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Abstract

The Einstein Telescope (ET) group at ECAP works on building a phase camera that can use 1D
and 2D fiber pixel arrays to measure the geometric phase differences between two superimposed laser
beams consisting of a carrier signal plus symmetric frequency sidebands, and a reference signal for
heterodyne detection. The goal of this master’s thesis was to design and construct an optical setup for
the phase camera and a framework to allow for the comparison between phase data recorded with the
2D array and expectations according to theory. The finalized laser setup and its limitations and the
challenges in designing it will be discussed. The setup achieves the desired functionality and includes
an adjustable telescope section through which a broad bandwidth of different laser beam shapes can
be created for studying phase configurations. First measurements present a good correlation between
simulation and measurements for large laser beams and a poor correlation for small beams, as expected.
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1 Introduction

Astronomy and astrophysics have come a long way over the course of the last centuries. From the first
optical telescopes to the expansion of the detectable electromagnetic spectrum ranging from radio [1]
to ultra high energy gamma rays [2], to the detection of neutrinos and cosmic rays, our knowledge of
the universe has continuously expanded [3]. In 1916, Albert Einstein published his theory of general
relativity (GR) and set the stage for the eventual discovery of a fourth astrophysical messenger [4].
It would take almost 100 years until his theory on gravitational waves (GW) would be finally proven
correct. On September 14th, 2015 at 09:50:45 UTC, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) discovered the first identifiable gravitational wave signature in history through
the usage of two gigantic advanced Michelson interferometers located on opposite sides of the United
States of America. This was the event GW150914, created by a binary black hole merger [5]. The
basis provided by LIGO and other early ground-based GW observatories enabled the conception and
design of a next generation of much more sensitive GW observatories that are expected to resolve GW
signatures originating from distances so far away that their redshifted signals carry information on the
early universe. One of these next gen observatories is the so-called Einstein telescope (ET) [6]. Being
based on Michelson interferometers, a GW observatory exploits marginal phase shifts of laser beams
created by faint GW signals distorting space-time around them. However, their magnitude is so faint
that in order to detect them it requires interferometer arms with lengths of many km that basically
act as giant amplifiers of distortable space [4, |5]. This in turn also means that any otherwise negligible
noise sources like gravitational gradients created by seismic motion, or quantum noises created by
the laser light itself are present in raw signals and must be suppressed to an enormous degree, which
requires a precise control of the setup [4]. Therefore, GW observatories incorporate advanced control
systems that verify and allow precise settings for optimal resolution of signals [7]. The usage of phase
cameras that can demodulate the signal of multiple superimposed laser beams provides a powerful tool
for diagnostic purposes [8]. As such they are not only used to simply detect a single main signal, but
are also applied in all sorts of control sections. The development of phase cameras is thus of interest
for advancing the sensitivity of GW detection apparatuses [4, 6].

The purpose of this thesis is to assists in the development of a new proof of concept phase camera
that the ET group at ECAP is working on, by designing and constructing an optical setup that is
based on a control loop that is utilized in gravitational wave observatories, and providing detailed
characterization through calculations and phase simulations. It will reveal the correlation between
theory and measurements for multiple types of different laser beams and how their shapes affect the
effectiveness of the first working version of the phase camera in accurately reconstructing laser phase
profiles.

The thesis starts with Section 2l delving into the relevant physics regarding gravitational waves, details
on ET and the goal of the ET group at ECAP, followed by the extends of geometric optics theory
required for this work. Section [ discusses the optical setup, and the challenges and limitations in
its design and construction. In Section M the graphical interface for conducting phase simulations
is introduces and in Section [5, measurements taken with the first version of the phase camera are
compared to simulations. The conclusion follows in Section [Gl



2 Background and theory

2.1 Gravitational waves

The detection of gravitational waves (GW) provides a useful addition to multimessenger astronomy
and a promising method for acquiring deeper knowledge about the early universe. Not only will the
combination of GW detections with electromagnetic, neutrino and cosmic ray observations yield a
more detailed picture of various energetic phenomena in general, it also allows for the explorations of
events with much higher redshifts than currently possible, and thus to obtain a look much farther back
in time. This will allow for the investigation of the properties and evolution of primordial objects,
and also provide the basis for the evaluation of cosmological parameters such as the Hubble constant,
or the the dark energy equation of state. The next generation GW observatories Einstein Telescope
(ET) and Cosmic Explorer (CE) are designed to detect binary neutron star (NS) merger events with
redshifts up to z ~ 5 for ET, and z ~ 10 for CE, which allows for a coverage of the entire epoch at
the peak of star formation at z ~ 2. In comparison, current generation GW observatories are only
expected to be able to resolve events with redshifts up to z ~ 0.2. Additionally to NS-NS mergers that
have a mass of a few Mg, ET and CE are slated to be able to observe mergers of binaries with larger
masses, that are typical for mergers involving black holes (20 Mg — 100 M), at redshifts of z ~ 20
and higher [9, (6].

2.1.1 Gravitational wave theory

Gravitational waves (GW) are a consequence of Einstein’s theory of general relativity (GR). Equation
provides a metric that describes the distance between two events in a curved, four dimensional
spacetime. The curvature of spacetime is described by a symmetric tensor g, with index 0 for time,
and indices 1, 2, 3 for each dimension in space [4].

ds? = g, dr* (1)

GR postulates that the presence of mass bends the fabric of spacetime. The Einstein tensor G,
represents the relation between spacetime and matter:
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with gravitational constant G, vacuum speed of light ¢, Ricci tensor R, and Ricci scalar R, and
the stress energy tensor T},
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with the Christoffel’s symbol Ff)u that describes the shortest curved distance between two points:
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In the vacuum case, i.e. in the absence of mass, the stress energy tensor T), in Equation [3] and
Equation 2] reduces to 0. The same applies to the Ricci tensor R,,. If there is a change in matter
distribution, then these tensors change which leads to a perturbation of g,, by the variation induced
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spacetime metric /1,

g;w =G + h;w- (5)

In the case of weak fields (h,, << 1), a tensor EW describing the gravitational field can be
formulated:



— 1
huu = huy - §nuuhgy (6)
with a flat metric 7,,,. The gravitational wave equation can then be written as DEW = 0 with the
D’Alembertian operator [J. The simplest solution to this equation is given by(check the phrasing of
this again):

EW = AW etha®® (7)

where A*Y represents amplitude and polarization of the wave, and k, its direction and frequency.
In GW detection, this function is generally what is referred to as strain h(t) [4].

2.1.2 Types of gravitational waves

GW are broadly classified into four different types based on origin. Arguably the most important type
of GW and the only signals discovered so far are compact binary inspiral gravitational waves which
are created throughout the merger of two objects, most prominently binary neutron stars or black
holes. These types of GW increase in amplitude and frequency as both objects spiral closer to each
other, followed by a peak at collision, and a ring-down as illustrated in Figure [I] showing the signature
of the gravitational wave event GW150914 with a peak strain of h ~ 1072} .
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Figure 1: Estimated gravitational-wave strain amplitude from GW150914 detected by LIGO projected
onto on of the detectors with illustration of stages of coalescence. Figure adapted from Fig 2. in .

The GW are quadrupol waves where the srain amplitude h is proportional to the second derivative
of the quadrupol moment Q:

hoo @ e (8)
T T

at a distance r with the reduced mass p = myms/(my + my), orbital frequency w of the system,
and elliptical semi-major axis a. The frequency of the GW is directly to the orbital frequency:




fow = w/m (9)

[4].

Another type of GW, continuous gravitational waves (CW), are assumed to be mainly produced
by fast spinning asymmetric neutron stars (NS). There also is a possibility of CW emission by po-
tential Dark matter candidades, boson stars, or so-called Thorne—Zytkow Objects. For NS, the GW
induced strain A oc ngW /7 is proportional to the the moment of inertia I of the star, it’s ellipticity
€, the frequency of the emitted GW fow ~ fspin, and indirectly proportional to the star’s radius r.
CW are estimated to be in the order of h ~ 1072 or less. So far, no CW signal has been observed.
It is proposed that ET could detect signals from near NS and/or NS with high spin frequency [6, 4, 10].

Burst gravitational waves are created in non-spherical core-collapse supernovas of stars. The bursts
happen in a very small time frame of a few ms with a strain magnitude of h ~ 10~!7. These types
of GW have also not been observed so far. This could be because the diversity of the emission mech-
anisms makes it difficult to distinguish the signal out of the noise. As such it is not guaranteed that
ET will be able to detect them. Another potential type of burst GW could be the result of magnetar
giant flares or pulsar glitches. The theory on them is quite shaky however, due to a lack of a detailed
knowledge of these processes [6, 4, |11].

The final category of GW is occupied by stochastic gravitational waves. These denote weak, ran-
domly timed signals from the gravitational wave background (GWB) of the universe. Naturally, these
stochastic gravitational waves are devoid of any particular waveform or frequency pattern [4].

2.1.3 Gravitational wave detection

The relevant method to detect GWs is using an advanced Michelson interferometer. The first GW
event ever detected is GW150914, a spacetime ripple created by a binary black hole merger which
was captured by the ground-based GW observatory LIGO in 2015 [5]. LIGO uses a 1064 nm Nd:YAG
laser with a power of P = 20 W and a modified two-armed interferometer with orthorgonal arms with
lengths of 4km each. The presence of GW modifies the arm lengths L according to the following
relation:

AL(t) = 6Ly — 6L,  h(t)L, (10)

where AL is the length change and h(t) the GW strain amplitude in time. As illustrated in
Figure [2] the initial laser light is split into two parts at the beamsplitter (BS) and subsequently feeds
into the two interferometer arms. Each arm is equipped with an optical cavity for signal amplification.
Both beams are reflected back onto the BS, where the differential length variation induced by GW
propagating through the setup alters the phase difference between the two light fields. Hence after
reconnection, an optical signal proportional to the GW strain is transmitted to the photodetector.
The geometry of the detector design affects certain sensitivities that need to be evaluated against each
other. For example, two L-shaped detectors where the arms of the two detectors are parallel to each
other when taking earths rotation into account maximizes the sensitivity to stochastic backgrounds
but minimizes accuracy on angular localization and reconstruction of the distance of GW sources. If
the detectors are at a tilted by 45° to each other, then the setup is blind to stochastic backgrounds but
angular localization and distance reconstruction is maximized. Detector geometry is also dependent
on other factors [4} 5 12} 13].
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Figure 2: Simplified diagram of an Advanced LIGO detector (not to scale). The interferometer arms
are equipped with resonant optical cavities formed by two test mass mirrors each, that multiply the
effect of GWs by a factor of 300. LIGO uses two detectors, one at Hanford, WA (H1), and one at
Livingston, LA (L1). Figure adapted from Fig 3. in .

Given the low order of magnitude of the strain parameter h, GW observatories must be highly
resistant to noise. For reference, Figure [3] shows the proposed limitations in sensitivity to frequency
dependent strain noise and thus the resolvable redshift limits of the Advanced LIGO upgrade and the
future third generation GW observatories ET and Cosmic Explorer (CE) [14].
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Figure 3: Left: Expected strain noise for monochromatic sources distributed isotropically in sky
location and inclination resolvable by alLIGO and the third gen GW observatories ET, and CE. Right:
Redshift limits for equal-mass, nonspinning binaries similarly distributed .

Considering that the different GW signatures are located within differing frequency ranges, there
is a multitude of noise sources with their own frequency ranges to consider [4].



2.2 Einstein Telescope

The Einstein Telescope (ET) is a third generation GW observatory currently in planning. Main goal
of the ET is to observe GW signals emitted by events at distances corresponding to redshifts of z ~ 20
or higher, especially of merger events of binary black holes and NS. This allows a look into the early
universe where the first stars, black holes and galaxies formed which could provide new insights into
the most pressing problems in fundamental physics and cosmology ﬂ§|, . Beside coalescing binary
systems, ET may also be able to detect types of GW signals that haven’t been observed thus far, such
as GW from core collapse supernovae, isolated NS, and may even be able to provide a basis for future
studies of the stochastic GW background. As shown in Figure[3] the ET attempts to increase the
sensitivity by one order of magnitude compared to the current generation of GW observatories’ limits.
It is currently planned to be a either a single observatory containing three detectors arranged in a
triangle shape as illustrated in Figure [4], or as two L-shaped observatories located in different places.
It will located 200-300 meters underground in order to significantly reduce seismic noise @, .
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Figure 4: General scheme of the Einstein telescope representing the geometry of the telescope. All
three detectors are color coded. The arm lengths are not final .

In case of triangular design, the ET will use three detectors. Their purpose is to provide redun-
dancy, resolve GW polarizations, and to provide a veto against disturbances in the form of a null
stream, where outputs are combined in a way that results in the GW signal canceling. Each of the
detectors will consist of two interferometers, one for high frequencies (HF) at high laser power (high
temperatures) and one for low frequencies (LF) at low laser power (low temperatures). The baseline
geometry uses arms with lengths of 10 km each, but 15km are also considered for higher sensitivity.
The angles between the arms are 60° which eliminates any directional blind spots due to the polariza-



tion of the GWs. In the case of two L-shaped detectors, lengths of either 15 km or 20 km are considered
with an angle between the two detectors of either 0° or 45°. The different possible configurations have
a multitude of benefits and drawbacks between each other in regards to sensitivity towards all sorts
of parameters such as GW source, individual source parameters, directional sensitivity, signal-to-noise
ratio, etc. Overall, the 15km 2L option with arms at 45° and the triangle with 15km arms seem to
have very similar performances for the reconstruction of all parameters of compact binary coalescences,
except for luminosity distance, for which the L-shaped design is significantly better. It also avoids a
problem that the triangle configuration would have: correlated noise. Since all optical components
for a single location are relatively close to each other compared to two detectors with hundreds of
kilometers of distance between them, localized noises could spoil sensitivity. A boon of the triangular
design on the other hand is a null stream, where the GW signal cancels. This feature makes it possible
to detect and filter out instrumental noise artefacts such as glitches and other systematic errors that
may otherwise appear as false positives ﬂEﬂ,.

2.2.1 Noise sources

Raw strain signals are interlaced with many different types of strain noise. In order to achieve the
desired sensitivity, ET needs to be able to significantly limit the effects of different types of noise
that distort or conceal GW signals. There are technical noises, such as laser frequency and intensity
instability induced noise, and acoustic and seismic noise. Other than that, interferometer sensitivity is
also affected by thermal, Newtonian, and quantum noise . The noise levels of these different noise
types on ET’s high frequency (HF) and low frequency (LF) detectors that ET is slated to achieve are
shown in Figure [5l As short description of each noise type follows.
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Figure 5: Strain noise budget for the ET HF detectors (left) and LF detectors (right). Figure adapted
from Fig. 1 and Fig. 2 .

Thermal noise describes signals produced by random displacements of the mirror surfaces in re-
sponse to thermally fluctuating stresses in the mirror coatings or substrates, and collisions of the
optical elements with particles around them that exhibit stochastic random motion. Effects of ther-
mal noise can be avoided when operating optical elements cryogenic temperatures and mitigated to a
certain degree by working with large beam sizes .

Newtonian noise comes from density fluctuations of the earth due to seismic waves, and from at-
mospheric density changes. These result in varying gravitational forces enacting on the interferometer
elements. This gravity gradient noise can only be reduced, by specifically choosing a detector location



where the surrounding soil is as homogeneous as possible [7].

Seismic noise specifically denotes the effects of vibrations caused by seismic ground motion. Other than
choosing a location with minimal seismic vibrations, this type of noise can be mitigated by employing
a combination of active and passive vibration isolation techniques such as pendulum suspension, and
position and inertial sensors for actuator based active damping [7].

Quantum noise describes both random buffeting of the suspended interferometer mirrors induced
by the quantum mechanical amplitude fluctuations of the light field (quantom radiation pressure noise
(QRPN)), and the quantum phase uncertainty in determining the phase difference between two light
fields (shot noise (SN)). QRPN dominates at low frequencies from ca. 10 to 50 Hz, while SN is dom-
inant at frequencies above ca. 200 Hz. As such, both types of quantum noise scale in opposite ways
with light power. Quantum noise can hence best be mitigated by using two interferometers instead
of one, where one operates a high laser power and the other one at low power. QRPN can be addi-
tionally reduced by using heavy mirrors that provide high resistance against the radiation pressure.
An advanced filtering technique using non-classical light can also be used to achieve further quantum
noise reduction |[7].

Residual gas noise arises from the fact that even though the space between the interferometer mirrors
is vacuum, a perfect vacuum containing no particles at all cannot be created. The residual gas par-
ticles occupying the space cause fluctuations in the refractive index within the arms the observatory [7].

At this point it is not clear to what degree these noises can be suppressed until "fundamental limita-
tions" are reached. Hence it’s important to eradticate technical noises as best as possible [7].

2.3 2D Phase camera

The goal of the ET group at ECAP is to build a phase camera in order to study the effect of certain
error sources. Specifically, this encompasses the effects of optical misalignments, errors in the planarity
of mirror planes, inhomogenities in the refractive indices of optical element coatings, and thermal
lensing, which is an optical effect where laser induced heat causes the refractive index of an optical
element to change, leading to a lensing effect [18]. In contrast to current phase cameras in existing
GW detectors, this camera is specially designed for the use at a wavelength of 1550 nm, and uses
individual multimode fibers as pixels in a pixel array [19]. There are different designs in mind, the
version currently in development is a two dimensional camera with 64 pixels. The phase camera makes
use of heterodyne detection, which is a method where a primary light signal is superimposed with
another light signal which possesses a frequency shift relative to the primary one. The resulting beating
pattern of the combined signal can then be captured by a photodetector [20]. Herefore, as illustrated
in Figure [6] the initial laser beam is split into two parts. A frequency shift is imposed on one of the
two parts by a acousto-optic modulator (AOM). The AOM, in this case an acousto-optic frequency
shifter, creates a Doppler shift on the incoming light by imposing a sound wave on an internal optical
grating, causing oscillating mechanical strain in the material [21], |22]. This frequency shifted half of
the laser signal is provides the reference signal for heterodyne detection. The other part of the initial
beam, or test beam, is fed into an electro-optic modulator (EOM), which employs a sinusoidal electric
field to modify the refractive index of a nonlinear crystal |23], upon which a symmetric constellation of
frequency sidebands is created around the carrier frequency. This is done because the optical cavities
of GW observatories apply the Pound-Drever-Hall technique to acquire an error signal that can be used
to control the optimal length of the cavity. The signal superimposed with frequency shifted sidebands
can be demodulated to obtain a signal that is proportional to the deviation from resonance [7]. AOM
and EOM drive signals are synchronized by a GPS-synchronized oscillator to the same frequency to



avoid artificial phase shifts. This also applies to the signal processing unit (see Section B.3)) following
the fiber array [19]. After the recombined laser signal is captured by individual photodiodes, the beat
frequency created by overlapping carrier and frequency sidebands of the test beam, and the frequency
of the reference beam, can then be demodulated and phase and amplitude of all beam parts obtained
[24].

Laser
BS AOM
Reference
beam
Phase
EOM BS

Test
beam

Figure 6: Simplified sketch of the optical setup for the phase camera. Initial laser light coming from
the left is split by beamsplitter (BS) into reference and test beam sections, recombined at second
BS, and then recorded with the phase camera. For a more detailed sketch see Figure Illustration
created with components from [25].

2.4 Geometric optics

In order to study a the phase profile of a laser beam, especially for comparing phase measurements
to theory, it is crucial to understand how the beam progresses through the optical setup until it
reaches the fiber array. With geometric optics we can track the evolution of a laser beam’s shape over
propagation distance and how optical elements in its path transform its parameters. This also enables
us to design an optical setup in regards to achieving desired beam profiles through calculating optimal
positions for optical elements.

2.4.1 Gaussian beams

For calculations with laser beams we can use the Gaussian beam model. Arguably the most important
parameters to characterize a Gaussian beam are its radius w(z) and radius of curvature R(z) on an
optical axis z which are described by

w(z) = woy /1 + (z>2, (11)

%R

R(z) ==z (1 + (Z:)Q> . (12)

While w(z) is the transversal radius of the laser spot, R(z) describes the longitudinal radius of
the curved wavefront of the light [26]. wp is the radius at the location on the focus, or waist, and the
Rayleigh length zp describes the distance from the focus, at which the the beam translates from near-
to far field. The Rayleigh length is characterized as

Twin

FR= (13)

with refractive index n of the medium that the beam propagates through and wavelength A of the
light 26} 27, |28]. The electric field of a laser beam propagating along an optical axis z according to




the Gaussian beam model can be expressed as
E(z,y,z,t) = UV, (z,y, 2)e™* (14)

with transverse coordinates z and y, amplitude U, unit vector é of polarization, and angular
frequency w. The wave function W, (z,y, z) governs the spacial evolution of the electric field. The
indices m and n denote the transverse mode numbers of Hermite-Gaussian modes. Taking only the
fundamental Gaussian mode with m = 0 and n = 0 into account we can express this wave function
Yoo(x,y,2) as

oo(z,y, 2) = gie—zkﬁé)e—i%o(%y%) (15)
) ) T w(z) )
with » = /22 + y? and the wave number k = w/c. The first exponential term in Equation
dictates the transversal, radial extinction of the electric field strength, while ®), denotes the phase of
the light and can be expanded to

n kr?

Z [
2R(z)
which includes a transversal, radially symmetric phase term, and two longitudinal phase terms.

kz increases linearly with distance, while the term ¢gg, or Gouy phase, is a marginal phase shift that
inverts at the focus:

Poo =k — ¢oo(2), (16)

¢oo = arctan <Z> (17)

ZR
13-
For simulations comparing recorded data with theory, we want to both look at expected phase

profiles of the test beam, that are described by Equation but also its intensity profile which can
be defined as

I(r,t) = E(r,t)E*(r,t) (18)

[29].

Working with real laser beams instead of perfect theoretical Gaussian beams means that we need
to take the quality factor M? into account. M? denotes how much the parameters of a real Gaussian
beam differ from an ideal beam. Using the model for laser beams with constant beam waists, the
Rayleigh length modifies to

Twin
ZR = M2\ . (19)

A perfect Gaussian shape has M? = 1, in contrast to real laser beams with M? > 1. There is
multiple different ways how a beam can differ to an ideal shape depending on waist size and beam
divergence. For example, a beam could have an ideal focus, with divergence larger than for M? = 1,
or an ideal divergence but a larger focus for M? = 1. In this work the latter option was determined
to be most accurate when comparing calculations to beam measurements [30].

2.4.2 2x2 Beam transfer matrix optics

The propagation of Gaussian beams with beam radius w(z) (Equation [I3)) and radius of curvature
1/R(z) (Equation [12)) on an optical axis z through an optical system can be traced with the usage of
a beam transfer matrix:

10
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e g g

q1(zin) is the so called complex beam parameter at the location of the beginning of the optical
system on the z-axis, while g2(2out) describes the parameter at it’s output position [27],[28]. For
some components like thin lenses, this position is the same (zi, = 2out), wWhile when working with
components like thick lenses, both locations need to be distinguished. The matrix elements A, B,
C, and D are dependent on the optical components, with k a scaling factor. For convenience, the
complex beam parameter ¢(z) is usually expressed in reciprocal form:
22
1:1_zM/\:1.. (21)
q(z) R(z) mnw?(z) z+izp
It is generally useful to substitute z in Equation Equation [13|and Equation 21| with z = z — 2y
to separate a lab system from the beam system, otherwise the location z = 0 is always defined as
the waist location. At latest by the step at Equation 25] and Equation [26] this is absolutely necessary,
otherwise the system of the transformed beam will be decoupled from the original beam. Equation
can be simplified to

1 C+ ﬁ
= B (22)

q2(zout) A+ 21(zm)
to obtain the complex beam parameter of the modified beam at the output position of the optical
system described by the 2x2 matrix. Combining Equations 2] and Equation [22] the output parame-
ters, which we will denote as wo and Rs, can be obtained through the separation of real and imaginary

parts:

—M?2)\
w2(zout) = i\l (\—17 (23)
s (Q2(zout))
1
Ra(2out) = —r—— (24)
1
§R (QZ(Zout))

The + in front of Equation represents that mathematically, the beam has a radius in both
directions with r = 0 on the z-axis. We now know the beam radius and radius of curvature of the new
modified beam at the location zyy. In order to construct new functions wy(z) and Ra(z), we have
to determine the new waist size wg2 and the new waist position zp2. Combining Equation [I3] and
Equation [[2] with Equation 23] and Equation 24] and using the substitution z = 2z — 2g, we find:

1

2
wg(zout> (W’n(zout)) +1

2 2
Wy 9N [w?(Zout)
= + : — 1. 26
20,2 Zout M2\ w%,2 ( )

In Equation [26] the =+ represents that at zou, the beam can either be reflected back (-), like in
the case of a mirror, or propagated through (+), in the case of a converging lens for example. In
contrast, a diverging lens reflects the focus, thus (-) has to be used. The sign that needs to be chosen
is therefore dependent on the optical components in use. If we let the beam propagate in the minus
direction on the optical axis z, the minus in Equation [26] also has to be chosen.

The new wg 2, and 2p2 can then be inserted into Equations [13| and [IZ2] to finally obtain functions for
the modified beam after the optical system [27] 28].

we,2 = in(Zout)\l ) (25)
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2.4.3 3x3 Beam transfer matrix optics

2x2 beam transfer matrix optics only works together with the paraxial wave approximation. So in
order to take possible misalignments into account a different approach is more useful. A method
proposed by A. A. Tovar and L. W. Casperson is to use a 3x3 matrix approach, where A,, B,, C,
and D, are the usual matrix elements of an aligned optical component, and the additional elements
G, and H, allow the inclusion of angular tilts and linear offsets from the z-axis. The full operation
then looks like this:

Ugr2 Ax BgC 0 Ugl
%%’LLIQ =|C, D, O qz%’uxl (27)
Sz2Ug2 G, H; 1 Se1Uz1

127],]28].

The terms u, are similar to the scaling factor k in Equation [20]for the 2x2 case, and are not relevant
for further calculations. Alongside the complex beam parameter ¢(z), this model introduces another
complex factor to describe the propagation of the laser beam, the complex displacement parameter
S(z), which is defined as

S(z) = 8 (—Zg + m> , (28)

with 8 = 27n/(M?)) and the displacement function d(z) = zcose + dy that describes the offset
orthogonal to the optical axis z, which is we define as a linear function with the offset dy at the
position of the focus, and € the angle between z and the beam’s actual axis z/. m = %f) = tane is
then the beam’s slope. In this model, ¢ transforms similarly to how it’s transformed in the 2x2 case
(Equation 22)). The transformed displacement parameter S is obtained by:

H
Sl(Zin) + G + q1(zin) (29)
A+ B~

q1(2in)

52 (Zout) =

Using a similar algebraic approach to how wa(zout) and Ra(zeut) are calculated, we can obtain
da(zout) and my as follows:

S(S2(2out))
da(zout) = ——F——~, (30)
2 pS <Q2(Zlout))
R 1
"= (WSQ(%M)) = (Salzont) (”f%“)) N <q2<zlout>>) )

Equation 23] and Equation [25] for obtaining beam radii wy and wg2, Equation [24] for radius of
curvature Ry at the output position, as well as Equation [26] for obtaining the waist location on z are
the same in the 3x3 case. However, Equation [26] has to be modified slightly to take into account that
the optical axis of the beam 2z’ is on a slope relative to z:

2 [012
TWo oM |w (zout)
= + . —1-coses. 32
20,2 = Zout M2\ w8,2 S €9 (32)

Together with the location zg 2 of the new waist (Equation [26)), the displacement at this new waist

can be obtained via

do,2 = da(zout) — M2(zout — 20,2) (33)
27,28,
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2.4.4 Specific beam transfer matrices

We use three different transfer types in the following calculations, thin lens, thick lens and beamsplitter.
The ABCDGH matrix for a (lossless) thin lens is given by

1 0 0
Mthin lens = _fil cos 10
—Bairxof tcosd 0 1

; (34)

where f is the focal length, 6 the tilt, and xy an offset of the lens on an axis x perpendicular to
z. The thin lens model assumes a thickness of ¢ = 0, which neglects the fact that the beam is also
affected by traveling through a medium with n # n,; inside the lens. Thus calculating with thin
lenses introduces a margin of error especially regarding positions on z that amplifies with increasing
thickness of the actual lens [27, 2§]. As such it is useful to use the thick lens approach. To obtain a
transfer matrix for a thick lens, we combine two matrices describing spherical boundaries with one for
a homogeneous medium:

Mthick lens = Tspherical boundaryThomogeneous mediustpherical boundary

1 0 Ojfr ¢t 0O 1 0
k — k —
— (1-— Tgf)Rriglht cosf 200 1 0 (1-— i%)]%leflt cos (91 %
(ko2 — ko1)(tan 6 + l‘oR;ight cosf)) 0 1| |0 Hum 1| [(ko1 — ko2)(tan + zoRyp cosf) 0
(35)

with Hyy, = ttanf — Lsin€ = Lsin0(1/cos —1). Riegy and Ryigne are the radii of curvature of the
thick lens on both sides. The terms ko; with ¢ = 1,2 describe the Oth-order terms of a Taylor series ex-
panded squared complex propagation constant k?(z,v, 2) in the transverse directions, where k% = ue’
with material permeability p and complex permittivity €. Assuming both mediums air and lens to
be lossless, we can use kg = . The terms ko1 /ko2 then simplify to nj/ns. ¢ describes the thickness of
the homogeneous medium, while L describes the center length of the optical element. They are hence
the same: ¢ = L [27],]28]. Since the thickness of the optical element changes by tilting it, we need to
replace ¢ in the center matrix in Equation 35 with a modulated thickness toq = (Zout — 2in)/ COS €12
where €19 is the tilt angle of the beam inside the lens (see Section 2.4.5]).

If we want to investigate how a beamsplitter reshapes the transmitted section of the beam, we can
use two tilted linear boundary matrices instead of spherical boundary matrices:

Mbeamsplitter = Tlinear boundary Thomogeneous mediumﬂinear boundary
1 0 0] ]1 t 0 1
= 0 k2ol o 10 0 ko1
01 02
(kﬁog — k()l) tanf 0 1| [0 Hym 1 (k01 — k:()g) tanfd 0 1

o

(36)

o

7.

2.4.5 Geometric considerations

Once we introduce a tilt 6 to the lens in the optical system, or a tilt ¢ to the beam, we can no
longer assume the input position zj, for the transfer matrix to be equal to the position of the optical
element responsible for the transformation. This is illustrated in Figure [7, which shows a scheme of
a misaligned thin lens system. As can be seen, the position at which the beam interacts with the
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element on z does not necessarily correlate with the position zje,s. For a thin lens we can assume

Zin = Zout-

X thin lens

-
-
-1

Xo

\

Ido:
] : 1 >Z

I
I
dlin |
|
I
! I
‘/ Zo1 Zin  Zlens Zo2

Figure 7: Illustration of beam geometry with thin lens for beam transformation. The beam travels on
a misaligned optical axis 2’ and a separate misaligned axis z” after it is bent by a misaligned lens.

We can assign a misaligned beam a new optical axis 2’ different from the referential z-axis by
knowing the displacement d(z) of the beam, it’s slope m = dd(z)/dz, and the waist location zy. We
can obtain the angle between z and a beam axis 2’ with e = arctan(m) and subsequently an expression
for the beam axis:

’ Z— 20

T cos(e) (37)

To obtain zy, we can use a linear system of equations:

tanf = 722?15 _ Zin,
in — X0
38
din — do1 (38)
tane; = —————,
Zin — 201

Solving Equation (38| yields the effective lens position ziy, = zout:

tan 0 —d t
L Hlens + tan 6(xo — do1 + 201 tan 61). (39)
tanftane; + 1

Figure [8| shows the geometric scheme for a thick lens system. Contrary to the parameterization a thin
lens, which is described as a single object with one location, here we have to take position parameters
of two spherical boundaries into account. While the angle 6 remains the same for both, we now have
two offsets x1 and zo at two separate locations on z-axis z,; and z;s. Additionally, the input and
output positions are not the same: zi, # zout-
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Figure 8: Illustration of beam geometry with thick lens for beam transformation. The thick lens is
approximated by a three parts matrix element which’ components have different (but linked) position
parameters.

We want to describe the thick lens as a single unit at a position zjens with tilt 6 and linear offset
xg from the z-axis, were xy describes the offset from the center of an untilted lens at zjeng similarly to
the thin lens case. We can use simple trigonometry with

sinf = To— % cosf = Zlens — Zal

0.5L 0.5L (40)
sinf = T2~ %0 cosf = a2 — Plens

0.5L ’ 0.5L

to determine the offsets x1 2 and positions z;1 42 of the two spherical boundaries:

r1 = Tg— —sinf, Zzl = Zlens — — COs 0,
L L
To = Xg + 3 sin 6, 229 = Zlens + 3 cos 0.

Next we need to find the input and output position of the matrix system, i.e. the positions
where the beam meets with the boundaries. This means that we have to know the slope mis of the
beam inside the lens to determine zy,;. The beam transformation must hence be split into two parts.
Additionally to the second function in Equation [3§] describing the initial beam path, we need a similar
function describing beam path inside the lens. We obtain

din — do1
tane; = ———,
Zin — 201 (42)
dout — do12
tan € = ————.
Zout — 2012

To determine zip oyt and din out We need an expression for the spherical surface of the lens inter-
secting with the linear line describing the beam path. We can calculate the position of the center of
the sphere describing the lens surface as follows:

rc1 =1+ Rsin 6, zo1 = Zg1 + Rcos,

Tcog = T9 — Rsinf, Za9 = Zgo — Rcost.
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The intersections (zin, din) and (zout, dout) are then where the distance to the sphere centers is
exactly R with

R? = (2012 — Zinout)? + (TC1.2 — dinouw). (44)

Combining Equation 4] with Equations [42] yields a linear system of equations which upon solving
lets us arrive at

—bin — \/ b12n — 4ainCin

Zin — )
2ain

(45)

2
—bout + \/ bout — 4aoutCout

Zout =
2a0ut ’

with
ain = 1+ tan? €1,
bin = —2(201 + tan € (3301 — dp1 + zp1 tan 61)), (46)
Cin = Z%l + 1‘%1 — R? + (2’01 tane; — d01)2 + 2.%'(]1(2:01 tane; — dOl),

and

Aout = 1 + tan? €12,
bout = —2(zc2 + tan ez (xca — doiz + 2012 tan €12)), (47)

Cout = 2g + Toy — R? + (2012 tan €12 — do12)? + 2702(2012 tan e1g — do12).
din and doy; can then be obtained from Equation
din - (Zin - ZOl) tan €1,

(48)
dout = (Zout — 2012) tan €12.

Geometry for a beamsplitter is similar to thick lens geometry but with linear instead of spherical
surfaces (see Figure [9). This means that we can use Equation [39] for the input position zi, by replacing
the parameters zjons With z;1 to obtain Equation
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Figure 9: Illustration of beam geometry with beamsplitter for beam transformation. The beamsplitter
is approximated by a three parts matrix element which’ components have different (but linked) position
parameters.

- 2x1 + tan @(z1 — do1 + 201 tane;) (49)
tanftane; + 1

To calculate the output position zo,t we follow the same principle, but similarly to the thick lens
case we need parameters of the beam inside of the optical element. With the tilt €19, offset dio at
waist position, and waist position zg1o of the beam inside the beamsplitter, this yields

2Zx2 + tan e(xg — dp12 + 2012 tan 612)
tanftanejo + 1 '

(50)

Zout =

Obtaining 1, 2,1, and x2, z;2 follows the same exact approach as for a thick lens. We arrive at:

r1=x9— —sindb, Zpl = Zhs — — COS 0,
L L
w2:x0+§sin9, zxgzzbs+§(3059,

with zps the center location of the beamsplitter and zy the corresponding offset from the optical
axis z at zpg.

2.4.6 Fiber Collimators

Often the first step in a laser setup is to collimate the laser output. In our case, we are using a fiber-
coupled laser [31], and thus a fiber collimator. Like illustrated in Figure the laser beam which is
diverging after exiting the fiber is reshaped by a lens system, that is about one focal effective focal
length f’ away from the fiber end, into a approximately flat wavefront. If the distance is smaller, then
the beam will diverge, and if it’s larger than f’ it will converge to a focus at some distance [32].
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%) beam

Figure 10: Sketch of the function of a fiber collimator for single-mode fibers .

One method to approximate the diameter of the collimated beam is to use the wavelength depen-
dent mode field diameter MFD of the fiber as a waist diameter with wy = 0.5 - MFD and the fiber
end as the position of the waist from which the beam diverges. Beam radius w(z) (Equation and
Rayleigh length zr (Equation [I9)) thus become:

MFD z\?2
=" "4/1 - 2
w(z) =1+ () (52)
an  (MFD\?
zR‘W(T) : (53)

Placing the effective collimator lens with f’ at zg+ f’ then allows to calculate the parameters of the
beam produced by the collimator with the beam transfer matrices in Section 2.4.2] and Section 2.4.3]

34).

2.4.7 2D camera coordinate system

After mathematically tracking the shape of the laser beam through the entire optical setup, we can
then simulate how it’s final shape is perceived by the perspective of the phase camera. This allows us
to compare measurements with theory. Starting from a lab system with coordinates 7= (z,y, 2)T, we
can translate over into the coordinate system of a 2D camera & = (z¢, Yo, z¢)T via two 3x3 rotational
matrices I7, and R, that describe rotation around the x and y axis:

1 0 0 cosa, 0 sinay, T — dog
r¢ = Ry(ay)Ry(ag) (" —dc) = |0 cosay —sinay, 0 1 0 y — dog (54)
0 sinay cosay —sina; 0 cosay Z — Zeam

5.

with the offset vector d—é = (dcg, dcoy, Zcam) that includes the camera offsets in x- and y-direction,
as well as the camera position zc.m on the optical axis z. The rotational angles o, and «, are the
tilt angles of the camera relative to the lab system. «, describes the angle between x and z¢, which
equates to a rotation around the y-axis, and a, denotes the angle between y and yc, and a thus a
rotation around the x-axis.
To simulate the transverse profile of a Gaussian beam’s intensity and phase on the camera surface
however, we need to use the camera axes as input parameters. Hence we perform a rotation in the
opposite direction:
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7 —dc = Ry(—oy)Ry(—ag)re

1 0 0 cos(—az) 0 sin(—ay)\ [zc
=10 cos(—ay) —sin(—ay) 0 1 0 Yo
0 sin(—oy) cos(—ay) —sin(—ay) 0 cos(—az)) \zc (55)

cos(—a)xo + sin(—ay)zc
= | sin(—ay)sin(—ag)zrc + cos(—ay)y. — sin(—ay) cos(—ay)zc
—sin(—ag) cos(—ay)xzc + sin(—oy)yc + cos(—ay) cos(—ay)zc

The camera surface is always located at z¢ = 0, thus all factors in Equation [55| multiplied with z¢
can be discarded. Moving the offset vector d¢ to the other side, we obtain

x(zo) xo cos(ay) + dog
y(xe,yo) | = ze sin(oy) sin(og) + yo cos(ay) + doy (56)
z(xzc,yc) rosin(ag) cos(ay) — yo sin(ay)yc + Zeam

as the lab coordinates. Next, we perform another rotation from the lab coordinate system 7 =
(x,y,2)T into the coordinate system of the laser beam 7, = (zp, yp, 2)7 via

1 0 0 cose; 0 sine, T — dog
7p = Ra(ey)Ry(ez) (7 — do) =10 cos ey —siney 0 1 0 y — dox
0 sine, cosey sine, 0 cose, z— 2 (57)
xp(z, 2) cos €, (x — dog) + sin e, (2 — 29)
= | w(z,y,2) | = | sine,sine(x —doy) + cosey(y — doc) — sine, cosex(z — 2o)
2p(z,y, 2) —sin €, cos €y(x — doc) + sin e, (y — doc) + cos e, cos €y (z — 29)

[write this part again in own words, that leaves out overly technical values, also explain the
importance of the low pass filter]

Similar to the camera parameters, €, and €, represent the tilt angles of the beam trajectory relative
to the z-axis of the lab system. dp, and dg, are the offsets of the optical axis 2, of the beam from z at
the position zy of the waist wg on z. Combining Equation [56] and Equation [57]let’s us directly access
the shape of a laser beam from the perspective of a 2D camera.

2.5 Signal demodulation

After the modulated laser beam is recorded, it can be demodulated. Superimposing the electric fields
E. and Ej, of two laser beams, we can express the resulting electric field of the recombined beam as

E(:E7 Y, z, t) = Ec(l‘, Y, z, t) + Eh(xa Y, z, t)
Uce V. (z,v, z)ei%t + U, 6,9, (z,y, z)ei“’rt (58)

c(xv Y, Z)éc . 6i(WCt7¢.E) + Ur (xa Y, Z)ér : ei(wrtiq)r)

I
<l

8].

The indices are ¢ for carrier, which denotes the test beam, and r for reference, which denotes the
reference beam. Equation [58|includes the carrier frequency w. and the frequency of the reference beam
Wy = W+ wp, where wy, is the linear offset from w, for heterodyne detection and the beat frequency of
the combined signal. With Equation [I§ and the identity cos(xz) = exp(ix) 4+ exp(—iz) we can calculate
the intensity recorded by a photodiode if é.é, = 1:
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I(t) — Ug _’_Ui +UCU7“ (ei((wcfwr)tf&?) + efi((wcfwr)tf&b))
O (59)
= Ui + Ui + U U, cos(wpt — dP)

with & = ®,— ®,. Equation [59]includes a DC offset and a AC term that oscillates with time ¢. To
demodulate the recorded signal, we can split the signal into DC and AC terms and use an additional
oscillatory component

Vi (t) = e {@r) = cos(wpt) — i sin(wyt) (60)
that is multiplied to the AC component of Equation [59] to obtain the complex mixing signal

Z(t)

Uy cos(wpt — §®) cos(wpt)
U ( 1(2wpt—0P) +e (6@))
U,
U,

(61)

Q\ S S S

(cos(2wpt — 0P) — isin(2wpt — 0D)
(cos(dP) + isin(dP).

The signal in Equation [61| now includes an oscillating term at 2wy and a term that only contains
the geometric phase offset §® between test and reference beam. We can apply an effective low-pass

filter, by summing up a multitude of data samples over time which average out oscillating term. The
complex mixing sginal then becomes

Z(t) = U U,

o (62)
= U U, (cos(d®) + isin(dP).
Since @ is complex, we can separate it into its real and imaginary parts:
I, =R(Z(t)) = U.U, cos(6®), (63)
Q, = S(Z(t)) = UU, sin(3®). (64)

In the complex plane, Equation [63] and Equation [64] describe the part of the signal I,,, where the
test beam is in-phase with the reference signal, and the part ), where it’s 90° out of phase. Amplitude
U.U, and phase ® can then be reconstructed by:

UCUT’ =\ I[,Q; + Q%a (65)

0® = arctan (Qp> (66)

p

In our case we are using a test beam that includes the carrier signal, but also two sideband signals
created by the EOM with ws = w. + wrom. The demodulation is essentially the same. By adjusting
the demodulation frequency wy, to wp, —wrom Or Wy +wrom, which are the beat frequencies created by
the upper and lower sidebands in combination with the heterodyne frequency, phase and amplitude
information on all three wavefronts in the test beam can be obtained [8],[36].
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3 Laser Setup

The laser setup constructed in this work is inspired by a design by K. Agatsuma et. al. at Nikhef
[8] and is illustrated in Figure The laser in use is a CoSF-D-ER-B-LP Narrow Linewidth Single
Frequency Fiber Laser that produces linearly polarized, single mode radiation at a wavelength of
1550.141 nm with narrow spectral bandwidth. The output power is adjustable between 10 mW and
200mW [31]. The parameters of this specific laser were tested by Connet Laser Systems and are listed
in more intricate detail in Table 2] with the test conditions in Table [

power supply,
function generator

LA1908-C LD1464-C LB1676-C LC1582-C
500mm -50mm 100mm -75mm
plano-convex BSw29 bi-concave bi-convex plano-concave

TC12APC-1550

Triplet Collimator AeroDIODE

RFAOM-A-80

50:50 UVFS Plate Beamsplitter|
H BB1-E04 RF AOM Driver
planar mirror
10-4-1550-VLP
Faraday isolator Tc12apciisso
TC12APC-1550 Triplet Collimator
QUBIG Triplet Collimator
e | S kextioars AeroDIODE
BB1-E04 plano-convex
planar mirrorg 600mm
_ BSW29 ﬂ
) = 50:50 UVES
shared focus Plate Beamsplitter U BB1-E04 BB1-E04
LA1708-C BB1-E04 planar mirror planar mirror
200mm planar mirror
plano-convex (piezo controlled) BB1-E04
Beam dump anar mirror
— pl i
LA1172-C
400mm camera chip,
plano-convex fiber array
BB1-E04 (—) BB1-E04
planar mirrol planar mirror

Figure 11: Sketch of optical setup for the ET phase camera. All components used are listed in Table [
Simplified explanation: Laser beam is split at a beamsplitter (BSW29) into two sections. The section
propagating to right is coupled into the AOM (AeroDIODE 1550-AOM-1) and the section going
downwards into the EOM (QUBIG PM7-SWIR1_10). Both are recombined at a second beamsplitter
(BSW29) and subsequently captured by a 2D camera chip with 64 pixels that connect to individual
fibers and photodiodes. A more detailed explanation can be found in Section [3.2] and Section B.3l
[lustration created with components from [25].

The radiation produced by the laser itself is fed into a built-in output pigtail fiber with a
length of 50 cm . To not have to frequently touch and potentially damage it, it is connected
to a ADAFCPMB4 Dual L-Bracket Mating Sleeve by Thorlabs that is connected to another fiber,
specifically a 1m long Thorlabs P3-1550PM-FC-1 - PM Patch Cable [39]. The end of this fiber is
then connected to a Thorlabs TC12APC-1550 Triplet collimator with a focal length of f = 12.56 mm,
that can be seen in the top left of Figure [11} and marks the effective starting point of the setup on the
optical table.
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3.1 Technical issues

This section serves to address several technical issues that arose during design and construction of the
optical setup, and the compromises resulting from them.

3.1.1 Focal shift of the Faraday isolator

The second optical component in the optical setup show in in Figure is a 10-4-1550-VLP - Free-
Space Isolator [40]. This element’s purpose is to prevent reflection back into the laser itself which might
cause lasing instabilities [41]. It was discovered that propagation through this Faraday isolator results
in a small change in waist size wy and location zy of the focus created by the following lens LA1908-C.
According to Thorlabs support, it is not possible to calculate exactly how the isolator affects the shape
of the transmitted beam. Hence all simulations in the beam paths behind this component had to be
based around measurements of the shifted focus. This is the first focus of the EOM beam.

3.1.2 Systematic errors of the beam profiler

For measuring beam sizes and trajectories in the optical setup, we use a WinCamD-LCM-TEL, a beam
profiler by DataRay [42]. This tool proved to possess issues that often make it difficult or impossible
to obtain accurate measurements regarding beam size. These issues were discussed with DataRay
support. Unfortunately, WinCamD-LCM has some problems measuring light at 1.5 pm accurately in
some cases. The camera cannot measure infrared light directly and instead uses phosphor coating to
convert the infrared to visible light. Due to the grain size of the detector’s coating (= 25 pm), which is
used to create a response at 1550 nm, measurements with small beams sizes are inaccurate. It is thus
recommended to only use the camera for beam sizes of w > 250 pm. The gamma correction, combined
with the point spread function of the phosphor also means that 1ISO11146 compliant algorithms are
not usable for determining beam diameter accurately. Instead, the clip width method has to be
used. These factors result in measurements with high error as compared to measurements that can
be done with beam profilers specifically designed for 1550 nm. This issue results in inaccurate beam
quality measurements as detailed in Section [3.1.3] and makes it difficult to measure exact beam size
and location of laser foci.

A second, more severe systematical error was discovered that unveiled that the beam sizes measured
with WinCamD-LCM-TEL are dependent on the power of the laser light. Later sections contain
plots that show the radial evolution of the laser beam through the optical setup (see Figure [14] and
Figure [2I). Next to simulations, they show the result of beam size measurements with the beam
profiler that were conducted with 10 mW, 50 mW, 100 mW, 150 mW, and 200 mW laser output power
for each measurement point. Most of the time during these measurements, 2w ~ P applies, but in a
few instances, the spot size captured by the beam profiler didn’t change with increasing P, or even
decreased. Figure [12] shows a plot of the percentage change in w over the percentage change in P
for every measurement point with corrected power values, since all optical elements in the beam path
attenuate the light (see Figure (9 and Figure[60)). Thus the actual power reaching the beam profiler is
different at individual measurement points. It’s difficult to draw a qualitative conclusion from points
in Figure [12| other than that radius increases with power. While it seems like it could correlate to a
linear curve, the shape is too chaotic to make this conclusion.
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Figure 12: Percentual radial change over percentual power change for all measurement points with
standard derivations in A P-direction coming from uncertainties in power measurements (see Figure [59]
and Figure[60), and standard derivations in Aw-direction from the measurements regarding beam
profiler power dependence itself.

The first possible potential source for this issue could be thermal lensing in the Neutral Density

(ND) filters. The WinCamD-LCM-TEL includes several magnetically mountable ND filters that at-
tenuate the laser light for signal processing. According to the WinCamD User Manual, the refractive
index of the ND filters is slightly temperature dependent. Thus it is advised to not exceed an inten-
sity of 1 W/cm? i.e. transfer enough energy from the laser to the ND filter glass to cause a change in
temperature [42]. While in some of the measurements the intensity is higher than the recommended
threshold, other measurements that are in the order of down to 0.1 times the threshold also exhibit
the change in measured spot size. A recommendation from DataRay support to try filters with lower
ND values and thus lower energy absorption not only did not mitigate the problem but yielded the
opposite of what was expected. The ND filter with all measurements in this work were conducted, has
a attenuation factor of 10%. At the location of the first measurement point from the left in Figure
and Figure the beam diameter with this exact filter is d =~ 2330 pm. At the same location, using a
filter with an attenuation factor of 10 yields a beam diameter of d =~ 2530 pm. Using no ND filter at all
results in an even larger size with d ~ 2750 pm. Hence negative thermal lensing can be excluded as at
least a main contributor of this effect. Placing the beam profiler directly behind the laser output fiber
also yields a power dependent beam size in measurements. The elements between laser and optical
table, namely the ADAFCPMB4 Dual L-Bracket Mating Sleeve, P3-1550PM-FC-1 - PM Patch Cable,
and TC12APC-1550 Triplet collimator can thus be exluded as possible error sources.
In coordination with DataRay support, this effect could not be explained. Thus the measurements
points themselves carry an unreliability, especially in magnitude. Their resulting curve however should
be accurate, but it should be noted that even that includes some uncertainty, because of the afore-
mentioned thermal lensing effect that may be occuring in some of the settings with higher irradiance
(larger measured beam size). The optical setup was designed at and is operated at minimum laser
power (10mW). In case that the origin of this systematic error does not lie with the beam profiler
after all and is the result of improper functionality in the Connet CoSF-D, then the lower ends of the
y-error bars in Figure and Figure |21 are slightly more likely to be correct.
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3.1.3 Laser beam quality

A laser beam’s quality affects its Rayleigh length and thus its phase front and beam radius. Hence it
is a important factor, for calculations of the effects of optical elements on the beam and the shape of
its intensity and phase profile. The quality factor of the CoSF-D-ER-B-LP Narrow Linewidth Single
Frequency Fiber Laser according to Connets test report is M? < 1.1. In an attempt to verify this,
a beam quality measurement was conducted with the WinCamD-LCM-TEL. For this, the initially
collimated beam is focused with a lens. The beam profiler is then set to different positions along the
optical axis both in front and behind the focus, where it records the size of the beam. The WinCam
software then applies a fit (Equation to the recorded data to determine the quality factor M? [42].
The result of one of these measurements is shown in Figure

Beam widths calculated from 13.54 % clip level.
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Figure 13: Result of one of the M? measurements taken with the WinCamD-LCM-TEL. The camera
is moved across the optical axis (x-axis in the plot) with the beam being captured at specific locations
(w(z) is the y-axis in the plot). The resulting curve’s divergence in x- and y-direction in the lab system
(blue and red) is then compared to the divergence of an ideal Gaussian beam (M? = 1) with the same
waist size wg. M? = 1 means minimal divergence.

Due to the first problem described in Section [3.1.2], the result is measurements with high error as
illustrated in Figure[I3] The fit function by the DataRay software does not correlate well with the
data points around the waist. With quality factors of M2 = 1.16 £0.12 in x and M? = 1.18 £0.12 in
y-direction, it was not possible to obtain a result more accurate than the one given in the Test Report
by Connet with M? < 1.1 (see Table [2).

3.1.4 General statistical errors

The systematic error of the beam profiler explained in Section was discovered after the optical
setup was already constructed. As such it was found that the beam profiler measurements of the
beam radius w did not correlate well with simulations, as can be seen in Figure [61] and Figure [62]
which show the simulations for beam radius w(z) across the entire setup according to parameters
that were initially believed to be correct. Contrary to initial assumption, the collimator specs that
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were used to design this initial setup, specifically regarding the theoretical waist diameter and its
location are only valid when using the exact same fiber that Thorlabs used to determine these values,
namely a SMF-28e+ [43]. The two fibers used together with output collimators in the laser setup
however are a Thorlabs P3-1550PM-FC-1 - PM Patch Cable, and a PM1550 fiber that is built into
the AOM. The P3-1550PM-FC-1 has a MFD of (10.1 £ 0.4) pm at A = 1550 nm [39], leading to a
waist size of wp = (1290 £ 80) pm at a distance of zp = 12.56) mm from the first collimator, instead
of wp = (1.135 £ 0.005) pm with zp = —10.2 £ 1.0) mm. The specs of the AOM fiber were provided
by AeroDIODE support and are listed in Table With MFD = (10.5 4+ 0.5) pm, this leads to an
output waist of wy = (1240 £ 80) pm at zp = (—1.527 £ 0.007) m instead of wy = 1.135 & 0.005) pm
at 2o = (—1.550 £ 0.007) m. These values were calculated with the method described in Section [2.4.6]
The new calculations also take the quality factor M? = (1.05+0.05) into account which was neglected
before.

With the knowledge gained from the issues discovered in Section regarding the systematic error
of the beam profiler, a new more accurate measurement of the size and position of the first EOM
beam focus, that is used as the baseline for many of the simulations, as already mentioned in Section
was conducted. It turned out that the focus is not located at z = (0.1980 £ 0.0020) m, but at
z = (0.210 £ 0.004) m, with a beam radius of wy = (249 £ 3) pm instead of wy = (258 £ 3) pm.

The position of the lens KPX119AR.18 was also incorrect. A new measurement of optical element
positions revealed that it is located at z = (—0.4470 4+ 0.0015) m, not at z = (—0.4270 £ 0.0028). The
reason for this discrepancy could be that the lens was at one point put onto a rail in order to make it
movable for some of the phase measurements below.

3.1.5 Inaccuracies in technical specs

Remedying and consolidating the errors and systematic errors from the Sections above led to the
simulation of the beam radius w(z) shown in Figure [I4] and Figure [63] in the appendix. The adjusted
simulation for the AOM beam still does not fit to the measurement points, even less than in Figure
There is also a large offset between 2y asom and 29 gom which can’t be correct since the overlap of
the two beams was specifically aligned by hand. Hence this simulation must also be false. Taking a
look at the far left side in Figure we can see that the measured values show a stronger divergence
and smaller theoretical focus, that by this shape, must be located at 2y < Zzcollimator- By manually
adjusting the theoretical parameters of the beam produced by the AOM collimator, a shape could be
found that aligns well with the measurements along the whole beam path with wo = (1100 £ 50) pm
and zg = (—2.027 +0.007) m. This is the best setting that could be found manually. The simulation
with these parameters can be seen in Figure 2I]and provides the parameters that the phase simulations
in later sections are based on.

3.2 Evolution of the laser beam through the optical setup

As the laser setup has two splitting beam paths that recombine back into one, it is useful to characterize
it with two separate coordinate systems. The first coordinate system (CS 1) is for describing the beam
paths in front of EOM and AOM and the second coordinate system (CS 2) for the paths behind them.
As such, CS 1 places the location of the initial laser output collimator as z = 0, while CS 2 is centered
around the location of the second BS in Figure[l1]as z = 0. Evolution of the laser power P through
CS 1 and CS 2 with a laser output power of 10mW are shown in Figure 59| and Figure [60]

3.2.1 First coordinate system

As seen in Figure [II] the initial beam is first fed into the I0-4-1550-VLP - Free-Space Isolator. At
1550 nm this component allows for a maximum transmission of 95 % of the laser light with an isolation

25



of 38 —42 dB with a maximum beam diameter of 2w,x = 3.6 mm. To achieve maximum transmission,
the TC12APC-1550 Triplet collimator is rotated to produce laser light polarized in a 45° angle. The
input polarizer plate of the isolator is also set to 45° meaning that ideally, all of the incoming radiation
is transmitted. The internal Faraday rotator then rotates the polarization by another 45° through the
usage of a magnetic field, leading to the subsequent laser light being linearly polarized horizontally,
i.e. parallel to the optical table’s surface [41]. From before to behind the Faraday isolator, P decreases
from (9.530£0.028) mW to (9.20£0.10) mW, which equates to a transmission of (96.5+£1.1) %, slightly
above the official maximum value. Next, at the position z = (0.110 + 0.004) m, with is a Thorlabs
LA1908-C plano-convex lens with a focal length of f = 500 mm [44] with the primary function to focus
the beam to avoid clipping at the EOM further down the beam path. To limit optical aberrations, the
spherical side is facing the collimator. As statistical errors, a tilt ; = (0.00+0.10)° and displacement
x1 = (0 & 1) mm were assumed. The statistical error of location parameters is based on positional
measurements.

The beam is then split at z = (0.277 & 0.004) m by the first beamsplitter in the setup, a Thorlabs
BSW29, into the reference and test beam sections. These are the reference and test beam which
we will denote as AOM and EOM beam. The BS has a thickness of (5.0 & 0.4) mm, where instead
of both surfaces being perfectly parallel, one is tilted by an angle of 30 arcmin in order to prevent
ghosting, i.e. the overlap of backscattered of light. The BS is optimized to achieve a near 50:50 split
in power for unpolarized light. For polarized light at 1550 nm, the power split is around 65:35 [45].
The total beam in front of the BS has a power of (9.134+0.08) mW and the split AOM and EOM beams
(6.0204£0.0028) mW and (3.040+0.014) mW. The actual power split is thus (65.94+0.07):(33.30£0.33)
which is accurate.

Following BS 1, the EOM beam travels through the PM7-SWIR1__10 by QUBIG, where sidebands at
+10MHz are created.

The AOM beam propagates through a lens system before arriving at another TC12APC-1550 Triplet
Collimator at z = (0.973+0.01) m that is attached to a P3-1550PM-FC-1 - PM Patch Cable connecting
to another ADAFCPMB4 Dual L-Bracket Mating Sleeve that then connects to the fiber-coupled
1550-AOM-1 by AeoroDIODE shifts the frequency of the laser light by +80MHz. The purpose of
the lens system is mode-matching, i.e. to equalize the input beam as close as possible to the beam
parameters produced by the collimator mentioned above, as to maximize power transmittance through
the optical fiber [46]. The lens system is comprised of three lenses, a Thorlabs LD1464-C [47] at
z = (0.517 £ 0.006) m with f = —50mm, a LB1676-C [48] at z = (0.723 £ 0.007) m with f = 100 mm,
and a LC1582-C at z = (0.810 = 0.008) m with f = —75mm. With this configuration, at minimum
laser power (10 mW), measurements show that the power decreases from (5.850 + 0.028) mW in front
of the collimator to (2.640 & 0.028) mW behind the fiber, which equates to a power transmittance of
(45.1£0.05) %. The AOM itself has an additional insertion loss of 1.7 dB according to its factory test
report (see Table3]), thus the power behind it should be (1.785 + 0.014) mW. The measured power
behind the AOM output collimator is (1.885+0.005) mW which is slightly above the theoretical value.
The result was deemed sufficient for later recombination with the EOM beam, because both beams
possess power with similar magnitude.

The evolution of the beam radius w(z) through the first coordinate system with can be seen Figure
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Figure 14: Beam radius w(z) in the first coordinate system after adjusting for statitical errors. The
measured values contain the mean and range (lowest to highest measured value) of both major and
minor beam axes because of the unresolved systematic error with the beam profiler (see Section [3.1.2]).
This plot does not contain the EOM beam, which has the same shape past the BS as the AOM beam
has up until the subsequent lens in it’s path. The gap on the left side in the full beam simulation
represents the space between the O-4-1550-VLP - Free-Space Isolator and the first lens, where the
radius can not be simulated. The shape of the segment between this lens and the BS is based on
measurements of this beam segment’s waist as described in Section 3.1.0Jl The red segment on the
right represents the shape that the beam would need to have for perfect mode matching, which is the
exact same shape as produced by the output collimator on the right.

3.2.2 Second coordinate system

CS 2 is centered around the position of BS 2 at z = 0. The AOM output collimator at the end of
its output fiber, another TC12APC-1550 Triplet Collimator, is located at z = (—1.540 + 0.007) m. A
KPX119AR.18 plano-convex lens by Newport [49] with a focal length of f = 600 mm is positioned at
z = (—0.4470 £ 0.0015) m in order to match the AOM beam to the EOM beam as best as possible.
This position was experimentally set, the simulated effects of the position of this lens are shown in
Figure [I5 In the second coordinate system, this lens is referred to as lens 1. Since the AOM beam is
large and well collimated, i.e. it’s radius w(z) and radius of curvature R(z) do not change drastically
over z, the position of lens 1 only has marginal effects on the resulting new waist, and the waist
position is directly proportional to it: zg o< zjens1- This means that statistical errors regarding the lens
position and the AOM beam parameters only have marginal impacts, which is visualized in Figure
which shows the effect of the positioning of lens 1 on the resulting waist radius wgy and its position z
of the AOM beam compared to the EOM beam focus.
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Figure 15: Waist wg (top) and waist position zy (bottom) of the AOM beam created by lens 1
depending on its position on the optical axis z. Initial parameters are from the simulation depicted in
Figure The best position indicates where EOM and AOM beam perfectly overlap in both plots.
The EOM beam parameters in these plots are static, as lens 1 is located in the AOM beam path. Note
that the initial design provided an even overlap in wy but a worse overlap in zy (see Figure [64).

As shown in Figure both beam paths are then recombined at the position of BS 2, which is
set to z = (0 £ 0.005) m. A shared focus is created with 2o aom = (0.210 £ 0.010) m, wo aoM =
(261 £ 13) pm, and 2o gom = (0.210 £ 0.004) m, wo gom = (249 & 3) pm. The beamsplitter changes
the laser powers P of the two beams from (2.97 + 0.01) mW to (0.93 £ 0.01) mW for the EOM beam
and from (1.82 £ 0.01) mW to (1.27 £ 0.08) mW (see Figure[60). Note that the accuracy of the
power meter is limited to two decimal places. The reason why the EOM beam power decreases this
drastically, is that most of the light is transmitted by BS 2, while the beam that is recombined with
the AOM beam, is the reflected part of the initial EOM beam. The fact that this narrows the gap
between the two laser beams’ power is beneficial because it provides better mode-matching between

28



the beams. Following the second beamsplitter are two lenses, a Thorlabs LA1708-C with f = 200 mm
and LA1172-C with f = 400mm. These are denoted as lens 2 and lens 3. While lens 3 is stationary,
with zjenss = (0.722 £ 0.066), the purpose of lens 2 is to be movable between BS 2 and lens 3. In
combination with lens 3, this makes it possible to create a multitude of possible waist sizes in the
camera range later on the path and makes it possible to study many types of wavefronts with the
phase camera. Note that some areas between BS 2 and lens 3 are occupied with planar mirrors and
their post holders. As such, the areas z = (0.317 £ 0.004) m + 1.5cm, and z = (0.622 + 0.005) m +
1.5 cm are obstructed and cannot be chosen for lens 2. The same applies for the 1.5 cm directly behind
BS 2 and 5cm in front of lens 3. Simulations of the achievable beam waists and their positions on the
optical axis can be seen in Figure [16| and Figure [17] shows a small number of beams and their radii
that can be created with different positions of lens 2.
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Figure 16: Achievable waist sizes wy dependent on the position of lens 2 on the optical axis. Initial
parameters are from the simulation depicted in Figure 21} Top: Waist sizes wp. Bottom: Related
waist positions zg. The areas in this range marked in red are obstructed by the posts of optical
elements and can not be chosen as zjens2. These are zggs £ 1.5 cm, Zmirrort = 1.5 ¢m, Zmirror1 = 1.5 cm,
and 2zjens3 — D cm. Note that the overlap between AOM and EOM beam of the initial design is better

(see Figure [65).
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Figure 17: Beam radii in the camera range for five different positions of lens 2. Top: EOM beam.
Bottom: AOM beam. In comparison to the initial design (see Figure[60]), the std bands are much
broader as a consequence of including the quality factor M? in the simulations.

As can be seen in Figure [15|and Figure a wide spectrum of beam types can be created with this
lens setup ranging from large, well collimated beams with flat wavefronts, to beams with very small
foci and large divergence. Though the shapes of the AOM and EOM beams in Figure [17| are similar,
it is useful to know the exact difference between the top and bottom plot in Figure[I7] Figure [I§]
shows the difference waom — wrom of the two beams for all the different configuration examples.
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Figure 18: Difference between the beam radius of the AOM and EOM beam in the settings shown in
Figure [T7}

The most important parameters for phase analysis of a Gaussian beam according to Equation [16]
next to the position zg of the waist is the inverse of the radius of curvature R(z), the so-called wavefront
1/R(z) that is responsible for the transverse, radial phase profile of a laser beam. We can use the
example configurations from Figure [I7 and construct a similar plot for beam wavefronts. Figure
then shows a small sample of wavefront profiles dependent on the position of lens 2.
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Figure 19: Wavefronts 1/R(z) in the camera range for five different positions of lens 2. Top: EOM
beam. Bottom: AOM beam. The plots on the right are the same as on the left but zoomed in.
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Comparing Figure [I9] to Figure [I7} we can see that the better collimated a beam is, the closer
the wavefront 1/R(z) remains to 0 away from the waist. In contrast, the heavily curved example for
Zlens2 = 0.70m, rapidly expands to a peak of much higher magnitude that is located at the distance of
of z = z9 + zpR, after which the wavefront curvature starts to decrease again as the beam has reached
its far-field region. Similarly to Figure [I8] which shows the difference between the AOM and EOM
beam samples in Figure it is useful to also display the wavefront difference 1/Raom — 1/Rrowm for
all the settings. This can be seen in Figure [20]
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Figure 20: Wavefront difference between the beam radius of the AOM and EOM beam in the settings
shown in Figure The pink uncertainty range extends to —17.4m~! and 24.6m~!.

The first position for lens 2 to conduct phase measurements with is at z = (0.372 £0.004) m. This
is the basic position chosen for the arbitrary reason to simply construct a working version of the setup.
It provides a medium sized beam with wy aom = (470 £ 30) pm and wo pom = 466 &+ 25 pm that is
does neither have a very flat, nor very curved wavefront. The beam radius w(z) across the optical
setup for this configuration is shown in Figure [21} and provides a baseline for the many measurements
in Section B especially for the ones where the effect of changing only the shape of the reference beam
is investigated.
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Figure 21: Beam radius w(z) in the second coordinate system after adjusting for statistical errors,
and manually finding the best AOM beam parameters for overlap with the measurements. With
Zlens2 = (0.372 £ 0.004) m. The measured values contain the mean and range (lowest to highest
measured value) of both major and minor beam axes because of the unresolved systematic error with
the beam profiler (see Section [3.]).

The last optical component in front of the camera range is a Thorlabs BB1-E04 [50] planar mirror
at z = (0.845 £ 0.008) m, that is slated to be Piezo-controlled in the future for scanning across the
surface of the phase camera. For this work, this feature was not implemented yet. Following this
mirror, the 64-pixeled camera with optical fibers coupled to each pixel is located. These fibers con-
nect to individual photodiodes that detect the laser light and convert it to digital signals which are
subsequently electronically processed.
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3.3 Signal detection and processing

The fiber array used to detect the laser light is shown on the left side in Figure[22] The pixels
are arranged in a hexagonal grid with a distance of 0.127mm between their centers in horizontal
direction, and a vertical spacing of 0.108 mm. Thus with 64 pixels in total, the array covers an area of
A= (75-0.127) - (7-0.108) mm? = 0.720 mm?. The right side in Figure 22| shows an example phase
reconstruction with the 22 pixels that are currently in use.
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Figure 22: Left: Geometry and pixel numbering of the phase camera fiber array. Right: 22 pixels
currently in use.

Each pixel is a PTIU105/125/250A A22BK multi-mode fiber that guides the signal to individual
FCI-InGaAs-120-FC photodiodes that are optimized for infrared light. A in-house designed amplifier
board then reads the PD current by first using a LMH33440 transimpedance amplifier to amplify
and convert the current to voltage, then applying a crossover network that splits the signal into a
DC signal used to monitor intensity, and a signal that is to be used for analysis. On the board, the
latter signal is also transmitted through a inverting amplifier, that is based on the LMH6629 ultra-low
Noise, high-speed Operational Amplifier, and finally through a 250 MHz anti-aliasing filter. Software
coordinates and protocols factors like dynamic voltage range or input impedance.

The digitizer is comprised of six 14 bit M4i.4451-x8 4-channel PCle-digitization cards with
500 MSamples/s, that are internally synchronized with each other. The analog DC signal is con-
verted with a specifically built 24-channel digitizer box based on Arduino Duos. Data is recorded
continuously over a set amount of integration time.

After recording, the raw data can then be demodulated into a phase and amplitude signal for each
pixel with the I-Q method explained in Section 2.5 with a resolution of at least 0.03rad with an in-
tegration time of 8 us at the laser output power of 10 mW that translates to AOM and EOM beam
powers of Paoy = 1.17mW and Pgom = (0.88 + 0.01) mW in front of the fiber array. Recording
and demodulating is done via a in-house written software framework. Also included is a liveplotter
function that continuously displays the intensity recorded by the fiber array, and can be used to center
the laser beam onto the array [19].
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4 Phase simulations

4.1 Graphical interface

Phase simulations of the AOM and EOM beam are done with a self-written python script that creates
a graphical interface that is shown in Figure [0} The code is fed with waist radius wg and position zy
parameters that are obtained with the calculations explained in Section 2.4] tracking the theoretical
evolution of the laser beam through the optical setup (see Section [3.2.11and Section 3.2.2]), and offsets
doz, doy and beam angles €., €, are obtained by performing beam trajectory measurements with a
beam profiler in front of the pixel array for all different configurations of the optical setup that are used
for phase measurements. Also imported are recorded phase and intensity data for direct comparison
with simulations. A more in-depth explanation of the graphical interface can be found in Section [A.4]

4.2 Impacts of beam and camera parameters on phase profiles

This section attempts to provide an overview of the scale of the effects of all the parameters wy, 2o,
€x, €ys g, Qy, doz, doy, dogz, doy, and the distance z — 2o between camera and waist position on
the resulting phase profile on the camera surface. Due to the three-dimensionality of Gaussian beam
phase profiles and the amount of beam parameters, it is difficult to quantify every possible scenario.
As such, to limit scale, this overview only uses the calculated mean values of the waist radii of all three
carrier beam settings used for measurements in Section [l as a basis to perform a few demonstrative
calculations. These radii are w; = 142 pm, we = 466 nm, and ws = 803 pm.

First we take a look at the longitudinal phase terms kz and ®gouy. These are shown in Figure
As can be seen on the left, the linear phase kz changes rapidly between 0 and 27 and is thus not
experimentally resolvable in this work. In measurements it provides a phase offset in the 2D images
between both beams but does not alter the the shape of the profile due being strictly longitudinal.
kz is not dependant on beam size and is thus the same for all three example sizes, provided that
201 = 202 = 203-

The plot on the right of Figure 23] shows the Gouy phase (see Equation [I7)). As can be seen it inverts
at zp and changes the most for the beam with the smallest waist and thus biggest divergence. At this
wavelength (1550 nm) all three curves tend toward the same value at approximately +1.5rad. The
Gouy phase is also purely longitudinal and does not affect the shape of the phase profile on the camera
surface.
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Figure 23: Linear phase term kz (left) and Gouy phase term (right) for all three carrier waist sizes
(see Section [).

Next we take a look at the transversal shape of the phase profile, i.e. the phase from the perspective
of the fiber array. The left side of Figure 24] shows a plot of the radially symmetric term ®,,q =
kr?/(2R(z)) in Equation [T6] on one of the camera axes with any offsets removed: ®gans = ® — kz +
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PGouy = Prag. To illustrate the effect of the distance from zy two positions are shown, z—zy = 0.001 m
(dotted line) and z—2zy = 0.01 m (dashed line). As can be seen, the phase of the beam with the smallest
waist increases with much higher magnitude than the other two (= 100 to orange, ~ 1000 to green).
The right side of Figure [24] shows the difference ® 55 — Pmin between the highest and the lowest phase
value on the 2D surface of the camera dependent on z — zy. As seen, the blue curve quickly maxes
out, reaching values from 0 to 27 around the location zr — zp, where the beam’s wavefront 1/R(z) has
a maximum (see Figure [I9] for example). The other two curves display a much smaller range. While
a maximum can still be spotted in the orange curve, the beam corresponding to the green curve has
a Rayleigh length that is longer than the displayed z — 2y range.
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Figure 24: Left: Transverse phase term without any offsets: ®yans = Praq for z — zg = 0.001m
(dotted line) and z — zgp = 0.01 m (dashed line) for all three carrier waist sizes (see Section [Hl). Right:
Corresponding phase range on the camera plane.

Linear offsets on x¢ and yo do not change the recorded shape but may displace them from the
surface center as shown in Figure 25 This means that the phase range on the camera increases, but
the overall shape of the phase profile remains the same.
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Figure 25: Left: Transverse phase term ®yans = $raq without any (phase) offsets, and de, = 0.3 mm
for z — z9p = 0.001 m (dotted line) and z — zp = 0.01 m (dashed line) for all three carrier waist sizes
(see Section [f]). Right: Corresponding phase range on the camera plane.

Once we take tilt angles €, , and o , introduced with the 2D camera coordinate system parametriza-
tion (see Section 2.4.7) into account, then the transversal phase profile of a laser beam is not only
comprised of the radial phase term plus offset anymore. The presence of tilt angles between beam
and camera surface means that the longitudinal optical axis 2z’ of a beam is not orthogonal to z¢
and yc, and thus the longitudinal phase terms kz and ®qgo,y become dependent on xz¢ and yco
and hence part of ®irans. Praq additionally gets distorted because there is now a multitude of
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different wavefronts 1/R(z) present of the camera surface. Figure[26] and Figure 27] show the ef-
fects of tilt angles o, = 0.01° and a, = 0.1° on the shape of the transversal phase on the cam-
era axis x¢ and the phase range ®pax — Pmin on the camera surface dependent on z — zy. Note
that linear offsets in the transversal phase on the left of both figures are still removed for clarity:

q)trans(xCa Yo, Z) = (I)(va Yo, Z) - (I)linear(ou 07 Z) + (I)Gouy(oa O’ Z)‘
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Figure 26: Left: Transverse phase term ®ians = Praq without any offsets, and a, = 0.001° for
z — 29 = 0.001m (dotted line) and z — zp = 0.01 m (dashed line) for all three carrier waist sizes (see
Section [B)). Right: Corresponding phase range on the camera plane.
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Figure 27: Left: Transverse phase term ®ians = Praq without any offsets, and «, = 0.001° for
z —z9 = 0.01m (dotted line) and z — zp = 0.01 m (dashed line) for all three carrier waist sizes (see
Section [B)). Right: Corresponding phase range on the camera plane.

While both curves on the left side of Figure 26] and Figure 27] show that the phase distribution on
x¢ simply tilts proportional to ay, the curves in the plots on the right are vastly different between
both figures. This is because the angle in Figure [27] is large enough that the phase jumps between 0
and 27 at least once over the entire z — zp range for all three beams which is underlined by the plot
on the left, where all curves stretch from around —4 to 4rad or —0.5 to 6.5rad. Higher tilt angles
result in multiple phase jumps between 0 and 27 and can thus lead to phase images that are difficult
to resolve with a limited spacial resolution.

For phase differences, linear offsets dc,, dcy have the exact same effect as before in Figure [25]
This can be seen in Figure [28] which shows the phase difference Dirans,1 — Pirans,2 between all three
example beams with an offset of dg, = 0.3mm on the right, compared to the phase differences
without any offsets on the left. The phase difference retains the radially symmetric shape of the
transversal phase. Note that similar to beam phases, the phase difference with linear phase offsets
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P1in (0,0, 2) + Pgouy (0,0, 2) present results in the curves in Figure 28| simply shifting up/down without

any change in shape.

31 N\ Dtrans(142 M) —Drans (466 um) 81 Otrans(142 UM) = Pirans (466 um)
24 \\\ CDtrans(466/Jrn)_q)trans(803Mrn) ',// 61 CDtrans(466/Jrn)_q)t:rans(803Mrn) d
5 1 Otrans(803 UM) —Dyrans(142 um) 5 4 Otrans(803 UM) —Dyrans(142 um)
e 1 S - & 2
é\' 01 é\' 01 =
L 1] L 21 0.06 ". .'l
© © —4] 0.041 % 4 | ~.
-3{ 0.00, s L i | _g| 0.00 Lzmanbds . . . \\\
. -0.50 —025 0.00 025 0.0 . . -0.50 —025 0.00 025 0.0 .
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
xc [mm] Xc [mm]

Figure 28: Left: Transverse phase difference ®¢ans;1 — Ptrans,2 without any (phase) offsets, and dey, =
Omm for z — zp = 0.001 m (dotted line) and z — zp = 0.01 m (dashed line) for all three carrier waist

sizes (see Section [{]). Right: Same plot for d¢, = 0.3 mm.

Fortunately for relative phase measurements, tilt angles between beam and camera surface don’t
affect the shape of the phase difference ®irans;1 — Ptrans2 as illustrated in Figure 29 that shows the
effect of a; = 0.001° on the left, and the effect of a,, = 0.01° on the right. Both curves shown here
and the curve on the left side of Figure 28 for o, = 0° are the same. As such, only the angle between
both beams matters. This is beneficial, because ensuring an angle of ~ 0° between both beams and

camera is difficult to accomplish.
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Figure 29: Left: Transverse phase difference ®¢ans,1 — Ptrans,2 Without any (phase) offsets, and o, =
0.01° for z — zp = 0.001 m (dotted line) and z — zp = 0.01 m (dashed line) for all three carrier waist
sizes (see Section [B]). Right: Same plot for a;, = 0.01°.

The result of tilting one the beams with an angle of ¢, = 0.01° is shown in Figure As seen,

the effect is similar to the effect of camera tilt on pure beam phase in Figure 29 where the transversal
phase profile tilts proportional to €, resulting in a (in this case only slightly) larger phase range on
the camera plane as shown in the plot ont the right of Figure

38



34 q>trans(:l-‘]'2 um)_otrans(466um) ,’/ 6‘ 6®max - 6®min
5] \\ Dtrans(466 UM)—Dirans(803 um) /// = 5 6P max — 6Pmin
= N Otrans(803 UM) —Dtrans(142 um) g 8Pmax = 6®rmin
S 17 s - 4
~ &
e O o 3
L—1 |
© g2
—21 g
14
—31
-0.4 -0.2 0.0 0.2 0.4 0.0 0.2 0.4 0.6 0.8 1.0
Xc [mm] z—2zp[m]

Figure 30: Left: Transverse phase difference ®irans1 — Ptrans,2 Without any (phase) offsets, and €, 2 =
0.01° for z — zp = 0.001 m (dotted line) and z — zp = 0.01 m (dashed line) for all three carrier waist
sizes (see Section [B). Right: Corresponding phase range on the camera plane.

The most asymmetric shape between different beam constellations is obtained when offsetting one
of the beams relative to the other. This can be seen in Figure [31] for an offset of dz0,2 = 0.3mm. The
blue and orange configurations are barely displaced compared to the green one which has a new phase
center at > 0.3 mm.

5] 6 6®max - Gq)min
%‘ 5 6¢max - 6¢min
© _ )
= 0 = 6®max — 6®Pnin
© <44
fla £
~—2
© % 3
L —4] i 0.00 Ix
© Dtrans(142 um) —Dyrans (466 um) - EZA
-6 Otrans(466 M) — Drrans (803 um) g,
—81 d>t:rans(803llrn)_q)trans(]-zl'zllm) 01
04 -0 0.0 0.2 0.4 0.0 0.2 0.4 0.6 0.8 1.0

Xc [mm] z—20[m]

Figure 31: Left: Transverse phase difference ®¢rans;1 — Ptrans,2 Without any (phase) offsets, and doz 2 =
0.3mm for z — zp = 0.001 m (dotted line) and z — zp = 0.01 m (dashed line) for all three carrier waist
sizes (see Section [B). Right: Corresponding phase range on the camera plane.
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5 Measurements

5.1 Fundamental measurement aspects

The phase camera captures two superimposed laser beams with the methods outlined in Section [2.3]
and Section with 22 pixels currently and can then demodulate the signals for each pixel into phase
difference and intensity data for the EOM beam carrier frequency and both of its sidebands. Figure
shows the recorded data of a single measurement for the first setting with zjepso = (—0.4470£0.0028) m.
First thing to note is that the intensity data for all frequency bands is not perfectly Gaussian. The
reason for this is that by the time of this work, the camera is not calibrated yet. Intensity detected
per pixel might differ depending on factors such as different attenuation factors of cables or pixel fiber
tilts resulting in varying mode matching efficiencies for coupling light into the fibers. Hence for this
low spacial resolution, intensity profiles may appear non-Gaussian, but higher resolutions should be
able to mitigate this issue. In principle it is irrelevant for phase demodulation however, as the absence
of calibration between the pixels does not affect the ratio between AOM and EOM beam intensity
detected by individual pixels. It could negatively affect signal-to-noise ratio however. As can be seen
in Figure [32] the phase profiles of the three frequency bands match each other in shape, while having
a linear offset between each other. This is what is expected. A +10 MHz offset changes 1550.141 nm
light (f ~ 193 THz) only marginally, which means that the radial phase profile stays effectively the
same while it’s still enough to cause a noticeable linear phase shift. From here on, only the carrier
frequency is used for phase analysis.
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Figure 32: Intensity (top) and phase data (bottom) for all three EOM beam frequency bands of a
measurement with the phase camera.

To determine the accuracy of the phase camera, We can take two successive measurements with
the exact same settings, which should yield the same transversal phase profile for both measurements.
As can be seen in Figure as expected, the shape of both arrays are effectively the same plus a
linear offset that is a result of the linear temporal phase change of the laser light. With the exception
of pixel 43, there seems to be only a small error in the consistency of the phase data sets. Calculating
the standard derivation of the phase difference points, which can be seen at the bottom of Figure [33]
we get 0.04rad in total, and 0.005 rad if we exclude pixel 43, which could differ this much because for
example its power cable was slightly dislodged during measurements. This is likely, because both in

40



Figure [32] and Figure [33] its value seems to be always the same (®,43 ~ 4.51rad), while its intensity
in Figure [32] is not exactly, but close to zero with a magnitude that is 103 lower than the intensities

in the other pixels.
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Figure 33: Phase data of two measurements taken in quick succession (top) and phase differences
between both measurements for each pixel (bottom). Only the difference between the points is relevant.
The total value is arbitrary.

Aside from pixel 43, which was nonfunctional during many of the measurements, other pixels
seem to have spontaneously seized working properly during some successive measurements but then
resumed functionality later during the same set of measurements. Three specific pixels, namely pixel
11, 36, and 52 were permanently defective. The reason for this is yet unclear. Malfunctioning pixels
may stand out as they display phase values that are not coherent to the surrounding phase profile, or
create shapes that are not possible to replicate with Gaussian beam theory. An example for the latter
can be seen on the left in Figure [41|in the shape of a half ring.

5.2 Altering the reference beam

Multiple minor setup alterations were made to test the dependence of the test beam reconstruction
on the wavefront of the reference beam. These were the inclusion of an additional lens at different
positions, and in the first case, the movement of lens 1 in CS 2 by &7 mm.

5.2.1 Marginal beam difference

Changing the position of lens 1 changes the beam radius w(z) and wavefront 1/R(z) of the AOM beam
marginally, which can be seen in Figure [34) and Figure [35] The waist and it’s position changes from
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wo,AoM = (470 £ 30) pm at 29 aom = (0.87 = 0.06) m to wo AoM plus = (480 & 30) pm at 2o AoM,plus =
(0.87 £ 0.06) m, and wp AOM,minus = (453 £ 29) pm at 2o AoMm,plus = 0.87 £ 0.05) m.
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Figure 34: Beam radius w(z) of the EOM and AOM beam for the base setup (top), for shifting the
position of lens 1 by +7mm (middle), and by —7mm (bottom). The red line indicates the location
where the camera was placed for recording (z = 2pjezo + 5 cm = (0.895 £ 0.008) m).
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Figure 35: Wavefront 1/R(z) of the EOM and AOM beam for the base setup (top), for shifting the
position of lens 1 by +7mm (middle), and by —7mm (bottom). The red line indicates the location
where the camera was placed for recording (z = 2zpjezo + 5 cm = (0.895 £ 0.008) m).
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Figure [40] and Figure show that at the position where the camera was placed for recording,
which is close to the focus, the base setup displays marginally better mode matching than the other
two settings. Figure shows the recorded phase data of all three lens 1 positions together with
simulations of the expected shapes and the difference between both.
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Figure 36: Recorded phase data (top) for zjens1 — 7mm (left), base setup (middle), and zjens1 + 7 mm
(right), as well as simulations (middle row), and difference |A®| = [6Pgata — IPsim|-

As can be seen in Figure[30] the shapes of the phase profiles all look similar, which is not surprising
because the camera was not moved between recordings. However, due to the movement of lens 1
between the measurements in order to change the AOM beam, its trajectory is slightly different in
each setting. Since the AOM beam passes seven optical elements behind lens 1, moving it by hand
will inevitably result in some change in the angle between the trajectory of the beam and the optical
lab axis z and thus also between the trajectories between AOM and EOM beam. Beam trajectories
were measured for all three lens configurations and can be seen in Figure[75l Overall we would
expect phase differences ®. — ® 4 that are either the same across all three measurements or slightly
different. However, it seems that this particular set of measurements does not yield much correlation
to simulations. We can quantify the discrepancy between data and simulation and arrive at a total
difference of (0.5 £ 0.3)rad, (0.5 + 0.3)rad, (0.5 £ 0.4)rad for the three configurations from left to
right. If we exclude the three broken pixels 11, 36, and 52, we get (0.44 + 0.28) rad for zjeps; — 7 mm,
(0.5 +0.3) rad for the base setup, and (0.5 + 0.3) rad for zjens1 + 7 mm. By the signature of the phase
profiles in Figure [36] and the corresponding intensity, it also seems that pixels 27 and 28 did not
function properly during this recording. If we exclude them too, then we arrive at a total difference
between recorded data and simulations of (0.38 £ 0.28) rad, (0.47 £ 0.26) rad, and (0.48 £ 0.28) rad.
This is not a good result, and much worse than for later measurements in the Sections below. The
overall shapes of the recorded data, especially in the plot on the right, look very chaotic and non-
Gaussian. Since this set was taken quite early after the principle functionality of the phase camera
was achieved, it is possible that there was still some kink in data acquisition and processing that was
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later ironed out before the other measurements were taken. We can still take a look at Figure [37]
Figure 38 and Figure [39, which show the simulated 64-pixel scale phase profiles of both AOM and
EOM beam for each of the three configurations, as well as the phase difference ® 4 — ® g according to
the reconstruction in Figure [36
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Figure 37: Phase simulations for EOM and AOM beam for zjens1 — 7mm. Left: Phase of the AOM
beam. Middle: Phase of the EOM beam. Right: Phase difference ® 4 — ® g + Ipo with Ipo = 1.056 rad.
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Figure 38: Phase simulations for EOM and AOM beam for the base setup. Left: Phase of the AOM
beam. Middle: Phase of the EOM beam. Right: Phase difference ® 4 — ® g + Ipo with Ilpo = 5.692 rad.
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Figure 39: Phase simulations for EOM and AOM beam for zjens1 + 7mm. Left: Phase of the AOM
beam. Middle: Phase of the EOM beam. Right: Phase difference ® 4 — ®g + Ipo with Ipo = 2.989 rad.

What can be seen when comparing the phase difference in Figure 37, Figure [38] and Figure [39] is
that the phase difference in all configurations is similar, but shifted in position. The reason for this is
mostly the effect of varying AOM and EOM beam trajectories between the three setups. Unfortunately
the exact settings cannot be determined/verified due to the poor quality of the measurement.
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5.2.2 Smaller and larger reference beam

After examining marginal wavefront differences, the next step was to investigate more pronounced
variations. By adding an additional lens to the optical setup at z = (—0.100 £ 0.003) m with a
focal length of f = 1m, we can create a beam configuration in front of the camera, where the AOM
beam is both smaller and larger than the EOM beam dependent on different camera positions. This
setup can be seen in Figure[d0] The AOM here has a waist radius of wpaom = (313 £ 19) pm at
zp,aoM = (0.950 £ 0.027) m.
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Figure 40: Beam radius w(z) (top) and wavefront 1/R(z) (bottom) in the second coordinate system.
With zjenss = (0.372 4+ 0.004) m and an additional lens at z = (—0.100 4 0.003) m. The red lines
indicate camera positions for measurements.

As can be seen in Figure [40] the three camera positions for measurements are at a location where
both w and 1/R of the AOM beam are smaller than those of the EOM beam (left), a location where
it is the other way around (right), and a position where both beams have approximately the same size
but the AOM beam wavefront is larger. These positions are z = zpjezo + 5cm = (0.895 + 0.008) m,
Z = ZPiezo + D0 cm = (1.345 + 0.008) m, and z = 2piezo + 80 cm = (1.645 £ 0.008) m. Figure 1] shows
the recorded phase data of all three camera positions together with simulations of the expected shapes
and the difference between both. Measured beam trajectories can be found in Figure [73]
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Figure 41: Recorded phase data (top) for zcam = 2piezo+5 cm (left), Zcam = 2Piezo+50 cm (middle), and
Zecam = ZPiezo+80 cm (right), as well as simulations (middle row), and difference |A®| = |§Pgata — 0 Psim |
for setup with additional lens at z = (—1.000 £ 0.003) m.

The phase profiles in Figure [41] look similar for the plots in the middle and right side. It seems
that for the measurement on the left, some of the pixels (11, 27, 28, 37, 43, 45, and 53) are not
working correctly. Interestingly, two of the three fundamentally broken pixels 11, 36, and 52 that
all show values that don’t fit a coherent phase profile in the middle and on the right, don’t display
a noticeable difference on the left. The total difference between the data values and simulation for
Zeam = ZPiezo + Dcm on the left is (0.5 £ 0.4) rad, unmodified, (0.4 4+ 0.4) rad without pixels 11, 36,
52, and (0.20 + 0.17) rad additionally without pixels 27, 28, 37, 43, 45, and 53. For the middle
With Zeam = ZPiezo + D0cm and the right with zeam = 2piezo + 80 cm, the differences between data
and simulation are (0.15 &+ 0.19)rad and (0.17 £ 0.25) rad unmodified, and (0.08 + 0.07) rad and
(0.08 + 0.09) rad without pixels 11, 36, 52. These two values are much better than the differences
between data and simulations obtained for the first measurements in Section [5.2.1] above. The only
measurement here, where data and simulation does not correlate as well is the one on the right in
Figure This could indicate that larger beams are more easily resolved than smaller beams, but it
might also be a consequence of the diminished resolution due to so many pixels malfunctioning, that
obscures the analysis of the data. The phase difference between AOM and EOM beam is simulated

in Figure Figure and Figure
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Figure 42: Phase simulations for EOM and AOM beam for and additional lens at z = (—0.100 +
0.003) m at the measurement position zcam = Zpiezo + D cm. Left: Phase of the AOM beam. Middle:
Phase of the EOM beam. Right: Phase difference ® 4 — @ + lpo with Ipo = 3.813.
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Figure 43: Phase simulations for EOM and AOM beam for and additional lens at z = (—0.100 £+
0.003) m at the measurement position zcam = Zpiezo + 50 cm. Left: Phase of the AOM beam. Middle:
Phase of the EOM beam. Right: Phase difference ® 4 — &g + lpo with Ipo = 4.439.
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Figure 44: Phase simulations for EOM and AOM beam for and additional lens at z = (—0.100 +
0.003) m at the measurement position zcam = 2piezo + 80 cm. Left: Phase of the AOM beam. Middle:
Phase of the EOM beam. Right: Phase difference ® 4 — @ + lpo with Ipo = 4.959.

As seen in Figure Figure and Figure [44] the range of the phase differences ® p—® 4 decreases
with beam size, showing a range of ~ 3rad in Figure[d2] ~ 1.5rad in Figure[d3] and =~ 0.6rad in
Figure [44] While this scenario doesn’t exactly match the examples shown in Figure [30 and Figure
where the phase difference range on the camera surface is shown for different beam combinations, with
small, medium and large waist, it still shows that the progression away from the focal position is either a
continuous decrease in the range of the phase difference, or a small brief increase followed by a decrease.
Given that the decrease shown for the example with a small and medium sized waist is a continuous,
drastic decrease, it is feasible that in the case of these three measurements here, the progression of the
phase difference range over distance is also a continuous but with less drastic decrease. For individual
measurements it is in principle possible to create a setting with the best overlap with recorded data
through different beam parameter configurations. That is why it is important to take measurements
at different beam positions, as it allows to filter out settings that look correct at one position, but
don’t match at others. Even though the data-simulation match in the case of the measurement in
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Figure [42]is not nearly as good as for the other two, a better setting at this location could not be found
within the range of the standard derivations of the beam parameters. Additional points of interests
in Figure [42] and Figure 3] are the hexbin artefacts on the left and middle of Figure d2] and in the
middle of 3] at the location on x¢ and yo where ® = 27. The circular colorbar in the three plots
is meant to erase the hard cut between 27 and 0, but it seems that matplotlib gets confused at the
transition, instead displaying values in the middle between 0 and 2.

5.2.3 Very large reference beam

By placing the additional lens to z = (—1.000 4 0.003) m instead of z = (—0.100 4= 0.003) m a beam
configuration was created where the wavefront of AOM and EOM beam are inversed at the position
of BS 2. With this, the waist of the AOM beam assumes the radius woarom = (163 £ 9) pm at
zp,aoM = (0.758 £ 0.015) m. The beam radii w(z) and wavefronts 1/R(z) for this setup are shown in

Figure
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Figure 45: Beam radius w(z) (top) and wavefront 1/R(z) (bottom) in the second coordinate system.
With zjens2 = (0.372 4+ 0.004) m and an additional lens at z = (—1.000 4 0.003) m. The red lines
indicate camera positions for measurements.

The configuration in Figure 45| creates an AOM beam with a small focus close to lens 3, which
allows for a measurement, where both beams have the same radius, with a positive wavefront for the
AOM beam and negative wavefront for the EOM beam (2 = 2pjezo + 5 cm, left). Another measurement
is located where the wavefronts are inversed in reference to the first position, and the AOM beam is
much larger (z = zpjez0+50 cm, middle). For the third measurement position (z = zpje,0+80 cm, right),
similar applies to the radial difference, but the wavefront between both beams is approximately equal.
For this setup, the recorded phase data of all three measurements, corresponding phase simulations,
and the difference between both can be seen in Figure [46]
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Figure 46: Recorded phase data (top) for zcam = 2piezo+5 cm (left), Zcam = 2Pieso+50 cm (middle), and
Zecam = ZPiezo+80 cm (right), as well as simulations (middle row), and difference |A®| = |§Pgata — 0 Psim |
for setup with additional lens at z = (—1.000 £ 0.003) m.

Like previously in Section [5.2.2] the reconstructions of the phase differences ®r — ® 4 in Figure
shows a good correlation between simulation and recorded data for the measurement with the largest
beam, but in this case the accuracy diminishes with decreasing beam size. Extracting the total phase
difference in recorded data and simulations from the plots at the bottom, for zcam = 2piezo + Dcm
(left), zcam = ZPiezo + 50 cm (middle), and zcam = 2ZPpieszo + 80 cm (right), we obtain (1.4 + 1.1)rad,
(0.20£0.25) rad, and (0.17+0.25) rad in total, and (1.240.7) rad, (0.11£0.11) rad, and (0.07+0.05) rad
without the faulty pixels 11, 36, and 52. While the correlation for the measurements in the middle and
right side are satisfactory, it seems that the measurement on the left is very poor. This measurement
point combines an EOM beam at approximately its focal position with a small, highly curved AOM
beam of approximately equal size. The result is a beam with a highly unspherical intensity profile
(see Figure with a quickly accelerating phase ring. The recorded phase data does not match this
shape at all. After Section [5.2.1] and Section [5.2.2] this is the third measurement at this EOM beam’s
focus, of which none yielded accurate results. If we exclude Section [(£.2.1] for potential problems in
the signal processing chain and compare only the latter two sets of measurements, then it seems that
there might be a correlation between beam wavefront 1/R and accuracy between recorded data and
simulations. The smaller and closer together the wavefronts of the two beams are, the higher the
accuracy. However, the available data is insufficient to confirm this. Similarly to before, Figure [47]
Figure and Figure 49| show the phase difference between AOM and EOM beam, and Figure
shows the measured trajectories of both beams.
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Figure 47: Phase simulations for EOM and AOM beam for and additional lens at z = (—1.000 +
0.003) m at the measurement position zcam = Zpiezo + D cm. Left: Phase of the AOM beam. Middle:
Phase of the EOM beam. Right: Phase difference ® 4 — &g + lpo with [po = 0.806 rad.

6
— 3.5, 3.8
. ° 0.2 o 0.2 =
e 45 = g - 368
€ < E 3.0 € =
g 0. € £ 0.0 € £ 0.0 345
= o [T T
> 24 > 2,5£ > "
-0.2 £ -0.2 £ -0.2 3.26
2.0
0 3.0
-0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5
X [mm] X [mm] X [mm]

Figure 48: Phase simulations for EOM and AOM beam for and additional lens at z = (—1.000 =
0.003) m at the measurement position zcam = Zpiezo + 50 cm. Left: Phase of the AOM beam. Middle:
Phase of the EOM beam. Right: Phase difference ® 4 — & + lpo with lpo = 1.826 rad.
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Figure 49: Phase simulations for EOM and AOM beam for and additional lens at z = (—1.000 +
0.003) m at the measurement position zcam = 2piezo + 80 cm. Left: Phase of the AOM beam. Middle:
Phase of the EOM beam. Right: Phase difference ® 4 — ® + lpo with lpo = 1.414 rad.

As the beam waists in this setup configuration match the example in Figure [30]and Figure 1] with
medium and small waist very well, so does the phase difference range in Figure A7, Figure 8 and
Figure [49] first displaying a range of 27, and then continuously decreasing with distance. First to
~ 0.9rad, and subsequently to ~ 0.4 rad.
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5.3 Altering the test and reference beam

After measurements for poor mode matching between both beams and the same EOM beam with
medium sized waist across all measurements, this Section discusses measurements for good mode
matching but different beam sizes. This is accomplished by moving the position of lens 2 as shown in
Figure With zjens2 = (0.250 +0.005) m we can create large, well collimated beams (wp ~ 800 um),
and for zjenso = (0.596 £ 0.004) m the resulting beams have a very small waist (wp ~ 140 nm) and a
large divergence.

5.3.1 Minimally divergent beams

The setup configuration with lens 2 at z = (0.250 £ 0.005) m creates large, well collimated laser beams
with a flat wavefront close to 0 in front of the camera with the focii wo pon = (800 £ 40) pm at
zp,poM = (1.46 = 0.10) m and wo aom = (810 £ 50) pm at zp gom = (1.35 £ 0.16) m. The radial and
wavefront evolution of this setup can be seen in Figure
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Figure 50: Beam radius w(z) (top) and wavefront 1/R(z) (bottom) in the second coordinate system.
With zjens2 = (0.250 £ 0.005) m. The red lines indicate camera positions for measurements.

The camera positions marked in Figure 7?7 are z = 2zpjezo + 5.6 cmm = (0.901 +0.008) m (left), which
provides a negative wavefront, the position z = zpjezo + 40.6 cm = (1.251 £ 0.008) m (middle) is at the
focus, and z = zpiezo + 82.6 cm = (1.671 + 0.008) m provides a positive wavefront. For this setup, the
recorded phase data, corresponding phase simulations, and the difference between both can be seen

in Figure [51}
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Figure 51: Recorded phase data (top) for zecam = 2piezo + 5.6 cm (left), Zecam = Zpieso + 40.6 cm
(middle), and zcam = 2Piezo + 82.6 cm (right), as well as simulations (middle row), and difference
|A®P| = |Pgata — 0Psim| for setup with lens 2 at z = (0.250 £ 0.005) m.

With exception of the broken pixels 11, 26, and 52, and additionally pixel 43, there seems to be
good correlation between the measurement on the left in Figure The middle exhibits the worst
correlation, which is not surprising because pixel 27 and 28 seem to have malfunctioned and thus the
resolution is decreased. The right side however also does not provide good overlap between simulation
and data, which is peculiar because radius w and wavefront 1/R at the measurement positions on
the left and right are basically the same. In total, the differences between phase data and phase
simulation from left to right is (0.3 4+ 0.7) rad, (0.6 &+ 0.8) rad, and (0.5 £+ 0.8) rad, (0.25 £ 0.8) rad,
(0.6£0.8) rad, and (0.4+£0.8) rad without pixels 11, 36, 52, and (0.07£0.05) rad, (0.2940.16) rad, and
(0.21 £0.12) rad additionally without pixel 43. For the middle, pixels 27 and 28 were also subtracted.
The measurements in this part were conducted at the same time as the measurements in Section [5.1],
where pixel 43 also doesn’t work most likely because it’s photodiode’s power cable was dislodged.
The discrepancy between the recorded data and phase simulation on the right of Figure [51] hints at
an error in the acquisition of beam trajectories like positioning errors of the beam profiler during the
trajectory measurements shown in Figure or a positioning error of the fiber array when recording
phase data for this particular measurement. The former would explain why the phase data recorded
the closest to lens 3 and the final mirror on the left side of Figure [51]is the most accurate, because tilt
errors have the least amount of impact there. The comparison of recorded data with simulations for a
measurement set are done in unison. Usually the best results are obtained by performing comparison
for the measurement point with the largest distance to the final mirror first, and the adjusting the
best determined parameter values based on the measurement point in the middle, then the one closest
to the mirror, and then reexamining the other two. If the fiber array was accidentally placed at a
different position for the measurement on the right side of Figure [51] then this would also explain the
discrepancy. Figure Figure and Figure [64] show the phase difference between AOM and EOM
beam, and Figure [76] shows the measured trajectories of both beams.
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Figure 52: Phase simulations for EOM and AOM beam for lens 2 at z = (0.250 & 0.005) m at the
measurement position Zeam = Zpiezo + 5.6 cm. Left: Phase of the AOM beam. Middle: Phase of the
EOM beam. Right: Phase difference ® 4 — ® g + lpo with lpo = 3.135rad.
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Figure 53: Phase simulations for EOM and AOM beam for lens 2 at z = (0.250 + 0.005) m at the
measurement position zZeam = Zpiezo + 40.6 cm. Left: Phase of the AOM beam. Middle: Phase of the
EOM beam. Right: Phase difference ® 4 — &5 + lpo with lpo = 2.273 rad.
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Figure 54: Phase simulations for EOM and AOM beam for lens 2 at z = (0.250 & 0.005) m at the
measurement position Zeam = Zpiezo + 82.6 cm. Left: Phase of the AOM beam. Middle: Phase of the
EOM beam. Right: Phase difference ® 4 — ®r + lpo with lpo = 5.639 rad.

From the example calculations in Section [£.2] we can deduct that two very large, well collimated
beams have a d® range in the camera surface that is very small and nearly constant over z. In
Figure 52| Figure[53] and Figure [54] this range is ~ 0.6rad for all three positions on z. The same
applies to the recorded phase data in the upper right plot in Figure 51} The possibility of an error
having occurred during the beam trajectory measurement is thus very likely, considering that the
data-simulation discrepancy seems to originate predominantly from the difference of shapes of the two
phase difference profiles.

5.3.2 Highly divergent beams

The second setup places lens 2 at z = (0.596+£0.004) m. This creates a very small focus with wopom =
(142 £4) pm at 2o gom = (0.87240.004) m and wo aoom = (146 +7) pm at 2o acom = (0.873 £0.004) m.
Radius w(z) and wavefront 1/R(z) of this configuration is shown in Figure
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Figure 55: Beam radius w(z) (top) and wavefront 1/R(z) (bottom) in the second coordinate system.
With zjens2 = (0.596 £ 0.004) m. The red lines indicate camera positions for measurements.

The combined laser beam shown in Figure [55| has a small focus and thus a stark curvature. Two
positions were used for recording data. One close to the focus, at zcam = 2pieso + 2.6 cm, and the other
at Zcam = ZPiezo + 82.6 cm, where the beam is very large. The results of these measurements and the
comparison of the recorded data with phase simulations can be seen in Figure
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Figure 56: Recorded phase data (top) for zecam = 2Piezo + 2.6 c;n (left), and zcam = 2piczo + 82.6 cm
(right), as well as simulations (middle row), and difference |A®| = |§Pgata — 0 Psim| for setup with lens
2 at z = (0.596 + 0.004) m.

The phase measurements in Figure seem to correlate well with simulations only where the
beams are large. The difference between data and theory from left to right is (1.2 &+ 0.7) rad, and
(0.2 £ 0.3) rad unmodified, (1.1 £ 0.7)rad and (0.14 £ 0.24) rad without pixels 11, 36, and 52, and
(1.0£0.6) rad and (0.0940.05) rad additionally without pixel 43. While the latter fits with acceptable
accuracy, the former does not seem accurate at all. The recorded shape in the top left of Figure
seems highly chaotic. While this may be another sign of poor accuracy at beam foci, it could also be
the result of a high tilt angle between beam trajectory and camera surface. Even though camera angles
o, and oy do not affect the shape of the phase difference between two beams in principle, the fiber
array exhibits a maximum angle =~ 10° — 14° where light can couple into the fibers. Since the beam
for this measurement is very small, it is difficult to locate with the live plotter of the phase camera.
This measurement position also carries close proximity to the final mirror, where beam trajectory can
be adjusted. It is possible that when trying to align the beam onto the fiber array, a large tilt was
created, since at this distance from the mirror, tilts only marginally translate to positional offsets. As
before, Figure Figure and Figure [58 show the phase difference between AOM and EOM beam,
and Figure [77] the measured trajectories of both beams.
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Figure 57: Phase simulations for EOM and AOM beam for lens 2 at z = (0.596 4+ 0.004) m at the
measurement position Zeam = Zpiezo + 2.6 cm. Left: Phase of the AOM beam. Middle: Phase of the
EOM beam. Right: Phase difference ® 4 — ® g + lpo with lpo = 5.442rad.
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Figure 58: Phase simulations for EOM and AOM beam for lens 2 at z = (0.596 + 0.004) m at the
measurement position zZeam = Zpiezo + 82.6 cm. Left: Phase of the AOM beam. Middle: Phase of the
EOM beam. Right: Phase difference ® 4 — &g + lpo with lpo = 4.744.

Phase difference ranges on the camera surface between two small beams are expected to start

out large and then diminish with distance z. While this is shown on the right side of Figure [57] and
Figure 58 with ~ 4rad and ~ 0.45rad, the faulty measurement on the top left in Figure [50] renders
confirmation challenging, even though the displayed range is also large (=~ 5rad).
Overall it seems that the phase differences for configurations with large beams present are the easiest
to resolve, which is expected. In contrast, there are no measurements at beam foci where recorded
data and simulations show good overlap. There are hints of accuracy being inversely proportional to
difference in wavefront |R1_1 - Ry 1|. The perceived accuracy also decreases significantly, the more
pixels don’t work properly. It is thus crucial to ensure the proper function of all pixels before tak-
ing measurements going forward, and to work towards fixing the problem of the three permanently
defective pixels.
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6 Conclusion

An optical setup that provides the functionality desired for the 2D phase camera was successfully
constructed. The laser beam’s parameters can be tracked through the entire setup with the methods
explained in Section 2.4l Combined with a python script providing a graphical interface for simulations
of 2D phase and intensity profiles of two overlapping beams, phase data recorded with the phase camera
can be directly compared with expectations according to theory by manually adjusting parameter
sliders with ranges of £ the standard derivation of the parameter in question. Simulations show
that the phase camera is able to measure the phase of beam configurations well, that include one
or more large beams, but has problems resolving configurations with smaller beams. This matches
expectations. At beam foci, no good overlap between phase data and simulations could be found
thus far. Additionally, low wavefront difference between the test and reference beams might yield
more accurate results, but due to a limited amount of data, this can not be confirmed at this point.
Simulations conducted with the graphical interface are limited by certain systematic and statistical
errors laid out in Section 3.1l such as inaccurate technical stats of optical components, or inaccurate
measurement tools such as the WinCamD-LCM-TEL used for beam profiling, which can only detect
the wavelength 1550 nm through a workaround method that introduces inaccuracy at small beam sizes.
Additionally it displays an unexpected dependency of the measured beam size w on laser power P.
This specific issue in general is a substantial limiting factor for constructing accurate phase simulations
because it means that the exact shape of the laser beam can not be determined to verify the correctness
of the beam trace calculations that act as a basis for phase simulations. Determining the accuracy of
phase measurements is also limited by the low spacial resolution of the phase camera, as there are only
22 of 64 pixels in use at the moment. Additionally the phase camera possesses systematic errors such
as three permanently defect pixels, and other pixels that may temporarily seize functionality. The
latter sometimes occurs when power cables of photodiodes dislodge due to the presence of incompatible
cable ports. This problem can be avoided by simply verifying that there is current running through
the photodiodes attached to each pixel or by replacing the cable ports. Sometimes however, pixels
malfunction for reasons that are not yet discovered. As a proof of concept however, the phase camera
works.
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Acronyms

GW gravitational waves

ET Einstein Telescope

CE Cosmic Explorer

NS neutron star

BH black hole

GR general relativity

CW continuous gravitational waves
LIGO Laser Interferometer Gravitational-Wave Observatory
GWB gravitational wave background
BS beamsplitter

HF high frequency

LF low frequency

QRPN quantum radiation pressure noise
SN shot noise

CS coordinate system

AOM acousto-optic modulator

EOM electro-optic modulator
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A Appendix

A.1 Technical stats

Table 1: Laser test condition from the test report by Connet.

Specifications
Power Supply 100 ~ 240VAC
Ambient Temperature 25°
Environment Humidity < 90%
Warm-up Time < 30 min

Table 2: Results from the Laser test report by Connet.

Parameters Unit Specifications Results
Min Typ. Max
Center Wavelength nm 1549.970 | 1550.120 | 1550.270 | 1550.141
Output Power mW 10 - 200 200
Monitor mW - - - 0.16
Side Mode Suppression Ratio
(SMSR) db 50 - - 61.47
Beam Quality M2 - - 1.1 <1.1
PER dB 20 21
Peak Frequency of
Relaxation Oscillation Kz 200 ) 700 365
RIN Level@peak dB/Hz - - -105 -111.7
Wavelength Thermal
Tunging Range nm - 0.3 - 0.3
Operation Temperature °C 0 - 50 Pass
Storage Temperature °C -40 - 85 Pass
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Table 3: AeroDIODE 1550-AOM-1 Factory Report.

AOM P/N.:  1550-AOM-1 | AOM S/N.: 2624DC
Driver P/N.:  RFAOM-A-80 | Driver S/N.: 2483DF
‘ Test Conditions ‘

Laser DFB
Laser Wavelength 1550 nm
Laser Power 20 mW
RF Frequency 80 MHz
RF Power 2.5W
RF Working Voltage 24V
RF Working Current | 320 mA

‘ Test Results ‘

Insertion Loss 1.7dB
Extinction Ratio (1st order on/off) 58 dB
Polarization Extinction Ratio 22dB
Fiber Type PM1550
Connector FC/APC
Rise/Fall Time 45 ns
Digital Input Standard TTL

Table 4: Specs of the PM1550 fiber built into the 1550-AOM-1.

Wavelength (nm) 1550
Mode-field Diameter (pm) 10.5£0.5
Beat Length Range (mm) 3.0-5.0
Maximum Cross Talk at 100 m (dB) -30
Typical Cross Talk at 4m (dB)

Cutoff Wavelength (nm) 1300-1440
Maximum Attenuation (dB/km) 0.5
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Table 5: All optical components used in the laser setup (see Section [3]).

Component type Manufacturer Coating
ADAFCPMB4 Mating Sleeve Thorlabs
P3-1550PM-FC-1 [39] PM fiber Thorlabs
10-4-1550-VLP [40] Faraday isolator Thorlabs
PM7 - SWIR1_10 EOM QUBIG
1550-A0OM-1 AOM AeroDIODE
RFAOM-A-80 AOM driver AeroDIODE
TC12APC-1550 [43] | Triplet Collimator Thorlabs AR-C (1050 — 1650 nm)
BB1-E04 [50] planar mirror Thorlabs E04 (1280 — 1600 nm)
BSW29 [45] beamsplitter Thorlabs (600 — 1700 m)
LA1908-C [44] plano-convex lens Thorlabs AR-C (1050 — 1650 nm)
LD1464-C [47] bi-concave lens Thorlabs AR-C (1050 — 1650 nm)
LB1676-C [48] bi-convex lens Thorlabs AR-C (1050 — 1650 nm)
LC1582C [44] plano-convex lens Thorlabs AR-C (1050 — 1650 nm)
KPX119AR.18 [49] | plano-convex lens Newport AR.18 (1000 — 1550 nm)
LA1708-C [44] plano-convex lens Thorlabs AR-C (1050 — 1650 nm)
LA1172-C [44] plano-convex lens Thorlabs AR-C (1050 — 1650 nm)
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A.2 Laser power across the optical setup

The evolution of the laser power P in in CS 1 and CS 2 is shown in Figure 59 and Figure [60] Jumps
mark locations of optical elements. The values were obtained through successive measurements with
a power meter.

10— i beam before BS 1
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Figure 59: Power evolution of the laser beam and it’s different paths through CS 1 set around the
position of the laser output collimator at z = 0. The gap in the EOM path represents the 4 cm within
the EOM. The EOM path in this plot ends at the location of BS 2 in CS 1 coordiantes. The location
of the AOM beam behind the AOM collimator is arbitrary since it is behind the fiber and is the power
that reaches the AOM.
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Figure 60: Power evolution of the laser beam and it’s different paths through CS 2 set around the
position of BS 2 at z = (0.000 £ 0.005) m. The gap in the EOM path represents the 4 cm within the
EOM. The EOM path in this plot starts at the location of BS 1 in CS 2 coordinates. Shown post BS
2 are both the power of the total recombined beam as well as the power of the EOM and AOM beam
sections.
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A.3 Erroneous laser setup plots

This Section compiles the plots that describe the initial design of the optical setup before the issues
discussed in Section 3.1l were discovered.
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Figure 61: Beam radius w(z) in the first coordinate system. The simulations are based on the initial
design and are faulty, which is part of the reason why there is a discrepancy with the measured values.
The measured values contain the mean and range (lowest to highest measured value) of both major and
minor beam axes because of the unresolved systematic error with the beam profiler (see Section [3.1.2]).
This plot does not contain the EOM beam, which past the BS has the same shape as the AOM beam.
The gap on the left side in the full beam simulation represents the space between the O-4-1550-VLP
- Free-Space Isolator and the first lens, where the radius can’t be simulated. The shape of the section
between this lens and the BS is based on measurements of this beam section’s waist. The red section
on the right represents the shape that the beam would need to have for perfect mode matching, which
is the exact same shape as produced by the output collimator on the right.
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Figure 62: Beam radius w(z) in the second coordinate system with zjenso = (0.372 & 0.004) m. The
simulations are based on the initial design and are faulty, which is part of the reason why there is a
discrepancy with the measured values. The measured values contain the mean and range (lowest to
highest measured value) of both major and minor beam axes because of the unresolved systematic
error with the beam profiler (see Section B.1.2]).
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Figure 63: Beam radius w(z) in the second coordinate system after adjusting for statistical errors,
with 2jens2 = (0.372 +0.004) m. The measured values contain the mean and range (lowest to highest
measured value) of both major and minor beam axes because of the unresolved systematic error with
the beam profiler (see Section [3.1.2)). As seen, calculations and measurements still don’t correlate well.
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Figure 64: Waist wg (top) and waist position zy (bottom) of the AOM beam created by lens 1
depending on its position on the optical axis z. The simulations are based on the initial design and
are faulty. The best position indicates where EOM and AOM beam perfectly overlap in both plots.
The EOM beam parameters in these plots are static, as lens 1 is located in the AOM beam path.
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Figure 65: Achievable waist sizes wy dependent on the position of lens 2 on the optical axis. Top: Waist
sizes wg. Cottom: related waist positions zg. These are zggo 1.5 cm, Zmirror1t £1.5 ¢m, Zmirror1 1.5 cm,
and 2jens3 — D cm. The simulations are based on the initial design and are faulty.
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Figure 66: Beam radii in the camera range for five different positions of lens 2. Top: EOM beam.
Bottom: AOM beam. The simulations are based on the initial design and are faulty.
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Figure 67: Radial difference between the beam radius of the AOM and EOM beam in the settings
shown in Figure @ The simulations are based on the initial design and are faulty.
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Figure 68: Wavefronts 1/R(z) in the camera range for five different positions of lens 2. Top: EOM
beam. Bottom: AOM beam. The simulations are based on the initial design and are faulty. The plots
on the right are the same as on the left but zoomed in.
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Figure 69: Wavefront difference between the beam radius of the AOM and EOM beam in the settings
shown in Figure The pink std band in the top plot extends to £20m™1. The simulations are
based on the initial design and are faulty.

A.4 Graphical interface

The plots on the top of Figure [70]show intensity profiles of both beams (left AOM, middle EOM) and
the beam that is created by overlapping them (right). The middle row plots display the intensity from
above but only in 1D. The grey positional sliders can be used to move to different positions on the
camera plane for this. The plots at the bottom of Figure [70] show the phase profiles of the two beams
on the left and middle, and the difference ® 4 — &5 between both on the right. The beam parameter
sliders (blue for AOM beam and orange for EOM beam) can then be adjusted between the upper
and lower end of a parameter’s standard derivation. The black sliders are there to adjust position z,
tilts o, and «y, and offsets dcs, doy (see Section of the camera chip in x— and y—direction,
and the two grey sliders "x" and "y" for adjusting the position of the vertical and horizontal lines
in the top plots, that act as axes for the plots in the middle. Pressing the Center buttons moves
both to the center of one of the beams. An additional slider applies a linear phase offset (Ipo) to the
phase difference between both beams. This is done because the linear phase term changes drastically
dependent on exact position on z, as illustrated in Figure Hence it is practically impossible to
match the absolute phase value of simulations with measurements. This is irrelevant for the 2D shape
of the phase profile however, thus the lpo value can simply be increased/decreased to bridge the gap
between recorded phase data and phase simulations.

In order to match phase data and phase simulations, the interface includes the compare function.
By pressing the compare button, a separate window opens which is shown in Figure that displays
plots of the recorded intensity (left) and phase data (right) in the top row, corresponding simulations in
the middle, and the differences |Iqata — Isim| and |Pgata — Psim| at the bottom. By adjusting the sliders,
the best overlap between data and simulations can then be found manually. There was an attempt to
create a feature that fits simulation parameters to data sets in order to automate this process. Due to
the large amount of different parameters and the multidimensionality in how parameter changes affect
resulting intensity and phase shapes, the fit feature, that is initiated when pressing the fit button in
shown Figure [70} didn’t yield any useful result and was abandoned due to time constraints.
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Figure 70: Graphical interface for phase simulations (Figure rotated by 90° to the right). Top: 2D
intensity of AOM beam (left), EOM beam (middle) and of combined beam (right). Middle: Same as
on top but 1D. Bottom: 2D simulated phase of AOM beam (left), EOM beam (middle) and phase
difference (right). Color coded sliders are for parameter adjustments (blue: AOM beam, orange: EOM
beam, black: camera).
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Figure 71: Compare function of the graphical interface (Figure rotated by 90° to the right). Top:
Recorded intensity (left) and phase data (right). Middle: Corresponding simulations. Bottom: Dif-
ference between data and simulation.

After matching simulation to recorded phase and intensity data as best as possible, the Export
buttons can be used to individually export the displayed intensity and phase plots. This will not
only export the hexbin plots with 64-pixel resolution, but also high resolution plots (with 10% x 102
pixels). The data-simulation comparison can also be exported by pressing the Compare export button.
Figure [72| shows an example of an exported high and low resolution intensity and phase profile.
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Figure 72: Top: Intensity. Bottom: Phase difference & — ® 4. Left: High resolution. Right: Low (64
pixel) resolution. This example shows one of the beams measured in Section [5.2.3
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A.5 Beam trajectory measurements

This section compiles the results of the measurements for beam trajectories on the camera range
that are used for phase measurements in Section [5l The acquired angles and offsets have high errors
because the beam profiler is manually moved on a rail. While uncertainties in beam profiler positions
on z are negligible, errors in x— and y—direction can be large as the profiler has to be fixed with
a screw by hand. As a consequence, minimal deviations in applied force can lead offsets of up to
100 pm. Hence the large std range and occasional symmetrical position jumps in Figure Figure [74]
Figure [75] Figure [76] and Figure [77 below.
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