Measurements, model and SPICE simulation of the equivalent input current
noise density of the two used TIA models. The measurements are carried out using the
white-light method [32, Section 3.3 |. The fitted noise model relies on equation (3.5). The
fitted model values for TIA #1 and #2 are respectively in Tables 3.8 and 3.9. For TTA #1
the measured equivalent input current noise density at 5 MHz is gen, #1, 5 MHz = 2.73£0.04
pA/v/Hz, which is 14% higher than the modeled value of 2.4 pA/v/Hz. For TIA #2 the
measured equivalent input current noise density at 5 MHz is ’Nien, 425 MHz = 1.6208+0.0015
pA/v/Hz, which is 41% higher than the modeled value of 1.15 pA/vHz. The EM noise
peak observed in the white-light measurement disappears if the FFT PM is switched off.
Only TTIA #2 is able to satisfy the requirement, but just below ~15 MHz.
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Parameter Expression Unit Expected value | Measured value
a \/% +i2 pA/v/Hz 2.388 2.66 = 0.04
b 27 (Cpp + Copamp) én | 2o /VHz 0.057 0.122 + 0.002

Table 3.8: Table with the expected values and resulting fit parameters for the equivalent
input current noise density of TIA #1 in Figure 3.19. The used feedback resistor has a
value of Rp = 40 kQ. The values of iy, e, and Copamp of the LMH6624 OpAmp can be
found in [47]. The fit function is f(x) = Va2 + b2z2.

Parameter Expression Unit Expected value | Measured value
a NEES pA/Vz 1.064 1.567 =+ 0.013
b 27(Cpp + Crv, 68) & | o /VHzZ 0.0423 0.0828 + 0.0011

Table 3.9: Table with the expected values and resulting fit parameters for the equivalent
input current noise density of TIA #2 in Figure 3.19. The used feedback resistor has a
value of Rp = 30.1 k2. The values of Cry, g of the BFP740 Transistor OpAmp can be
found in [45]. The values of iy, e, of the BFP740 can theoretically be calculated using
equations (2.17, 2.18) in [32, Page 63]; as [45] does not provide all the required parameters,
a SPICE simulation was used. The fit function is f(z) = va? + b%z2. The measured value
of b is twice that expected, likely due to parasitic capacitance of the PCB.

3.3.3 AC-DC Splitter

The device described here can be considered a custom realized replacement of the
variable gain controller in the back-end electronics (BEE) of the LISA PM. The
output signals from the QPR in LISA have a nominal amplitude of 1.4 mV in the
ISI, 50 mV in the TMI and 87 mV in the RFI [30]. This is the signal is delivered
to the phase measurement sub-system (PMS). In order to better exploit the range
of the ADC (2 V,,), in LISA the BEE of the PM performs AC and DC signal
preconditioning. This step makes use of a variable gain as the beat note changes
amplitude during the mission.

The voltage values of the beat notes from the TIAs in TDOBS are similar,
depending on the specific used beam powers. As the PM used in TDOBS features
no variable gain amplifier, the AC-DC splitters were realized to perform the signal
pre-conditioning, with the difference of using a limited comb of set gains. These
separate the TTIA’s output into a DC and AC component. The AC component (the
beat note) can optionally be further amplified by extra amplification stages in order
to best match the FPGA mezzanine card (FMC) PM’s input range of 0.5 V,,. This
circuit consists of a PCB with four channels and is able to process the four outputs
of one QPR. The AC output features an additional second-stage amplification. The
possible gain values are 2.86 V/V, 28.6 V/V and 56.7 V/V.

A total of nine copies of this circuit were realized. The TF of the AC-DC splitters
were characterized and are shown in Figure 3.20. Due to space constraints, the AC-
DC splitters are placed outside the vacuum chamber (VC). The schematic of one
channel of an AC-DC splitter is shown in Figure B.3.

A similar characterization regarding the phase bias of the AC-DC splitters is
could, in principle, be done as for the QPRs in Figure 3.18. Practically, these biases
are characterized all together by the DWS calibration in Chapter 4.
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ACDC split box #4 Transfer Function
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Figure 3.20: TF of the AC-DC Splitter circuits.

Above, left: AC output with no

further amplification. Above, right: AC output with second-stage amplification, below:

DC output.
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3.3.4 The Phasemeters

TDOBS uses two different PMs (see Figure 3.21). The master PM is a single bin
FFT PM. This is the same PM used for the TTL mitigation measurements in [72,
16]; its control software also controls the actuators and handles the OPDs. A second
slave PM featuring the LISA-like DPLL architecture is used for the precision phase
measurements, this PM is named FMC PM.

The FFT phasemeter

This PM implements the demodulation scheme explained in Appendix 2.1.3. It can
handle up to three beat notes, which must have a fixed and known frequency. It
features 16 input channels, for which the PM returns the DC value, the amplitude
and phase of the three beat notes and a demodulated signal at fay ~ 267 Hz. This
channel is used to measure the DPS” signal of the RX beam only on the QPDs. This
PM also generates a fay ~ 267 Hz signal, which is used as a modulation source in
the signal generators (SGs) to modulate the power of the RX beam. Last, the FFT
also provides an error signal for the two OPDs (see Figure 3.28). The clock output
of the master PM is used to time the 3 SGs used to generate the modulation signals
for the AOMs, and the clock signal and PT signal for the slave PM.

The sampling frequency is f; = 80 MHz as in LISA. The data output rate is
frana = 80 MHz/2%2 = 19.0734863281 Hz. This precise value is important, because
due to the design of the filters in this PM, the input beat note frequencies must be a
multiple of this fundamental frequency; the amplitude modulation frequency is itself
fam = 14 fruna. This limits the usable heterodyne frequencies in the experiment to
a comb of multiples of fr.q, even if the precision phase measurements are conducted
with the FMC PM. This is due to the OPD loops, for which the use of a different
frequency would cause in the FF'T PM’s measurement an accumulating 'apparent’
phase lag which is compensated by an increasing ‘real’ phase lag by the actuation
on the piezo. This phenomenon keeps increasing the DC component of the error
signal until it saturates, and the OPD loop resets. Consequently, a phase jump
takes place as the piezo is brought back to its initial setpoint, and this feature is
undesired during the measurement. Therefore, the allowed heterodyne frequencies
must be fret = n - frana With n € N. Due to the limited input digits of the SGs,
the simplest solution is to use heterodyne frequencies of the form f = fs 27" with
n € N, hence 20 MHz, 10 MHz, 5 MHz or any sum of these.

The performance of this PM model reaches the LISA picometer requirement
only for heterodyne frequencies up to a few MHz, and is therefore not compatible
with reaching this requirement at 25 MHz. Its performance is still good enough to
run the OPD stabilization loop as the reached phase stabilization, due to actuation
limitations, is three orders of magnitude worse than the LISA requirement. As no
other PM has been programmed to output an error signal for an OPD loop, this
task must be performed via the FF'T PM.

The FMC PM

This PM is an instrument pre-development toward the final LISA PM. It is struc-
tured as one module of the engineering model of the LISA-PM, featuring eight input

Tsee 2.3.1
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Figure 3.21: PMs of TDOBS. Left: the single bin FFT PM. Right: the FMC PM: on
the left is the aluminum enclosure surrounded by the nitrile rubber casing, where the signal
pre-conditioning electronics and the ADC are situated. On the right is the FPGA where
the PM is implemented. The temperature inside the enclosure needs a stability of at least
1072 K/+/Hzin the LISA measurement band to achieve the required phase performance.

a Amplification ADC driving )

i - NS

Signal CH1

Pilot tone % X Backend electronic module

Signal CH2 | [ ‘ ADC’
| | > 1\

\ - J

Figure 3.22: Simplified schematic of a BEE module. Figure from [9, page 56]. The
module hosts an amplification stage to match the input signals to the ADC’s range and
the ADCs. The insertion of the PT into each channel is also shown. The real module
features instead four input channels per ADC.

channels, but is only AC-coupled. A simplified schematic of the module is shown
in Figure 3.22. The used ADC is the ADS6445-EP from Texas Instruments [46].
The working principle is the DPLL explained in Subsection 1.3.2. The sampling fre-
quency is 80 MHz, and the output sampling rate is 80 MHz/2'93%5 ~ 3.39 Hz. To
operate, the DPLL architecture needs an initial guess of the beat note’s frequency,
which, in comparison to the FFT PM, does not need to be exact but rather within a
~10 kHz difference. The signal’s frequency can vary during the measurement. The
proportional and integral gains of the DPLL have to be set by the user and are cru-
cial for the stability of the DPLL [9]. As a rule of thumb, the proportional gain gp
has to be much larger than the integral gain g;; in [9] it was found that a factor of 21°
should be kept between proportional and integral gain. The gain values have to be
specified in the configuration file of the FMC PM prior to running, as P = log,(gp)
and I =log,(gs). A PT is introduced to measure and remove ADC timing jitter in
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post-processing. For all the optical measurements, the used PT frequency is ~72
MHz.

The thermal environment of the signal pre-conditioning electronics and of the
ADC is critical for the outcome of the phase measurement. This needs to be as stable
as 1 x 1072 K / v/Hzin the LISA measurement band to reach the desired performance
[9]; therefore, the FMC PM’s PCB is shielded by a massive aluminum enclosure,
which is then surrounded by a layer of nitrile rubber. The whole structure is further
actively thermally stabilized by a PID controlled Peltier cell.

In TDOBS, as stated above, the FMC PM is timed by the FFT PM via an
external clock signal. The same holds for the SG generating the PT.

PM structure in TDOBS

The FFT PM is used to measure the DC component of the optical signals, obtained
from the DC output of the AC-DC splitters. The 16 channels are used to acquire
data from three QPDs plus the AC output of the SEPD, which is necessary for the
OPD stabilization loop. The FMC PM is used to measure the beat notes from of 2
QPDs using the AC output of the AC-DC splitters. The operation of each PMs is
controlled via dedicated clients.

Parameter FFT PM FMC PM
# channels 16 8
DC/AC coupled DC AC
fs 19.0734863281 Hz  3.390842013888889 Hz
max performing frequency ~5 MHz 40 MHz (Nyquist limit)
PT correction no yes

Table 3.10: Summary table of the characteristics of the PMs used in TDOBS.

3.3.5 The Control Software

Each PM is controlled by a dedicated client running on a PC located next to the
experiment. Both were developed in C and serve as real-time monitors of the PMs’
outputs and data storers.

The FFT PM’s client

This client, named tdobs-control, is a mixed C and C++ code that retrieves the
outputs of the 16 measured channels, each consisting of DC, three beat notes outputs
(phase and amplitude) and the fayn ~267 Hz amplitude demodulated signal per
channel. This is shown in Figure 3.23. It also controls the actuators and is capable of
moving them using the PM’s measurement output as input, allowing the execution
of feedback loops. Several actuator moving functions were developed during this
thesis in order to perform calibrations for the experiment (see Chapter 4). The
most relevant are an auto-alignment function for the RX beam and a function which
rotates the RX beam around the center of REFQPDI1.
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The FMC PM'’s client

This client shows the real-time outputs of the eight measured channels, and is shown
in Figure 3.24. The output consists of instantaneous frequency (PIR), amplitude (I)
and error signal (Q) of the beat notes of each channel; this is shown in rows 1-4. As
a PT is also being injected, its real-time tracking is also shown in rows 5-8. The new
architecture for DWS tracking (see Chapter 7) was implemented by Pascal Grafe,
and the real-time output is shown in rows 15-25. The last row shows the output of
the temperature sensors.

The real-time plotter

This python script was developed to facilitate the visualization of the beam align-
ment procedures. A screenshot of this is shown in Figure 3.25. This program plots
the real-time data from the FFT PM at the same update rate. It is structured to be
very versatile, such that one can easily change the plotted elements according to the
executed measurement. To input the real-time data into this script, we implemented
a last-line reading of the files stored by the FFT PM’s client.

As the clients are separate, they have inevitably different starting times; on top of
that the two PMs have different sampling frequencies; a direct comparison between
the two PM’s output is not straightforward.

lisauser@lisauser-X10SAE: ~/Work /tdobs-control

28.125000 | moving actuator 2 BACKWARD,, .010479

CHe4: CHos: CHeG: c moving actuator 2 V BACKWARD, DPS = 0.008067

015365  -0.502649 646 -0. moving actuator 2 axis V BACKWARD, DP: 007812

+0.000160 3 6 +8.000269 g 2 moving actuator 2 axis V BACKWARD, DP: 004349

+7.715513 -9, 8 5. 61 +7.426323  +7.064564 138338 +1 2 moving actuator 2 axis V BACKWARD, DP: .003435

+0.000000 +0.000000 . +0.000000 moving actuator 2 axis V BACKWARD, DPS = ©.001674
76605 -32. 2 6 +126.460093 - +30.670507 fexited inner while

+6.000000 ® +0.000002  +0. J +0.00€ moving actuator 1 axis V FORWARD, DPS = -0.004856

-62.952149 6! +73.530, +4.901837  +61 -95 exited inner while
-0.000001 +0. +0.033706 . moving actuator 2

Reset OPD1
CH11: C cl cl moving actuator 2 BACKWARD,,

-0 -0.492131 -0.499916 -0.113123 -0. - -0. Reset 0PD2
+0. +0.000315  +0.600234  +0.000C +0.000064  +6.600097 4 +0.000096 moving actuator 2
. 9428 +7.57370 5.388095  +2.945795  +3.297902 . +2.980571 exited inner while
+0.000001 600001  +0.000001  +0.000001  +0.000000  +B.000000 g +0.000000 moving actuator 1 axis V FORWARD, DPS = -0.601186

+54.850002  +24.20763¢  +17.131466  +105.757913 -37.384118  -105.711809 -148.855967 exited inner while

BACKWARD, DPS = 0.006760

DPS. .004459

BACKWARD, DPS .003356

+6.000000  +0.000001  +0.000000  +0.000001  +0.000000  +0.600000 0. +0.000000 moving actuator 2 axis V BACKWARD, DPS = 6.609359
-55.960665  -156. -31.363343  -310.845867 -63.880246  -165.209040 393 -20 94 moving actuator 2 axis V BACKWARD, DP! 006561
+6.032173  +6.632172  +6.032406  +0.032092  +0.607497  +6.607571 g +0. moving actuator 2 axis V BACKWARD, DP! .085740

moving actuator 2 axis V BACKWARD, DPS .002918

3 fexited inner while
-0.000 8 .000813 moving actuator 1 axis
- fexited inner while

<

FORWARD, DPS = -0.002899

moving actuator 2 axis V BACKWARD, DPS .008042
moving actuator 2 axis V BACKWARD, DP: 005986
2 - term_out---- moving actuator 2 axis V BACKWARD, DP: 005097
-0.012629 moving actuator 2 axis V BACKWARD, DP: 002194
+0.002017 moving actuator 2 axis V BACKWARD, DPS 001377

+6.00 fexited inner while
-0.000639 moving actuator 1 axis
fexited inner while

<

FORWARD, DPS = -0.000510

- 2 - main_pm ---- moving actuator 2 axis V BACKWARD, DPS = 0.008394

+1.917536 -6. -0.012635 moving actuator 2 axis V BACKWARD, DP: 004767
+0.002041 moving actuator 2 axis V BACKWARD, DP: 003631

.001206 +0.001049 moving actuator 2 axis V BACKWARD, DPS = 6.002079

-0.002502 -6.000495 fexited inner while

c moving actuator 1 axis
exited inner while
moving actuator 2 axis
moving actuator 2 axis
moving actuator 2 axis
moving actuator 2 axis
exited inner while
moving actuator 1 axis H BACKWARD, DPS = 0.001818
fexited inner while
moving actuator 2 axis H FORWARD, DPS = -6.007990
moving actuator 2 axis H FORWARD, DPS = -0.004869
fexited inner while
fexited inner while
moving actuator 2 axis V BACKWARD, DPS = 0.001465
fexited inner while
moving actuator 1 axis V FORWARD, DPS = -0.002170
fexited inner while

<

FORWARD, DPS = -0.002297

[PREDEFINED CONTROL
phase a, freq_a = ' num2str(file_info.freq(1)/1600) 'kHz

choose between a set of predefined actuator motions (1: constant velocity line, 2: square, 3: circle, 4
le RX beam around REFQPD1, 5: align RX beam on CQPs, 6: slow aligned motion, 7: go to nominal position,
lorm DC offset calbration)

BACKWARD, DPS
BACKWARD, DP:
BACKWARD, DP.
BACKWARD, DPS

<<<<

I5
[alignment tolerance (2...1000)/1000:
12

IbC or AM calibration( 1(DC) or 2(AM) ):

2
GB or FT beam used( 1(GB) or 2(FT) ):
i

In_steps for alignment (higher -> quicker and less precise

i
lhat now? (1: start again, 2: go to manualControlSession, 3: exit)

moving actuator 2 axis V BACKWARD, DPS .006322
moving actuator 2 axis V BACKWARD, DP: 005660
moving actuator 2 axis V BACKWARD, DP: .003118
moving actuator 2 axis V BACKWARD, DPS 000926

fexited inner while
moving actuator 1

BACKWARD, DPS = 0.900917

moving actuator 1
exited inner while

FORWARD, DPS = 0.000888

Figure 3.23: Screenshot of the FFT PM’s control software.
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Screenshot of the FMC PM’s control software.

DPS Control Monitor: together with newPM (only DC)

modulation
onfoff & calib
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#points to display
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P8 options

REFQPD 1 =
beat_a (RX-LO) =
time =
on -

beam for power measurement

Screenshot of the FFT PM’s real-time plotter

89



3.3 Upgrade of TDOBS

3.3.6 Vacuum System

TDOBS is placed in a vacuum chamber to be isolated from external disturbances
such as acoustic noise, refractive index variations and ambient lights. Additionally,
the experiment is expected to benefit from the vacuum also because of the increased
thermal stability.

The used VC is of rectangular shape with inner dimensions of 98 x 80 cm x 48.5
cm and a total volume of ~380 liters. The main port opens on the top. Vacuum
is realized by a combination of one scroll pump and one turbo pump connected in
series. The system is able to reach a vacuum of ~ 107° mbar when both pumps are
active. As the vibration noise from the scroll pump does not allow any precision
measurement, the experiment is typically operated in a static vacuum, i.e. with
the pumps turned off and the vacuum tank sealed. A leak finder was used to map
the main leakages, which were solved in order to improve the duration of the static
vacuum. This was achieved through custom designed clamps used to seal the corners
of the main port of the VC; these, due to geometric reasons, are pressed less by the
atmospheric pressure on the VC. When in static vacuum, the pressure rise is of the
order of ~0.3 mbar per day. The VC itself is positioned on a pneumatic suspension
system, used as a passive vibration isolator. Unfortunately, this is broken and cannot
easily be repaired, as the manufacturer company ceased to exist. Efforts to repair it
stopped as it was estimated that a working suspension would not improve the low
frequency performance of the experiment.

The four laser beams are delivered to the TS and LISA-OB by monolithic single-
feed-through optical fibers, which extend from the modulation bench (MB) to inside
the VC. These fibers are connected to the respective FIOS-fibers inside the vacuum
chamber with the additional use of an intermediate fiber to protect the FIOS-fibers.

The output signals from the PRs are propagated through SMA cables and SMA
feed-throughs until the AC-DC splitter boards.

3.3.7 Thermal Isolation

A thermal shield has was installed around the baseplates inside the VC to improve
TDOBS'’s thermal stability (see Figure 3.27). This consists of a thin aluminum plate
box structure covered with a multilayer insulation blanket. The plate positioned
below the experiment was already part of a previously used thermal shield, while
the remaining five plates were designed newly by the Author. These were designed in
such a way that the opening of the thermal shield does not require to disconnect any
of the many cables inside the VC. An array of eight temperature sensors monitors
the temperature in several positions, both inside and outside the thermal shield.
The vacuum chamber was also covered with a thick layer of armaflex® to improve
the passive thermal isolation. An active temperature control system is planned to
be operated on the TDOBS VC. The actuators for this control system are already
installed, but the control was not operated yet.

Note that because of the very good passive thermal isolation and due to the
power dissipated by the electronics heating inside the thermal shield, everytime the
tank is evacuated at least one day has to pass in order to reach a temperature steady
state.

90



3.3 Upgrade of TDOBS

Figure 3.26: Picture of the vacuum chamber (VC). The PC, together with the real-time
monitor, is visible on the top left.

Figure 3.27: Picture of the vacuum chamber, with inside the TDOBS experiment, sur-
rounded the thermal shield. The modulation bench is visible on the back of the VC.
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3.4 Conclusion

LISA plans to use DWS to mitigate the TTL. However, the current understanding
of DWS performance has some gaps, particularly regarding its behavior under weak-
light conditions and in the presence of beam tilts. TDOBS, an ultra-stable testbed
representative of LISA’s optical bench, serves as an ideal platform for conducting
these essential investigations.

TDOBS was upgraded from a simplified condition of using ~kHz frequency beat
notes to the use of beat notes in the LISA-heterodyne band (5-25 MHz). This work
required the upgrade of the modulation bench (MB) and of the electronics of the
PRs as well as the upgrade of the used phasemeter (PM). The trans-impedance
amplifiers (TTAs) of all PRs were upgraded to amplify beat notes with frequencies
up to 30 MHz. For the QPRs which are representative of LISA, low-noise TIAs
were design to reach equivalent input current noises as low as 2 pA/ VHz. A pre-
development of the LISA PM was installed, capable of extracting the phase of beat
notes with frequencies up to 40 MHz. A second-stage amplifier has been realized
to match the amplitude of the beat note from the TIAs to the ADC range of the
PM. Finally, to improve the thermal stability of the experiment, which is expected
to affect the performance below ~mHz frequencies, a thermal shield was installed
around the baseplates of TDOBS.
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Chapter 4

Calibration

The longitudinal pathlength sensing (LPS) can be self-calibrated since the relation-
ship between pathlength and phase depends only on the wavelength of the laser
beam, which si constant and known to sufficient accuracy. DWS and DPS signals
also have a theoretical calibration, but these rely heavily on geometrical parameters
of the experiment (see Section 2.3), which are always known to limited precision.
The first step to operating TDOBS is to have an experimental calibration of DPS
and DWS for all quadrant photodiodes (QPDs) and beam combinations in order to
recover the position and the angle of the RX beams.

1

: recover beam displacement
E DPS —> relative to QPD [mm |

1

! calibration

1

1 recover beam angle relative
: DWS > to reference beam [rad |

1
1

In this procedure, the absolute power impinging on a photodiode is never men-
tioned since both DPS and DWS signals are power-independent. This exact quantity
is also rather difficult, if not impossible, to obtain, as that the used QPDs are smaller
- or of comparable size - than the beams impinging on them, which makes it very
difficult to measure beam power on individual segments.

This chapter describes the calibration procedure of the experiment. This starts
with adding an external QPD, calibrating it, and then using this calibration to
calibrate all the other signals. This chapter also focuses on the actuation principle
of the two steering mirrors and their precision, as well as on side effects of the beam
tilting, such as the decrease of heterodyne efficiency. The measurements reported
in this thesis were realized using the LO beam and either the RX-GB or RX-FT
beams. The calibrations shown in this Chapter, therefore, are based on the use of
these three beams, while the TX beam is unused.

4.1 The Auxiliary QPD

The calibration of either DPS or DWS requires the experimenter to induce, respec-
tively, a known beam shift or beam angle and to relate this to the obtained signal.
On the other hand, the TDOBS baseplate can induce beam angles, but these are not
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4.1 The Auxiliary QPD

quantifiable, as the actuators don’t provide an absolute angle. Hence, to calibrate
the experiment, an additional calibrated device is needed, and this is the auxiliary
QPD (AUXQPD). This is added to the experiment as depicted in Figure 4.1. It is
mounted outside of the LISA-OB, and the mount is equipped with two translation
stages allowing vertical and horizontal shifts with a precision of ~ 10 pm. The active
area’s radius is 4 mm, chosen to be large enough to measure the DPS signals of the
large RX-FT beam. As no beam from the LISA-OB is propagating in this specific
direction, a mirror between BS24 and CQP1 has to be added to reflect the RX
and LO beam in the direction of the AUXQPD. In this configuration, the RX-GB,
RX-FT and LO beams impinge on the AUXQPD.

03 4—— v L L b b b

| Telescope e
Simulator i .
02 outline ~ FT
1 /
reas

/
/
/

0.1

00 |1 cap

o4\

N |
1 \
J |
\\
-02 | .
4 N
B N

03 A
-0.3 -0.2 -0.1 0.0 0.1 0.2 03

Figure 4.1: This Figure is a copy of Figure 3.6 (see that for details of the LISA-OB
layout), but the AUXQPD has been added. The AUXQPD is located at the bottom right
of the figure. It is not physically standing on the baseplate but is held by a dedicated
mount placed on the main baseplate inside the VC. An additional mirror is placed in front
of CQP1 to reflect the RX and LO beams to the AUXQPD. The LO beam, which has a
fixed propagation axis, impinges on the center of the AUXQPD.

This shiftable QPD allows varying the position of the beam with respect to the
QPD and hence to calibrate the DPS signal of the beam on the AUXQPD. This
procedure has to be repeated for each beam and was performed for the RX-GB and
RX-FT beams. It was not done for the LO beam, as it has a fixed propagation
axis. The obtained calibration is the pillar on which all further calibrations of the
experiment are based.

Unfortunately, the installation of the AUXQPD is incompatible with the thermal
shield for spatial reasons, and hence, it had to be removed. Its DPS calibration is
used to calibrate other QPD’s DPS signals.

The DPS calibration curve is in theory, for a TEMgy beam, an error function
(see equation (2.101)). One step toward relaxation of the used fit function is to use
a polynomial with odd powers. An even further step is to simply use a polynomial.
Only this last function was found to leave no large structure in the residuals and
was hence preferred. Deviations from an error-function calibration can be caused,
most likely, by gain- and offset- differences in the TIAs of the four QPD segments
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4.1 The Auxiliary QPD

and a non-Gaussian beam shape.

The polynomial’s order was varied until it was describing the calibration data
sufficiently well; this procedure converged to the 17th order. Since the aim of this
is to recover the displacement from the measured DPS value, it is convenient to fit
the displacement against the DPS value. The result of the calibration process of
the AUXQPD is reported in Figure 4.2. In this plot, each data point consists of
the average of 100 measurements, and the error bar is calculated as the standard
deviation of the average. This procedure leads to excessively small error bars, and

for this reason, I plotted the residuals as non normalized. The same procedure was
followed for all plots in this chapter.
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Figure 4.2: Vertical calibration of the DPS signal of the RX-GB (above) beam and RX-
FT beam (below) on the AUXQPD. The horizontal calibrations and fit parameters are
reported in Appendix C, Figure C.1.

It can be inferred from the distribution of the residuals that the RX-GB and
RX-FT beams’ position can be measured with a precision of a few pm.
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4.2 Rotation of the RX beam

4.2 Rotation of the RX beam

The RX beam can be rotated to simulate the tilts by using the two actuators on
the TS (see Section 3.2.2). These are piezo step actuators which move by steps of
roughly 5 prad both vertically and horizontally. The steps are not constant in size
and non-reproducible. A histogram of the step size is shown in Figure 4.3. This
makes them good for performing small tilts of the RX beam.

Step size, vertical Step size, horizontal
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Figure 4.3: Histogram of the tilt angles of actuator 1, measured by rotating the actuator
vertically (left) and horizontally (right) and measuring the induced RX beam displacement
on the AUXQPD. The actuation angle peaks around 5 prad for the vertical axis and around
6 prad for the horizontal axis. The higher variation of the horizontal axis is evident in the
following calibrations, as the distribution of the horizontal induced angles is visibly less
regular than that of the vertical angles.

The beam rotation around the RX-clip is achieved by rotating both mirrors.
Neglecting effects due to the tilt of the actuators themselves shifting the reflection
points of the beams, it can be shown geometrically that, for both vertical and
horizontal actuation, the beam reflected at the second mirror intersects the RX-clip
with an offset dpx and angle agx given by

5RX = d1,2 tan(Zonl) + dszX tan(2(aM1 + OéMQ)) (41)

apx = 2(am + ane), 4.2

where d;_5 is the distance between the two mirrors, dogx is the distance between
the second mirror and the target and a2 are the tilt angles of the mirrors, as
depicted in Figure 4.4. This relation can be inverted to obtain the angle oy 2 to
cross the RX-clip with an angle arx and an offset drx.

1 Orx — daprx t
ann = = arctan | 21X an(anx) (4.3)
2 di—o
1 —da.
Mz = 5 arctan [QRX — arctan <5RX dz;X tan(Osz)ﬂ (4.4)
1-2

In TDOBS, the offset drx is typically kept at zero while the angle agx is intention-
ally varied, making the RX-clip the tilting pivot as happening in LISA with the RX
and TX beam rotating around a fixed point. Since the angles are very small and
the offset drx is zero, equations (4.3) and (4.4) can be for simplicity linearized, and
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4.2 Rotation of the RX beam

the lengths replaced with the values from Table 4.1, resulting in equations (4.5) and
(4.6). These are the equations implemented in the mirror rotation control functions.

—dy_Rrx QORx 25
N — ~—— 4.5
Qi 41y 9 18 ORrx ( )
da—px aRX) 34
ape ~ | 1+ —_— ~ —Q 4.6
o ( X 08 LT (46)

Practically, such a rotation where the actuators are tilted by a pre-calculated angle
and once only commanded is impossible to achieve; This is due to the facts that a)
the actuators perform a discrete step movement, which implies rounding the angles
in equations (4.5, 4.6) and b) the executed angle is not precise. For this reason,
the algorithm controlling the actuators first rotates them both by the pre-calculated
angle, and then a correction phase follows where actuator 2 is rotated until the RX
beam’s DPS signal on REFQPDL1 is zero in the used rotation axis. To minimize this
correction phase, the agx tilt angles can be chosen such that a1, 2 are multiples of 5
prad. The procedure is the same for both vertical and horizontal tilts. The actuators
can tilt up to £2°, giving a maximum beam tilt around the RX-clip of roughly 1°
using equations (4.3,4.4). This is way beyond what is needed to probe LISA’s worst
case scenario tilt, as this angle is larger than the constellation’s breathing mode
(see Figure 1.4). The mirror actuation in TDOBS is taken care of by the FFT PM
control software (see Subsection 3.3.4)

actl ac;EZ
//0
actl ] act2 ;
< e — | Ry
E : : Orx
RX-cli s 5 I
-cli 0,=0 0, .
[[I e - ' ? RX-clip

Figure 4.4: Left: realistic representation of how the actuators rotate the RX beam.
Right: simplified 1D representation of how the beam tilts after reflection on the actuated
mirrors. Figures inspired by [67].

To give an idea of the sizes in TDOBS, a list of the most relevant spatial sepa-
rations between components is reported in Table 4.1:

Optic element 1 Optical element 2 | Distance [mm]
RXGB FIOS Actuator 1 245 £+ 20
Actuator 1 Actuator 2 180 + 10
Actuator 2 RX-clip & REFQPDs | 500 4+ 50
RX-clip & REFQPDs CQPD1 370 4+ 50
RX-clip & REFQPDs CQPD2 788 + 50
RX-clip & REFQPDs AUXQPD 858 + 80

Table 4.1: Table with the geometrical distances between optical components in TDOBS.
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4.3 Secondary DPS calibration of the other QPDs

Further calibrations of the DPS signals of other QPDs can be achieved by tilting
or shifting the RX beam using the actuators and measuring the applied tilt using
the calibrated AUXQPD. This was done for CQPD2, REFQPD1 and REFQPD2.
CQPD1 was not calibrated because it was not really needed. I will refer to these
calibrations as secondary calibrations, as they rely on a previous direct calibration
and propagate systematic errors of the first calibration. These calibrations are useful
to quantify the departure from the IFM’s nominal position, which has the RX beam
centered on all QPDs. For these calibrations, lateral shift of the RX beam on the
QPDs is achieved using just one of the actuators for angles up to 1 mrad, where the
tilt is indistinguishable from a shift. This calibration principle is depicted in Figure
4.5. The number of total reflections has to be counted as this can cause minus
signs in the lateral displacement. The so calibrated beam signals are REFQPDI,
REFQPD2, CQPD2 for the RX-GB beam and CQPD2 for the RX-FT beam. The
REFQPDs, with their small diameter, are utterly insensitive to the DPS signal of
the RX-FT beam. The obtained calibrations are reported in Appendix C.

v *
TS OB

I

LO AUXQPD

RX
% REFQPD1

Figure 4.5: Example of the rotation of actuator 2 for the calibration of the DPS signal
of REFQPDI1. In the experiment, actuator 1 was used, but actuator 2 was rotated in the
Figure for simplicity. On the LISA-OB only the AUXQPD is shown for simplicity.

4.4 DWS calibration of the REFQPDs

An exact DWS calibration requires full knowledge of which tilt the measurement
beam is undergoing, as it depends, for instance, on the tilt pivot [41]. In LISA and
TDOBS, the beams are always rotating around a well-defined point, and with this
rule the DWS signals of the REFQPDs and SCIQPDs can be calibrated.

The measurement procedure is to contemporarily measure DWS and the RX
beam’s angle using an optical lever [48]. The RX beam is tilted around the RX-clip
using the actuators. The induced angle can be measured using e.g. the AUXQPD or
any other QPD of which the DPS signal was calibrated. As the RX beam is rotated,
the measured DPS signal gives the lateral beam displacement Ax at the QPD.
Given the geometrical distance between the RX-clip and AUXQPD is drx-auxqprp,
the physical angle between the RX beam and the LO beam can be recovered using

Ax > Ax

~ (4.7)

Qpx = arctan ( ~ .
dRX-AUXQPD

RX-AUXQPD
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This measurement principle is shown in Figure 4.6. The DWS value measured at
REFQPD1 and REFQPD2 can be calibrated against the measured angle agx. This
operation is done for both vertical and horizontal tilts. Every beam combination on
a QPD needs to be calibrated. Another information which can be extracted by this
measurement is the decrease of the heterodyne efficiency as a function of the RX
beam angle agx. Note that the uncertainty of drx-auxqpep is the limiting factor on
the precision of the calibration.

Such measurement can be carried out simultaneously on both REFQPDs or
SCIQPDs, as they are optical copies. The used PM for the measurement is the FMC
PM. The obtained calibration curve is fit with equation (2.139) using just the s, and
k3 coefficients; hence, the candidate fit function is f(z) = p1(z — zo) + p3(z — x0)3.
The curve’s shape does, in principle, not depend on the used heterodyne frequency,
but the phase offset xy can depend on the phase TF of each channel’s detection chain
(TTA plus AC-DC splitters); this value can vary for different heterodyne frequencies,
especially in the 20 MHz region.

(2 S

TS OB
$ — L

RX
% REFQPD1

Figure 4.6: Rotation of the RX beam around the RX-clip using the two actuators. On
the LISA-OB only the AUXQPD is shown for simplicity.

RX-GB & LO DWS

The calibration shown here was realized as explained using the RX-GB. The result-
ing calibration for REFQPD1 is shown in Figure 4.7 for both vertical and horizontal
tilt, while the calibration for REFQPD2, which is almost identical, is shown in Ap-
pendix 2.3.3 in Figure D.1. The resulting fit parameters and obtained DWS gain
k1 for REFQPD1 and REFQPD2 are reported in Table 4.2. Note that the resulting
polynomial coefficients for the same axis differ by less than 1.7 times their stan-
dard error, stating a good quality of the optical copy properties of the REFQPDs.
Surprisingly, also the values for the DWS bias xq for the same axis are very close.
This is not to be expected, if the cause was the phase transfer function of the TIA,
as the designs of the two TIAs are different. From Table 4.2 and Figure 4.7, it
stands out that, in the horizontal DWS calibration, the angular spacing between
the measurement points is less regular than that in the vertical DWS calibration.
Furthermore, the horizontal DWS calibration has larger error bars. The cause of
the worst spacing is given in Figure 4.3. The likely cause of the higher error bar is
not understood.

In Figure 2.14, the DWS curve for such beams was modelled. A comparison
between the numerical prediction and the measured curves is shown in Figure 4.8.
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4.4 DWS calibration of the REFQPDs

RX-GB & LO REFQPD1 DWSv calibration
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Figure 4.7: Resulting calibration of the RX-GB and LO beams DWS signal on
REFQPD1. This calibration was realized using phase measurements from the FMC PM
at a heterodyne frequency of 156.25 kHz. The measurement’s fits are reported in Table
4.2. Despite the residuals showing some residual structure (visible especially in the DWS
vertical calibration), there is no reason to increase the polynomial order. Such effects are

likely due to wavefront imperfections.
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4.4 DWS calibration of the REFQPDs

Calibration p1 [prad/rad]  ps [prad/rad] xg [rad]
REFQPD1 DWS, | 353.52 £ 0.61 3.65 £ 0.14 -0.089 £ 0.001
REFQPD1 DWSy, | 350.47 + 1.86  4.63 & 0.44  0.083 =+ 0.003
REFQPD2 DWS, | 354.92 £ 0.62 3.66 &= 0.15  -0.088 £ 0.001
REFQPD2 DWS,, | 351.98 £ 1.84 4.63 £ 0.44  0.080 = 0.003

Table 4.2: Table with the calibration parameters of the RX-GB and LO beams DWS
signal on REFQPD1 and REFQPD2 (Figure 4.7). The function used for the fit is y(z) =
p1(r —10) + p3(x — x0)3. At a tilt angle of zero, the DWS gain is k1 = 2825 & 10 rad/rad.

The measured DWS k; is ~ 13.4% lower than the predicted one. The DWS bias
xo is the only parameter which is expected to depend on the heterodyne frequency,
as its value depends on the phase TF of the whole detection chain of each segment
(see Figure 3.18).

1500Exp. Calibration vs Numerical model, RXGB-LO@REFQPDs

mmm = REFQPD1v calibration Py
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S 500 f
-1000 |- %4’
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Figure 4.8: Comparison between the DWS-shifted RX-GB & LO DWS calibration of the
REFQPDs and the DWS numeric model. The measurements are in excellent agreement
with each other. Beam parameters are: weg = 0.685mm, R, = —9519 mm and p =
0.1387.

RX-FT & LO DWS

This calibration has required a different procedure than initially thought, as the 1
mm diameter REFQPDs are completely insensitive to the DPS signal of the lcm
large RX-FT beam once the beam is centered, meaning that the resulting DPS was
constantly zero. In this condition, re-centering the RX-FT beam on the REFQPDs
is impossible and rotating the RX-FT beam around the REFQPDs is unfeasible.
The implemented solution was to exploit the fact that the orientation of the
wavefront of a plane wave does not depend on its rotation pivot'. The RX-FT
beam was hence rotated by actuating only actuator 2, giving raise to a rotation of
the RX-FT with pivot at actuator 2 as in Figure 4.5. This method has the side
effect of causing beam walk on the QPDs. As the RX-FT beam is much larger than

!This intuitive statement is also mathematically proven by [41]
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4.4 DWS calibration of the REFQPDs

the REFQPDs, this method works as long as the measured beam portion on the
REFQPDs is far from the edge of the RX-FT beam. This is relatively difficult to
avoid as the centering itself of the RX-FT beam onto the REFQPDs has to be done
by manually controlling the actuators and checking the beam’s position with nothing
more than a beam card. The attempts to center the RX-FT beam by manually
tiltling the actuators and noting down when the beam power was dropping failed
due to the variability of step-sizes. The physical angle between the beams was, as
previously, characterized by measuring the lateral displacement of the RX-FT beam
on the AUXQPD, but with a different pivot.

Ax ) Az

~ (4.8)

agrx = arctan (
dactQ—AUXQPD

dact2-AUXQPD

The obtained calibration curve is fit with a generic polynomial for necessity. From
this, the coefficient k; can be derived. In this case, k3 is expected to be negligible
(see Figure 2.15).

Parameter Vertical Horizontal

Do -612.3 + 0.1]-408.1 =+ 0.1
D1 376.0 = 09| 281.7 &+ 0.1
Do -18 &£ 6 6.14 £ 0.09
D3 -183 &+ 36 0.58 £ 0.03
Da 605 =+ 91 -

s -947 + 116 -

D 805 =+ 83 -

D7 370 &£ 33 -

s 6.4 + 7.2 -

Do -8.03 £+ 0.63 -

Table 4.3: Table with the calibration parameters of the RX-FT and LO beams DWS
signal on REFQPD1 (Figure 4.9). Polynomials of order 9 and 4 were found to describe
accurately enough the vertical and horizontal calibration curves, respectively.

The vertical calibration in Figure 4.9 manifests a weird change in slope around
DWS, = 1.4 rad, while the horizontal calibration looks only slightly non-linear. This
is due to the difficulty in controlling the beam’s position. Figure 4.10 compares the
measured DWS calibration curve with the modelled one, which was numerically
derived from the same equations (2.133, 2.134) by using as weg = wro and R =
Rro ? and is plotted in Figure 2.15. The numerically calculated curve is in excellent
agreement with the measured horizontal curves in the whole measurement range and
with the measured vertical curves for DWS values in the range DWS, € [-2, 1] rad,
while it departs between DWS, € [1, 3] rad. I interpret this effect in the vertical
calibration to be caused by bad centering of the beam on the QPD, as especially the
vertical position is the most difficult to judge because of parallax. From here on,
the calibration function will be assumed to be the fit of the numerically calculated
one in Figure 2.15, of which the fit parameters and DWS gain at null angle x; are
shown in Table 4.10.

2This can be derived from equation (2.25) by replacing wy,, R,, — oo
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RX-FT LO REFQPD1 DWSv calibration
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Figure 4.9: Resulting calibration of the RX-FT and LO beams DWS signal on
REFQPD1. This calibration was realized using phase measurements from the FMC PM
at a heterodyne frequency of 5 MHz. The measurement’s fit is reported in Table 4.3.
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4.4 DWS calibration of the REFQPDs

Exp. Calibration vs Numerical model, RXFT-LO@REFQPDs
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Figure 4.10: Comparison between the DWS-shifted RX-FT & LO DWS calibration of
the REFQPDs and the DWS numeric model for the GAP1000Q QPD. Beam parameters
are: Weg = 0.874mm™!, R, = 6545 mm and p = 0.3446.

Parameter Value £ FError

D1 295 £ 0.18
D3 1.826 £ 0.026
T 0 £+ 0.0004

Table 4.4: Fit of the numerically calculated calibration curve for the RX-FT and LO
beams on a GAP1000Q shown in Figure 2.15 and reported in Figure 4.10. The fit function
is y(x) = p1(z — x0) + p3(z — 20)3. At a tilt angle of zero, the DWS gain is k1 = 3390 4 2
rad/rad.

4.4.1 Angle between the REFQPDs
As the REFQPD1 and REFQPD2 were glued by hand on the PEEK support, their

orientation is limited by the skill of the operator to a ~ 5° precision. This means that
the vertical and horizontal axes of the two QPDs are slightly tilted with respect to
each other, and this limits the comparison of their DWS measurements. This can be
corrected by comparing the DWS signals measured by REFQPD1 with the rotated
DWS signals measured by REFQPD2. This can be done by stacking together in a
vector the vertical and horizontal DWS measurements by REFQPD2 and applying
a rotation matrix.

(Dhiss ) = (e st (s "

The value of the angle can be obtained from a DWS calibration measurement cal-
culating the quantity Y?(«)

- = — DWS; . DWS, .
v -7 V- |(paet) -R (pwet) | @

where the index ¢ indicates each individual measurement point, and varying the
angle a until a minimum is found. This procedure is reported in Figure 4.11, and
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4.4 DWS calibration of the REFQPDs

shows to reach a minimum very close to zero. The angle estimated by this procedure
is arprqQPD 1-2 = —2.542° £ 0.055°. A comparison between the data of REFQPD1
and REFQPD2 before and after rotation is shown in Figure 4.11, right, and the
overlap between REFQPD1 and rotated REFQPD?2 is very good.

40 Calculation of REFQPD2's rotation REFQPD2 rot. angle characterization
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Figure 4.11: Left: minimization of TZ(aREFQpD 1.2). Right: Comparison between the
DWS measurements by REFQPD1, REFQPD2 unrotated and the REFQPD2 rotated.

Parameter Value =+ Error
Do 0.035 =+ 0.013
Zo -254 + 0.06
D2 0.68 + 0.13

Table 4.5: Fitting parameters for the fit in Figure 4.11, left. The fitting function is
T2(z) = po + p2(z — 30)2.

This procedure has to be repeated every time the REFQPDs are unmounted, as
the mounting operation is not reproducible. Variations are of the order of 2°.
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4.4 DWS calibration of the REFQPDs

4.4.2 Heterodyne efficiency as a function of the tilt angle,
REFQPDs

This result is less relevant than the DWS calibration itself but is important to de-
scribe the beat note amplitude that the PM receives in case of beam tilt. Besides,
one can get this characterization almosts 'for free’, as this information can be ex-
tracted from the same data of the DWS calibration. As shown in Sub-subsection
2.3.3, another effect of the beam tilt is a reduction of the heterodyne efficiency /mnet
of the measured beat note. I estimated this effect by means of numerical integra-
tion in the case of the RX-GB & LO and RX-FT & LO beam interference on the
REFQPDs. The result is as in the case of the DWS calibration, not precise but in
good accordance with the derived model (see Figure 4.12). The fact that the curves
don’t peak at zero yrad but at a slightly positive angle is caused likely by a small
lateral shift of one of the two beams (or a combination of the two).
The measured £ is

e RX-GB & LO: gRX-GB & LO, REFQPD = (632 x 107442 x 10_6) prad_l, implying
a beat note amplitude decreases by a factor of 10 for an angle of 2.38 mrad.

e RX-FT & LO: SRX_FT & LO, REFQPD = (742 X 1074ﬂ:5 X 1076) prad_l, 1mp1y1ng
a beat note amplitude decreases by a factor of 10 for an angle of 2.04 mrad.

The heterodyne efficiency of the individual QPD segments is expected to peak at
different tilt angles, as shown in paragraph 2.3.3. This has not been characterized,
as the expected value (£0.25 prad from Table 2.1) is much smaller than the angular
sensitivity reported in Table 4.6.

The angles at which the heterodyne efficiencies decrease by a factor of 10 are
huge angles if compared to the maximum tilt which would happen during LISA’s
operation, which is of the order of 10 nrad [34]. It is important to keep this in mind
as in Section 5.2 it will be shown that the phase noise of the PM depends on the
input signal’s amplitude. The decrease of the beat note’s amplitude due to a tilt is
one of the possible reasons of higher DWS noise in the case of beam tilts.

parameter REFQPD1 REFQPD2 Simulated
all 0.9954 + 0.0011 | 0.9957 <+ 0.0011 1

s [prad] 1113+ 4 1122 + 4 978

xo [prad] |36.95 £ 1.9 37.2 + 19 0

Table 4.6: Fit parameters from Figure 4.12, top. The function used for the fit is f(z) =
a exp (—% (m)z) ¢ can be derived as £ = —=.

S \/55

parameter REFQPD1 REFQPD2

all 1.006 £ 0.002 | 1.004 £+ 0.002 1

s [prad] 986.6 £+ 64 9725 + 6.3 953.3
zo [prad] | -527.0 £+ 6.585 | -519.5 + 6.5 0

Table 4.7: Fit parameters from Figure 4.12, bottom. The function used for the fit is

f(z) =aexp (—% (%)2) ¢ can be derived as £ = \/155'
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Figure 4.12: Measurement of the beat note’s amplitude on the REFQPDs as a function
of the RX beam’s tilt angle for the RX-GB & LO (top) and RX-FT & LO (bottom) beams.
The amplitude is calculated by averaging the amplitudes of the four segments and then
normalized to the highest value. The decrease in the heterodyne efficiency can be fitted
with a Gaussian curve. The obtained fit curve and parameters are reported in Tables 4.6

and 4.7, respectively.
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4.5 DWS calibration of the SCIQPDs

The procedure in this section follows the one for the REFQPDs in Section 4.4.
When the RX-GB beam rotates around the center of REFQPDs, it rotates, due to
the imaging systems (ISs), also around the center of the SCIQPDs. Consequently, if
it was possible to rotate the RX-FT beam around the center of the REFQPDs; this
would be true also for the RX-FT beam. Due to the issue that the REFQPDs are
insensitive to the DPS signal of the RX-FT beam, the RX-FT & LO beams’ DWS
signal was not calibrated.

Imaging System Characterization

Before entering into the details of the calibration, I report on the alignment and
positioning precision of the ISs and SCIQPDs. The ISs works correctly only if
both ISs and SCIQPDs are longitudinally placed at the proper distance from the
RX-clip. If the positioning is wrong by a longitudinal mismatch Az, as the RX
beam is rotated, it would walk on the SCIQPDs. The beam-walk amplitude Az is
proportional both to the longitudinal mismatch and the tilt angle, or Ax o< Az - ¢.
The imaging quality can be tested with the same data of the calibration by looking at
the beam’s position on the SCIQPDs as a function of the RX beam’s tilt angle. The
result is reported in Figure 4.13. The beam position on the SCIQPDs was fit with a
first-order polynomial f(x) = po + p1x, where py is the initial beam offset and p; is
the beam-walk coefficient. The measured coefficients are reported in Table 4.8 and
4.9, with the relevant p; coefficients marked in bold. The measured p; coefficients
for the SCIQPDs for rotations around both axes are found to be comparable with
those of REFQPDI1, the sensor QPD used in-loop to rotate the RX beam around
its center. This means that the measured beam walk is comparable to that on the
in-loop QPD. Hence, I conclude that the imaging is working as good as possibly
measurable.
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Beam Position at QPD [mm]

Beam Position at QPD [mm]
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Figure 4.13: DPS measured lateral displacement on the QPDs as a function of the RX
beam’s tilt angle and first-order polynomial fit. The fit coefficients are reported in Tables
4.8 and 4.9.
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QPD po [mm)] p1 [mm/rad]
REFQPD1 | 49x10% + 12x107%| 0.66 =+ 024
SCIQPD1 | 9473 x107% + 3x107% |-0.341 + 0.006
SCIQPD2 | 1.0392 x 1072 + 3x107% | 0.184 =+ 0.007

CQPD2 35x107* £ T7x107° 788 £ 0.16

Table 4.8: Vertical fit parameters from Figure 4.13, top. The function used for the fit is
f(x) =po+p1-.

QPD po [mm] p1 [mm/rad]
REFQPD1 | -1.3x10% 4+ 7x 1074 1.7 + 1.6
SCIQPD1 | 8.134x 1073 + 5x10°6|-0.073 + 0.008
SCIQPD2 | 8840 x 1073 + 5x 106 | -2.87 + 0.01

CQPD2 -8 x 1074 + 1x107*] 7900 4+ 0.2

Table 4.9: Horizontal fit parameters from Figure 4.13, bottom. The function used for
the fit is f(z) = po +p1 - z.

RX-GB & LO DWS

The results of the DWS calibration of the SCIQPD1 are reported in Figures 4.14
and 4.15. The angles on the y-axis are magnified by the ISs, with magnification
m = 2.5. Note that because of the specific interferometrical topology, the horizontal
axis of SCIQPD1 QPDs is reversed.

Calibration pl [prad/rad] p3 [prad/rad? x0 [rad]
REFQPD1 DWS, | 478.6 + 3.3 13.0 £ 0.85 0.145 £+ 0.003
REFQPD1 DWS, | -501.2 £ 11.2  -10.2 & 2.50  +0.296 £ 0.012
REFQPD2 DWS, | 480.5 &+ 3.3 12.5 £ 0.83 0.158 £ 0.003
REFQPD2 DWS,, | 505.0 4+ 11.2 9.76 £+ 2.51 -0.271 £ 0.012

Table 4.10: Table with the calibration parameters of the RX-GB and LO beams DWS
signals SCIQPD1 and SCIQPD2. The fitting function is y(z) = p1(z — x0) + p3(x — 0)>.
At a tilt angle of zero, the DWS gain is k; = 2030 £ 25 rad/rad. Taking into account the
ISs, which have a magnification of m = 2.5, the total DWS gain is K1, mag = 5075 £ 63
rad/rad.

A comparison between the numerical prediction and the measured curves is
shown in Figure 4.16. The measured DWS k1 is ~ 10% higher than the predicted
one. The overall DWS gain at null angle &1 mag of the IS plus GAP1000Q for the
SCIQPDs is almost twice as that of the REFQPDs. A quick consideration in Ap-
pendix E.3, which assumes QPD sizes are much larger than the beam sizes, shows
that ISs effectively give no increase in the gain factor increase when measuring
DWS, as the angular magnification given by the IS is factored out by the beam
compression. The sensitivity, defined in equation (2.71), may increase. In the case
of the REFQPDs and SCIQPDs, as the RX-GB and LO beams impinging on the
REFQPDs are much larger than the QPD’s size, the overall DWS gain at zero angle
is 80% higher than that of the REFQPDs.
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RX-GB, LO SCIQPD1 DWSyv calibration
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Figure 4.14: Resulting calibration of the RX-GB and LO beams DWS signal on
SCIQPD1. This calibration was realized using phase measurements from the FMC PM at
a heterodyne frequency of 5 MHz.
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RX-GB, LO SCIQPD2 DWSyv calibration
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Figure 4.15: Resulting calibration of the RX-GB and LO beams DWS signal on
SCIQPD2. This calibration was realized using phase measurements from the FMC PM at
a heterodyne frequency of 5 MHz.
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Exp. Calibration vs Numerical model, RXGB-LO@SCIQPDs
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Figure 4.16: Comparison between the DWS-shifted RX-GB & LO DWS calibration
of the SCIQPDs and the DWS numeric model. The measurements are in very good
agreement with each other. Beam parameters are: weg = 0.267mm™!, R, = 1496 mm
and p = 0.141.

4.5.1 Angle between the SCIQPDs

The angle between the SCIQPDs was characterized using the same method as for
the REFQPDs (see Subsection 4.4.1). The resulting angle is ascigpp 1.2 = —6.157°+
0.014°.

Calculation of SCIQPD2's rotation SCIQPD2 rot. angle characterization
Or 100} ﬂ*
X  Data —_ ~
A0 [ | o it g
— =
[aV] Nl L
3 > 0
e ()
= © «
[V < -
&~ 9100} ¥ sciopD1
‘n v
= '.f ¥ SCIQPD2
(=] SCIQPD2 rotated
10 -8 6 -4 2 o %000 1000 0 1000 2000
simulated SCIQPD2 rot. angle [deg] ) “DWs angle h [urad]

Figure 4.17: Left: characterization of the relative rotation angle between the QPDs
by varying &2 as a function of the rotation angle. Right: Comparison between the data
measured by SCIQPD1, SCIQPD2 and the rotated SCIQPD2 data.

Parameter Value =+ FError

Do 0.441 <+ 0.002

o -6.16 =+ 0.01

Do 1.1 + 0.1
Table 4.11
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4.5 DWS calibration of the SCIQPDs

4.5.2 Heterodyne efficiency as a function of the tilt angle,
SCIQPDs

Heterodyne efficiency decrease was characterized using the same method as for the
REFQPDs (see Subsection 4.4.2). The measured {rx.gB & 1o, sciqpp is €2 = (5.20 x
107* £2.6 x 107°) prad ™', implying a beat note amplitude decreases by a factor of
10 for an angle of 2.9 mrad, again way more than what is expected to happen in
LISA.

SCIQPD1 and SCIQPD2 RX-GB & LO het. eff. to angle

o 1F
©
2
= 09F
S
<< 08F
g
o I
207
§ 0.6
m ’Q
© | 7S 4
{05 . £ SCIQPD1 data %
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E " fit 1
(@] .
Z 03} — fit D -
B B ® inumeric GAP1000Q
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-3000 -2000 -1000 0 1000 2000 3000

RX beam tilt angle [urad]

Figure 4.18: Measurement of the beat note’s amplitude on the SCIQPDs as a function
of the RX beam’s tilt angle for the RX-GB & LO beams. The amplitude is calculated
by averaging the amplitudes of the four segments and then normalized to the highest
value. The decrease in the heterodyne efficiency can be fitted with a Gaussian curve. Fit
parameters are in Table 4.12.

Parameter SCIQPD1 SCIQPD2 Simulated
all 1.38 + 0.12 |14 + 0.13 1

s [prad] 1356 4+ 69 | 1379 =+ 73 1542
xo [prad] [ 383 £ 16 |385 =+ 1.6 132

z ] -0.39 + 0.12]-041 + 0.13 0

Table 4.12: Fit parameters from Figure 4.18. The function used for the fit is f(x) =
r—XQ

a exp (—% (T)Q) + z. The parameter £ can be derived as & = ﬁ This function

provides an excellent fit, despite requiring an offset parameter. Further unexpected is
that the estimated value of z is negative.
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4.6 Conclusion

The DPS signals of the RX-GB and RX-FT beams were calibrated on all QPDs
with the exception of CQP1, allowing to recover the displacement of the RX beams
from the center of the QPD. This has allowed to calibrate the DWS signal of the
RX and LO beams on the REFQPDs and SCIQPDs, by measuring the RX beams’
angle using an optical lever. The resulting DWS calibrations have been compared
ot the analytical DWS model derived in Section 2.3.3, and were found to be roughly
10% off the predictions. As these predictions depend on many geometric parameters
of the experiment which are known to similar precision, this result is satisfactory.
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Chapter 5

LISA Requirements, Noise
Hunting and Characterization

As already mentioned, the TDOBS experiment was operated during this thesis to
test precision DWS sensitivity in LISA-like conditions, including beam tilts and
misalignments. This chapter reports the noise goal, the efforts made in order to
reduce the experimental noise as well as a characterization of the noise floor of the
experiment.

5.1 Noise Requirements

5.1.1 Noise Requirements for LISA

The limiting noise sources in LISA are those shown in Figure 1.11. This Figure
assumes that all avoidable technical noise sources have been reduced as far as possi-
ble. TTL is not listed in Figure 1.11, as it can be subtracted if measured accurately
enough [58]. In order for the constellation to keep alignment and for the TTL
subtraction in post-processing to work, the sensitivity of the angular measurements
provided by DWS must fulfill specific requirements which have been estimated by the
LISA team and collected by ESA; these are indicative allocated noise amounts that
the mission can allow in order to reach its target sensitivity which keep changing as
the mission’s design proceeds. As of 2025, the last update on these requirements can
be found in [29]. This thesis is interested in the requirements of the interferometric
detection system (IDS) in terms of LPS and DWS, as well as in the requirements for
the noise added by the PM during the phase measurement. IDS requirements are
specific for each IFM and are relaxed at lower frequencies since the overall instru-
mental noise is limited by the TM’s acceleration noise *. This relaxation is expressed
in terms of noise shape functions, one for LPS; uips(f), and one for DWS, upws(f)-

uIDs<f>:\/1+(“}HZ)4 qus<f>=\/1+(O'7fﬂ)4 5.1)

The requirements on the LPS and DWS sensitivity are listed in Table 5.1 and
are expressed at OB-level, i.e. they refer to the properties of the beams after the
exit pupil of the telescope and before the entrance pupil of the ISs. In this frame,

see Figure 1.11.
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5.1 Noise Requirements

the phase difference between beam pairs in an IFM shall be measured according to
the LPS requirements in Table 5.1 and the tilt between the wavefront of two beams
shall be measured according to the DWS requirements in Table 5.1.

DWS TMI 5 - upws nrad/v/Hz
DWS ISI 30 - upws nrad/v/Hz
LPS RFI 2 - umpg pm/v/Hz
LPS TMI 2.6 - upg pm/v/Hz
LPS ISI 9 - upg pm/vHz

Table 5.1: OB-level LISA requirements reqpyws /rps, trum, op With IFM € (ISI, TMI, RFI).
Source: [29].

This requirement should be met in a specific angular tilt range of the RX or TX
beam. For the ISI, the requirement should be achieved up to 405 prad of RX beam

off-pointing at OB-level [29]. For the TMI, the requirement on the TX beam’s tilt
range is still to be defined [29].

DWS:y = 17.7 nrad/YHz DWS, = 150 nrad/VHz

\ QPD-level
cold redundancy OB hot redundancy
#QPD =2 TM| E |SI #QPD =4
\ a2 o Telescope

mTEL — 134

DWS|S| - 30 nrad/\/HZ
DWSyy = 5 nrad/vHz

OB-level

Backlink

Figure 5.1: Simplified scheme of the OB in LISA with specification of where the require-
ments apply. Only two QPRs per IFM are shown instead of the nominal four.

Note that:

e At OB-level the RX beam has already propagated through the telescope, which
has a magnification factor of m, = 134. Therefore the 30 nrad/ \/mrequirement
at OB-level is a requirement of 0.22 nrad/v/Hzfor rotations around the tele-
scope in free space.

e [f the TM tilts by an angle «, the TX beam reflecting on the TM tilts by twice
that angle. Hence, the 5 nrad/v/Hzrequirement at OB-level is a requirement
of 2.5 nrad/v/Hzfor TM rotations.
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5.1 Noise Requirements

The values listed in Table 5.1 are more stringent than the requirements at QPD-
level. As the beams propagates to each IFM they are split twice to implement
redundant balanced detection [33]. The ISI is ’hot-redundant’, i.e. using simulta-
neously ngpp, 151 = 4 QPDs to maximize the signal-to-noise ratio (SNR), while the
TMI and the RFI are ’cold-redundant’, i.e. using simultaneously nqpp, Tmi/rRFT = 2
QPDs and having the other two as for backup. As the power impinging on each
QPD is one quarter of that of the initial beam and the main noise sources being shot
noise and electronic noise at the TIA (see Table 5.2) [29, 30], splitting the beam
lowers the C/Nj of each segment’s output by a factor of 2 2. The same C/Nj as if
there was no beam splitting can, in principle, be recovered by combining the four
QPDs’ measurements. This lowers the QPD-level requirement with respect to the
OB-level requirement on DWS and LPS by a factor of \/nqpp, rm with IFM € (ISI,
TMI, RFI).

Noise source ISI TMI RFI units
Shot noise 1.22x107* 1.72x 1075 9.82 x 1077 | rad/vHz
Electronic noise | 6.02 x 10™° 1.96 x 107% 1.93 x 1076 rad/\/m
RIN 452 %107 3.90x 1077 6.92 x 1077 | rad/vHz
Total per segment | 1.43 x 107 2.64 x 10°® 2.27 x 107% | rad/v/Hz
Total per QPD | 8.15x 107 1.36 x 10°% 1.28 x 109 | rad/v/Hz
Total per IFM | 3.46 x 107> 9.24 x 1077 7.71 x 107 | rad/vHz

Table 5.2: Phase noise contributions in the IFMs in LISA per QPD segment and noise
totals per segment, QPD and IFM. The estimation per QPD adds shot noise and electronic
noise incoherently and RIN coherently, as it would happen for LPS; for DWS the RIN
contribution would be strongly suppressed (see 2.1.5). The 'per IFM’ estimation combines
4 QPDs for the ISI (hot redundant) and 4 QPDs for TMI and RFI (cold redundant) and
suppresses RIN by a factor of 0.15 [33]. Values from [31].

The angles of the measurement beam at the QPDs for ISI and TMI are further
magnified by the ISs. These have a magnification of mig = 2.5 [35], effectively
increasing the sensitivity of the setup. The DWS and LPS requirements at QPD-
level are hence

reqrps, T™I, QPD — \/5 *Teqrps, T™MI, OB (5.2)
reqrps, 181, QPD — V4 - reqrps, 181, OB (5.3)
r'edpws, T™I, QPD — \/5 2.5 r'edpws, T™I, OB (5.4)
I'edpws, 181, QPD — \/Z 2.5 I'edpws, 181, OB- (5-5)

The phase noise requirements at QPD-level associated with the DWS and LPS
requirements can be derived from the knowledge of the wavelength A\ and of the
beam parameters at the QPD in each IFM of LISA.

The LPS case is straightforward. The LPS gain is k = % and the phase require-
ments derived from LPS are

1

req,_1ps, IFM, QPD — L reqrps, IFM, QPD- (5-6)

2This statement is an approximation which neglects RIN as in the ISI and TMI RIN is smaller
than the dominant noise source by at least a factor 5.
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5.1 Noise Requirements

DWS TMI 17.7 - upws nrad/v/Hz
DWS ISI 150 - upws nrad/v/Hz
LPS RFI 2.8 - ups pm/vHz
LPS TMI 3.7 - ups pm/vHz
LPS ISI 18 - uips pm/vHz

Table 5.3: QPD-level LISA requirements reqpws/ps, irm, qpr With IFM € (ISI, TMI,
RFI).

Where IFM € (ISI, TMI, RFI). The DWS case is more complex, as the DWS gains
k1, iem depends on the beam parameters, which are not finalized yet. This is because
they depend on the design of the ISs, which, as mentioned, is not yet fixed. The
current status is:

e The Gaussian beam’s (hence the TX and LO) parameters lie in the range
0.34 mm < wy < 0.46 mm and |zy| < 160 mm, with zo = 0 mm indicating the
position of the QPD. The two beams can be considered independent. This
information was provided by Ewan Fitzsimons.

e The RX beam consists of a 30 cm diameter clipped flat-top beam compressed
first by the telescope (my = 134) and then by the ISs with m;s = 2.5. Both
telescope and the ISs can be considered ISs of the type in equation (E.9), which
compresses the beam diameter by a factor of mig and the wavefront curvature
by a factor of 1/mi. At the surface of the QPDs the RX beam is hence a
flat wavefront with a uniform intensity profile with a diameter of ~0.89 mm.
For the purpose of the following calculations, the RX beam is parametrized as
Wrx, Rrx = 00.

e The QPD’s diameter is 1.5 mm [54].

From this information, a range of x; values can be estimated for both the TMI and
the ISI. T carried out this analysis assuming no relation between the two beams’
parameters. Equation (2.137) helps to break down this range into the best- and the
worst-case scenarios. k1 depends mainly on the effective beam spot size at the QPD
Wegr, while p ? gives a fine adjustment. The maximum value of F(p) is F(p) = 1
and occurs if the radii of curvature are the same, while the minimum of F'(p) occurs
when the radii of curvature of the beams are equal, smallest and have opposite sign.
From equation (2.137) one can see that

e the best-case scenario is when, at the QPD, the beam spot sizes are the largest
and the two radii of curvature are equal in magnitude and with the same signs.

e the worst-case scenario is when, at the QPD, the beam spot sizes are minimum
and the two radii of curvature are equal, smallest and with opposite sign.

The values of k; for the best-case and worst-case scenarios were calculated using
the method reported in Sub-subsection 2.3.3. As in LISA the beam size is smaller

3The parameter p is introduced in Section 2.3.3 and represents the effective-waist-normalized
wavefront mismatch, or relative wavefront-mismatch.
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5.1 Noise Requirements

than the QPD’s size, the approximation to an infinite QPD roughly holds, giving
the values K1, o0, K3 0. The values for a finite size QPD are also calculated using the
numerical results in Figures 2.11 and 2.12, and are indicated with & o, k3 .. The
values calculated with a full numerical integration are indicated as k1 4, k3 ». The
resulting s, 3 coefficients are listed in Table 5.4.

Parameter Unit TMI ISI
best worst best worst
Weff mm 0.336 0.240 0.475 0.34
| Ryl mm 444 o0 ]88 00
| - 0 0.38 0 0.38
[1—F(p)| - 0 0.024 0 0.024
K1, 00 rad/rad 2237 1601 3139 2265
K3, 00 rad/rad® | —2.00 x 108 —7.35 x 107 | —5.27 x 10® —2.08 x 10®
K1, o rad/rad 2129 1577 2789 2152
K3, o0 rad/rad® | —1.85 x 108 —7.27 x 107 | —=3.78 x 107 —1.9 x 108
K1, 4 rad/rad 2268 1595 2842 2228
K3, 4 rad/rad® | —1.56 x 10® —5.49 x 107 | —2.09 x 10® —1.56 x 10®

Table 5.4: k; and k3 coefficients calculated in the best and worst scenario for a) an
infinite QPD using equations (2.140, 2.141) and (denoted by o0), b) for a finite QPD with
the semianalitical model in Figures 2.11 and 2.12 (denoted by o) and c) for a finite QPD
using numerical integration (denoted by #). The table also reports the values of the beam
parameters. The respective numerical simulations are shown in Figure 5.2.

Despite it not being the worst-case scenario for the DWS gain, the maximum
possible value of |p| for both the IST and the TMI for the given beam parameters
is |p| = 0.469. This is a considerably high value, which has a non negligible impact
regarding in the light of the considerations in Figure 2.21. A high value of |p|
cause a significant shift of the tilt angle at which a QPD segment has its maximum
heterodyne efficiency.

The conversion from the LISA DWS requirement to the phase requirement for
the DWS signals can be conservatively carried out using the worst-case scenario
coefficient K1, 1pm, worst With IFM € (ISI, TMI).

red,-pws, IFM, QPD — K1, IFM, worst'€dpws, IFM, QPD (5.7)

The resulting phase requirements are listed in Table 5.5.

phase DWS TMI 2.96 x 1077 - upws rad/vHz
phase DWS ISI 3.42 x 10™* - upws rad/vHz
phase LPS RFI 1.67 x 1075 uipg rad/v/Hz
phase LPS TMI 2.17 x 107 uppg rad/v/Hz
phase LPS ISI 1.06 x 10~* upg rad/+/Hz

Table 5.5: QPD-level phase requirements for LISA.

Both LPS and DWS are derived from the combination of the phase measurements
from the four segments of a QPD. Assuming that all segments are affected by the
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Figure 5.2: Best- and worst-case scenario DWS curves in the ISI (top) and TMI (bottom).

same phase noise level @, and that these phase noises are uncorrelated as they are
dominated by shot and electronic noise (see Table 5.2). Hence

R 1 - 1.

$PQPD,LPS = Z 2- Pseg = E%eg (5~8)
~ I . L

¥QPD,DWS = 5 2 - Pseg = Pseg- (5.9)

(5.10)

Table 5.6 lists the phase requirements at QPD segment level. Note that the DWS
requirement for the TMI is the most stringent.

From here onwards, the most stringent requirement will be shown on plots if
reached, while more than one requirement will be shown if the most stringent one
is not met.

5.1.2 Noise Requirement on the Phasemeter

In LISA, the PM extracts the phase signal from the beat note measured in each QPD
segment. The beat note itself has an associated C/Ny, typically expressed in dB/Hz
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phase DWS TMI 4.17 x 107° upws rad/\/E
phase DWS ISI 3.42 x 10~* upws rad/v/Hz
phase LPS RFI 3.34 x 107° upg rad/v/Hz
phase LPS TMI 4.34 x 1075 uipg rad/\/E
phase LPS ISI 2.12 x 10~* uypg rad/v/Hz

Table 5.6: QPD segment level phase requirements for LISA.

or rad/ vHz. This is mainly due to mostly shot noise and electronic noise, which
are the limiting noise to the sensitivity of LISA. While extracting the phase of the
beat note, the PM is required to add no further noise beyond a specific threshold.
This threshold is made to depend on the C/Nj of the input beat note, as the PM’s
performance depends on it, and is defined in terms of additive phase noise to the
LPS signal in case of the RFI and phase noise to DWS and LPS for RFI and ISI.
As expressed, the requirement is not dependent on the amplitude of the signal to
the PM. The requirements are reported in Table 5.7.

RFI 8.9 x 107% upg rad/v/Hz 4.46 yrad/+Hz | 107 dBHz
TMI 8.9 x 1076 UTDS/DWS rad/ v Hz 5.62 prad/ vHz | 105 dBHz
ISI 2.36 x 107 uips/pws rad/vHz 178 ywrad/vHz | 75 dBHz

Table 5.7: Phase readout requirements for the PM in LISA. Source: [23]

5.1.3 Noise Requirements for TDOBS

TDOBS aims to demonstrate that the performance planned for LISA in terms of
DWS (and to a lesser extent LPS) can be reached, while simultaneously testing in-
strumental pre-developments of the PM. To meet LISA’s requirements, TDOBS has
to either reach the LPS phase performance in Table 5.3 or meet the equivalent phase
requirements in Table 5.5. The angular DWS requirements have to be adjusted for
the different beam and QPD sizes of TDOBS using the DWS calibration parameters
measured in Chapter 4 and equation (5.11). This gives the LISA equivalent DWS
requirement for TDOBS. The resulting values are reported in Table 5.8.

K1, TDOBS (5 11)

I'€dpws, QPD, TDOBS, IFM — redpws, IFM, QPD
R1,, IFM, , worst, LISA

with IFM € (ISI, TMI).

DWS TMI 14.7 - upws nrad /v Hz
DWS ISI 101 - upws nrad/v/Hz
LPS RFI 2.8 - upps pm/vHz
LPS TMI 3.7 - ups pm/vHz
LPS ISI 18 - ups pm/vHz

Table 5.8: QPD-level TDOBS requirements req; gpp, Tposs; ¢ € (DWS, LPS).
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5.2 TDOBS: DWS and LPS noise budget

The performance at OB-level which would descend from this cannot be directly
verified as a set of 4 QPRs in optical copies is not available. TDOBS can instead
verify the performance at QPD-level, always under the assumption that the phase
noise is uncorrelated among quadrants and QPDs.

LISA DWS [prad] TDOBS DWS [prad]
LISaA georriegry <1/L,LISA raw DWS [rad] MBS TDé)BS gelo%wetry
- = 1l.omm ' h ' - = 1.0mm
- Wc())F,’DZO of LISA K noipseafs']gor K - W(())F:DZO of TDOBS

-m of LISA L, LISA 1, TDOBS - m of TDOBS

Figure 5.3: Scheme of the comparison principle between LISA’s DWS measurements and
TDOBS’s DWS measurements.

5.2 TDOBS: DWS and LPS noise budget

This section lists the noise sources which are known to be present in TDOBS. A
detailed description is given of the characterized noise sources, and in the end follows
a noise budget of the experiment.

The noises can be categorized in two groups: the C/Ny-dependent and indepen-
dent noises. The first category changes the noise density if, for instance, the power
of a laser beam is reduced, while the latter does not. A scheme of the measurement
chain in TDOBS, including a list of noises at their input stage, is shown in Figure
5.4. These noises have different causes (and units) depending on the particular stage
of the measurement chain at which they enter the signal. The induced phase noise
is calculated using equation (2.71), which compares the noise’s ASD to the RMS
amplitude of the signal at the PM’s input. Alternatively, the noise can be converted
to equivalent noise at some reference stage of the chain, e.g. the laser beam stage.
The conversion factors between stages of the measurement chain are listed in the
equations (5.14, 5.15). The involved parameters are the laser’s wavelength A via
k = 27”, the used beam’s powers Py o, the heterodyne efficiency ,/mne;, the PD’s
responsivity A = 0.6 A/W and the TIA’s gain Rp.

dp 1

% — ~fm (5.12)
dP

= WARPIPW) (5.13)
di

& AAW (5.14)
% — Re[9)] (5.15)

After the conversion of each noise contribution into power noise contribution, the
phase noise can be computed using the inverse C/N in equation (2.71). The obtained
noises amounts refer to the noise on a single segment of a QPD and don’t yet take
into account any noise mitigation due to common mode subtraction.

This procedure leads to calculating the noise contribution to one specific signal,
as e.g. the beat note output of QPD segment. Partial cancellation of some noise
contributions might occur when combining the individual beat notes’ phases in post-
processing, as in DWS. This aspect is also discussed within the current section.
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LASER beams PD TIA AC-DC splitter & ADC PHASEMETER
Back-end Electronics

conversion

1
W - rad 1
1 i
i) ' : :
A [A/W] TIA gain R [Q] ss 1
Watts ———p—> Ampere - > Volts -
Frequency noise : Dark current shot noise 1 Electronic noise 1 :
Amplitude noise (RIN) Quantum efficiency ngpp I - TIA FB Resistor Johnson noise 1 1
Shot noise 1 Crosstalk : - TIA OpAmp noise : 1
Straylight 1 1 Thermoelectronic noise [ !
Heterodyne efficiency Crosstalk

Figure 5.4: Scheme of TDOBS’s one-channel measurement chain, with the stage to stage
conversion coefficients and the noise contributions entering each step.

5.2.1 Carrier-to-Noise density ratio-dependent phase noises

The C/Ny-dependent phase noises are, in general, noises of fixed ASD entering a
system. When compared to the local signal strength by equation (2.71), their phase
noise contribution decreases if the signal’s RMS amplitude is increased. These are
shot noise (2.82), electronic noise from the TIA (3.5), current shot noise due to the
dark current of the PD and quantization noise from the ADC. The last two were
not mentioned so far, and their value can be found using equations (5.16, 5.17).

%dark = 1/ 2q idark A/\/ Hz (516)

3 Vape 2™
Vapc = % V/VHz (5.17)

These depend on the dark current of the PD 44,1, on the sampling frequency fs, on
the range Vapc, and on the number of bits n;, of the ADC. Typical values for the
dark current of a PD are of the order of nA (see Table 3.3). The values for the ADC

in the FMC PM are ny = 11.7 %, Vapc = 2V and f, = 80MHz. The phase noise
contribution of these two noises, together with those of the previously mentioned

4The effective number of bits is used, accounting for additional noise and distortion from the
ADC itself.
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5.2 TDOBS: DWS and LPS noise budget

noise sources in the Subsections 2.1.5 and 3.3.2 are

P, + P,)h
@shot = <1+—M rad/v Hz
NQPDhet 1 Po
(2.82)
1
Digare = —— ==\ ldark rad/v'Hz
o A\/ 77hetP11D2

(5.18)

1 4kpT -
~en f = —— \/ + 1% + 27Tf C +C e 2 rad Hz
2 ( ) A/2ma i P, Ry ACE ( ( PD ACE) ACE) / vV

(5.19)
- 1 Vapc 27
PADC = —— — rad/v Hz,
GSSRFA V 277hetP1P2 6f5
(5.20)

where Gy = [2.87, 28.7, 57.4] V/V is the AC gain of the AC-DC splitter, which
acts as second stage amplifier. This value can be varied as mentioned in Subsection
3.3.3.

5.2.2 Carrier-to-Noise density ratio-independent phase noises

The C/Np-independent phase noises are, in general, additive phase noises or mul-
tiplicative noises of the signal. Frequency noise and thermoelectronic phase noise
in the electronics belong to this first group. Straylight® and cross coupling between
signals with the same amplitude, as in a QPR, belong to the second group.

Optical noises

Laser Frequency noise and 2 f-RIN are power-independent as the first is direct phase
noise and the latter is multiplicative. 1f-RIN depends only on the power ratio
between the two beams and not on the absolute power, and therefore is placed in
this category.

P (1 fre B Pyfo(1 fre
P1f-RIN = 171 (Lfhet) £ / — _2T2< het) rad/v Hz (2.73)
\% 2T]h(stPlPZ
. 4/ H37
P2f-RIN = %\/ﬁz rad/v Hz (2.74)
. As _ e
Pfreq — 2777V rad/ Hz (277)

As previously, the simple sum is to be used for correlated RIN, while B indicates
the squared sum and is to be used in for uncorrelated RIN.

The relative power fluctuations were characterized in TDOBS, and the result
is shown in Figure 5.5. Partial cancellation of RIN in DWS measurements or in
general when using a reference interferometer was already discussed in Subsection
2.1.5. This is also the case for DWS, where the phase measurements of four segments

|4 . . .
°This is true in the case only two beams are used.
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Figure 5.5: Measured RIN in TDOBS. Both RX and LO beams originate from the
same laser source and are propagated through two different AOMs and fibers. This
measurement was conducted using two segments of REFQPD1 and corrected by the
shape of the TF of each channel (TTA 4+ AC-DC splitter), performing the operation
RIN(f) = Vous(f)/Vous - TF(fmin)/TF(f). This results in a TIA-independent charac-
terization of 7(f). The measured values concerning a frot = 5 MHz beat note are
#(5 MHz) = 5 x 1077 /+/Hz and #(10 MHz) = 6 x 10~7/v/Hz. The increasing noise after
the cutoff frequency is interpreted as non-RIN white noise, like electronic or quantization,
dominating over the low-pass filtered signal and being ’amplified’ by the TF-shape correc-
tion.

are combined. Neglecting phase delays due to the electronics, one can calculate the
phase delay in equations (2.75, 2.76) as a function of the beam tilt angle. From the
definition of DWS,

DWS, := Ptop — Pbottom- (2.106)
This means that, for instance, that one could set
A+ c+
Ptop = % =@ Pbottom = % = QPR. (5.21)

From this one can then state that the phase-difference dependence in equation (5.23)
is

sin (%DWSV) ‘ . (5.22)

: (w—w)'_ : (SDA+SOB_SOC_90D>‘_
S1n 9 = |S1n 4 =

Similarly, for 2f-RIN in equation (5.24)|sin (¢ — ¢r)| = |sin (DWS)|. To a second-
order approximation in #, if the beam is tilted by an amount 8, DWS, = k6.
Furthermore, in the presence of a tilt the heterodyne efficiency ,/mne; decreases
as a function of the tilt angle as \/fne(0) = \/77Tt,0€_5292 , where /T, 0 1s the
heterodyne efficiency of the two parallel beams (see equation (2.146)). This is true
for both the sum of the amplitudes of the four segments of a QPD (equation (2.152))
and for the individual QPD segments (equations (2.148, 2.149, 2.150, 2.151) as long
as the relative wavefront-mismatch p is sufficiently small (see Paragraph 2.3.3). For
the rest of this thesis, this assumption will be used. Note that this is a simplified
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5.2 TDOBS: DWS and LPS noise budget

model which is also taking into account vertical or horizontal tilts individually. This
affects only 1f-RIN, as 2f-RIN is heterodyne-efficiency-independent. Finally, the
P1f-RIN = —
V Thet, 01 P2

phase noise of raw DWS is
2(P7(1 B Pyro(1 292 1
\/_( 17”1( fhet) +/ 27“2( fhet)) £ |gin (5/119)' (5‘23)
. m+ /B .
P2f-RIN = % |sin (k10)] . (5.24)

The coupling of laser frequency noise depends on the pathlength difference As be-
tween the two interfering beams from the position of the first split on the modulation
bench (MB) to BS12 on the telescope simulator (TS) where they interfere. A higher
limit of As = 1 m is assumed. The frequency stability itself was characterized in
[44] to be < 10°Hz/+/Hz. As frequency noise couples as an identical phase signal
into each beat note measured on a QPD, it is expected to completely cancel in DWS

[7]-

Thermally induced electronic noise

One of the dominant noise sources at low frequencies is temperature coupling. This is
due to the temperature dependence of the parameters of the passive and active elec-
tronic components in every circuit, e.g. Rp — Rp(T) and C' — Cp(T'). This varies
the phase response of the circuit, adding a temperature-dependent phase signal into
the beat note. Such temperature coupling is referred to as temperature/thermally
induced electronic noise. I will call it for short thermoelectronic phase noise.

The mechanism can be modelled using a low-pass filter (LPF) as a toy model.
Real electronics are more complex, but this is a suitable yet simplified picture of
the matter, as most used electronics de facto are LPFs as the bandwidth of the
generally used electronics are limited by the cutoff frequency of the amplifiers in the
circuit. For example, in TDOBS the cutoff frequency is slightly above 25 MHz. The
temperature-dependent phase transfer function (TF) of a LPF is

erc(f,T) = — arctan(QwRF(T)C’F(T)f) = —arctan <fc{T)) , (5.25)

where f.(T) = (2rRp(T)Cr(T))~! is the temperature-dependent cutoff frequency.
The variation of the temperature causes a variation of the g (f,T'), which cannot
be distinguished from a beat note phase variation. By taking the partial derivative
with respect to the temperature of the above equation one gets

) FE(TY) ( 1 dR 1 dC )

7 T=T)=— ST+ = (T )

arrolS; 0) 2+ £.(Ty)?) \R(Ty) a7 o)+ C(Tp) a7 ) (5.26)
local TF ;),hase slope relative R a;g C variation

The local TF’s slope has a maximum value of 0.5 at f = f., meaning that such
noise is higher in proximity to the cutoff frequency. As a reference value, the relative
resistance and capacitance variations are £100 ppm/K for thick film resistors and
+30 ppm/K for the capacitors [75] respectively. Mini-metal electrode leadless face
(MELF) resistors can improve this up to £50 ppm/K [76]. A conservative estimation
of the coupling magnitude is |8‘g%| ~ 107* rad/K. The phase noise is then

5 ‘am (5.27)

Yr = T
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5.2 TDOBS: DWS and LPS noise budget

To achieve ~purad phase stability within this toy model, the temperature stability
of the LPF needs to be 1072K/v/Hz. For TDOBS, this stability is required for
all electronics along the measurement chain (see Figure 5.4), from TIA to the AC-
DC splitters and the BEE in the PM. Simulation program with integrated circuit
emphasis (SPICE) programs allow the simulation of the temperature coupling of

thermoelectronic noise 8‘5;20 . For instance, for TIA #2 this is shown in Figure 5.6.

Temperature Coefficient of Transistor Based TIA #2

0 —= —r—rT

-0.25F

Temperature Coefficient [rad/K]
o
H
ol

-0.3 . |
10° 10’ 108
Frequency [Hz]

Figure 5.6: SPICE simulation of the temperature coupling coefficient of the transistor-
based TTA #2. As expected the coupling is highest around the cutoff frequency.

A similar conclusion is drawn by [39, subsection 3.2.1] in the case of a TIA. In
an experimental investigation with a similar PM model as in TDOBS, [9] estimates
that the FMC PM temperature stability needed to reach the LISA requirement is

Tpar = 5.5 x 10 2ups(f)K/vVHz, (5.28)

which especially at ~mHz frequencies in a laboratory is not easy to achieve. Unlike
frequency noise, the thermoelectronic phase noises affecting two beat notes are never
fully correlated, as the local temperature fluctuations and electronic component’s
coefficients differ.

Due to the high thermal inertia of the VC and the presence of the thermal
shield, temperature fluctuations are not a problem for the FEE. The temperature
stability inside the VC is shown in Figure 5.7. This reaches a stability better than
107K/ vHz above 10 mHz, and no phase noise contribution is expected from the
electronics inside the VC as the TIAs of the PRs. Thermoelectronic phase noise

from the TTA is not expected to be critical, as 8‘5—;’:0 (f =25 MHz) = 0.15 rad/K

and temperature stability 7" of the TS is ~ 1074 K/\/Eat 1 mHz. This gives ~ 107°
rad/ vHzof thermolectronic phase noise. Thermoelectronic phase noise is expected
to couple much more on the AC-DC splitters and on the PM, as they are located
outside the VC.

Straylight and Ghost Beams

During noise hunting in TDOBS several straylight sources and ghost beams were
found. The causes of these lie directly in the design of TDOBS. The magnitude of
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Figure 5.7: Logarithmic amplitude spectral density (LASD) of the temperature inside
the VC. The residual thermal expansion of the Zerodur® gives a pathlength noise of a
few pm.

the phase noise induced from them is roughly 2 orders of magnitude smaller than the
pathlength variations measured in [72, 16] and was to my understanding no problem.
This section is a brief list of some found straylight sources and ghost beam paths
which, if present, would cause dominant features in TDOBS’s measurements.

Straylight and ghost beams couple into the interferometric measurements as a
small vector noise (SVN). A stray reflection or ghost beam of either of the two
interfering beams propagating through a non-nominal path and impinging on the
PD generates a parasitic beat note with different phase dynamics, adding a small
stray-phasor to the beat note’s phasor. A deeper discussion is in Appendix A. Figure
5.8 shows an example of measured SVN. This is clearly distinguishable from white
noise in both the time and frequency domains. For instance, it shows up in the
ASDs as a shoulder around 200 mHz in Figure 5.8.

This subsubsection lists the ghost beams found in TDOBS which, if not rejected
by beam dumps or apertures, are visible in the measured signal.

REFQPDs, RX-GB ghost beam from the Flat-Top beam generator A
relatively large SVN was observed while measuring the interference between RX-GB
and LO beam at the REFQPDs and also showed up in a few DWS measurements
taken with the AUXQPD. The cause was quickly identified and is shown in Figure
3.7, left. It is due to a stray reflection caused by BS12, the RX power monitor
(RX PWR on Figure 3.7) and the Flat-Top beam generator: as the RX-GB beam
is injected from the FIOS, it propagates to BS12, where half of the beam’s power is
directed to the experiment, while the other half is impinging on a couple of SEPDs
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5.2 TDOBS: DWS and LPS noise budget
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Figure 5.8: Manifestation of small vector noise due to straylight or ghost beams in the
time domain (left) and frequency domain (right), featuring in this case a cutoff frequency
around 100 mHz.
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Figure 5.9: Picture of the TS, with detail on the RX-FT beam generator and RX-GB
FIOS. The green beam shown is the RX-GB beam. Left: what would happen on the TS
neglecting the additional mirror. Right: the additional mirror was added to deflect the
stray reflection from the RX power monitor to a beam dump.

for power monitoring, named RX PWR 6. These RX PWR cause a strong back
reflection, propagating to BS12, where it is split again. Part of the back reflection
propagates to the Flat-Top beam generator, and gets once more reflected backwards.
This back reflection now propagates as a stray RX-FT beam and impinges on all
detectors. Provided that the RX PWR cannot be removed and that there is no space
to install a beam-dump on the TS, this issue was solved by adding a mirror between
BS12 and PC38 to reflect the ghost beam out of the TS, and by then dumping it as
depicted in Figure 5.9 right using an externally mounted beam dump.

REFQPDs, ghost beam on the TX beam’s path This very weak straylight
source was found and dumped, but the cause is not understood. SVN due to stray-

SThese SEPDs are currently not in use, and hence were not mentioned.
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5.2 TDOBS: DWS and LPS noise budget

light was observed on the REFQPDs and on the REFSEPD. After many trial and
error attempts, it was found that this vector noise vanishes if a beam dump is placed
in-between the periscope optics between T'S and LISA-OB. This situation is incon-
venient as no QPD on the LISA-OB could be used anymore. Further attempts have
proved that the same result occurs if the path that the TX would take on the TS
is dumped 7. This situation is shown in Figure 5.10: on the left the "TX-like’ ghost
beam is drawn in red. This propagates on the TS between PBS1 and the HWP, and
ends up interfering with the RX and LO beams at the REFQPDs. On the right the
TX beam path is dumped. The origin of this TX-like ghost beam has not yet been
found.

e &fY RX & LO
| nominal

4 Tx-like TX-like

S straylight 10 : 4] straylight
; beam dump B

-

Figure 5.10: Picture of the TS, with the understood path of the straylight drawn in red
(left). If not dumped, this couples to the beat note on the REFQPDs and REFSEPD. A
beamdump on the TX beam path solves this issue (right).

REFQPDs, Straylight from Photodiode back reflection Ghost beams due
to back reflections from the REFQPDs and the REFSEPD were found on the TS.
As the photodiodes are not mounted at an angle, these back reflections propagate
backwards only with a small angle deflection from the incoming beam and are ini-
tially confined to the T'S. These three back reflections are initially bright enough to
be found with a viewer beam card if the lights in the lab are switched off. T followed
them to map all surfaces where they impinge, after numerous further splits. These
beams, anyhow end up either outside of the T'S, being dumped on the thermal shield,
or absorbed by some mount on the TS. Part of the light is also directed toward the
periscope optics but does not propagate further on the LISA-OB.

SCIQPDs, LO straylight from LO beam power monitor After reflection
on the polarization cleaner, part of the power of the LO beam is deflected by BS13

“The TX beam is currently not being used.

134



5.2 TDOBS: DWS and LPS noise budget

toward a power monitor®. As in the case of the RX-FT straylight, the power monitor
causes a back reflection that propagates backwards and through the BS13. This
ghost beam is reflected backwards by the RX-FT beam dump and then reflected
again by BS13 as a stray LO beam. This straylight mechanism is depicted in Figure
5.11, which shows on the left the nominal path of the LO beam, and on the right
the path of the LO beam with the ghost beam. This effect was not seen on the
REFQPDs, and neither noticed previously on the AUXQPD, but it was evident on
the SCIQPDs. The reason for this is not understood. Placing a beam dump in front
of the LO power monitor gets rid of the shoulder on the SCIQPDs” ASD.

The measurements on the SCIQPDs appear to be limited by two vector noise
sources due to straylight, which appear to be common mode. So far, only one was
identified. More is discussed in Subsection 5.4.2.
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Figure 5.11: Picture of the TS, with detail of the nominal path of the LO beam (left)
and of the spurious reflection on the LO power monitor and RX-FT beam dump (right).

Electronic Crosstalk

Electronic crosstalk can be modelled as a small vector noise (SVN) similar to stray-
light, with the main difference of depending on the carrier’s frequency. The ex-
pression for the phase error can be derived by adapting equation (A.7). As in the
circuits in TDOBS (PM, AC-DC splitters and TTA) the signals have similar ampli-
tudes, the parasitic amplitude is the signal’s amplitude times a frequency dependent
cross-coupling coefficient A, = ¢(f)As.

A@err, cross — X(Qpp - SOS) = C(f)(@p - SDS) (529)

5.2.3 Noise Budget

This Subsection derives an indicative noise budget of the experiment, taking into
account the noise sources listed so far in this Section which contribute to phase

8also not currently in use.
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5.3 Phasemeter’s noise floor

noise in a frequency-independent way. In this noise budget, indicative values of
the parameters are used to calculate the noise floor. A better calculation requires
the full knowledge of the experimental parameters. Thermoelectronic phase noise
and straylight are excluded from this noise budget. Frequency noise is included as
a rough estimation. This budget does not yet take into account the phase noise
introduced during the beat note’s tracking by the DPLL.

As the phase noise depends on the amplitude of the beat note A = \/Nhet P P,
I opted to plot this as a function of the RX beam power. The used parameters in
this budget are Po = 28 pW per QPD segment, Gy = 2.87 V/V, nye = 0.86 as for
the RX-GB & LO beams. The resulting noise budget is shown in Figure 5.12.

If all noise sources are uncorrelated, the left y-axis in Figure 5.12 also corresponds
to the raw DWS noise. The dashed curves in Figure 5.12 represent noise sources
which either vanish or mostly cancel in differential measurements, as DWS. This
holds for frequency noise [7] and RIN. According to equations (5.23, 5.24) RIN
cancels if the laser beams are parallel. If the alignment precision is a conservative 1
mrad then it is suppressed by a factor of ~ 103,

The takeaway message from Figure 5.12 is that the two main noises sources for
TDOBS are shot noise and electronic noise from the TIA, hence motivating the
use of a low noise TIA. Dark current from the QPD and ADC quantization noise
are more than one order of magnitude below this and are never an issue, even at
low powers. Laser frequency noise and both 1f- and 2f-RIN give dominant phase
noise contributions at segment-level, but they are strongly suppressed in segment-
combination signals as DWS.

5.3 Phasemeter’s noise floor

The phase noise due to the FMC PM is a more complex topic and deserves a separate
Section. One of the main goals of TDOBS is to test the performance of the FMC
phasemeter (PM) as pre-development of the LISA PM while feeding it with optical
signals, whereas most tests, as in [9] rely on SG inputs.

The PM is itself one of the main noise sources in the setup. The added phase noise
density depends on the input signal’s amplitude, frequency, and on the temperature
stability of the experiment due to thermoelectronic phase noise. The amplitude
dependency in LISA is suppressed by the presence of a variable gain controller, but
as TDOBS lacks this feature, this is a relevant parameter space to test. I therefore
tested the PM’s capability of extracting the phase from an electrical signal. This
was performed in several amplitude and frequency conditions under a so-called split
test. In this procedure, one or multiple copies of the same signal are fed into the
PM and the readout phases are compared. This test has the advantage of being
independent of the source’s phase stability but is insensitive to crosstalk. More
details on this procedure can be found in [9, section 4.1.2]. The input signal was
generated by means of a signal generator (SG) and split using an in-house populated
8-way splitter designed by Oliver Gerberding. A copy of the signal was fed to each
input of the FMC PM, and the output phases were read as if they were coming from
eight segments of two QPDs.

The P and I gain parameters of the FMC PM’s digital phase-locked loop (DPLL)
loop were set to respectively P=15 and I=5, as these values proved to give the best
performance (see Subsection 3.3.4). For lower gain values, the PM performance
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Figure 5.12: Noise budget of a single QPD’s segment in TDOBS modelled above, ex-
pressed in either raw phase rad/ VvHz or m / vHz as a function of the RX beam power. Un-
correlated noises between segments are represented as solid lines, while correlated noises,
which would be partially or even mostly cancelled in DWS measurements, are represented
as dashed lines. Excluding correlated noises, at this specific LO beam power the total
noise is dominated by laser shot noise and electronic noise from the TIA.

proved slightly worse, while for values of P=16 and =6, the DPLL was not capable
of locking to the beat note. Such values were consequently used during the optical
test throughout the whole of this thesis. Active temperature stabilization was on,
and ADC clock jitter was corrected using the pilot tone (PT).

The expected ASD of the noise from the FMC PM is frequency-dependent. This
is due to quantization noise in the finite impulse response (FIR) filters in the FMC
PM: as the measured quantity is frequency and quantization noise is white, the
corresponding phase noise has a 1/f trend due to integration [9, subsection 2.7.2].
Furthermore, thermoelectronic phase noise is expected be a limiting factor as the
environmental thermal stability in the lab is roughly around 1 K/v/Hzat 1mHz.
This is evident in the next Subsections as the frequency- and amplitude-dependency
of the noise were tested in different temperature situations.

Noise as a function of the input amplitude

The FMC PM’s noise floor was characterized at a constant heterodyne frequency of
5 MHz for various SG signal amplitudes. The measured ASDs are shown in Figure
5.13. A fit of the average LASD separated for simplicity in low-frequency band (1-
10 mHz), mid-frequency band (10-100 mHz) and high-frequency band (0.1-1 Hz) is
shown in Figure 5.14
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FMC PM performance for various beat note amplitudes, 5SMHz
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Figure 5.13: LASD of the measured phase noise for electrical signals of same frequency
and various amplitudes to the FMC PM.
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Figure 5.14: Fit of the LASDs from Figure 5.13 averaged in three separated bandwidths

to resemble the low-frequency, mid-frequency and high-frequency noise of the FMC PM.
Fit parameters are in Table 5.9.
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5.3 Phasemeter’s noise floor

Parameter 0.001-0.01 Hz 0.01-0.1 Hz 0.1-1 Hz

Do -5.193 £+ 0.087 | -5.729 4+ 0.032 | -6.619 + 0.012
P 0.45 + 0.13 | 0260 £+ 0.045|-0.351 =+ 0.016
P2 0.313 + 0.041 | 0.286 + 0.014 | 0.163 £ 0.005

Table 5.9: Parameters from the fit in Figure 5.14. The fit function is a 2nd order
polynomial f(z) = pg + p1z + p22?, where z = log,o(Amplitude) and y = log;,(Phase)

Noise as a function of the input frequency

The FMC PM’s noise floor was characterized at a constant signal amplitude of 0.8
V at the PM’s input for various SG frequencies within the LISA heterodyne band.
The measured ASDs are shown in Figure 5.15. A fit of the average LASD separated
for simplicity in low-frequency band (1-10 mHz), mid-frequency band (10-100 mHz)
and high-frequency band(0.1-1 Hz) is shown in Figure 5.14. Above 3 mHz the ASDs
have the same shape and rise as the signal’s frequency is increased.

This measurement was affected by high temperature fluctuations. This is due
to the fact that the main air conditioning circuit in the laboratory broke in August
2024; this air conditioning circuit featured a continuous negative feedback loop able
to keep a stable temperature. This was replaced with a secondary air conditioning
circuit using a bang-bang control, turning on and off roughly every 30 minutes. This
periodicity causes the peak visible in Figure 5.15 around 0.5 mHz. The peak around
2 mHz is caused by the active temperature control, which was used to mitigate
the temperature drift. A broader estimation of the coupling of temperature noise is
carried out at the end of this Subsection. It is immediately noticeable how the phase
noise density for a 5 MHz beat note measured in Figure 5.15 in the red-shaded area
is worse than that in Figure 5.13 by one order of magnitude just because of different
air conditioning.

Parameter | 0.001-0.01 Hz 0.01-0.1 Hz 0.1-1 Hz

Po -64 + 40 | -7 + 6 -5.3 £ 23
p1 16 + 11 |-05 4+ 19 |-1.2 £+ 0.6
D2 -1.1 + 07010 £ 0.130.16 £ 0.05

Table 5.10: Parameters from the fit in Figure 5.16. The fit function is a 2nd order
polynomial f(z) = po + p1z + pex?, where = = log;(Amplitude) and y = log,,(Phase)

Conclusion

In both the amplitude and frequency dependency measurements, the noise in the
high-frequency band is lower and increases roughly linearly with the investigated
parameter. This is interpreted as the phase noise density is being limited by the
PM’s performance in this band. In the low-frequency end almost no change is visible
at high signal amplitude and between 15 and 25 MHz frequency. This is interpreted
as the temperature noise being dominating. The mid-frequency band has an in-
between behaviour.

The temperature stabilities during the measurements in Figures 5.13 and 5.15
are shown in Figure 5.17. It is evident how, for frequencies lower than 3 mHz,
in the amplitude performance measurement (Figure 5.13) the performance at the
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FMC PM performance for various beat note frequencies, 8e-1V @ PM
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Figure 5.15: LASD of the measured phase noise for electrical signals of same amplitude

and different frequencies to the FMC PM. The red shaded area shows the frequency band
that is limited by temperature noise.
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Figure 5.16: Fit of the LASDs from Figure 5.15 averaged in three separated bandwidths

to resemble the low-frequency, mid-frequency and high-frequency noise of the FMC PM.
Fit parameters are in Table 5.10.
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lowest amplitude is better than the 5 MHz performance in Figure 5.15, despite
this last using a higher-amplitude signal. The relevance of the thermoelectronic
phase noise in the two measurements in Figures 5.13 and 5.15 can also be checked
by calculating the temperature-to-phase logarithmic magnitude-squared coherence
(shown in Figure 5.18). When the bang-bang air conditioning circuit is on, PM
temperature and phase are correlated between 0.5 mHz and 3 mHz.
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Figure 5.17: Temperature stability of the FMC PM during the two measurements in
Figures 5.13 (Feedback AC circuit) and 5.15 (Bang-bang AC circuit).
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Figure 5.18: Logarithmic magnitude-squared coherence of the FMC PM’s temperature
and the readout phase during the two measurements in Figures 5.13 (Feedback AC circuit)
and 5.15 (Bang-bang AC circuit). BEELI refers to the temperature measured by the sensor
placed next to the BEE of channels 1-4.

5.4 TDOBS: DWS and LPS noise floor

This Subsection shows the best DWS and LPS performance achieved in TDOBS
obtained during measurements where the beat note was tuned to have the highest
C/Ny. This noise floor is the baseline for Chapter 6, where the DWS noise is
characterized as the experimental conditions depart from optimal.

5.4.1 The Performance Measurement Setup

The RX and LO beams were used for this measurement. The use of the TX beam
would have been equivalent. An RX beam is required as the DWS needs calibration.
The beat note of the two beams is measured from two QPDs is measured using the
eight channels of the FMC PM. The chosen pair of QPDs are selected to be optical
copies, as the REFQPDs or the SCIQPDs. During the measurement, the actuators
are kept still in the nominal position, resulting in an ideally null DWS measurement
on both photodiodes. This helps maximize the heterodyne efficiency and guarantees
a better suppression of RIN. The beam powers are set as high as possible (roughly
120 dBHz) to minimize the coupling of C/Ny-dependent phase noises. The limit to
the maximum beat note amplitude that the QPRs can receive is determined by the
slew rate of the OpAmps in the measurement chain. Note that this implies the use
of lower powers at higher heterodyne frequencies. A pilot tone (PT) at a frequency
of 72 MHz is introduced to suppress ADC sampling jitter noise. Measurements were
performed at atmospheric pressure, as this was understood not to be a limiting noise
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contribution to the experiment’s sensitivity.

The OPD stabilization (see Section 3.2.2) stabilizes the pathlength difference
between RX and LO beam to a few nm/+v/Hz. This exact value depends on the used
heterodyne frequency and on the signal’s amplitude and degrades significantly at
high heterodyne frequencies as this control loop is implemented on the FFT PM,
which was not built to operate at MHz frequencies. Measurements have shown that
the resulting DWS performance is not limited by the OPD loop’s performance.

The measurements shown in this Subsection were realized in September 2024,
after the TIA on the REFQPDs was upgraded to the transistor-based TIA #2,
and are therefore limited below ~3 mHz by the thermoelectronic phase noise. The
SCIQPDs are still using TTIA #1. This period was, unfortunately, the worst in
terms of the thermal stability of the laboratory. The comparative thermoelectric
phase noise measurements from the AC-DC splitters and PM were taken in October
2024, when due to more stable external weather conditions, the temperature stability
in the lab was improved.

5.4.2 The Performance Measurement Results

The DWS signal measured on one QPD was far from stable. The cause was found to
be thermal drift in the actuators. This is shown in Figure 5.19. The actuators have
a thermal drift coefficient given by the manufacturer of 4 prad K=! [57] which can
explain the measured drift. Such drift causes a variation of the angle of incidence
of the RX beam and, therefore, a very large DWS signal. As an example, the drift
shown in Figure 5.19 is roughly a constant 0.07 nrad/s and a total angular drift of
1 prad. As both actuators are randomly drifting, the pivot of the rotation of the
RX beam is not the QPD’s surface. Despite this fact, as the angular variations are
extremely small, the DWS calibration is still valid using the parameters characterized
in Chapter 4 as if the rotation happened around the QPD’s center.

As visible in Figure 5.19, the DWS measurements from the two optical copy
QPDs are extremely close. Combining the two allows to subtract the DWS signal
and synthesize a virtual signal-less QPD. This results in a null DWS measurement
limited by the sensing noise, which is what the performance measurement is tar-
geting. The limiting noise sources were understood to be uncorrelated hence the
resulting quantity is divided by /2.

1
DWS/LPSREFQPD 12 = E <DWS/LPSREFQPD1 B DWS/LPSREFQPD2> (5.30)

I will from now on call the quantity in equation (5.30) differential DWS or LPS.
The performance of the subtraction can be improved by estimating a proportionality
constant between the two QPDs” DWS signals. This was done, and the resulting
deviations from 1 of at most 0.05. This was found to give no significant improvement

to the following results, as likely the direct subtraction reduces the signal to a level
which is lower than the noise.

DWS performance of the RX-GB and LO beams on the REFQPDs

The REFQPDs have a radius of 0.5 mm, while the RX-GB and LO beams have radii
of respectively 1.038 mm and 0.874 mm at the REFQPDs’ position. This leads to
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Actuator Drift during DWS measurement
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Figure 5.19: Time plot of the DWS drift using the data from the measurement in Figure
5.23, where the DWS signal of the RX-GB & LO beams is measured on the REFQPDs.
The average drift velocity is of the order of 1 prad during a period of 1.8 x 10* s. As
the measured DWS from REFQPD1 and REFQPD2 is very close, taking the difference
between the two measurements yields an almost null measurement. In this plot, the DWS
offsets between REFQPD1 and REFQPD2 were subtracted for readability.

only a small fraction of the beam powers impinging on the four segments, less than
50% as characterized in Table 3.7. This potential issue is even more relevant for the
RX-FT beam, which has roughly a 2 cm diameter. Prior to these measurements,
additional phase noise due to scattering of the 'non-detected’ power onto the QPD’s
package could not be ruled out.

The DWS performance was characterized at the heterodyne frequencies of fie =
[1.25,5,25] MHz. The power values and second-stage amplification used during these
three measurements are reported in Table 5.11.

Figures 5.20, 5.23 and 5.25 show the measured DWS performance at the het-
erodyne frequencies fye of 1.25 MHz, 5 MHz and 25 MHz, respectively. The plots
show the measured DWS performance together with the LPS signal. The left y-axis
(DWS [rad]) and the right y-axis (LPS [pm]) are scaled in order to correspond to the
same segment phase magnitude. Figure 5.27 compares the differential DWS perfor-
mance measured at these three heterodyne frequencies. The performance tends to
worsen as the heterodyne frequency is increased.

1.25 MHz The fi = 1.25 MHz measurement is used to rule out the presence
of noises of optical origin. As the phase noise increases at higher heterodyne fre-
quencies due to mainly electronic and thermoelectronic phase noise, while straylight
or residual TS thermal expansion would not depend on this, a low heterodyne fre-
quency measurement states which performance could in principle be reached also at
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Parameter | 1.25 MHz 5 MHz 25 MHz
G 287V/V 287TV/V 574V/V

Table 5.11: Parameters of the experiment during the Rx-GB & LO on REFQPDs per-
formance measurements.

higher heterodyne frequencies. The amplitude of the signal at the PM is 0.023 V,
which is not optimal, but using one fo the available second-stage gain circuits would
have caused it to exceed the PM’s ADC range.

The vertical and horizontal DWS measurements from REFQPD1 in Figure 5.20
satisfy the LISA QPD-level DWS requirement only above 40 mHz. Below this
frequency, the DWS noise is dominated by the RX-GB beam’s motion, and the
measured noise differs between DWS,, and DWS,,. At ~0.5 Hz the LASD is limited
by a different white-looking noise, and the DWS, and DWS, LASDs are similar.
The beam motion is characterized by a roughly 1/f LASD and a small peak slightly
after 100 mHz. By subtracting the beam motion measured by REFQPD2, which
is not plotted as it is basically identical to that of REFQPDI1, the RX-GB beam
motion is removed and the differential DWS performance (labelled as REFQPD
1-2) is obtained. The REFQPD 1-2 DWS LASD matches that of REFQPD for
frequencies higher than 0.7 Hz, while the noise is better by one order of magnitude
at 1 mHz. The differential DWS, and DWS,, measurements appear to be limited by
the same noise floor on the whole frequency range and satisfy the LISA QPD-level
DWS requirement in the whole band and the OB-level DWS requirement above
3 mHz. The LPS measurement from REFQPD1 matches the relative pathlength
stabilization given by the REFSEPD in the non-thermoelectronic-noise-dominated
band. The differential LPS measurement’s performance is very close to that of the
differential DWS in the whole measurement band.

Figure 5.21 shows the magnitude-squared coherence of the differential DWS,
and DWS,, from the measurement in Figure 5.20. While both vertical and horizontal
DWS from REFQPD1 had a peak around 100 mHz due to the RX-GB beam motion;
no higher correlation occurs around 100 mHz, meaning the RX-GB beam motion is
completely removed in the differential DWS.

Figure 5.22 shows the ASDs of the raw phase from the differential DWS and LPS
from the measurement in Figure 5.20. The differential LPS signal is multiplied by 2
to compensate for the differences in the }l and % factors in the definition of the LPS
and DWS, respectively. The plot also reports a combined estimation of electronic
noise from the TTA plus the shot noise, as well as the result of a split test performed
with an SG-generated electrical signal fed through first to an AC-DC splitter and
then to the PM, where the signal’s amplitude at the PM is the same of the measured
signal from the TIA. This measurement is meant to reflect the additional noises due
to thermoelectronic phase noise that the optical beat note picks up outside the VC,
where the temperature stability is worse. This measurement is a factor of 3 away
from the measured phase noise in the whole band. Given that these DWS and AC-
DC & PM measurements were taken in different moments, I consider this difference
understandable. On the high frequency end, the TTA plus shot noise is a factor
of 2 away from the measured phase noise, which is also understandable given the
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Figure 5.20: Calibrated DWS and LPS performance using the RX-GB & LO beams, the
REFQPDs, 1.25 MHz heterodyne frequency and TIA #2. The requirement to be met is
the TMI QPD requirement, while the TMI OB requirement is also reported as the QPD
requirement is fullfilled in most of the band.
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Figure 5.21: Logarithmic Magnitude-Squared Coherence of REFQPD 1-2 DWS, and
REFQPD 1-2 DWSy, from Figure 5.20
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uncertainty on the power values. No SVNs is visible on the LASD or on the time
series, stating that straylight is negligible. The noise in this measurement is, hence,
well understood.
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Figure 5.22: Raw DWS and LPS performance using the RX-GB & LO beams, the
REFQPDs, 1.25 MHz heterodyne frequency and TIA #2, compared to a model of the
combined electronic and shot noise and a measurement of the thermoelectronic phase
noise.

5 MHz The fi. = 5 MHz measurement in Figure 5.23 performs extremely sim-
ilarly to the fuet = 1.25 MHz measurement, but the REFQPD 1-2 noise is slightly
higher. All of what is mentioned for the fi = 1.25 MHz measurement also ap-
plies here, as the single QPD’s DWS sensitivity is limited by RX-GB beam motion
while the differential DWS measurement has considerably lower noise. Also in this
measurement the differential DWS and differential LPS reach the same noise floor.
The differential DWS measurements satisfy the LISA QPD-level requirement in the
whole band except for a small range around the corner frequency of 0.7 mHz and
satisfy the LISA OB-level requirement for frequencies higher than 10 mHz.

Figure 5.24 is the same as Figure 5.22 but measured at f,. = 5 MHz. In this
measurement, the phase noise from the AC-DC splitters and the PM comes very
close to the measured phase performance at low frequencies, being within a factor
of 2 despite having been measured in a moment of better temperature stability. The
modelled TIA and shot noise matches the measured noise on the high-frequency
end. The noise in this measurement is, hence, well understood.

25 MHz The fis = 25 MHz measurement in Figure 5.25 is dominated, for all
three REFQPD1, REFQPD2 and REFQPD 1-2, by an uncorrelated noise source, as
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Figure 5.23: Calibrated DWS and LPS performance using the RX-GB & LO beams, the
REFQPDs, 5 MHz heterodyne frequency and TTA #2.
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Figure 5.24: Raw DWS and LPS performance using the RX-GB & LO beams, the
REFQPDs, 5 MHz heterodyne frequency and TTIA #2, compared to a model of the com-
bined electronic and shot noise and a measurement of the thermoelectronic phase noise.
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REFQPD 1-2 is no better than REFQPD1. The DWS measurement never satisfies
the LISA OB-level requirement and satisfies the LISA QPD-level requirement only
for frequencies higher than 100 mHz.
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Figure 5.25: Calibrated DWS and LPS performance using the RX-GB & LO beams, the
REFQPDs, 25 MHz heterodyne frequency and TIA #2.

Figure 5.26 is the same as Figure 5.22 but measured at fn; = 25 MHz. In this
measurement, the phase noise from the AC-DC splitters and the PM is roughly
a factor of 10 away from the measured DWS phase noise and therefore is unable
to explain the measured phase noise. The modelled TIA and shot noise are not
a limitation of this measurement. The noise in this measurement is, hence, not
understood.

DWS performance comparison Figure 5.27 plots together the differential DWS
performance of the three measurements above (Figures 5.20, 5.23, 5.25). Excluding
the DWSh measurement at fi.c = 25 MHz, all ASDs have approximately the same
shape but are scaled by a different factor. This matches the statement that the
limiting noise contribution is thermoelectronic noise, which has a coupling coefficient
which increases with the heterodyne frequency.

Conclusion The DWS measurements using the REFQPDs perform very well at
low heterodyne frequencies, reaching the LISA QPD-level requirement. The per-
formance at fuos = 25 MHz is much worse. The noise sources are understood as
being dominated by thermoelectronic noise in almost the whole detection band and
by TTA and shot noise between ~ 0.5 Hz and 1 Hz. Better thermally isolating
the AC-DC splitters and the PM leaves space to improve the DWS performance of
TDOBS.
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Figure 5.26: Raw DWS and LPS performance using the RX-GB & LO beams, the
REFQPDs, 25 MHz heterodyne frequency and TIA #2, compared to a model of the
combined electronic and shot noise and a measurement of the thermoelectronic phase
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Figure 5.27: Comparison of the DWS performances using the RX-GB & LO beams, the
REFQPDs and TIA #2 obtained at the heterodyne frequencies of 1.25 MHz (Figure 5.20),
5 MHz (Figure 5.23) and 25 MHz (Figure 5.25).
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DWS performance with the RX-FT and LO beam on the REFQPDs

This measurement was performed using the flat top beam, RX-FT beam, with beam
powers of Prx.pr = 0.21 pW and Po = 5.3 pW per QPD segment, a second-stage
gain of Gg = 2.87 V/V and at a heterodyne frequency of fi.s = 5 MHz.

As the DWS gain is 20% larger than for the RX-GB & LO beams case, this
measurement is expected to give a mildly better DWS angular readout noise if all
other conditions are unchanged. This is approximately the case, as the power levels
and beat note amplitudes are similar.

Figure 5.28 shows the measured DWS angular noise. As for the previous mea-
surements using the RX-GB & LO beams, the DWS measurement from REFQPD1
is limited by the RX-GB beam’s motion, with the characteristic 1/f trend and the
peak shortly after 100mHz on the LASD. In the differential DWS the suppression
of the RX-GB beam motion is not perfect, as a small peak at 100 mHz remains even
after the subtraction. The differential DWS, and DWS;, and LPS reach a common
noise floor. This noise floor is slightly higher than that of the RX-GB & LO beams,
but the difference is not significant.
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Figure 5.28: TDOBS performance with RX-FT & LO beams on the REFQPDs, 5 MHz
heterodyne frequency and TIA #2

Figure 5.29 is the same as Figure 5.24 but measured using the RX-FT & LO
beams. In this measurement, the phase noise from the AC-DC splitters and the PM
is roughly a factor of 2 lower than the measured DWS phase noise, and therefore
would be able to explain the measured phase noise. The modelled TIA and shot
noise contributes to the measured DWS and LPS noise on the high-frequency end
of the measured LASD. Hence, the noise in this measurement is understood.

The raw DWS performances from Figures 5.23 and 5.28 are shown together in
Figure 5.30. These are found to be roughly equivalent, meaning that the DWS
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Figure 5.29: TDOBS performance with RX-FT & LO beams on the REFQPDs, 5 MHz
heterodyne frequency and TIA #2
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Figure 5.30: Raw performance comparison of the measured DWS with RX-GB & LO
and RX-FT & LO on the REFQPDs
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performance is not limited by the specifically used beams but rather by other noise
sources along the measurement chain. This matches the understanding from Figures
5.22, 5.24, 5.26 and 5.28, where the main suspect is the thermoelectronic noise from
the AC-DC splitters and the PM.

Conclusion For the DWS measurements using the RX-FT & LO beams the same
holds as for the measurements using the RX-GB & LO beams. The noise contri-
butions are understood and are the same. The use of a Flat-Top beam gives no
sensitivity disadvantage with respect to a Gaussian beam, as the reached raw phase
performance is equivalent.

DWS performance with the RX-GB and LO beam on the SCIQPDs

The SCIQPDs detect almost the totality of the beams impinging on them (see Table
3.7) due to the beam compression given by the imaging systems (ISs) placed in front
of them. For this reason, they are not expected to be affected by straylight due to
beam clipping.

The overall DWS gain at null angle, inclusive of IS and k1 coefficient at the QPD,
is 80% larger than for the REFQPDs; leading to an expected lower noise floor. Note
that the SCIQPDs still use the OpAmp-based TIA #1, giving a higher TIA noise.
The second-stage amplification was set to Gg = 28.7 V/V, while the beam powers
were again of the order of 1 ptW per beam per segment.

As mentioned in Subsection 5.2.2, one straylight source was not found for this
peculiar configuration during the noise hunting. The excess noise due to straylight
can be seen in Figure 5.31, where the time series of the measured DWS and differ-
ential DWS during a 100 s time interval of this DWS performance measurement is
shown. A small vector noise (SVN) affecting all measured DWS signals measured
by REFQPD1 and REFQPD?2 is visible. For unknown reasons, the vertical DWS
from REFQPD1 is much less affected. The amplitude of the phase error around
the measured signal is 100 prad, meaning that the intensity of the stray beam is
roughly 100 pW. This SVN only partially cancels out in the vertical differential
DWS measurement and does not appear to be reduced in the horizontal differential
DWS measurement.

Figure 5.32 shows the IS-calibrated DWS performance using the RX-GB & LO
beams on the SCIQPDs. Apparent similarities are visible with the single QPD
DWS measurements in Figures 5.20 and 5.23 using the REFQPDs, as the ASDs
are dominated by the RX-GB beam’s motion, with the characteristic peak at ~100
mHz. The height of the peak in the calibrated ASDs in Figure 5.32 roughly matches
that measured in Figures 5.20 and 5.23, as expected. The DWS, measurement from
REFQPD1, which is less affected by the SVN, reaches the detector’s sensitivity in
the last tip of the LASD between 0.7 Hz and 1 Hz.

The differential DWS, measurement shows a good cancellation of the RX-GB
beam’s motion, while in the differential DWSh a peak of comparable height is still
visible. The amplitude of the SVN is reduced for the differential DWS, measure-
ment, but it is not for the differential DWSh. Figure 5.32 also shows the calculated
shot plus electronic noise for the used beam powers, which appears to have been
overestimated if compared to the REFQPD1 DWS, curve in Figure 5.32.

Figure 5.33 compares the measured differential DWS performance at fioq =

153



5.4 TDOBS: DWS and LPS noise floor

A x 107 Straylight on SCIQPDs
3
2
= 1
o
—~ 0
g
»n -1
=
Q.2
3 REFQPD1 DWSv REFQPD2 DWSh
2l REFQPD1 DWSh REFQPD 1-2 DWSv
REFQPD2 DWSv REFQPD 1-2 DWSh
_5 1 1 1 1 1 1 1 1 1 ]
8.31 8.312 8.314 8.316 8.318 8.32 8.322 8.324 8.326 8.328 8.33

Time [s] x 10%

Figure 5.31: Time series of the RX-GB & LO beams on the SCIQPDs DWS performance
measurement. From this plot, is clearly visible how all traces are affected by SVN. The
REFQPD1 DWS;, trace is much less affected. The suspect for this is an efficient cancella-
tion of the SVN in the DWS calculation.
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Figure 5.32: TDOBS performance with RX-GB & LO beams on the SCIQPDs, 5 MHz
heterodyne frequency and TTA #1. This plot takes into account the magnification m;g =
2.5 given by the IS.
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5.5 Conclusion
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Figure 5.33: TDOBS performance with RX-GB & LO beams on the SCIQPDs, 5 MHz
heterodyne frequency and TIA #1. This plot takes into account the magnification mig =
2.5 given by the IS.

5 MHz using the RX-GB & LO beams obtained using the REFQPDs and the
SCIQPDs. As predicted, the sensitivity of the SCIQPDs can, in principle, be much
higher due to the higher overall DWS gain. Unfortunately, due to the straylight this
is reached only at the high-frequency end of the LASD of REFQPD1 DWS, mea-
sured by the SCIQPDs, where the angular sensitivity reached by REFQPD1 alone
is better by a factor of 3 than that of the differential DWS from the REFQPDs. In
the rest of the band, the differential DWS from the SCIQPDs is dominated by the
SVN, which is likely combined with thermoelectronic phase noise at low frequencies.
The reached performance is slightly worse than that of the REFQPDs.

5.5 Conclusion

In the first part of this chapter the noise requirements given by ESA for LISA were
broken down to OB-level and QPD-level requirements. Such distinction is essential,
as the interferometers in LISA use a different number of QPDs than TDOBS. By
comparing the DWS gains, equivalent angular DWS requirements were derived for
TDOBS.

In the second part of this chapter, a phase noise budget of TDOBS, which can
easily be transformed in either a DWS or LPS noise budget. Individual contributions
for TDOBS were characterized using the experimental description from Section 3.3
and measured. This part also reports on the finding and mitigation of straylight,
mostly in the TS. The dominant noise sources are found to be shot noise and
electronic noise from the TTA.
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5.5 Conclusion

The last part of this chapter reports on the performance measurements that were
performed in various interferometric configurations and at various heterodyne fre-
quencies, using either the RX-GB beam or the RX-FT beam, together with the LO
beam impinging either on the REFQPDs or the SCIQPDs. These have have con-
firmed the noise budget at low heterodyne frequencies, where on the high-frequency
end the dominating noise sources are shot noise and electronic noise, while lower
frequencies are limited by thermoelectronic phase noise. The noise at high hetero-
dyne frequencies (25 MHz) is higher than the noise budget predicts, and is not fully
understood. No phase noise due to straylight was found to affect the REFQPDs,
while the performance at the SCIQPDs was found to be limited by straylight.

Possible improvements to TDOBS’s sensitivity could come by modifying the AC-
DC splitters’ circuit or by improving their temperature stability as well as that of
the PM. This could potentially also solve the excess of DWS noise measured at high
heterodyne frequencies. The potentially much more sensible SCIQPDs are limited
by an unsolved small vector noise (SVN) due to straylight, which is to be solved
in the future. In the current situation, the REFQPDs are therefore the candidate
QPDs to be used for performing LISA related investigations.
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Chapter 6

LISA-like Noise Investigations

TDOBS is a simplified version of the OB in LISA and can simulate the interference
which will happen in LISA, with variable heterodyne frequency, MHz compatible
photoreceivers and synthetic tilts. This chapter reports the result of some investiga-
tions of high relevance for the LISA mission, which address some gaps of the current
knowledge on the DWS performance. These are tests of the DWS performance in
weak-light conditions, as in the ISI, and of the DWS performance in presesence of
beam tilts.

6.1 DWS performance with low RX beam power

The inter-satellite interferometer (ISI) is operates with very weak light. The planned
beam powers are 1 mW for the TX beam and 455 pW for the RX beam [30]. Taking
into account only the power in the carrier (1., = 0.81, Table 6.1) and after the beam
splitting, this nominally corresponds to 50.6 pW per segment for the TX beam and
23 pW per segment for the RX beam. The DWS performance in TDOBS was tested
in such weak-light conditions to prove the operability of LISA’s phase readout.

As mentioned in section 5.2 and shown in Figure 5.12, the coupling of most noise
sources, except thermoelectronic phase noise and cross-talk, depends on the C/Nj
in equation (2.71). The expectation for such a measurement is that given the very
signal amplitude, the C/Ny-dependent noises are dominant. As the carrier’s RMS
amplitude is v/2nnet PLoPrx and hence proportional to v/Prx, the total phase noise
Yot and its contributions can be modelled to be proportional to the inverse square
root of Prx.

('5 o ktot (25 ot = kshot 95 o ken
tot — T ~H—~— shot — n— = =
* VPrx * VPrx ¢ Prx

where K [rad Hz 3 W%} is an estimation of the total noise a in signal, e.g DWS,
and same for kgt and ke,. This holds for shot noise (2.82), electronic noise (5.19),
and approximately for PM noise if the signal’s amplitude is very small. This last
fact can be seen in Figure 5.14, where for very low signal powers the FMC PM noise
approximately scales as the inverse of the amplitude of the input signal. These three
noises are expected to be dominant from the budget in Figure 5.12.

The phase noise ¢;,; was measured as a function of Prx to characterize the de-
pendency of the total phase noise on the amplitude of the RX beam and understand
the contributions to it. The first goal of this measurement is to verify the DWS

(6.1)

157



6.1

DWS performance with low RX beam power

TDOBS ISI LISA
Parameter Value Parameter Value
worst  nominal best
beams RX-GB & LO beams RX & TX
ORX-GB, REF 0.371 ORX 1
0LO, REF 0.488 OTX 1
Near 1 Near 0.81
NQPD 0.7 NQPD 0.8 0.93 0.93
/et 0.8640.01 /et 0.7 0.74 0.85
VTIQPD et 0.72 V1QPDThet  0.63 0.71 0.82
Po 28/44 pW Prx 37 uW 62 pW 110 pW
Prx variable Prx 23 pW 28 pW 65 pW
New Plo 28/440W | e Prx 30 W 51pW 89 pW
Near PrRX variable Near PRx 19 pW 23 pW 53 pW
TREFQPDs 0.5 mm TQPD 0.75 mm

Table 6.1: Table with the parameters of the TDOBS interferometer and of the ISI in
LISA. The parameters for LISA are taken from [30]. The power values Prx, PLo and
Prx refer to the beam power per QPD segment. The heterodyne efficiencies correspond
to equation (2.27) calculated for the a Gaussian beam size of 0.34mm< wy < 0.46 mm
mentioned in subsection 5.1.1. The ¢ parameters are taken from Table 3.7 and represent
the fraction of beam power which impinges on the QPDs. P,o = 28 pW was used for the
measurement with TIA #1, and Pr,o = 44 pW was used for the measurement with TTA

492,

performance itself in ISI-like conditions, and the second goal is to verify if the PM
matches its requirements, which are listed in Subsection 5.1.2.

6.1.1 Setup Description

Two QPDs are used simultaneously to synthesize a null DWS measurement as de-
scribed in Subsection 5.4.2. The REFQPDs were chosen over the SCIQPDs as they
are affected by less noise (see Section 5.4). The chosen heterodyne frequency is 5
MHz, as the overall phase noise for heterodyne frequencies within the LISA het-
erodyne band is the lowest (see Section 5.4). As shown in Figure 5.30, the DWS
performance obtained on the REFQPDs using the RX-GB & LO beams is very close
to that of the RX-FT & LO beams; this test was hence performed with the much
easier-to-handle RX-GB beam (see Sub-subsection 4.4). The used phasemeter is the
FMC PM. The used LO beam power is slightly less than the worst-case TX power in
the ISI. To comprehend the fidelity of TDOBS as a weak-light simulator for LISA,
a list of the relevant beam parameters in both TDOBS and LISA is shown in Table
6.1. The three main differences are that

e In LISA, the beams are smaller than in the TS in TDOBS, while the QPD
size is larger. This means that the whole power of the beams is detected by
the QPDs, while for the REFQPDs the detected power is less than 50%. This
has to be considered when calculating the phase noise due to shot noise.

e The heterodyne efficiency and the quantum efficiency of the QPDs are differ-
ent. Shot noise, which is dominant at low powers, depends on the product
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6.1 DWS performance with low RX beam power

/TIQPDThet- This quantity is calculated in Table 6.1; the GAP1000Q QPDs
used in TDOBS happen to be representative of the nominal case of the ISI.

e In LISA the voltage signal from the TIA is amplified by a variable gain ampli-
fier to match the input range of the PM. TDOBS uses a second-stage amplifier
with only three gain options, Gy € [2.87, 28.7, 57.4] V/V. This can limit the
DWS performance at low beam amplitudes, as the PM adds phase noise if the
input signal’s amplitude is too small (see Subsection 5.3).

This measurement was first performed with the OpAmp based TIA #1 (section
6.1.3) and afterwards repeated following the upgrade to the transistor based TTA
#2 (section 6.1.4). The results show an improvement in the phase noise due to a
lower noise TIA.

6.1.2 Beam Power Control

The RX beam’s power is controlled by regulating the amplitude of RF the signal fed
to the RX AOM. The very small RX power impinging on the QPDs is estimated
using the amplitude of the beat note A, measured by the PM. As A, x v/ Prx.aB,
after measuring a reference power Prx_gp, o and a corresponding reference beat note
amplitude Ay o, the RX power can be recovered from the measured A, as

A, \?
Prx-cB = Prx-GB, 0 (A_> - (6.2)
b0

6.1.3 LMHG6624 Opamp based TIA #1 Results

This measurement was performed in vacuum at a pressure of 1 mbar, while the
temperature conditions in the lab were those described by the feedback AC circuit
in Figure 5.17. A minimum second-stage amplification of Gy = 2.87 V/V was used.
The resulting LASDs are shown in Figure 6.1 alongside the DWS noise requirements
for the ISI at OB- and QPD-level. It is very clear from this measurement how each
LASD consists of C/Ng-independent noise floor, on top of which C/Ny-dependent
noises become more relevant as the power is decreased. The 0.1-100mHz band is
always dominated by the power-independent noise floor, while for frequencies higher
than 100mHz the dominant noise is power-dependent. As stated in Section 5.4, this
is understood to be thermoelectronic phase noise.

There is an exception in this measurement, as the shape of the LASD in the
C/No-independent band is different than that of the measured temperature LASD.
The feature present in Figure 6.1 has been noticed only with this specific TTA model
and only for a heterodyne frequency of 5 MHz. Evidence points to this as electronic
cross-talk at the TTA, as straylight would be heterodyne-frequency-independent.

The phase noise density @i, ; is estimated from the power-dependent band of the
LASDs in Figure 6.1. The power-dependent phase noise is estimated by averaging
the white part of each LASD. Note that the used frequency band varies as a function
of the RX beam’s power, from a minimum bandwidth of 0.1+-1 Hz to a maximum
of 0.01+1 Hz. Also, note that for the highest power measurement, the power-
independent noise sources are still contributing. The RX power values Prx ; are
calculated from equation (6.2). It is convenient to perform analysis calculating the
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6.1 DWS performance with low RX beam power

DWS noise at various RX-GB Beam Power, TIA #1
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Figure 6.1: Measured differential DWS LASDs for various RX-GB beam powers at a
5 MHz heterodyne frequency. The LO beam power impinging on each segment of the
QPD is 28 pW. The RX beam power values per segment Prx are reported in the legend.
The measured phase noises are better than the worst case ISI DWS requirement at QPD-
level (ISI Req QPD), but as the RX-GB power is more than the RX beam in LISA the
consequences of this are not straightforward.

log,, of the measured quantities, as taking the logarithm of equation (6.1) yields the
very simple expression

. 1
log(Prot) = 10gyo(ktor) — 5 logyo(Prx), (6.3)

which is a line with a fixed slope of —1/2. The data was linearly fit with the function
10g10(Prot) = —3 logyo(Prx) + po where po = logyo(ktot) is the parameter needed for
describing the overall noise of the setup. The data and the fit result are shown in
Figure 6.2. The result shows that equation (6.1) is a good model to describe the
dependence of the noise density on the power. The highest power points don’t fully
follow this trend as thermoelectronic phase noise still contributes.

Figure 5.12 also reports the DWS requirement for LISA at both OB- and QPD-
level and the RX power values at which this requirement has to be reached. In this
configuration TDOBS manages to reach the QPD performance requirement for LISA
(see Table 5.5, the performance that TDOBS has to reach in order to demonstrate
the operation of the ISI using four QPDs) but not that at OB-level (a more stringent
requirement which would demonstrate the operation of LISA using just one QPD).
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6.1 DWS performance with low RX beam power

DWS Noise versus RX beam power per segment, TIA #1
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Figure 6.2: Measured DWS noise floor as a function of the RX-GB beam power plotted
together with a linear fit and the understood power-dependent noise contributions. The
PM noise contribution is modelled using the results in Subsection 5.3. The electronic noise
from the TIA is modelled using the Eem 41, 5 MHz value measured in Figure 3.19. The fit
function is logyo(Brot) = — 3 logyo(Prx) + po. The four highest power points are excluded
from the fit because other noise sources contribute. For convenience of comparison with
the noise from the PM, the fit is executed using the uncalibrated DWS. The fitted value
is Po = —19.014 4 0.001, which in terms of phase noise per power is ki = 968.2 + 3.2 prad
Hz72 Wa.

Noise Analysis

Let’s assume that the measured noise was only due to shot noise and electronic
noise; the electronic noise can then be characterized as

_ 2 2
ken - ktot - kshot

_ \/ PR (6.4)
NQPD"Thet

— 782.34 5.3 prad Hz 2 W2.

This amount of phase noise corresponds to an equivalent input current noise density

of the TTA of

gen =A 277hetPRXPLO Saen

hy,
— A\/thetPLo\/ k2, — —— (6.5)

NQPD"het

— 3.021 £ 0.067pA/v/Hz.
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6.1 DWS performance with low RX beam power

This is significantly more than Een’ 41,5 MHz = 2.73 £ 0.04 pA/\/E, which is the
amount measured in Figure 3.19. This leads to the conclusion that some other
power-dependent noise contribution is present. As in Figure 5.12 no other noise
contribution is present that would come close the level of shot noise and TIA noise
on a DWS measurement, this excess noise is interpreted as phase measurement noise
by the FMC PM. This measurement was performed with low amplitude beat notes
being fed to the PM, as the second-stage amplification was only Gg = 2.87 V/V.
As shown in Figure 5.14 the FMC PM’s noise on the low signal end is roughly
proportional to the inverse of the amplitude, and the amplitude is proportional to
v/ Prx, making it a good approximation to also describe the phase readout noise of
the FMC PM with equation (6.1) as

kPM

opMm = : 6.6
s (6.6)

Hence, the PM’s noise contribution as a function of the RX beam power is
kPM = \/kgot - kSZhOt - k?}n (67)

— 277 4+ 59 prad Hz 2 Wz,

The noise contributions characterized so far are listed in Table 6.2. Note that the
estimated excess noise is significantly less than the modelled PM noise (visible in
Figure 6.2). This likely means that shot noise and electronic noise have been over-
estimated. This is likely due to the use of wrong power values. Besides, note that
this measurement is limited by electronic noise and shot noise. To the knowledge
of the author, this is the first TIA-limited DWS measurement in LISA-like and
weak-light conditions.

Noise source Amount [prad Hz"2 W]
Electronic noise from TIA #1 | 707 + 22
Shot noise 600.5 =+ 7.0
FMC PM Y- = 59
Total 968.2 + 3.2

Table 6.2: Estimated noise contributions in the low RX power measurement using TIA
#1, expressed in uncalibrated phase noise density per square root of power.

Phasemeter Requirement Verification

If there was no excess noise from the PM, the beat note’s noise contributions would
be those from shot noise and electronic noise. Added up, these give a power-
dependent noise level of

2

_ \/ hv, 4 < gTIA )
1QPD Mhet AV 2nnet Pro (6.8)
= 028 & 17 prad Hz 2z W2,

N

(C/Ng) ™"+ (Poear)
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6.1 DWS performance with low RX beam power

The beat note fed to the PM would reach a C/Ng of C/N, ., = 177 prad/v/Hz(see
Subsection 5.1.2) for a RX beam power of

P . ( (C/I\IO7 req)i1 )2 — 975
RX, req — 1 - . pW (69)
(C/NO)_1 ’ (Pbeat>E

The phase noise contribution by the PM at this power Prx = PRxX, req 18

kPM

oM =
V PRX
= 2.77 x 10710 (27.5 x 1071%)72

= 52.9 + 1lyrad/vHz,

(6.10)

which is more than the LISA PM in Table 5.7 allows. This means that by using
TTA #1 and using too little second-stage amplification, albeit the LISA QPD-level
requirement is reached, the PM requirement is not.

6.1.4 BFP740 Transistor and AD8038 Opamp based TIA
#2

This measurement was performed at air pressure, while the temperature conditions
in the lab were those described by the bang-bang AC circuit in Figure 5.17. second-
stage amplification with a gain Gg = 57.4 V/V is used from the fourth measurement
onwards, as the amplitude of the beat note from the TIA was small enough to fit
in the ADC range if amplified. In the first three measurements the second-stage
amplification is still G = 2.87 V/V. A small reduction of the noise is visible when
the second-stage amplification is added (see Figure 6.3). This is understood as a
reduction in the phase readout noise by the FMC PM as the signal increased in
amplitude. The resulting LASDs are shown in Figure 6.3 alongside the DWS noise
requirements for the ISI at OB and QPD level and the power amounts at which such
requirements have to be met.

As already mentioned in Section 5.4, the LASDs are totally thermoelectronic-
noise-dominated for frequencies lower than 3 mHz. No other C/Nj-independent
noise source is present other than thermoelectronic phase noise, which determines
the noise floor from 0.1 mHz all the way up to a few prad/ vHzat 1 Hz, together with
the contribution of electronic and shot noise. In this configuration, TDOBS manages
to reach the QPD performance requirement for LISA, but not that at OB-level.

The estimation of the phase noise contribution is done, as in the case of TIA #1,
by averaging the white part of the LASDs in Figure 6.3. For this measurements,
the DWS performance at the lowest beam powers is tested for frequencies as low as
3 mHz.
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6.1 DWS performance with low RX beam power

DWS noise at various RX-GB Power, TIA #2
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Figure 6.3: Measured differential DWS LASDs for various RX-GB beam powers at a
5 MHz heterodyne frequency. The LO beam power impinging on each segment of the
REFQPDs is 44 pW. The RX beam power values per segment Prx are reported in the
legend. The measured noise curves are better than the worst-case ISI DWS requirement
at QPD-level also for RX-GB powers lower than that of the RX beam in LISA (the power
range is shown in Figure 6.4).

Noise Analysis

If the measured noise was only due to shot noise and electronic noise, the electronic

noise would be
@en = \/ (p%ot - Szghot

. 1 ]{:2 hl/l
VPax V% 1QpD et
— 290 + 15 prad Hz 2 Wz,

(6.11)

This amount of phase noise corresponds to an equivalent input current noise density
of

itia = Av/ 2ot PRx PLo Pen
hv
=A V 2T]het]DLO\/kgot - (612)
TIQPDThet

= 1.403 £ 0.079pA /v Hz.

This is less than the measured TTA #2 noise at 5 MHz from Figure 3.19, which is
Z.en’ #2,5 MHz — 1.6208 4 0.0015 pA/\/ Hz.
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6.1 DWS performance with low RX beam power

DWS Noise versus RX beam power per segment, TIA #2
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Figure 6.4: Measured DWS noise floor as a function of the RX-GB beam power plotted
together with a linear fit for and the understood noise contributions. The PM noise con-
tribution is modelled using the results in 5.3. Note that as the second-stage amplification
is in use (measurement from 10~® W and below), the phase noise contribution from the
PM is strongly decreased. The electronic noise from the TIA is modelled using the mea-
surement in Figure 3.19. The fit function is log;o(Prot) = —3 log1o(Prx) + po- The three
highest power points are excluded from the fit, because other noise sources are visibly con-
tributing, including a higher noise from the PM. The fitted value is pg = —91.176 4+ 0.001,
which in terms of phase noise per power is ki, = 666.8 + 1.5 prad Hz"2 W2. TIA noise
is estimated from the measurement in Figure 3.19.

Noise source Amount [prad Hz2 W]
Shot noise 600.5 =+ 7.0
Electronic noise from TTA #2 | 290.0 + 15
total 666.8 + 1.5

Table 6.3: Estimated noise contributions in the low RX power measurement using TTA

492,

To the knowledge of the author, this is the first shot noise limited DWS mea-
surement in LISA-like and weak-light conditions.

Phasemeter Requirement Verification

As no excess noise is measured, the PM satisfies the requirement in Subsection 5.1.2.
Note that the used second-stage amplification of 57.4 V/V, which was essential in
reducing the excess phase noise from the PM, is still not representative of the gain
of the variable gain amplifier which is implemented in the LISA PM’s signal pre-
conditioning electronics, as this will be of the order of 600 V/V [9].
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6.1 DWS performance with low RX beam power

6.1.5 Conclusion

In this section, the results of the first TTA-noise and shot-noise limited DWS mea-
surements are reported, filling a significant gap in the current understanding of DWS
performance.

The DWS performance was measured when interfering a strong beam, represen-
tative of the TX beam in the ISI, together with a very weak beam, representative
of the RX beam in the ISI. The used setup has allowed to test weak-beam powers
in the range of pW to tens of pW. When using such small signals, the dominant
noise sources are shot noise from the laser and electronic noise from the TTA. The
DWS and phase noise contributions were characterized as a function of the RX beam
power while using two different low-noise TTA designs. The estimated phase noise
contributions correspond to the estimations from Subsection 5.2.3, and hence fullfill
the QPD-level ISI requirement. The OB-level ISI requirement cannot be fullfilled
as the DWS performance is limited by shot noise.

Additional phase noise due to the PM’s readout was also studied. This was at
first enhanced by delivering a reduced signal amplitude to the PM. Such test is not
representative of LISA, and the PM failed to fullfill its requirement. In the second
test, as an amplified beat note was fed to the PM, no noise attributable to the PM
was measured.
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6.2 DWS performance in presence of a beam tilt

6.2 DWS performance in presence of a beam tilt

The DWS requirements for LISA have to be met for RX beam tilts of up to 405
prad at OB-level (see Subsection 5.1.1). As the imaging system (IS) in LISA have
a magnification of myg = 2.5, this translates to a tilt range of 1 mrad at QPD-level.
Currently, the DWS noise in presence of beam tilts is a gap in the current knowledge
of DWS. This section reports the results of DWS noise measurements, where the
angle of the RX beam is varied by means of the actuators.

6.2.1 Expectation

For simplicity, let the RX beam is assumed to tilt vertically. Omne can call this
the active axis, while the horizontal is the passive axis, and DWSv and DWSh
are the active and passive DWS, respectively. The presence of a tilt, no matter
the direction, decreases the heterodyne efficiency between the interfering beams, as
described in equation (2.146) in the case of a SEPD. As this decreases the amplitude
of the signal, it consequently increases the phase noise level of all C/N, dependent
noise sources. Furthermore, tilt also decreases the DWS gain. A numerical analysis
however shows on the other hand that such decrease is negligible. In this section I
will focus on shot noise, electronic noise and RIN.

As shot noise and electronic noise are expected to increase also in the same way
on both axes due to the decrease of the heterodyne efficiency. DWS phase noise
due to 1f-RIN also increases on each segment of the QPR due to the decrease of
the heterodyne efficiency. However, it still cancels out on the passive axis as it
is correlated among the QPD segments; on the active axis instead it depends on
the tilt angle, as this reduces the correlation between the segments, as reported in
equations (5.23, 5.24).

The behavior under tilt of the noise sources analized in this Section is summarized
in equations (6.14, 6.15, 6.16, 6.17, 6.18, 6.19).

\/nhet — \/nhet, 0 6_5292 (613)
Sbshot7 active & passive(e) = @shot, 0 65292 (614)
Saen, active & passive(fa 0) = @en, 0(f> 66292 (615)
2(Pi71 (1 fne B Pyra(1 fre 1
¢1f—RIN, active — \/_( lrl( fh t) + { — 2T2( fh t)) 65202 sin <_""316) ‘
V Thet P1 Pa 2
(6.16)
P1f-RIN, passive = 0 (6.17)
- 71(2fnet) + / B 72(2 fre i
P2f-RIN, active — 1(2fhet) \;5 2(2fhe) [sin (k10)] (6.18)
$2f-RIN, active = 0 (6.19)

The simple sum has to be used for correlated RIN, while the squared sum H has to
be used in for uncorrelated RIN. As in TDOBS only one laser source is present, the
simple sum has to be used. The value of £ depends on the specific beam sizes and on
the size of the QPD. This can be simulated for LISA using the numerical methods
developed in Section 2.3.3. The plots of the normalized heterodyne efficiency as a
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6.2 DWS performance in presence of a beam tilt

function of the beam tilt angles are shown in Figures 6.5 and 6.6. These Figures
plot the heterodyne efficiency decrease as a function of the beam tilt angle for both
the total QPD amplitude and for the one-segment amplitude. Since the assumption
was made in Section 5.2.2 that p is negligible, it was set to zero in the calculation.
In this configuration, both the QPD-amplitude and the one-segment amplitude have
the same value of £&. The resulting values of ¢ are &g = 7.43 x 10~* prad™! and
Eravr = 5.59 x 10~* prad ™. As the values measured in Section 4.4.2 for the RX-GB
& LO beams on the REFQPDs is &rx.gB & L0, REFQPD = 6.32 X 1074 prad_l, this is
between the values for the ISI and the TMI in LISA. The interference of the RX-GB
& LO beams on the REFQPDs can hence be used to test the noise as a function of
the angle in the ISI and TMI.

Het. Eff. as function of the RX beam's tilt angle
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Figure 6.5: Numerically simulated decrease of heterodyne efficiency as a function of the
RX beam tilt at QPD-level in the ISI, both for the total QPD amplitude and for the
one-segment amplitude. The resulting value of £ is 51251 = 7.43 x 10~* prad 1.

6.2.2 Setup Description

The QPDs are used simultaneously to synthesize a null DWS measurement as de-
scribed in Subsection 5.4.2. Especially due to the beam tilt, it would be more
convenient to perform such measurement using the SCIQPDs, as the REFQPDs
detect less than 50% of the impinging laser beam and could be subject to straylight
and the tilt could enhance this issue, which was so far not evident in any of the DWS
measurements using the REFQPDs. Unfortunately, as the SCIQPDs are affected
by a SVN caused by straylight which strongly limits their sensitivity (see Figures
5.31 and 5.32), this is not an option. Hence, I opted for using the REFQPDs, which
feature the transistor-based TTIA #2.

The chosen heterodyne frequency is 5 MHz, as the overall phase noise for hetero-
dyne frequencies within the LISA heterodyne band is the lowest (see Section 5.4).
The used beams are the RX-GB & LO beams.

As the target of this measurement is to characterize the increase of the interfer-
ometric noise due to tilts of the RX beam, the measurement is carried out in the
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6.2 DWS performance in presence of a beam tilt

Het. Eff. as function of the TX beam's tilt angle
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Figure 6.6: Numerically simulated decrease of heterodyne efficiency as a function of the
RX beam tilt at QPD-level in the TMI, both for the total QPD amplitude and for the
one-segment amplitude. The resulting value of £ is E%MI =5.59 x 10~* prad .

0.1-1 Hz frequency band, as this band is limited by interferometric noise (i.e. a com-
bination of shot noise and electronic noise). For lower frequencies the experimental
sensitivity is limited by thermoelectronic phase noise, which is not angle-dependent
and therefore not a target of this measurement. A similar approach in measuring
the DWS noise in LISA Pathfinder was used by [6]. The power of the beams was
reduced in order to enhance the portion of the spectrum which is dominated by
interferometric noise. Mostly, the LO beam’s power was reduced, as a good enough
SNR is needed to actuate the RX-GB beam. This causes to have very small beat
notes at the PM’s input, but this was done on purpose to test the PM’s performance,
too.

The measurement is performed as a calibration measurement, where the RX
beam is tilted in a range from approximately -1.5 mrad to 1.5 mrad in the same way
as in a DWS calibration measurement. This peculiar range was chosen as within
such range the DWS signal is limited in the [—7, 4+ range. Larger angles cause a
fringe crossing and output DWS values of difficult interpretation. The sweep of the
angle is linear, as the RX beam is first tilted to -1.5 mrad and then tilted by 20 prad
steps. This allows the possibility of a worsening of the alignment in time, hence
the measurements at positive tilt angles could perform worse. For each rotation
step, the RX-GB beam is kept still for 20 seconds and DWS noise is measured.
This is enough to obtain an estimation of the noise in the desired frequency band.
Furthermore, the use of a much broader tilt angle than what is expected to happen
in LISA enhances the detectability of small effects.

The measurements were performed using two different power values for the LO
beam, while the RX-GB beam was kept at constant power. The power was regulated
using the method described in Subsection 6.1.2. The measurement with the lowest
power was repeated twice with different second-stage gains to test the influence
of the noise from the PM. These three measurements are called, for simplicity,
high-power, low-power and low-power amplified. The measurement’s parameters
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6.2 DWS performance in presence of a beam tilt

are listed in Table 6.4.

Measurement Prx.as W]  Pro [0W] G [V/V]
High-power 24 2 2.87
Low-power 2.4 0.13 2.87

Low-power amplified 2.4 0.13 57.4

Table 6.4: Beam powers and second-stage amplification gains used during the DWS
performance as a function of the angle measurement.

Note that the DWS gain varies during the measurement; numerically, such vari-
ation is negligible. As a reference, the divergence angles of the RX-GB and LO
beams are Orx.gp = 423 prad and O = 410 prad, respectively.

6.2.3 Results
High-power

Figure 6.7 shows the amplitude of the beat note as a function of the RX-GB beam
tilt angle during this measurement. The data were fitted with a Gaussian curve,
but the knowledge of the fit parameters gives no additional information beyond
what is reported in Table 4.6 regarding the constant £&. However, it is necessary to
characterize the maximum amplitude of the beat note, which is ~0.46 V. The curve
is rather symmetric and centered at 6 = 0 yrad, indicating that the IFM was well
aligned.

Beat Note Amplitude
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Figure 6.7: Plot of the beat note amplitude as a function of the RX-GB beam tilt angle.
This measurement was fitted with a Gaussian curve, and the fit parameters are reported
in Table 6.5.
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6.2 DWS performance in presence of a beam tilt

Parameter | Value =+ Error
a[mV] | 4577 £ 0.06
s [prad] 1037 £+ 4

xo [prad] | 39 + 2

Table 6.5: Fit parameters from Figure 6.7. The function used for the fit is f(z) =

a exp (f% (”3_510)2). ¢ can be derived as £ = ﬁ

Figure 6.8 shows the measured angular DWS noise floor in the active axis along-
side the main known noise contributors. These were calculated using equations
(6.14, 6.15, 6.16, 6.18). An estimation of the angular noise due to the PM’s readout
is also reported. This is based on the empirical model in Sub-subsection 5.3 using
the 0.1-1 Hz band. The noise sources estimated as phase noise are converted into
angular noise by means of the full non-linear DWS calibration for REFQPD1 in
Table 4.2.

The measured angular DWS was also fit with a second-order polynomial, and the
obtained coefficients are reported in Table 6.6. Figure 6.8 also reports the OB-level
DWS requirement for the TMI, which is the most stringent one among the DWS
requirements.

The measured DWS noise in the high-power active axis measurement complies
with the LISA TMI requirement through the whole measured range. The measured
DWS noise is found to have a minimum at roughly -400 prad, which is very distant
from null tilt. Despite repeating the measurement, this feature did not vary. This
excludes that this issue is related to the actuations by the steering mirrors.

The noise sources are a little overestimated, giving an total estimated noise
which roughly a factor of 2 above the measured noise. This holds particularly for
the electronic noise and 1f-RIN.

Figure 6.9 shows the measured angular DWS in the passive axis alongside the
main known noise contributors. These were calculated using equations (6.14, 6.15).
RIN is expected to not contribute to the angular noise in the passive axis and is
hence not plotted (see equations 6.17, 6.19)). An estimation of the angular noise
due to the PM’s readout is also reported. This is based on the empirical model in
Sub-subsection 5.3. The noise sources estimated as phase noise are converted into
angular noise by means of the full non-linear DWS calibration for REFQPD1 in
Table 4.2.

The measured DWS noise in the high-power passive axis measurement complies
with the LISA TMI OB-level requirement through the whole measured range. It is
also surprisingly found to be higher than in the active axis, and to be higher for
smaller tilts. This particular fact makes it such, that the estimated noise sources
look correct, with exception for the electronic noise.

Low-power

The amplitude as a function of the beam tilt angle for this measurement is not
shown, as it is just a rescaled version of Figure 6.5 with a maximum beat note
amplitude at the PM input of 12 mV, and the minimum amplitudes are about 6.5
mV.

Figure 6.10 shows the measured angular DWS in the active axis alongside the
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Figure 6.8: High-power angular DWS noise measured as a function of the RX-GB beam
tilt in the active axis.
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Figure 6.9: High-power angular DWS noise measured as a function of the RX-GB beam
tilt in the passive axis.
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6.2 DWS performance in presence of a beam tilt

Parameter Active Passive

po [nrad/v/Hz| 0.67 + 0.02 1.77 + 0.05
xo [mrad] -0.396 + 0.04 0.21 + 0.05
po [nrad/vHz/rad?] | 4.59 x 10° + 45x 10* | 4.6 x 10° + 6 x 10*

Table 6.6: Fit parameters from the high-power DWS noise measurements in Figure
6.8 (active axis) and Figure 6.9 (passive axis). The function used for the fit is f(x) =
po + pa(x — x0)*.

main known noise contributors, which are calculated in the same way as in Figure
6.8. The measured DWS noise in the high-power active axis measurement complies
with the LISA TMI OB-level requirement through the whole measured range. The
increase of the noise as a function of the angle is visibly stronger than in the low-
power measurement, which can be clearly seen comparing the fit coefficients in
Tables 6.7 and 6.6. This is expected to be driven mostly by the fact that the used
beat note amplitude is very small. The minimum of the DWS noise is found to be
close to # = 0 rad.

The estimated noise contributions in Figure 6.10 still appear to have been overes-
timated, especially around # = 0 prad, while they look correct around # = +1 mrad.
The noise model used to derive the PM gives a slightly higher noise than measured.
As the PM noise model has been tuned using a measurement principle identical to

this one, but with SG generated signals, it is expected to rather underestimated the
noise.
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Figure 6.10: Low-power angular DWS noise measured as a function of the RX-GB beam
tilt in the active axis.

Figure 6.11 shows the measured angular DWS in the passive axis alongside the
main known noise contributors. The measured DWS noise in the high-power passive
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6.2 DWS performance in presence of a beam tilt

axis measurement complies with the LISA TMI OB-level requirement through the
whole measured range. The minimum of the DWS noise is found to be close to § = 0
rad. The noise increase as a function of the RX-GB beam tilt angle is smaller in the
passive axis than in the active axis. This measurement is expected to be dominated
by PM noise. Surprisingly the measured DWS noise does not follow the trend of
the modelled PM noise but rather follows the same trend of the TIA noise. This
measurement is probably the one where the modelled DWS noise and the measured
DWS noise best match.
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Figure 6.11: Low-power angular DWS noise measured as a function of the RX-GB beam
tilt in the passive axis.

Parameter Active Passive

po [nrad/+/Hz] 0.95 + 0.03 1.10 + 0.03
o [mrad] -0.01 + 0.02 -0.01 + 0.05
po [nrad/v/Hz/rad?] | 1.70 x 105 + 9x 10* [ 3.8 x 10° + 6 x 10*

Table 6.7: Fit parameters from the low-power DWS noise measurements in Figure 6.10
(active axis) and Figure 6.11 (passive axis). The function used for the fit is f(z) =
po + pa(z — 20)%.

Low-power Amplified

The amplitude as a function of the beam tilt angle for this measurement is not
shown, as it is just a rescaled version of Figure 6.5 with a maximum beat note
amplitude at the PM input of 260 mV, and the minimum amplitudes are about 130
mV.
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6.2 DWS performance in presence of a beam tilt

Figure 6.12 shows the measured angular DWS in the active axis alongside the
main known noise contributors, which are calculated in the same way as in Figure
6.8. The measured DWS noise in the high-power active axis measurement complies
with the LISA TMI OB-level requirement through the whole measured range. The
increase of the noise as a function of the angle is milder than in the low-power
measurement, but still stronger than that in the high-power measurement. This
can be clearly seen comparing the fit coefficients in Tables 6.6, 6.7 and 6.8. This
is expected as having increased the total gain by a factor of 20 has reduced the
additional phase noise from the PM, whereas all other noise sources are the same
as in the low-power measurement. The minimum of the DWS noise is found to be
close to # = 0 rad.

The estimated noise contributions in Figure 6.12 still appear to have been over-
estimated, especially around 6 = 0, while they look correct around # = 4+1 mrad.
Neglecting TTA noise in Figure 6.12, which is clearly overestimated by at least a
factor of 2, 1 f-RIN is expected to be a main DWS noise contributor around 6 = +1
mrad. No evidence of this appears in the measurement.
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Figure 6.12: Low-power amplified angular DWS noise measured as a function of the
RX-GB beam tilt in the active axis.

Figure 6.13 shows the measured angular DWS in the passive axis alongside the
main known noise contributors. The measured DWS noise in the high-power passive
axis measurement complies with the LISA TMI OB-level requirement through the
whole measured range. The minimum of the DWS noise is found to be close to § = 0
rad. The noise increase as a function of the RX-GB beam tilt angle is smaller in the
passive axis than in the active axis (see Table 6.8). This measurement is expected
to be dominated by TIA and shot noise. The estimated total DWS noise appears to
have been overestimated by a factor of 2 with respect to the measured DWS noise.
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Figure 6.13: Low-power amplified angular DWS noise measured as a function of the
RX-GB beam tilt in the passive axis.

Parameter Active Passive

po [nrad/v/Hz] 0.77 + 0.02 0.082 + 0.02
o [mrad] 0 + 0.02 0.14 + 0.05
py [nrad/v/Hz/rad?] | 1.10 x 105 £ 6 x 10* | 2.7 x 10° £ 4 x 10*

Table 6.8: Fit parameters from Figure 6.12 (active axis) and Figure 6.13 (passive axis).
The function used for the fit is f(z) = pg + pa(x — 20)>.

6.2.4 Conclusion

The DWS noise as a function of the angle was analyzed in a configuration which is
representative of the TMI in LISA in terms of used QPRs and PM but not in terms of
used beat note amplitude, as this was reduced on purpose. All three measurements
show a moderate increase of the noise as a function of the angle, which in a tilt
range of approximately +1.5 mrad never exceeds the TMI OB-level requirement.

The measured DWS noise contributions from shot noise, electronic noise, RIN
and the PM were compared to the modelled DWS noise in both the tilted axis (the
active axis) and the passive axis. The modelled DWS noises are usually found to
have been overestimated. The most likely explanation for all noise sources other
than PM noise is the high uncertainty in the beam powers used, which points to the
known unreliability of laser powermeters. The empirical noise model for the FMC
PM also has overestimated the DWS noise by roughly a factor of 2. The reason for
this discrepancy remains unclear.
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Chapter 7

The New DWS Architecture

This chapter briefly explains a new concept of tracking DWS signals from a PD.
The principle is published in [43]. The operativity of such architecture has up to
now been tested only with electrical input signals and optically only once [11]. The
results from this are available in [9]. The operativity of this new architecture with
signals of optical origin using TDOBS is reported in this Chapter.

7.1 The old and new QPD tracking architecture

The Old Architecture

As already explained in paragraph 1.3.2, a DPLL (see figure 1.9) is used to ex-
tract the amplitude, frequency and phase information from the voltage signal from
one segment of a QPR. This process runs parallely for each segment of the QPR,
outputting per QPR an array of four frequencies (PIR), four amplitudes and four
phases (PA). From these four measured phases the DWS signals - the physically
interesting quantities for which QPDs are used - are calculated in post-processing.
This architecture of calculating DWS signals was followed so far during this thesis.
Mathematically this can be described by collecting the four segments’ phase outputs
in a vector and using a matrix M

OLPS Hpa+ o+ vc+ep) o
$pWSh | _ %(SOA —¥B t 2e - ep) | _ M| B (7.1)
PDWSv 5(0a+ 9B — o — ¢p) wc
©DWSc %(@A — B — o+ ¢p) ¥D

where M is the mixing matriz transforming the four segment’s signals into the DWS
signals.

1 1 1 1
1011 1
N i1 1 1
—l2 —2 2 2

2 2 2 T2

Lo _1 1 1

2 T2 T2 2

To keep the same naming convention as in [43], the elements of the DWS signals
vector (¢Lps, PDWSh, PDWSv, PDWse) . are going to be renamed to (z,a, 3,¢)T. This
way of processing the readout from a QPR is the most straightforward and intuitive
to implement and is the traditionally used way to track the phase on a QPR. A
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7.1 The old and new QPD tracking architecture

scheme of this process is shown in Figure 7.1. I will refer to it as the old architecture
of DWS tracking.

Quadrant DWS
Signals Ex Signals

Figure 7.1: Scheme of the old architecture of DWS tracking. The four segments of a
QPR are independently tracked and the physically meaningful DWS signals are computed
in post processing.

The New Architecture

A new concept of DWS tracking scheme was proposed by G. Heinzel and published
in [43] and is named, in contraposition to the previous scheme, new architecture of
DWS tracking. This scheme proposes to have the DPLLs not anymore working on
the individual QPR segments, but on combinations of these, and in specific on the
DWS combinations. A scheme of this is depicted in Figure 7.2. The error signals
are calculated from the output of each segment as in the case of the old architecture.
They are mixed using the mixing matrix M in equation (7.2) resulting in error
signals (E,, Ey, Es, E.)T of the length and DWS signals (z, , 8,€)". Four DPLLs
use these errors signals and hence track directly the DWS signals. The outputs of
the PI servos are directly the DWS quantities which the old architecture gives in
further processing. To close the loop, the outputs of the four DPLLs are converted
back into (¢4, ¥, v, ¢p)’ by the use of the unmixing matrix M1, as these values
are needed for the mixer in the error signal calculation. Note that only x is tracking
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7.1 The old and new QPD tracking architecture

the quickly increasing phase term wpeit. The angular signals are not a beat note
anymore, but a pure phase difference; therefore initial frequency and PA are not
needed. The respective error signal has the dimension of a phase, while the error
signal of the x loop has the dimension of a frequency.

Quadrant Signals M DWS Signals
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Figure 7.2: Scheme of the new architecture of DWS tracking. Combinations of the four
QPR segments are being tracked, and the DPLLs output directly the physically meaningful
DWS signals.

7.1.1 The Simulation

The equivalence of the two architectures’ readout was confirmed by means of a sim-
ulation in MATLAB SIMULINK. In this simulation, the old architecture and the new
architecture were implemented parallely to demodulate the beat notes from four
segments of a QPD. The same gain parameters were used for simplicity. A sinu-
soidal signal was injected in each segment, and no noise was added. Figure 7.3
shows the input signal together with the old architecture’s output (Single-segment
tracking) and the new architecture’s output (Combined-signal tracking). This result
has shown the successful tracking ot the two segments of a QPD. Given the same
input, same input parameters and in absence of noise, the two architectures produce
the same output.

7.1.2 Signal-to-Noise Ratio Considerations

As described so far, and neglecting the missing PAs in the angular signals, the two
architectures mathematically perfectly equivalent. They only difference between
them is that the PI servos operate on the DWS error signals (E4, Ep, Ec, Ep)T —
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Figure 7.3: Result of the simulation, showing identical outpus of the two architectures
when tracking two segments of a QPD. This result was published in [43]

(Es, By, Eg, E.)T, and the unmixing of the outputs from the PI servos to recover the
phases (04, ©5, ¢c, ep)t. If the PI servos use exactly the same gain parameters, as
they are linear operators, the two schemes are mathematically equivalent, and lead
to identical outputs. This holds also for the SNR of the output DWS signals.

The advantages of the new architecture can be derived from the following con-
siderations:

1. In the old architecture each signal has a very large dynamic range. This is due
mostly due to the coupling of frequency noise, which gives a signal of the order
of 10° rad /v/Hz[9, Figure 1.6]. In the new architecture, this is the case only for
the  signal. The angular signals («, 3,¢)? have much smaller dynamics. By
doing an analogue reasoning using the angle rate change in Figure 1.4, which
is 0.02 deg/day, the equivalent DWS change rate is 1.2 x 107° rad/s. As there
is going to be a active control of the spacecraft jitter and MOSA pointing, this
estimation is strongly exaggerated.

2. As in the new architecture each DPLL is specialized on a specific signal to
track, the PI gains can be tuned in each loop to better fit the dynamics of the
specifically tracked signal. This is not possible in the old architecture, where
each DPLL is tracking the full dynamics simultaneously. The = tracking loop
can use the same P and I gains as the old architecture, while the angular
signals tracking loops can use lower gains as the dynamics are smaller.

3. The obtained error signals (E,, E,, Eg, E.)” have a higher SNR than the initial
ones, as uncorrelated noise sources - as shot noise and electronic noise - add
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7.1 The old and new QPD tracking architecture

quadratically.

4. The integer number of cycles in the PA is tracked only once as corresponds to
physical reality.

To go more in detail on the last point, let P; and P, be the powers of two beams
impinging on a QPD. The QPD is for simplicity assumed to have no slits, and the
totality of the beams’ power impinges on the four quadrants. Both beams are TEMg
Gaussian beams centered on the QPD, hence each quadrant detects one fourth of
the power of each beam. One beam (the reference beam) impinges perpendicularly
onto the QPD, while the other beam (the measurement beam) can have small tilts
of angle # around the QPD’s center. The heterodyne efficiency of the two beams
on the four segments is assumed to be identical (even in presence of tilts, as in
Subsubsection 2.3.3). Both beams are affected by RIN, which is assumed to be
uncorrelated. The power P; impinging on segment i with ¢« € (A, B,C, D) can be
derived by equation (2.70).

1 _ _ _ _ —
P, =~ | PL+ Po+ Piry + Pyro + (1 4 72) V/ Mhet P1 P2 coS(whett + ;) +
4 W—/ 7 ~

J/

VvV TV
DC 1f—RIN 2f—RIN

+ ?\/ et P Pa cos(whegt + 901')4

signal

At the QPD the beams’ powers are converted into photocurrent. The QPD has
responsivity A. Additional noise due to the QPD’s dark current will be neglected.
The electronic noise 4., from the TIA is described as equivalent input current noise
and can be added to the segments’ photocurrent. The current ¢; heading to each

TIA of the QPR is

. 1 - - - - -
i = — | i1+ 2+ t1r1 + tar2 + (11 + 72) V Dhet 12 COS(Whett + @5) +
4 \—~— ~ . %

TV TV
DC 1f—RIN 2f—RIN

(7.4)

+ 24/ Metiniz co8(Wheet + i) | + den-

signal

Where i; = AP, and A is the responsivity of the photodiode. Note that with the
used simplifications all signals have the same amplitude, but different phase. The
phase noise is calculated with equation (2.71). The RMS of the signals are all equal
between each other.

1 — 1 -
RMSZ = RMS {5\/ T]hetilig cos(whett —+ (,02>} - gnhetiliZ (75)
The ASDs of the noise is derived by several uncorrelated contributions.
~ 1 - i ~ ~
Ushot, i = 5(1(@1 + i2) len,i = len (7.6)

~ 1 w9 ~ ) ~ ~ ]- - = ~ ~
RN = AT+ BT lof-RIN = g\/ﬂhetmz(rf +73) (7.7)
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The phase noise contributions of each noise are

y i+
Pshot, i — 2 (](1———2) (78)
Thet 2122
4o
Pen, i = —/——== (7.9)
V 2 het?112
DIf-RING =] == 7.10
PN 2N et 172 ( )
8 7+ 73
Poprin i =\ =g (7.11)
The combined phase noises for one QPD channel is
. 8q(iy + is) + 162, + 377 + 0372 73 + 773
5i = q(i1 + i2) en DT TR LT 2 (7.12)
2 het 172 8

The phase noise of one segment ¢; is also the noise affecting one error signal of
the DPLL FE;, hence EZ- = ;. This for instance holds for all the four DPLLs in the
old architecture.

In the new architecture the error signals are combined by the matrix M to
calculate the error signals of the DWS signals. In this process uncorrelated noises
as shot noise and electronic noise add quadratically, while correlated noises as RIN
add linearly. The signal also adds linearly.

For the LPS (or z) signal, E, = 1(Ea + Eg + Ec + Ep). The factor 1 is not
relevant for the C/Ny and will be neglected. The resulting RMS is four times that of
the single segment, hence RMS, = \/2npeti172. This leads to the noise contributions

@shot, T — q(ll —_i_EQ) (713)
Thet?1%2
2 ten
Pon, 0 = —— (7.14)
2Mhet 172
7252 | 7252
. 1Ty 1575
RINg = 4| ————== 7.15
PRI 2Mhet 172 ( )
5 7} 475
902f—RIN r = ! 8 2 . (716)
These give a total x phase noise of
B — 2q(iy + is) + 4%33 + e T (7.17)
2Mhet 172 8

This signal has the same level of RIN as a single channel, but half of the shot noise
and electronic noise. The improvement factor depends on the exact contribution of
each noise source. In the inter-satellite interferometer (ISI), which is dominated by
electronic and shot noise, this improvement is very close to a factor 2.
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7.1 The old and new QPD tracking architecture

This advantage is even bigger for the angualar signals «, 5 and ¢, as RIN partially
cancels out in the combination of the error signals. Focusing for simplicity only
on the case of DWSv (or ), the phase contributions of 1f-RIN and 2f-RIN are
described in equations (5.23, 5.24),

The noise contributions are hence

- q(i +i2)
A 2 7.18
Pehot, £ Thet 1172 (7.18)
2len
Qpen, 8 = Y (719)
V 2Mhet 12
Q1f-RIN 8 = (7.20)
D2f-RIN 8 = (7.21)
and the error signal’s noise is

R 20(i1 + 7o) + 472 + 4(3272 + i272) sin?(1k,0 =2 | 2

Fy - \/ q(iy + 12) i2, (zir_.1 i572) sin”(5k10) 7% 4 73 sin?(md).  (7.22)
2Mhett1l2

The same holds mutatis mutandis for the horizontal DWS. Regarding E., for this
peculiar signal combination RIN vanishes independently on the angle, giving an
error signal noise of

EE _ \/2Q(Zl + Z2) j_ 4i(2en ] (723)
2Mhet 172
Signal | Shot noise  Elec. noise 1fRIN 2fRIN Total Impr.
Segment | 2.52 x 107* 2.80 x 107* 4.25 x 10 1.50 x 10~® | 3.79 x 1074 -
x 1.26 x 107 1.40 x 107% 4.25x107° 1.50 x 107% | 1.93 x 10~* | 1.96
a& B [126x107% 1.40x107% 1.31 x 1072 4.61 x 10713 | 1.88 x 107 | 2.01
€ 1.26 x 107*  1.40 x 10~* 0 0 1.88 x 1074 | 2.01

Table 7.1: Estimation of the individual noise sources and total noise in rad/ VHzfor a
single channel in a QPR in the ISI, representing the old architecture and for the longitudi-
nal z and angular signals «, 3, € representing the new architecture. The old architecture
estimation is based on equations (7.8, 7.9, 7.10, 7.11, 7.12). The estimations for x are
based on equations (7.13, 7.14, 7.15, 7.16, 7.17). The estimations for o and ( are based on
equations (7.18, 7.19, 7.20, 7.21, 7.22). The estimations for € are based on equations (7.18,
7.19, 7.23). The following values are assumed: power values for the RX and TX beam
from Table 6.1, iy = 2 pA/vHz, k1 = 2842 rad/rad from Table 5.4, 7, = 75 = 3 x 1075,
These values are taken from [30]. € is assumed to have an exaggerated value of 10 nrad.

It is important to stress that the output LPS and DWS signals of the old ar-
chitecture and new architecture have the same SNR. The advantage of the new
architecture is that the improved SNR of the error signals makes the DPLL more
robust locks and gives a lower probability of cycle slips. These slips occur when the
phase error between input signal and NCO exceeds +0.5 cycles, driving the PI servo
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Signal | Shot noise  Elec. noise 1fRIN 2fRIN Total Impr.

Segment | 1.89 x 1078 1.90 x 107 3.50 x 10=7  1.50 x 10=% | 2.70 x 1076 -
x 9.45x 1077 952 x 107" 3.50x 107° 1.50x 107% | 1.39 x 107¢ | 1.95
a& B | 1.26x107* 1.40x 107% 8.04 x 10712 345 x 10713 | 1.34 x 1076 | 2.02
3 1.26 x 107*  1.40 x 10~* 0 0 1.34 x 107% | 2.02

Table 7.2: Estimation of the individual noise sources and total noise in rad/ vHzfor
a single channel in a QPR in the TMI, representing the old architecture and for the
longitudinal x and angular signals «, 3, € representing the new architecture. The old
architecture estimation is based on equations (7.8, 7.9, 7.10, 7.11, 7.12). The estimations
for x are based on equations (7.13, 7.14, 7.15, 7.16, 7.17). The estimations for « and /3
are based on equations (7.18, 7.19, 7.20, 7.21, 7.22). The estimations for ¢ are based on
equations (7.18, 7.19, 7.23). The following values are assumed: power values for the LO
and TX beam are 1.34 pW and 40.1 pW respectively, ten = 2 pA/\/E, k1 = 2268 rad/rad
from Table 5.4, 71 = 75 = 3 x 1078, These values are taken from [30]. @ is assumed to
have an exaggerated value of 10 nrad.

to find stability one or more cycles apart. This concept is explained in more detail
in [38, section 4.1]. One of the main cause is a low C/N density ratio, which leads to
higher phase error and higher likelihood that such a process takes place. Therefore
the improved C/N density ratio given by the new architecture would reduce the
frequency of such events.

The current baseline for LISA is to implement the new architecture, which is
still awaiting testing in a LISA representative setup. This architecture has been
implemented on the FMC PM parallely to the old architecture by Pascal Grafe and
it has been successfully tested to work on a split test using electric input signals
in [9, section 4.7]. During this chapter I will describe the first testing of the new
architecture done with input optical signals.

7.2 Experimental Testing with Optical Signals

TDOBS is the best available facility at AEI to test the new architecture, as the other
experiments like the Hexagon (see [68, 83]) lack the possibility of actively tilting the
laser beams. A similar measurements was performed by [9, Section 4.7] by inputting
electrical signals to the PM.

7.2.1 Setup

The measurement setup is as when measuring the performance of TDOBS in Subsec-
tion 5.4. The RX-GB & LO beam interference was measured using the REFQPDs,
as the SCIQPDs are affected by straylight. This measurement was performed when
the REFQPDs were still featuring the OpAmp-based TTA #1 and the PM temper-
ature conditions are that of the Feedback AC circuit in Figure 5.17. The used beam
powers are of the order few pW per segment per beam, which is the highest power
that the QPR can handle. The used heterodyne is 5 MHz. A further test at a higher
frequency as 25 MHz makes little sense given the performance of TDOBS at such
frequency (see Figure 5.25).

During the measurement the RX-GB beam was aligned to its nominal position
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7.2 Experimental Testing with Optical Signals

and the actuators were still. A null measurement was synthesized by taking the
difference the measurements by REFQPD1 and REFQPD2. In [9, Section 4.7] two
separate measurements were done: one with no input signal and one with a 10 mHz
phase modulation injected into 5. In TDOBS such modulation is not possible as it
would require to continuously move the step actuators. However, the phase stability
of each beat note in TDOBS is much lower than that of an electrical signal. The
used loop gains are reported in Table 7.3. The gain value for the x signal is kept the
same as in the old architecture. The gain values for the angular signals was chosen
as the highest gain for which the loops were locking.

Architecture | P 1
old 15 5
new, r 15 5
new, a, 3,¢ | 14 4

Table 7.3: Proportional and Integral gains used for the new architecture measurement

7.2.2 Results

The plots use the same notation as in Subsection 5.4, where REFQPD 1-2 indicate
the differential DWS and LPS measurements, plus ”Old” and ”New” indicate if the
old or new architecture was used.

Figure 7.4 shows the PT corrected LPS measured by REFQPD1. Its noise level
is dominated by the OPD loop’s performance. The measurement by the new archi-
tecture matches that of the old architecture. This result is expected as the z loop
in the new architecture is identical to any loop in the old architecture.

Figure 7.5 shows the PT corrected and not PT corrected LPS measured by
REFQPD 1-2. The PT correction in the old architecture gives a moderate improve-
ment of the LPS performance around 100 mHz. The non PT-corrected differential
LPS signal from the new architecture gives the same spectrum as that from the old
architecture. On the other hand, the PT corrected differential LPS signal almost
sees no improvement if not around 1 Hz.

The performance reached by the old architecture is limited by thermoelectronic
phase noise up to ~ 70 mHz and electronic and shot noise after 100 mHz. The
measurement by the new architecture matches that of the old architecture. This
result for the non PT-corrected LPS is expected as the x loop works in the same way
as the old architecture. The lack of improvement for the PT corrected differential
LPS is not expected and will be the target of further investigation.

Figure 7.6 shows the measured DWS noise from REFQPD1 with and without PT
correction. For frequencies lower than 100 mHz the DWSv and DWSh curves agree,
stating that the new architecture is capable of tracking the beam’s angular motion.
For frequencies higher than that an additional white looking noise contribution at
a ~ 5 prad/ VHzappears exclusively in the new architecture’s outputs.

Figure 7.7 shows the measured differential DWS noise with and without PT
correction. The same holds as for Figure 7.6, as the DWS outputs from the new
architecture are limited by a white looking noise contribution at a ~ 5 prad/ VHz.

This is highlighted better in Figure 7.8, which shows the differential DWSv noise
from the old and new architectures with and without PT correction. For both the
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Figure 7.4: Plot of the LPS noise measured by REFQPD1 with both old and new
architecture.
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Figure 7.5: Plot of the differential LPS noise, with and without PT correction.
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Figure 7.6: Plot of the DWS noise from REFQPD1 with and without PT correction.
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Figure 7.7: Plot of the differential DWS noise with and without PT correction.
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old and new architecture the PT induces almost no change in the performance. The
new architecture’s output manifests a white noise contribution visible from ~ 70
mHz, which is independent of the PT correction.

TDOBS performance RX-GB LO: NEW and OLD architecture
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Figure 7.8: Plot of the differential DWSv noise from the old and new architectures with
and without PT correction.

These results are in line with what found in [9, Section 4.7], where the output of
the new architecture is affected by a white noise at high frequencies. The suspected
cause is a flawed implementation in the FPGA. Such noise is still well within the
requirements for LISA.

7.3 Conclusion

A new concept of DWS tracking from a QPD was tested for the first time with
optical input signals representative of the TMI in LISA. The obtained DWS and
LPS performance is limited by experimental noise for frequencies lower than 100
mHz. For higher frequencies, the performance is limited by a white noise which
is suspected to come from a faulty implementation of the architecture itself in the
FPGA. Overall, this architecture not only is able to readout the same signals as
the old architecture, but also reaches a performance which is very well within the
requirements for the TMI.
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Chapter 8

Summary, Future Improvements
and Conclusions

8.1 Summary

LISA will be the first space-based GW observatory, aiming to detect GW in the
10~*—10"! Hz band. The detection principle is to measure the displacement between
free-falling test masses (TMs) separated by millions of kilometers using heterodyne
interferometry. The required displacement sensitivity for detecting GWs is of the
order of pm/ VHz. To reach such sensitivity, many technical challenges have to be
solved, such as the weak-light condition and the coupling of the angular jitter of the
spacecraft and TMs to the interferometrically-measured longitudinal displacement,
or tilt-to-length (TTL).

The weak-light condition, due to a combination of limited power of the laser, lim-
ited size of the telescope and separation between the spacecraft, causes the detected
signal to be very small in amplitude. An extremely low-noise heterodyne readout is
needed to maximize the signal-to-noise ratio. The pivotal elements in the detection
chain are a low capacitance QPD and the trans-impedance amplifier (TIA). LISA’s
quadrant photoreceivers (QPRs) are planned to use a transistor-based TTA with a
noise level lower than 2 pA/v/Hzdeveloped at AEL

A key feature for the mitigation of TTL is the use of differential wavefront-
sensing (DWS), which allows the estimation of the occurring tilt angles with a
sensitivity of nrad/v/Hz. This information is used both in the drag-free attitude
control system (DFACS) to maintain the alignment of the constellation and of the
moving optical subassemblies (MOSAs) and of the test mass (TM), and in post-
processing for the subtraction of TTL.

The first chapter of this thesis provides an overview of general relativity, gravita-
tional waves and the key features of the Laser Interferometer Space Antenna (LISA)
mission that are relevant to the scope of this work.

The second chapter describes Gaussian beams, heterodyne interferometry, imag-
ing systems (ISs), and the relevant QPR signals. A detailed model of DWS was
developed, allowing the DWS signal of an interferometer to be derived analytically
under specific conditions or numerically in a general case. This model was suc-
cessfully verified with the calibration of TDOBS and was used during the thesis to
predict the DWS signals in the ISI and TMI in LISA. Furthermore, the model also
provides the heterodyne efficiency of each QPD segment as a function of the tilt
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angle, which is a relevant parameter entering the calculations of the LPS and DWS
noises.

The third chapter, after a short introduction about TTL and its mitigation
strategies in LISA, describes the TDOBS experiment, an ultra-stable Zerodur®
testbed representative of LISA’s optical bench (OB). This testbed consists of two
main baseplates, the LISA-OB simulating an OB in LISA and the TS, providing
beams representative of either the ISI (the RX Flat-Top beam) or the TMI (the
RX-Gaussian Beam). This experiment was upgraded from a kHz heterodyne in-
terferometer - which was already successful in testing TTL mitigation via imaging
systems - to a LISA-representative MHz heterodyne interferometer. The upgrade
consisted of

e Upgrading the modulation bench (MB) to generate three beams with variable
~MHz frequency differences between them.

e Upgrading REFQPD2 and the REFSEPD.

e Designing new and dedicated mechanical mounts to hold the TTAs, which must
be placed as close as possible to the PDs.

e Upgrading the TIAs of the QPRs to amplify beat notes up to 30 MHz. This
was done using low-noise TTA designs; among these is a transistor-based TITAs

model based on the design of LISA’s QPR with equivalent input current noise
lower than 2 pA/v/Hzbelow 15 MHz.

e Installing a MHz compatible DPLL-based phasemeter (PM). This PM imple-
ments the classical architecture of DWS signal tracking together with a novel
architecture.

e Realizing additional second-stage amplifiers to taylor the beat note’s amplitude
to the ADC range.

e Installation of a thermal shield around the two baseplates.

The tdobs-control software was upgraded with new actuation routines to perform
the beam motions necessary for the calibration procedures.

The fourth chapter describes the calibration procedure followed in TDOBS. This
can be summarized as

e Calibration of the DPS signal of the RX beams on an externally added QPD,
the AUXQPD. The DPS signal is a one beam DC signal used to recover the
beam’s position. This QPD can be shifted laterally to calibrate the DPS. This
step allows to measure the RX beam’s angles using an optical lever.

e (Calibration of the DPS signal of the RX beams on the fixed QPD in TDOBS.
The RX beam can be tilted using the actuators on the telescope simulator

(TS).

e (Calibration of the DWS signal of the RX beams interfered with the LO beam.
The DWS is a 2-beam interferometric signal representative of the beam’s angle.
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A novel calibration technique was developed for the DWS signals involving the RX-
FT beam. This was necessary due to the fact that the 1 mm diameter REFQPDs
are insensitive to the DPS signal of the RX-FT beam, making the control of its
position unfeasible. This technique exploits the fact that the rotation of a flat beam
is independent of the rotation pivot. A data analysis pipeline was developed in
MATLAB to be able to ingest, process, and analyze TDOBS data.

The fifth chapter is split into three parts. The first part derives the requirements
to be tested on ground in order to validate LISA’s planned performance. As LISA
uses four QPRs per interferometer, the requirements are broken down into

e QQPD-level requirements, i.e. the performance which each QPD has to achieve,
and

e OB-level requirements, i.e. the performance that the four combined QPDs
have to achieve, with this last one being more stringent.

Equivalent requirements for TDOBS are derived by comparing the DWS gains of
LISA and TDOBS. The second part focuses on the noise sources in TDOBS, and
provides a noise budget of the experiment. The third part reports the achieved
sensitivity in three different test configurations which simulate the sensitivity of
DWS to either TM or spacecraft rotations in LISA:

1. RX-GB & LO beams on the REFQPDs
2. RX-FT & LO beams on the REFQPDs
3. RX-GB & LO beams on the SCIQPDs

Due to the motion of the RX beam caused by the thermal drift of the actuators, the
performance measurements require the use of two QPDs placed in optical copies.
This allows to synthesize a virtual null measurement. The sensitivity limitations
of the TDOBS are heterodyne frequency dependent. These noise limitations are
understood for low heterodyne frequencies in the LISA heterodyne band, and are
thermoelectronic phase noise for frequencies lower than 100 mHz, and a combination
of shot noise and electronic noise for frequencies higher than 100 mHz. The DWS
noise at higher heterodyne frequencies in the LISA heterodyne band is higher than
the noise budget predicts and not fully understood.

Chapter Six reports on two investigations that were conducted using the up-
graded TDOBS testbed and that are highly relevant to the LISA mission. The
results of these investigations address and fill two significant gaps in the current
understanding of the DWS performance. The first is a test of the DWS sensitivity
of the interferometric detection system (IDS) at various light-power levels, including
and going beyond the weak-light conditions - roughly 100 pW of RX beam power
at the QPD - of the ISI. The DW§\rEquirement was successfully achieved in terms
of DWS sensitivity at the QPD (DWS < 150 nrad/+/Hz) and in terms of additive
phase noise due to the PM (@py < 23.6 prad/v/Hz) in the frequency band 1mHz-
1Hz. Crucial for this goal was the development of the low-noise transistor-based
TTA.

The second investigation is the analysis of DWS noise as a function of the tilt
angle of the measurement beam, which is meant to validate that the required DWS
sensitivity is also achieved when the interferometer configuration departs from the
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iggja/l case. The current requirement in LISA is that the QPD-level requirement of
DWS < 150 nrad/v/Hzhas to be reached in an angular range of +405 prad. The
DWS performance was verified to comply with this requirement in the significantly
larger tilt range of +1.5 mrad.

Finally, chapter Seven reports the motivation and the experimental results of the
use of a novel architecture for tracking the heterodyne signals from a QPD. This
architecture tracks combinations of the error signals from the QPD, outputting
the DWS signals directly. The equivalence of the two architectures is discussed
and verified in a simulation. Analytical estimations are performed, showing the
partial noise cancellation of common-mode noises as RIN, and reduction of the
signal’s dynamics due to cancellation of frequency noise. Therefore, such a scheme
is expected to be more robust and less prone to cycle slips, as the tracked error
signals have a higher SNR. Last, this architecture was successfully tested with the
use of optically-generated input signals.

8.2 Improvements and Future Projects

Future improvements of TDOBS include first the mitigation of the DWS noise at
high heterodyne frequencies. This would allow to perform the investigations carried
out in this thesis in the whole LISA heterodyne band. This requires the mitiga-
tion of thermoelectronic phase noise, which is currently the limiting noise source for
frequencies below 100 mHz at low heterodyne frequencies. The current measure-
ment chain uses QPR located inside the vacuum chamber (VC), while the AC-DC
splitters and the PM are placed in air. If this configuration is maintained, a better
thermal isolation of the PM and AC-DC splitters is needed. Alternatively, the AC-
DC splitters dedicated to the REFQPDs could be moved to the inside the vacuum
chamber (VC), partially solving the problem. A further improvement would be to
place the whole electronics in vacuum. A project recently started by Pascal Grafe
plans to place a technology readiness level (TRL) 6 PM in a second VC, located
in the vicinity of TDOBS. Such PM already includes a variable gain controller for
signal pre-conditioning, requiring no use of the AC-DC splitters. The use of such
PM in TDOBS could possibly extend the performance of a few nrad/ VHz, currently
reached by TDOBS at the high frequency, down to mHz. Furthermore, the higher
number of channels would allow the simultaneous use of REFQPDs and SCIQPDs.

Another significant issue which is affecting mostly the measurement procedure is
the thermal drift of the piezo step actuators. Their drift, due to mostly temperature
variations, requires to measure DWS using two QPDs placed in optical copies. This
drift was never a limitation to the DWS sensitivity in all measurements, except
when using the Flat-Top beam. A direct noise impact of reducing the drift is hard
to compute, but this could be done relatively easily by replacing the piezo step
actuators with simple piezo actuators, allowing the use of a feedback loop using e.g.
REFQPD2 to keep the RX beam centered on REFQPD1, and hence measuring the
DWS stability using REFQPD1 or the SCIQPDs.

A further issue that can be improved is the lack of a QPD capable of measuring
the DPS signal of the RX-FT beam on the TS, which limits the control on its
position. This is needed to perform any kind of measurement using he RX-FT beam,
starting from a precise calibration. The calibration method used during this thesis,
which relied on rotating the RX-FT beam not around the RX-clip, was sufficient,
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but could be improved. This issue can be solved by adding a large silicon QPD.
Such a QPR was already been designed by the Author, but was not installed yet.

The current implementation of the new architecture on the PM, which is affected
by an ununderstood white noise at a level of a few nrad/ V/Hz, has to be improved.
The removal of such issue would allow a full test of the new architecture, validating
it as the only architecture to be used in LISA.

Last, the use of the SCIQPDs is still not possible due to a yet unidentified source
of straylight. To ease its identification, Gerhard Heinzel recently developed a circuit
that converts the PM’s output into an audio signal. This can be used to ’listen’ to
the output of the interferometer while softly hitting the optical components of the
interferometer. As the straylight culprit is hit, it is expected to cause a considerable
audio signal, whereas all other optical components should have a minor influence
on the audio output. Once this issue will be solved, it will make sense to upgrade
the SCIQPDs to the better performing transistor-based TIA and perform the noise
investigations using the SCIQPDs. Furthermore, within a short timeframe, the AEI
will receive a few models of the LISA-QPDs from SRON. The current plan is to use
them as SCIQPDs.

8.3 Takeaways for LISA

Two key insights emerge from this thesis. First, TDOBS has proved that the tele-
scope simulator (TS) is an excellent OGSE for the calibration of DPS and DWS
signals in an interferometer. A similar device, or a similar method, could poten-
tially be used to calibrate the DWS signals in the three LISA spacecraft before they
are sent to space. For such a task, an OGSE delivering tiltable flat-top and Gaus-
sian beams would be needed to inject a) a plane wave, either at the telescope or at
the RX-clip for the ISI and b) of a Gaussian beam for the TMI. Such calibration
would be a pre-test of the calibration that LISA would undergo once in space. The
comparison of the two calibrations could give vital information about the effects of
the launch’s vibrations on the spacecraft.

Second, the numerical simulations of the heterodyne efficiency (see paragraph
2.3.3) suggest it might be preferable to minimize the wavefront mismatch between
the beams in LISA. In the current beam parameter range, the maximum relative-
wavefront-mismatch is |p| = 0.469. Such a mismatch would imply, together with a
reduction of the maximum heterodyne efficiency, the disadvantage that the hetero-
dyne efficiencies of the IFMs at individual quadrants of a QPDs would be maximum
at grossly different beam tilt angles. For |p| = 0.469, the deviation would be 800
prad. In such a configuration, the segments would have significantly different SNRs,
and the angular dependence of DWS noise is expected to worsen, as the noise would
be dominated by that of the segment with lowest SNR. The recommendation is to
have an as small as possible wavefront mismatch.

Apart from this potential issue, the work presented in this thesis has demon-
strated that LISA’s interferometric detection system (IDS) can utilize DWS to
achieve the required angular measurement sensitivity, even under the expected con-
ditions during flight of weak received light and misaligned measurement beams.
Consequenty, DWS is validated as a method to both provide the error signals for
the spacecraft’s active control and enabling post-processing subtraction of TTL.
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8.3 Takeaways for LISA

Acronyms

AEI Albert Einstein Institute

ESA European Space Agency

NASA National Aeronautics and Space Administration
SRON Netherlands Institute for Space Research
Nikhef Nationaal Instituut voor subatomaire fysica
GR general relativity

GW gravitational wave

TT traceless transverse

TDOBS tilt-to-length coupling and DWS Optical Bench Simulator
TS telescope simulator

LISA-OB LISA-Optical Bench

MB modulation bench

FIOS fiber injector optical sub-assembly

CQP  calibrated quadrant photodiode pair

IS imaging system

TTL tilt-to-length

OS optical system

VC vacuum chamber

REFQPD reference QPD

SCIQPD science QPD

AUXQPD auxiliary QPD

REFSEPD reference SEPD

TRL technology readiness level

LISA  Laser Interferometer Space Antenna

IDS interferometric detection system

DFACS drag-free attitude control system

OB optical bench

MOSA moving optical subassembly

194



8.3 Takeaways for LISA

OATM optical assembly tracking mechanism
GRS  gravity reference sensor

PAAM point-ahead angle mechanism
BAM beam alignment mechanism

T™ test mass

ISI inter-satellite interferometer
TMI test mass interferometer

RFI reference interferometer

TDI time delayed interferometry
OGSE optical ground support equipment
PMS  phase measurement sub-system
MOFPA master oscillator fiber power amplifier
NPRO non-planar ring oscillator

IFM interferometer

BS beam splitter

PBS polarizing beam splitter

HWP half waveplate

QWP quarter waveplate

PD photodiode

SEPD single element photodiode

QPD  quadrant photodiode

QPR quadrant photoreceiver

PR photoreceiver

EOM electro-optical modulator

AOM acousto-optical modulator
TEM,, transverse electromagneticy

RoC radius of curvature

DWS differential wavefront-sensing

LPS longitudinal pathlength sensing
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8.3 Takeaways for LISA

DPS differential power sensing
OPD  optical pathlength difference
RIN relative intensity noise

InGaAs indium gallium arsenide

TTA trans-impedance amplifier
TF transfer function
SG signal generator

ADC analog to digital converter
PM phasemeter

OpAmp operational amplifier

PCB  printed circuit board

FEE front-end Electronics

BEE back-end electronics

LPF low-pass filter

MELF metal electrode leadless face
SPICE simulation program with integrated circuit emphasis
SVIN  small vector noise

DPLL digital phase-locked loop

NCO  numerically controller oscillator

PA phase accumulator
PI proportional-integral
PIR phase increment register

LUT look up table

FPGA field-programmable gate array
FMC  FPGA mezzanine card

PT pilot tone

RF reference frame

FIR finite impulse response

PSD power spectral density
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8.3 Takeaways for LISA

ASD amplitude spectral density

LASD logarithmic amplitude spectral density
FFT fast fourier transform

C/N  carrier-to-noise

C/No C/N density ratio

SNR  signal-to-noise ratio

RMS root mean square
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Appendix A

Small Vector Noise

Small vector noise (SVN) occurs when a signal is contaminated by another much
smaller signal. This is for instance the case of straylight interfering with the mea-
surement beams or crosstalk in electronics. Let the beat note signal and the parasitic
signal be described by the phasors

signal — g st s .
Agignal(t) = Agell@st+es) (A1)
Aparasitic(t) = Apei(w5t+<pp)' (A?)

The measured phasor is

Ameas (t) = Asignal<t) + Aparasitic (t)
= A et wsttes) +Apei(wst+<pp) (A.3)
— ei(wst‘i‘(ﬂs)(As + Apei(@p_Sps))'

The time component e™s! will from now on be omitted. The amplitude of the
parasitic signal will be assumed to be much smaller than the amplitude of the signal,
Ap < Ag. The amplitude and phase of the new signal are

| Avmens| = \/Ag + A2 + 24, A, cos(ps — @) (A.4)

AP Sin(@p — ‘ps) )
. A5
As + Ap cos(ipp — ) (A.5)

arg(Ameas) = s + atan2 <

By assuming A, < A, this then becomes

A
arg(Ameas) = ps + 2 (2p = ¢4)- (A.6)
The phase error is hence
Ap
A@err, SVN — arg(Ameas) - arg<Asignal> = K(@p - st) (A7>

In the case of electrical crosstalk between two beat notes the parasitic signal
is going to be one beat note multiplied by a crosstalk coefficient ¢. In DWS such
two beat notes could be provided by a QPD and have very similar amplitudes
Ax = Ap = Ac and having strongly correlated phases, as ¢4 = pp = —p¢ for
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Small Vector Noise

vertical DWS. A and B would produce no cross coupling as the phase difference is
zero, while between A and C the coupling is

Asignal(t) = AAei(wSt+¢A) (A8)
Aparasitic@) =cC: ACei(WStJNpC) (A9>
AQperr7 sVN = —2c PA, (Alo)

which would in principle allow to correct the phase error, if the constant ¢ is known,
as

pa=(1420"" Pmeas. (A.11)

In the case of straylight, the phase dynamics of the parasitic signal can be totally
unrelated from that of the signal. What is sometimes observed is an oscillating value
of ¢p, as ¢, = k - sin(wpt + ¢, 0). This causes small sinusoidal phase oscillations
around the signal’s phase and well describes the plot in Figure 5.8, left.

A
Aperr, syn = atan2 (Ip(k -sin(wpt + ¢p, 0) — gps)> (A.12)

Depending on the specific values of k and wj, this might relatively be strong enough
or in the detection bandwidth to be seen in frequency domain.
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Appendix B

Electronics’ Schematics

This Appendix contains the design of the TTA circuits mentioned in Section 3.3.2
and Paragraph 3.3.2, as well as the schematics of the AC-DC splitters mentioned in
Section 3.3.3.
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Electronics’ Schematics
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Figure B.1: Schematics of the OpAmp based TIA, labeled #1.
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Electronics’ Schematics
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Figure B.2: Schematics of the transistor based TIA, labeled #2.
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Electronics’ Schematics
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Schematics of one channel of one AC-DC splitter.

Figure B.3
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Appendix C
DPS calibrations from TDOBS

The here shown curves are all fit with polynomials of some order n
y(x) = szl’l (C.1)
=0
The obtained parameters p; and the relative errors are reported in the associated
tables. This Appendix report, in order, the DPS calibrations of the
e AUXQPD, RX-GB and RX-FT beams,
e REFQPDI1, RX-GB,
e REFQPD2, RX-GB,
e CQPD2, RX-GB and RX-FT beams.
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DPS calibrations from TDOBS

RX-GB AUXQPD DPSh calibration
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Figure C.1: Calibration plot of the DPS signal of the RX-GB (above) and RX-FT
(below) on the AUXQPD. The fit parameters are reported in C.1 and C.2.

g RX-GB @ REFQPD1 DPSv calibration g 1 RX-GB @ REFQPD1 DPSh calibration
= 05 =

C c

() (] 0

g 0 O data % O data
& fit 8 fit

= -05 =1

£ 06 -04 -02 0 02 04 L 06 -04 -02 0 02 04

© © 3

x10~

< 0.02 < 20 s
3 0 I

3 -0.02 @

= .06 -04 -02 0 02 04 =~ .06 -04 -02 0 02 04

raw DPS raw DPS

Figure C.2: Calibration plot of the DPS signal of the RX-GB on REFQPD1. The fit
parameters are in table C.3.
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DPS calibrations from TDOBS

Parameter [mm] Vertical Horizontal

Do 7.4691 £ 0.0006 | 8.8583 =+ 0.0001
1 0.840 £ 0.006 | 0.883e =+  0.006
D2 -1.92 + 0.04 0 =+ 0.04
D3 -1.2 + 0.2 -1.8 =+ 0.2
j 2 34 =+ 0.7 14 &+ 0.7
Ds 25 -+ 3 30 =+ 3
D 29+ 5 93+ 5
p7 -200 £ 18 -218 £ 20
P8 130 =+ 21 130 =+ 20
Do 800 =£ 60 840 =£ 60
P10 300 + 50 | -360 + 45
D11 -1830 £ 120 | -1860 = 120
P12 390 =+ 60 525 =+ 55
P13 2400 =+ 140 2350 =+ 130
D14 -265 =+ 40 -390 =+ 35
P15 -1600 =+ 80 | -1580 =+ 80
P16 7+ 10| 110 + 93
pi7 450 + 2 | 440 + 19

Table C.1: Calibration parameters of the DPS signal of the RX-GB beam on the
AUXQPD.

Parameter [mm] Vertical Horizontal

Do 10.401 £ 0.001 | 9.040 £ 0.001
p1 1.797 £+ 0.004 | 1.750 <+ 0.005
D2 0 == 003]0.025 £ 0.03
p3 28 + 0.2 09 =+ 0.2
D4 1.1+ 06| -33 =+ 0.6
D5 -36 =+ 3 0 =+ 3
De -10 + 5 28 =+ 6
p7 220 =+ 20 -10 + 20
D8 39 + 23| -137 £ 25
) -717 =+ 72 22 + 75
P10 87 £ 60 350 =+ 60
D11 1350 =+ 160 -30 +£ 160
P12 100 =+ 80 | -500 =+ 80
D13 -1500 =+ 200 48 =+ 20
P14 -70 £ 95 370 =+ 60
P15 80 + 130 -64 £+ 130
P16 19 =+ 16 | -110 =+ 17
P17 -200 + 35 3.1 =+ 40

Table C.2: Calibration parameters of the DPS signal of the RX-FT beam on the
AUXQPD.
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DPS calibrations from TDOBS

Parameter [mm] Vertical Horizontal

Do 0.00673 £ 0.00001 | -0.00012 =+ 0.00001
1 1.0374 £  0.0001 1.098 +  0.0001
D2 -0.0185 <+  0.0001 | -0.3197 £  0.0006
D3 1.155 =+ 0.005 0977 =+ 0.003
D4 1.10 =+ 0.01 2534 =£ 0.006
D5 -1.58 £ 0.05 -0.51 =+ 0.02
D6 -2.80 =+ 0.04 -4.71 =+ 0.02
D7 491 &£ 0.15 -0.77 £ 0.06

Table C.3: Calibration parameters of the DPS signal of the RX-GB beam on REFQPD1.

g RX-GB @ REFQPD2 DPSv calibration g 1 RX-GB @ REFQPD2 DPSh calibration
~ 05 =
C c
() [J) 0
5§ 0 QO data & O data
5 fit 3 fit
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© © 3
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Figure C.3: Calibration plot of the DPS signal of the RX-GB on REFQPD2. The fit
parameters are in table C.4.

Table C.4: Calibration parameters of the DPS signal of the RX-GB beam on REFQPD2.

Parameter [mm] Vertical Horizontal

Do 0.00527 £ 0.00001 | 0.007671 £ 0.000001
1 0.9877 £ 0.0001 | 1.09142 4+  0.00001
D2 0.0048 £+  0.0009 | -0.3406 =+ 0.0005
D3 2.836 =+ 0.005 0.284 =+ 0.003
D4 1.24 =+ 0.01 3.119 =+ 0.006
D5 -18.35 =+ 0.05 6.61 =+ 0.02
D6 -4.36 =+ 0.04 -6.59 =+ 0.01
D7 53.48 £ 0.16 -16.72 £ 0.06

raw DPS

Figure C.4: Calibration plot of the DPS signal of the RX-GB on CQPD2. The fit

parameters are in table C.5.
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DPS calibrations from TDOBS

Parameter [mm] Vertical Horizontal

Do -0.009293 4+ 0.00004 | -0.01815 <+ 0.00001
D1 0.9543 £+  0.0001 0.9945 £+  0.0001
P2 0.1305 £  0.0003 | -0.0050 =+  0.0004
p3 0.987 =+ 0.002 -0.610 =+ 0.003
j -1.262 =+ 0.006 093 =+ 0.01
D5 -1.02 + 0.02 127 + 0.04
De 513 =+ 0.05 -9.918 =+ 0.07
p7 68.0 =+ 0.2 -76.3 =+ 0.2
P8 -7.3 £ 0.2 420 =+ 0.3
J2) -2214 &+ 0.6 244.0 =+ 0.9
P10 24 =+ 0.5 -88.9 =+ 0.6
P11 383 + 1 -415 + 2
P12 13.9 =+ 0.5 924 =+ 0.7
P13 -336 =+ 1 355 &£ 1
P14 -8.3 £ 0.2 =375 + 0.3
D15 118.3 =+ 0.4 -119.0 =+ 0.6

Table C.5: Calibration parameters of the DPS signal of the RX-GB beam on CQPD2.

g RX-FT @ CQPD2 DPSv calibration g RX-FT @ CQPD2 DPSh calibration
..GC_). 0.5 (o) ?talta % (0] ?.?ta
| 1
g O £0
S-05 3
5§ 8
g 1 a2
5 -0.4 -0.2 0 0.2 0.4 5 -0.5 0 0.5
1) XZI.O_3 %) X:l.O_3
T 5 R
=} > 0
2 | gy | 3
85 3 -10
= -0.4 -0.2 0 0.2 0.4 = -0.5 0 0.5
raw DPS raw DPS

Figure C.5: Calibration plot of the DPS signal of the RX-FT on CQPD2. The fit
parameters are in table C.6.

Parameter [mm] Vertical Horizontal

Do 0.00088 £ 0.00001 | 0.05551 £ 0.00002
P1 2477 £ 0.001 | 2.3182 £  0.0008
D3 -3.06 + 0.07 1.52 =+ 0.02
D5 45 =+ 2 -11.64 =+ .03
D7 -320 + 24 49 =+ 1
D9 1350 =+ 140 93 + 3
P11 -2500 =+ 270 68 =+ 2

Table C.6: Calibration parameters of the DPS signal of the RX-GB beam on CQPD2.
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Appendix D

DWS calibrations from TDOBS

This Appendix report, in order, the DWS calibrations of the

e RX-GB & LO beams on REFQPD2.
e RX-FT & LO beams on REFQPD?2.

RX-GB LO REFQPD2 DWS v calibration RX-GB LO REFQPD2 DWS h calibration
T 1000 [ 3 oatm g e 5 100 T e
E) 0 5 | Lt
Q@ Q@
D D
& -1000 S -1000
2 0 2 2 0 2

819 g

3 3

o g ©

D o -

C C

© ©

DWSyv raw [rad]

DWSh raw [rad]

Figure D.1: Calibration plot of the DWS signal of the RX-GB & LO beam pair on
REFQPD2. This calibration was realized using phase measurements from the FMC PM

at a heterodyne frequency of 156.25 kHz.

Parameter Vertical Horizontal
p1 [nradrad '] 350 £ 06| 352 + 2
ps [radrad™] | 3.66 £ 0.15| 4.6 £ 04

o [rad] -0.088 + 0.001

0.081 =+ 0.003

Table D.1: Calibration parameters of the DWS signal of the RX-GB & LO beam pair

on REFQPD2 in figure D.1.
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DWS calibrations from TDOBS

RX-FT LO REFQPD2 DWS v calibration RX-FT LO REFQPD2 DWS h calibration
., 500 —. 500
i O data ° O data
i o | — fit é Of | e— fit
g, % -500
 -500 S _1000
0 1 2 3 -2 -1 0 1 2 3

i 3

52 5 0

2 0 o 5

72 5-10

c c _

© ©

0 1 3
DWSv raw [rad] DWSh raw [rad]

Figure D.2: Calibration plot of the DWS signal of the RX-FT & LO beam pair on
REFQPD2. This calibration was realized using phase measurements from the FMC PM
at a heterodyne frequency of 5 MHz.

Parameter Vertical Horizontal
po [nrad] -625.7 £ 0.1 ]-35044 £ 0.07
p1 [pradrad ] 381 + 1] 28582 4+ 0.08
p2 [nradrad 2] 9 + 10 537 + 0.07
ps [nradrad™] | -300 £ 50 0.03 + 0.03
pa [pradrad ™ 860 + 120 -
ps [pradrad™] | -1230 + 140 -
ps [pradrad—°] 970 + 100 -
pr [uradrad™"] | -430 + 40 -
p8 [uradrad ~®] 98 =+ 8 -
po [pradrad™®] | -8.85 4+ 0.7 -

Table D.2: Calibration parameters of the DWS signal of the RX-FT & LO beam pair
on REFQPD?2 in figure D.2.
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Appendix E

Imaging System calculations

This Appendix reports some calculations realized using the ray transfer matrix for-
malism in Section 2.2.

E.1 Propagation of a generic beam through a generic
optical system

This is a totally general calculation for the propagation of a beam with q parameter
qo = i2r + zo through an ABCD matrix.

Aqy+ B
"= Gt D
_ A(izr +2)+ B
~ Clizgp +20) + D
Az + B+iAzg
~ Cz+ D +iCzg
Az + B+iAzg Cx+ D —iCzp
- Cz+D+iCz Czo+ D —iCzp
| AC22 + ADz — iACx5z BCx + BD — iBCz + iAC75+ iADzg + AC2S
B (Czo + D)2 + C?2%
iy zr(AD — BC) AC(22 + 2%) + (AD + BC)z, + BD
(Czy+ D)% + C?2%, (Czy+ D)% + C22%,
=izp + 2,
(E.1)
The new beam parameters are hence
, 2r(AD — BC)
Zr = (OZO T D)Q _’_022}22 (EQ)
. AC(28 + 23%) + (AD + BC)z + BD (£3)

(Czy+ D)% + C223%,
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E.2 Propagation through a generic Imaging System

E.2 Propagation through a generic Imaging Sys-
tem

In case of an Imaging System B=0 and AD=1, and hence equations (E.2) and (E.3)
become
2p = “R
(Czy+ D)% + C?2%
o AC(2§ + 23) + 2o
O (Cz+ D)2+ 0223

It is interesting to calculate from here the spot size of new beam at the exit pupil

(E4)

(E.5)

of the IS. The waist of the new beam is wf = {/22z}. The spot size of the beam at
the exit pupil of the imaging system is

2
/ / Z
wy(zg) = 1+ <ZO>
R
2
=1/ é,ZR 1+ (Z—,)
%R
[ AC(z2 + 22) + 20\
\/ CZ() +D +C2 2 ZR

_ \f i (Dzp)? + (C(2) + 21) + 20D)?
B (Czy + D)2+ C%2% (zrD)?

[ A (Dzg)? + C?(23 + 2%)2 + (20D)? + 2DCz (2§ + 23)
(Czo+ D)% + C22%, 2rD
\f (22 4+ 22)(C2(23 + 23) + 2DCz + D?)
C?(z2 4 2%) + 2DOZO + D? zrD

\/7/z0+zR
B /—z (28 + 2%)A
n 24D

2
= U)oA 1 —+ (j—o) s
R
(E.6)

meaning that the spot size of a Gaussian beam at the exit pupil of an IS is that at
the entrance multiplied by a scaling factor A. In similar fashion a calculation for
the RoC at the exit pupil gives

R() = <1 + (Zf;f)

= A3(C(22 + 23) + A1) (1 + (ZR>2> .
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E.2 Propagation through a generic Imaging System

This is not a function of the RoC at the entrance pupil. It would be if the IS featured
also C=0, being a ’collimating IS’. For such a system

R(z) = A%z (1 + (22_1:)2> .

= AQR(Z())

For such an IS the ABCD matrix takes the form

w3 2)-G )

which is for convenience expressed using the angular magnification. The propagation
through such a system yields

1
Z}z = A2 ZR = wzg (ElO)

1
zy = A? 2 = 5% (E.11)

and

!/ / 1
w'(zy) = Aw(zo) = Ew(zo) (E.12)

1
R (z) = A*w(z) = WR(ZO). (E.13)

E.2.1 AOM double-pass imaging systems

For the realization of the three AOM double-pass reported in Subsection 3.3.1 we
implemented three ISs using a curved mirror placed at a RoC distance from the
AOM. Such topology quickly proved to be better than the alternative using a lens
and a flat mirror. In this way the output beam from the AOM is reflected back into
the AOM itself. The output light is separated from the incoming light by means of
a quarter waveplate (QWP) and a PBS. This concept is illustrated in figure E.1.

diaphram
[ ]

PBS

Figure E.1: Illustration of an AOM double-passesystem using a curved mirror (CM).
The exit beam is separated from the input beam with a QWP and a PBS. The zero
order beam is dumped in the first pass with a beam dump and in the second pass by an
diaphram because of space constrains, as the beam should be fiber coupled in as little
space as possible minimize the effect of the IS’s imperfections.
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E.3 DWS and Imaging Systems

The ray transfer matrix to describe this is

M = Propagation(RoC) - CurvedMirror(RoC') - Propagation(RoC')
_ (1 ROC) ( 1 0) . (1 ROC)
S\ 1 —m= 1) \0 1 (E.14)
B ( -1 0)
=2 1)

Besides this, in the realization of such systems one has to also take care of
the beam profile. AOMs happen to be more efficient for wider beams and when
positioned close to the beam’s waist (so the beam is not opening up too quickly),
as | personally characterized. Provided that the AOM is positioned at the beam’s
waist, by propagating a generic beam of waist wy (and hence Rayleigh-range zg)
and waist position zy one gets, using equation (2.97):

223, RoC
Z(,)(ZR,ROC) = m (E15)
R
zrRoC?
R

For the second pass, equation (E.6) states that the beam spot size at the second
pass will be the same as in the first pass, although the second pass will not be at
the beam’s waist position. This is relieving, as the beam will make it through the
small aperture of the AOM. To minimize the separation between the return beam’s
waist and the second pass, one has to minimize 2. This is happens if either if
zr — 00 or RoC' — oo. As the first option is in conflict with the AOM’s efficiency,
to minimize this parameter one has to pick a big RoC. Because of this, the largest
curved mirror fittable on the MB was chosen, with a RoC of 1.5 m (see figure
E.2). Implementations where the AOM first pass is not at the waist have not been
investigated because the gain would be negligible in comparison to the effort.

E.3 DWS and Imaging Systems

This section supposes the use of a collimating IS described by equation (E.9). Imag-
ing systems only apparently increase the sensitivity of DWS by their magnification.
Let two beams, a measurement and a reference beam, have waist wy , and wy ,,, and
waist positions 2o, and 2 . The measurement beam is free to rotate around a
pivot located at z = zp. Their DWS signal is measured at z = zp with an infinite
radius QPD. The DWS gain at null angle is given by equations (2.133, 2.134).

1+ i Wegk® |14 ip wisk
DWS(G):arg(l_m> azerﬁ( 5 1/1_1_’02) p:ﬁil (E.17)

Wesr and Ry are the known quantities from equation (2.25).

1 N 1 I 1 1 (B.18)
wig  wh(zp)  wi(zp) R Ru(zp) Re(zp) '

If instead of the QPD an IS with angular magnification m is placed with entrance
pupil at z and the QPD is positioned at the exit pupil of the IS, then
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Figure E.2: Layout of the MB.
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E.3 DWS and Imaging Systems

e the angle of the measurement beam is magnified ¢’ = m6. In this step it is
assumed that the resulting angle 0’ is still reasonably small in order to perform
a linear expansion as in equations (2.120, 2.121).

e the new DWS signal DWS’ can be calculated by applying equations (E.12,

E.13)

1 m? m? m?
— = — E.19
o wh () T wken) w1

1 2 2 2
o = Rm - Rm - (E.20)

rel m\ZP (s ZP) Rrel

2 92
,  wipmk
_ Ye v = E.21
V= R p (E.21)
wgkd |1+ 1ip

"= erfi | 1/ = E.22
Qo er < 9 T+ p’2> o ( )
DWS'(¢') = DWS(0) (E.23)

This argument does not hold anymore if the QPD has a size comparable to that
of the beam. Placing an IS is advantageous for other reasons, as compressing the
beam allows to use a smaller QPD, which has lower capacitance (see equation (3.4))
and hence the QPR has lower electronic noise (see equation (3.5)).
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