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Abstract

Superchirality is a property of light with not yet fully discovered future possi-
bilities in industry and research. In this research, an attempt to obtain a bright
superchiral lattice is made by superposing four laser beams in a particular con-
figuration. Additionally, this superposition should theoretically lead to homo-
geneous electric fields without modulation, which is potentially useful in mi-
croscopy. Recording the field with a simple CMOS camera and observing its
fast Fourier transform gives rise to aliasing effects due to undersampling caused
by the fact that interference occurs at a subpixel level. This phenomenon is in-
vestigated by numeric and analytic simulations. By rotation of the camera, pixel
superresolution was achieved, which effectively enables the possibility to investi-
gate the interference patterns at a subpixel level and hence measure the angle be-
tween pair of beams with good accuracy. With newly developed beam alignment
methods we have achieved and confirmed a beam alignment that is sufficient for
production of bright superchirality lattices.
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Chapter

Introduction

Since the optical double-slit experiment of Young in 1804 [1], it is known
that light behaves as a wave and therefore experiences interference upon
observation. Nowadays, this behavior is broadly understood and consid-
ered undergraduate knowledge of physics. Interference of a particular
kind, namely utilizing multiple laser beams, is widely used throughout
multiple fields, such as, structured illumination microscopy [2], biological
microscopy [3], 3D fluorescence microscopy [4], or fabrication of nano-
structures using a photoresist and lithography [5, 6]. The research of this
thesis is an attempt to add a chapter to the book of laser interference and
the particularities involved.

In 2018, Kruining et al. [7] published a paper about the possibility of a non-
trivial cancellation of the interference patterns of multiple plane waves.
Non-trivial, because in three dimensions up to three beams can be put
trivially in superposition with a homogeneous interference pattern, sim-
ply by orthogonalizing their polarizations. But for four or more beams an-
other mathematical trick has to be applied to obtain this constant electric
field intensity throughout the interference plane. One of their proposed
beam configurations experiencing a vanishing interference pattern when
observed, one with four beams, is investigated in this research.

Yet, the most interesting part of this configuration, is that a so-called super-
chirality lattice arises on the region of interference, meaning that regions of
left-handed superchirality alternate with regions of right-handed super-
chirality on the scale of a wavelength. Superchiral light, first proposed
by Tang & Cohen [8], is chiral light with a significantly enhanced enan-
tioselectvity [9], the interaction of light with chiral matter. The proposed
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6 Introduction

configuration however involved dark superchirality, meaning that super-
chirality occurs at the dark spots of the field. The superchiral light that
theoretically arises from the configuration of this thesis can be called bright
superchirality, meaning that it exceeds the maximal value of the square of
the electric field anywhere.

In practice, such a configuration could be useful in many fields of re-
search involving chiral structures. The lattice can have applications in
fields where the difference in chirality of matter is investigated or used.
For example, metamaterials composed of chiral nanostructures can be con-
trolled via superchiral nearfields [10], superchiral light can be used to de-
tect the secondary structure of proteins [11] and it can be used for ultra-
sensitive detection and characterisation of biomolecules [12]. Recently, it
has been theoretically suggested that superchiral fields can be important
in circular dichroism spectroscopy and optical tweezers [13]. However, if
this is helpful for detecting single-molecule circular dichroism is unclear
[14], due to the weakness of the signals and influence of molecule orienta-
tion.

In this thesis it is discussed how such a field can be obtained experimen-
tally, it is shown that some improvements are still necessary and it is
argued that a small reduction of interferometric visibility was observed.
Alongside this, new insights about how to use the fast Fourier transform
(FFT) results in a new method to overcome aliasing and retrieve the origi-
nal interference fringe distance, using the rotation of the camera [15].

First, the theoretical background to interference, superchirality and FFTs
experiencing aliasing are discussed and they are provided with numeri-
cal simulations and calculations on the matter. Then, in chapter three the
experimental setup is presented after which new alignment methods are
developed in chapter four, leading to a quick, robust and accurate new
method to determine the angle between a pair of interfering lasers. In this
chapter measurements on multiple beam configurations will be analyzed,
discussed and compared to simulations as well. Finally, it is argued in the
conclusion that there is an indication of a vanishing interference pattern
and some proposals for future research are stated.
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Chapter 2

Theory & simulations

2.1 A superposition of multiple plane waves

Light, having a wave nature of itself, can give rise to interferences and
this intriguing phenomenon can be observed when two coherent optical
beams intersect, the interference term follows from the following electric-
field intensity equations.

I(X) & Etot(x)2 = (El(x) + Ez(x))z =
:El(x)z 4+ ]E':z(x)2 + 2E1(X) . EQ(X) (21)

The latter term contains the information about the interference of the beams.
In this thesis, the term non-interfering is defined as it being homogeneous
throughout the plane of interference, hence putting the term 2E; - E; at
zero. The angle between the two beams 0 (considering they have a linear
polarization, both perpendicular to the wave-plane and parallel to each
other) determines the spatial separation between the interference fringes,
which is shown in figure 2.1 and yields Ax = ﬁ.

In addition to superimposing just two beams, the electric field of a system
of N interfering beams at the location of interference is calculated as fol-
lows, where for mathematical reasons we change to E, which is a complex
electric field. The resulting intensity is already integrated over one time

7
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8 Theory & simulations
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Figure 2.1: The interference of two plane waves leads to minima and maxima in
intensity separated by a typical distance of Ax = m This figure was obtained

from Burrow et al. [16].
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The trivial solution resulting in a homogeneous interference pattern with
multiple beams is when the second term equals zero due to orthogonality
of the multiple beam polarizations. This can obviously only be reached
when the system contains up to three interfering beams, namely when
their polarization vectors are orthogonal. For more than three, there also
exist (non-trivial) solutions to this problem, which is the work of Kruining
et al. [7]. They have calculated non-trivial solutions from 4 up to 6 beams,
where each term E; - Efei(kf ~ki)x s non-zero, but their sum in equation 2.2
is. A solution they have found for four beams is shown in figure 2.2. This

beam configuration with ¢ = 7r/4 is the one used in this research.

The calculation done by Kruining uses interference of plane waves, but in
experiment this is not always the case, thus making this assumption not
justified in every case. Laser beams are Gaussian paraxial beams, which
means their divergence is very small and their intensity profile is Gaus-
sian. Since lasers are in the paraxial regime, they can be considered to
plane waves in their focal region, but with a Gaussian intensity profile.

8
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2.1 A superposition of multiple plane waves 9
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A Zcos(¢),sin(¢),1]  YEaa[— cos(), —sin(¢), 1]
B % [— cos(¢), sin(¢), 1] %alg[cos((,b), —sin(¢), 1]
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D ? cos(¢), —sin(¢), 1] gap[— cos(¢),sin(¢), 1
(b)

Figure 2.2: Schematic figure from Ref. [7] of the k-vectors, electric field (yellow
arrow), and magnetic field (green arrow) polarizations (a) for the beam configura-
tion investigated in this research, and their expressions (b) with the beam labels.
Note, that that in panel (a), 0 is a different angle than used in the rest of this thesis.
In the table, ¢ is defined as the azimuthal angle around the z-axis in the x-y plane.

2.1.1 A bright superchirality lattice

Apart from the interesting homogeneity of the interference, it turns out
that also a so-called superchirality lattice appears in the observation plane,
when the plane waves are kept in the same configuration. Superchirality
is defined by Tang and Cohen [17] in 2010 and is interpreted as the light
having a chirality (helicity) larger than the chirality of circular polarized
light, implying that the magnetic field must play a role. Since molecules
of different handedness have an absorption cross-section that depends on
the chirality of the incoming light, the creation of such light can perhaps
be ultimately used for separation of left and right-handed molecules in

9
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10 Theory & simulations
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Figure 2.3: Plots of the helicity H for 2 (a) and 3 (b) interfering plane waves with
chiral lattices that do not reach superchirality at any point in the plane of observa-
tion, but with a fully homogeneous interference patern. The axes are essentially
in units of one wavelength (3 ).

chemical or pharmaceutical processes, albeit in the far future.

Helicity is a conserved quantity of the field and is introduced by Lipkin

[18]. This quantity is defined as H = 5 .-Im(E - H*) which for N multiple
plane waves yields the following equation [7].
E-H — B -H)elli k)X 2.
4CCU 1]21( ] 1 ) ! ( 3)

When light is superchiral, the following inequality must hold.

VeopoIm(E - H*)| > ¢E* - E (2.4)
orH > %|E|2. (2.5)

According to Trueba & Ranada [19] helicity can also be interpreted as the
difference in the number of right and left handed chiral photons: 2(Ng —
Np). In figure 2.3 two helicity structures are shown that arise from differ-
ent input k-vectors.

When the helicity structure of the 4 input k-vectors from figure 2.2a is cal-
culated a chirality lattice with periodicity % arises where the areas inside
the white contour lines exceed the threshold and are thus superchiral. This
superchiral lattice is shown in figure 2.4.

10
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Figure 2.4: The superchiral lattice (a) emerging from the interference of four plane
waves with wave and polarization vectors similar to figure 2.2a and the lattice if
the waves experience a slight azimuthal deviation (b). The white contour lines
represent the locations where normal chirality reaches the superchirality thresh-
old.

Theoretically, it is now shown that it is possible to create a superchirality
lattice with four beams. What is even more interesting, is that this super-
chirality is considered bright superchirality, which means that the spatial
field satisfies max(,/€gpio|Im(E - H*)|) > max(egE* - E) [7]. This holds for
any superchiral area in this field of view, since the interference is homoge-
neous. Such a field has not yet been experimentally created, to the best of
our knowledge, underlining the importance of this research.

However, if beams are not well-aligned or intensities not well-matched,
this structure could vanish. For example, in figure 2.4 a chiral structure
with areas that do not reach the superchirality threshold is shown, caused
by small azimuthal rotations of the k-vectors (and their corresponding
electric fields). Whether the superchirality requirement is met can be quan-
tified by calculating the area fraction that shows superchirality. In figure
2.5 the results of a numerical study to this is displayed. Here, the superchi-
ral area was calculated for different input values of the plane waves. The
relation between the present superchiral area and the spread in beam mag-
nitude (I), inclination angle (f) and azimuthal angle (¢) was determined
by changing the input wave vectors with a randomly sampled amount,

11
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12 Theory & simulations

determined by the standard deviation 07 g ¢, which is displayed on the x-
axis.

It fully depends on the situation what fraction of superchiral area that
arises from the wave configuration is considered good enough. For ex-
ample, the calculation in figure 2.4(b) has its fraction of the superchiral
area, denoted as the area inside the white contour lines, reduced to 7%.
Still, it does show some structure. In chapter 4 it will be discussed what
angular precision the setup used in this research can reach, and this anal-

ysis can help understand to what amount of superchiral area that should
lead.
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Figure 2.5: The influence of a deviation of different parameters of the setup on
the fraction of superchiral area with respect to the total area: intensities (a), beam-
angles (b) and azimuthal angles of the beams (c).

2.1.2 The real-space interference pattern

Apart from the superchirality lattice, it is of interest to investigate the real-
space interference pattern. These calculations were made using numpy
[20], a package that enables handling (large) vector arrays easily. Each of
the four beams the k-vector, polarization and intensity can be adjusted.
Then, using the equations of sections 2.1, the interference on the virtual
camera (z = 0) is calculated and the intensity pattern (|E|?) can be calcu-
lated (figure 2.10).

In figure 2.6 three different interference patterns belonging to three config-
urations of beam interference are shown, all corresponding to a combina-
tion of the four beams constructed in figure 2.2. The real-space visibility
is defined as V = ﬁzi—m which vanishes for a perfectly homogeneous
field.

12
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Figure 2.6: The interference pattern of (respectively) all four interfering beams (a)
two adjacent beams (b) and and two opposite beams (c)

Now we also investigate the influence of deviations from the desired con-
figuration on the real-space visibility. In the python simulations on four
interfering beams shown in figure 2.7, the intensity, azimuth and inclina-
tion angle of the four beams are changed by a random value sampled from
a normal distribution with particular standard deviation. 150 configura-
tions were simulated and the resulting visibility is plotted as a function of
the standard.

Obviously we strive to reach a perfect vanishing visibility, but for conve-
nience for now we consider visibility below 0.1 to be of enough quality.
This means that 0y < 0.4°, 0 < 0.7° and 07 < 0.2 are desired limitations
to our setup. In chapter 3 & 4 it will be explained how this accuracy can
be achieved.

. 1.0 —_
N e R G
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P TS A AL O P S M)
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Figure 2.7: The influence of different parameters of the setup on the measured
visibility: intensity (a), beam-angle (b) and azimuth (c).
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14 Theory & simulations

2.2 A Fourier analysis of the interference

Since the interference pattern is a periodic structure, information about
this periodicity can be visualized by the fast Fourier transform. A sinu-
soidal pattern will give rise to a clear peak in the frequency analysis of
the FFT and it was discovered that this signal relates to the visibility of
the interference fringes. Measuring the FFT peak height thus is the best
method to determine whether visibility changes occur with varying beam
parameters, since a real measurement of the interference fringes will be
susceptible to noise which would muddle the determination of Inax and
Iimin.

In figure 2.8 it is shown how two pairs of interfering beams give rise to
certain peaks in the FFT of the obtained real-space image. From this it can
be concluded that when the entire ensemble of four beams is observed on
their region of interference, each pair of maxima corresponds to one pair
of interfering beams, with the remark that a pair of FFT-peaks is one and
its origin-mirrored image. Furthermore, one of the peaks arising from the
fourfold interference is the center peak (| f| = 0) which has no information
in it but the fact that this Fourier transform is a result of the discrete Fourier
transform method.

To correct in this numerical simulation for the fact that the beams have
a gaussian intensity profile, a kaiser filter [21] was superposed onto the
pattern. This caused the horizontal and vertical lines in the FFT to disap-
pear. In figure 2.9 it is shown how an FFT looks when the beams are in
a configuration close to the theoretically perfect situation, but with slight
misalignment. All beam combinations give rise to one of the peaks, and
since they are misaligned, this means 4 of the previously mentioned peaks
split into 2 (8 in total), since the interference patterns are not equal. From
the FFT we can thus retrieve the spatial frequency, following section 2.1,
making it possible to retrieve the real angle of the interfering fields via
formula 2.6.

A T
f = 2 - arcsin % (2.6)

14
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16 Theory & simulations

2.2.1 Aliasing

Modifying the simulation to a more realistic situation, the effect of aliasing
must be considered. Namely, in reality the interference pattern period
(~ 0.23 pm) is much smaller than the camera pixel size (5.3 pm), leading
to this effect. However, it was found that the FFT alias signal strength still
is related to the real interferometric visibility V, so this will be investigated
later on.

Because in real-space the image is heavily undersampled, a FFT peak analy-
sis will lead to wrongly measured spatial frequencies. This effect is shown
by simulation in figure 2.10, where the FFT peaks correspond to a fre-
quency (fm ~ 0.1 pm™1) that is way to low for a beam with interference
fringe distance of ~ 0.23 pm and is different than what the real peak loca-
tion would be (foriginal ~ 1 pm~1), according to figure 2.8.

0 0.20
10* 1o 2x10°
0.15
o 107 0.10
R = 005 _
= 3 T 0 >
10° 1074'*f E 0.00 10 &
- w = o
-0.05 -
072 10 -0.10 6x10”"
-0.15
107 sy 3 B 10° -0.20 4x10”"

-0.2 -0.1 0.0 0.1 0.2

fy (1/mm)

-100 0 100
fx (1/mm) X (mm) X (mm)

(a) (b) (c)

Figure 2.10: A numpy [20] made simulation with aliasing showing the FFT (a), the
real-space (b) image with a kaiser filter and its center (c). Aliasing is implemented
by averaging on 10 x 10 minipixels equally distributed over the area.

Wan et al. [15] found out that this aliased frequency is a function of the
sampling frequency (fs) and the real frequency (f;) and the rotation angle
of the camera. In figure 2.11 it is shown how rotation of the CMOS camera
effectively changes the pixel size and how this leads to walking FFT peaks.
This walking-peak effect is due to the fact that, upon rotation of the cam-
era, the size of the pixels with respect to the stationary interference fringes
effectively changes size. In fact, this is not really caused by the change in
size, but by the fact that (under-)sampling frequency changes, ultimately
resulting in a changing Brillouin zone. Namely, when a peak crosses the
edge of the Fourier transform, it passes into another Brillouin zone, which
is “folded” onto the previous one. Mathematically this leads to a relation
between the measured spatial frequency fy, and the sampling and real

16
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2.2 A Fourier analysis of the interference 17

frequency f; and f, yielding fim = % — L% + 1] ’ where these L-shaped
brackets represent a floor function, the function that accepts a real number

as its input and yields the largest integer that is less than or equal to this
number as its output.

From this knowledge a method to retrieve back the original frequency was
developed involving the rotation the square pixelated camera — ideally
continuously — between 0° and 90°. An entire 360°-sweep is less ideal
due to practical issues, but it is also unnecessary, since the x and y coor-
dinates of the FFT are complementary and the symmetry of the pixels can
be used; they are square shaped. Any aliased FFT-peak then follows a tra-
jectory during rotation which turns out to be uniquely dependent on the
original spatial interference frequency foig (and thus the angle between
the beams). Such a path is visible in figure 2.11 and could then be fitted to
the model which will determine the original fringe distance. Later, in sec-

0.15

0.10

0.05

0.00

(um)

= _0.05
—0.10

—0.15

Rotation angle CCD (°)

K
LR
mm %9

Figure 2.11: Movement of a peak upon rotation of the CMOS camera superposed
on the first frame of the measurement up to 95 frames (a) and (the x and y com-
ponents of) the measured spatial frequency (b) derived from this behaviour. This
behaviour can be explained by the effective change in pixel size (c).

((J]
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18 Theory & simulations

tion 4.1 it is shown that this knowledge can be used by fitting this model to
the experimentally obtained frequencies results in a proper determination
of the original beam angle.

18
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2.2 A Fourier analysis of the interference 19

2.2.2 Simulations on aliasing

In order to get a feeling on what implications aliasing has on our experi-
mental results, simulations were made using a python environment before
using Mathematica [22] in combination with Matlab [23]. The Python sim-
ulation consists of multiple steps, where at first — after the real interference
field was created — a grid of (one-dimensional) points in space were sam-
pled from this mathematically constructed electric field. This was done
with the same spatial sampling frequency as the pixels in the real CMOS
camera at the point of interference.

However, rotating the field with respect to the camera in simulation leads
to different behavior than the model predicted. Particularly, the FFT peaks
did not travel in a clear path but hopped around the spatial-frequency
space. This behavior is represented by the x-coordinate of the measured
spatial frequency fy;, in figure 2.12. The y-component showed similar be-

havior.
P 0.200
0.15 10
¢ -1
0.10 10
0.05 10° = o125
0.00 "
d 07 % 0.100
» £ o075
10
.
107"
01 00 01 ) ) o 3 2

felum=1) CCD rotation angle (°)

(a) (b)

[E12(F)

f,(um=1)

Figure 2.12: A numerical simulation showing the FFT on a certain rotational angle
of the simulated CCD (a) were the maximum at |f| = 0 was deleted from the
image to improve the analysis. The measured spatial frequency with respect to
the rotational angle of the CCD (b) shows interesting behavior when measuring
with angular stepsizes below 0.05°.

This intriguing behavior can be explained by the fact that only a one-
dimensional point is sampled while in fact a continuous integral of the
field on the pixel is performed, leading to a continuously changing alias-
ing effect while rotating. Intuitively this is hard to grasp, since one frame
of the rotation seems to show normal aliasing. But, given the fact that a
pixel integrates over an entire area and that in simulation the aliased sig-
nal is determined by the location of just one point, it is understandable

19
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20 Theory & simulations

that rotation has a much larger effect on the single one-dimensional point
and thus the alias, than on an area which is averaged on.

To overcome this problem, an averaging method was tried using a square
array of so-called minipixels at the region of a real pixel, over which is av-
eraged. Numbers ranging from 4 x 4 up to 10 x 10 were investigated.
Nonetheless, this made the datasets necessary for research very large, and
the discontinuous hopping behaviour remained even when the simulated
CCD rotation angle resolution was increased significantly. There even
seemed to be no improvement when increasing the amount of minipixels.
If figure 2.13 the FFT peak location and height as a function of simulated
CCD rotation angle is displayed.
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Figure 2.13: The x-component of the measured (aliased) spatial frequency (a) as
a function of the rotation angle of the simulated CCD and the corresponding FFT
peak heights (b). In this simulation over 5 X 5 minipixels was averaged.

2.2.3 A different approach using Mathematica

With this effect being too persistent, another approach to the simulation
was investigated. The program Mathematica [22] was used in order to an-
alytically solve the electric field at the area of interference with a proper
gaussian envelope simulating the gaussian beam interference. This equa-
tion was then used in Matlab [23] to calculate the FFT for CCD rotation
angles between 0 and 180°.

Mathematica is able to solve analytically hard problems if good enough
boundary conditions are given. Therefore in this simulation only interfer-
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2.2 A Fourier analysis of the interference 21

ence of two beams is investigated, reducing the computational toughness.
The interference of two beams can still give a good insight on the influ-
ence of parameter changes like alignment or intensity. The two waves
were constructed as follows.

0
Ey=Ez= |1
0
sin(64) sin(—6p)
ky = 0 kg = 0
cos(04) — cos(0p)

Then, a rotation with angle 6, of the polarization around the k-vectors of
the separate plane waves was made, in order to be able to measure max-
imal interference (parallel, 6,,; = 0°) and zero interference (orthogonal,
Opo1 = 90°). This configuration is shown in figure 2.14. Furthermore, the
possibility of rotating all beams along the z-axis with an angle 6;,+ was
put in with a simple rotation matrix. Next, equation 2.2 was used to com-
pute the intensity at the right place depending on parameters. Lastly, the
CCD grid was made, which allowed Mathematica to integrate over the
pixel distance of 5.3 pm. This problem was only solvable if either 64 and
0p were put to 7 or 6, was given a certain value. This allowed us to
investigate and compare the FFTs for cases with presumed high and low
interference amounts and investigate the influence of the pixel size with
respect to the scale of the interference pattern. All FFTs were created with
the condition of 0 < 0,5t < 71.

Subsequently, the generated FFTs could be analyzed by the same python
algorithm as in the previous section. From this, the relation of f,, f, and
the FFT peak height to the CCD angle could be found. They are dis-
played in figure 2.15 and are closer to reality, because the discrete nature of
the first simulation was eliminated using Mathematica. Furthermore, the
shape of fy, in figure 2.15a is similar to the shape in figure 2.11b and hence
this method can be considered correct and accurate. Even the amount of
folds is equal to the experimental case, which will be elaborated on later.

2.2.4 An analysis of the simulations

At first, two beams were simulated with parallel polarization and com-
pared to when these two beams have the same angle (6gp = 90°), but
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22 Theory & simulations

Figure 2.14: A representation of the simulated configuration of two interfering
beams with tunable parameters 9p01, Ozp and intensity.

with two polarizations that are near-orthogonal to each other (6,51 = 90°).
In figure 2.15b the result of different rotation angles is shown and it be-
comes immediately obvious that all the curves are similar up to a scaling
factor. Now consider the equation of the field at the region of interference,
for polarization angle of the beams for two beams at 6,,; = 90° and with
Ax the pixel distance, calculated by mathematica.

xo+Ax yo+Ay ~
/ / ? |,—0 dxdy = ( + E3)Ax? (2.7)
Yo

+ ZEBED COS (Gpal) CSC (QCCD) secC (GCCD) (2.8)
: (cos (vV2(xg cosOcep + (Ay + yg) sinfcep))

— cos (\/E((Ax + x0) cos Occp + (Ay + yo) sinb¢cep))

) (AX Ccos QCCD) } ((Ax + ZJC()) cos Occep + 2y sin QCCD)
—2sin | —————— | sin .
V2 V2

This explains why the shape is contained when altering the polarization
direction; only the second term with cosz(f)pol) is dependent on 60, and
hence determines the magnitude of the interference part of the two beams,
which can be recognized by the two amplitudes of the different fields E 4
and Ec.

22

Version of November 10, 2023— Created November 10, 2023 - 13:12



2.2 A Fourier analysis of the interference 23

0.175 1
0.150 W

~ 0.125{

|

5— 0.100 1

£ 00751

0.050 4 ﬂ

0.025 4

0.000 1 . ; . .
0 45 90 135 180
CCD rotation angle (*)

@)

6 ] Polarization
—— 0° (parallel)
°3 75° rotation
[WV m —— 85" rotation 10°4
i —— 895° rotation Aqmﬂm

o

]

o
S

q{W\ m”\’\(\n 'M’\l‘ 4‘
qN\ﬂ m’W\n m /W\l\n M’\Fﬂ a \(W[“UW

0 45 90 135 180 0 45 90 135 180
CCD rotation angle (*) CCD rotation angle (°)

(b) (0

>
FFT peak height
s

FFT peak height
s oS
w

o

o
o

Figure 2.15: The y-component of the measured spatial frequency (a) and the
height of the FFT peak of the interference of two beams with 0gp = 90° with
different polarization directions (b), different intensity ratios of the two beams
with 0,,) = 85° (c) and different pixel sizes with parallel polarized beams (d).

Note, that in these figures some data points vanish. This discontinuity is
due to the fact that the peak finding method does not perform well enough
and hence these data points are mostly deleted through a check whether
they cross a certain threshold. Still, the general shape is to be trusted even
at low FFT peak heights, although this up and down pattern is presumably
suppressed by other effects at this scale.

For example, the FFT peak height maximum around 0°, 90° etc. is due to
the fact that at this angle undersampling is lowest due to the effective pixel
size, so the FFT ‘collects” most information about the interference pattern
in the peak at this point. The minimum is accordingly at 45°(+n - 90°),
where undersampling is highest, i.e. the pixel is effectively the largest,
compared to the fringe distance.

Secondly, it was examined whether the size of the pixels had an influence

g
m (J\ [ﬂ; — ixd
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24 Theory & simulations

on the shape, which hypothetically should have a large influence, due to a
changing sampling frequency Figure 2.15¢ confirms this hypothesis. With
an increasing pixel size, the alias strength increases leading to an increased
amount of ‘folds’, the behavior of FFT peaks traveling into the next Bril-
louin zone while rotating. This also makes the peak finder algorithm less
effective. It also confirms the intuitive explanation that the change of the
effective size of the pixel through rotation causes the variation in the FFT
peak height. When decreasing the pixel size, the peak finding analysis was
not reliable anymore so this was not displayed. Still, it was clear that the
amount of folds in the measurement of the (aliased) frequency decreased,
confirming that the pattern of the measured frequency is uniquely depen-
dent on the ratio between the sampling frequency and the real frequency.

In conclusion, these simulations give an insight in the behavior of the FFT
peaks and predict at first that the height of the FFT peaks can be used
as a measure for the amount of interference and moreover, that the peak
around a CCD rotation angle of 0° (47 - 90° with n any integer) can be
examined best to properly determine a difference in the amount of inter-
ference in experiment.
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Chapter 3

Experimental methods & materials

In figure 3.2 the setup is shown that installs the beams in the desired con-
figuration and polarization. A Helium-Neon is used from the company
Uniphase [24] with a wavelength of 632.8 nm. Important to note about this
setup is that it includes an approximately equal path length for each split
beam to retain coherence at the region of interference. Figure 3.1 shows
how the beams in practice are directed upward to the CMOS camera.

The filters in the setup are used to make sure the pixels in the camera
do not get saturated and the beams are of equal intensity when reaching
the camera. The half-wave plate allows us to switch between parallel and
orthogonal polarization of all optical beams.

Figure 3.1: The FMD-made mirror mount that directs the beams towards the
CMOS camera.
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Figure 3.2: A schematic representation of the optical setup used in this research.
The entire setup can be considered 2D, except near the CMOS, as is made visible
in the close up. Here, the beams are directed upwards with a desired angle of 45°
with respect to the vertical axis.

Polarizer

The polarizer used in the setup is a Thorlabs GT5-A polarizer [25] made
of calcite which has an extinction ratio of 10° : 1 and essentially is a po-
larizing beam splitter. The s-polarized light is reflected off the edge of
the two parts of the polarizer and directed outward, which is known as a
Glan-Taylor polarizer. In the setup used in this research this beam is ab-
sorbed by the surrounding mount. In the wavelength region between 350
nm and 2.3 pm it functions best. The polarization control by this polarizer
is considered enough to be suitable for the experiment.
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Figure 3.3: The Glan-Taylor polarizer (a) that is used in the setup to define the po-
larization of the beams and a schematic tigure about how the polarizer functions

(b).

CMOS and its motion control

The CMOS-1201 Nano [26] camera has 1280x 1024 pixels (1.3MPixel) with
size 5.3 pm X 5.3 pm and it was attached to a stage that could maneuver
it in the z-direction and was placed into a mount that was able to be ro-
tated around its axis. This motion was controlled by the Newport ESP301
Motion Controller [27] and is according to the manufacturer very precise
at small steps.

H Object Producer Purpose Properties
HeNe Laser [24] Uniphase Experiment A =632.8 nm
Polarizer [25] Thorlabs Experiment Glan-Taylor polarizer
CMOS [26] Cinogy Image the 1024 %1280 pixels of
intensity profile 5.3umx 5.3pum
ESP301 [27] Newport CMOS rotation
Beamsplitter [28] Thorlabs Experiment
Power meter [29] Thorlabs Intensity measurement
HeNe Laser [24] Uniphase Alignment of reticle
Half-wave plates [30] Thorlabs Polarization rotation
Piezo amplifier [31]  Physik Instruments Relative phase confinement

Table 3.1: The specifications of the materials used in the experiments.
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Chapter I

Results & discussion

4.1 A new alignment procedure

In order to achieve the theoretically predicted superchirality lattice and
an observable decrease in interferometric visibility of the four combined
lasers an appropriate alignment procedure was developed. In the first
stages of this process, a measurement of the angles of the beams was per-
formed by projecting the beams on the wall and performing a measure-
ment of the distances to the supposed region of interference hence mea-
suring the relative angles. The measured azimuthal and inclination angles
between the beams are displayed in table 4.1.

i i 0i

Al 93°+£1.5° | 45.3°£0.9°
B || 184° £1.7° | 46.1° £1.0°
C || 263° £0.4° | 44.1° £0.9°
D | 0°£05° |452°+15°
Table 4.1: The azimuthal and inclination angles of the laser beams measured by
projecting them on the ceiling and the wall. The errors of these angles were cal-
culated using the principle of propagation of uncertainty, assuming the distance
measurement error to be around 5 cm at long distances (> 100 cm) and 0.5 cm at
small distances (~ 10 cm).

A perfectly homogeneous interference pattern was not observed when
measuring these beams, due to their misalignment. This was observed
by looking at the FFT. This is in agreement with chapter 2 and we con-
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30 Results & discussion

Bottom view

Figure 4.1: A schematic view of the setup where the reticle was used to determine
(in polar coordinates) the direction of the beam while keeping them intersecting.

cluded that the alignment is not sufficient for a homogeneous interference
pattern. Thus, a drastic improvement was made to manually improve the
configuration, mainly by eye.

4.1.1 Manual and visual methods for alignment analysis

First, in order to obtain a better precision, a board with a precise reticle
with a radial line at every 2° and a circle every 8 mm was made. A laser
was attached to the back of the board in order to align it with the center of
the mirror mount directing the beams upwards. These mirrors direct the
beams towards the camera which should be placed on the location of inter-
ference, but are for the sake of alignment targeted onto a semitransparent
glass plate which is used to check if the beams share the same center and
if the separate beams reach the reticle. This setup is schematically shown
in figure 4.1 and allowed us to investigate the 6 and ¢ angles of the lasers.

Since the beams have an angle of approximately 45° with the reticle, the
height is chosen to be around 30 cm in order to have an equally sized
radius of circle of projection of the spots on the reticle. The accuracy such
aboard can include to the setup can be calculated and turns out to be equal

m \/ s2 + tan?(6)s?, which results in a precision of 0.13° for
a height of 30 cm, a desired 6 = 45° and a spatial precision of the position

tosy =
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Figure 4.2: The uncertainty in the angle between the beam and the z-axis with
respect to the desired angle (a) and the height of the reticle board above the setup

(b).

of the board of 1 mm. The relation between A6 and respectively 6 itself and
the height of the board is shown in figure 4.2. This precision is considered
close enough to the desired angle for this experiment and this method is
hence used to put the beams in proper alignment before measurement.

In addition to this physical alignment enhancement before using the cam-
era, the real time FFT of the image — as was mentioned in section 2.2 —
can play a role in enhancing the quality of alignment by eye. Namely, if
the FFT peaks are in a perfect square (shown in figure 4.3), then the next
statement following from straightforward trigonometry holds: fyertex =
V2 f, edges Where f represents the absolute distance of the peak to the ori-
gin in reciprocal space. From section 2.1 we obtain the relation” between

beam-angle and interference period 6 = 2 - arcsin AT'f, therefore we can
obtain a relation between the angle between opposing (corner peaks in the
FFT) beams and the angle between adjacent (edge peaks in the FFT) beams

“In this relation 6 represents the angle between the beams, not the polar coordinates
of the FFT peaks in reciprocal space.
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Figure 4.3: FFT of four not well-aligned beams where the adjacent-interference
maxima do not overlap (a) and an FFT of four beams in superposition in almost
a perfect square with the adjacent-interference maxima overlap (b).

which confirms the fact that they must be in a perfect square.

f vertex )
2

ecorner — 2 * aI'CSin(A

Gcorner - 2 * arCSin(\/EA«%)

Oedge )

Ocorner = 2 - arcsin(\/§ sin
:> ecorner — 2 ° arCSin(\/ESin 300) — 900-

Note, that this relation changes upon aliasing, because aliasing does not
influence the general shape of the FFT. Furthermore, the FFT-peak cor-
responding to the interference of two adjacent beams (for example A &
B) must overlap exactly with the FFT-peak of the two opposing adjacent
beams (for example C & D) if they are equally aligned, because their in-
terference patterns should have the same frequency and direction. This
allows us to achieve near-perfect alignment, since it couples two beam
combinations together and couples the information about the adjacent
beam interference to the opposing beam interference, hence reducing the
amount of free parameters.

To conclude, by keeping the beams concentric in the real-space image,
making the adjacent beam interference peaks overlap and roughly mak-
ing sure the peaks are in a perfect square, a better alignment quality could
be reached just by looking at the live FFT of the interfering beams.
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4.1 A new alignment procedure 33

4.1.2 Precise angle determination by FFTs

To further improve the knowledge about the angle between the beam:s,
a new automated procedure is implemented. We have seen in chapter 2
that when the camera rotates, the FFT maxima move around in spatial-
frequency space. Such a trajectory is unique for the real spatial frequency
of the interference field and is due to the effective change in size of the
pixel when rotating, constantly changing the sampling frequency.

The automated procedure consists of a sweep from 0° to 90° by the cam-
era. The x and y part of the trajectory are mathematically complementary
and complete in information about the Brillouin-zone folding, since the
pixel lattice has a square symmetry. This explains why only a sweep of
90° is necessary to obtain all information. Then, of each real-space frame a
fast Fourier transform is made after which a peak-finder (that works best if
the center peak is filtered out) is used to find the alias frequencies. Hence,
we are able to track the peaks, for any two-beam configuration. The peak
finder [32] is not perfect, so many false data points are filtered out in the
process later on, by setting a lower boundary to the peak values and crop-
ping away the center peak.

Next, the full 180° signal f,, is plotted and the model, as explained in
chapter 2, is fitted to it using the SciPy DIRECT function [33], using the
fact these curves are unique to one combination of sampling frequency (f;)
and spatial fringe frequency (forig). From this, the exact angle between the
beams can be obtained by formula 2.6. In figure 4.4 it is shown how part of
the trajectory can look like and how well the fitting goes, even when some
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Figure 4.4: The partial trajectory of an FFI-peak (a) and its derived x and y-
components which are fitted to the model (b).
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34 Results & discussion

data points are clearly false. The accuracy of this method can be tested
by putting in different simulations of interfering beams that by definition
have an angle between them and compare them to the measured output
angles. In table 4.2 the six input angles are compared with the angle that
followed from the analysis.

Input Fit
90.6° | 90.607°
90.0 | 89.956°

90.0° | 89.990°
90.0° | 89.990°
93.8° | 94.178°
90.0° | 90.236°

Table 4.2: The comparison of input angles with the values resulting from the au-
tomated beam angle finding procedure of the numerically simulated experiment.

Note, that two measurements have a much greater error than the other
four, and that is due to the fact that in the fitting a small deviation from
the correct location of the beam is present. This phenomenon is displayed
in figure 4.5. From this it follows that the mean-squared error of our angle
finding method is 0.03°, but can be even lower if one manually ensures
that the fit overlaps completely with the data, by changing the bounds of
forig in the fitting procedure, such that this error gets smaller.

frie

60 % 120 60 % 120
CCD rotation angle (°) CCD rotation angle (°)

(a) (b)

Figure 4.5: A fit using SciPy’s DIRECT method to obtain the measured frequency
signal of a simulation with a small deviation (a) and a closer fit (b).
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4.1 A new alignment procedure 35

To conclude, this automated beam angle finding procedure is very precise,
does not last more than ten minutes after measurement and is proven to
be able to handle many different measurements. This robust method can
now be used to observe how well-aligned the beams are after alignment
with the reticle and if the configuration is within the range of achieving a
homogeneous field.
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36 Results & discussion

4.2 Interferometric visibility of multiple super-
posed beams

Through the iterative process of tuning the angle of the beams and align-
ing them in such a way that their centers match on the CMOS-camera, we
were able to image the field of interference of many beam combinations,
knowing that this alignment was of the highest quality achieved so far.
Hence, these measurements were analyzed and we investigated whether
a homogeneous field of interference could be reached.

In figure 4.6 the real-space image of these four superposed beams is shown,
next to its FFT. The attempt was to place the centers of the beams at the
same location, but one of the beams ended up being a bit displaced. After
all, the FFT maxima are in a good square and the 60° maxima of adjacent
beams overlap, so this confirms again that alignment must be very close
to the desired configuration.
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Figure 4.6: The real-space (a) and the 2D fast fourier transform (b) of four super-
posed laser beams that were put in very good alignment with each other.

Using the alignment methods described in the previous sections, the four
beams could be put in good alignment, leading to the measured relative
angles of table 4.3. While the measured beam angles of combinations A-
B and C-D agree with the fact that their FFT peaks overlap, beam com-
binations B-C and A-D result in different measured angles while having
overlapping FFT peaks in figure 4.6(b). This is due to the fact that the an-
gle between two beams can only be measured if a CMOS camera sweep
on two beams is made, due to the current peak finding algorithm. The
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4.2 Interferometric visibility of multiple superposed beams 37

combination of a non-perfect peakfinder leading to a small deviation per
measurement with the probability that the angle could have been altered
slightly throughout the measurement day gives rise to this difference.

L | 6y |
A-C [ 906°
B-D | 90.6°
A-B | 60.3°
B-C | 60.4°
C-D | 603°
A-D | 605°

Table 4.3: The relative angles between the four beams as obtained by the au-
tomated beam finding procedure. Following the previous section, their error is
0.03°.

Using this configuration of the four beams, we can calculate the expected
superchiral structure and this lattice can be confirmed to be existent with
a small decrease of the superchiral area by 10% (namely from 21% to 19%).
This is promising, but the interference pattern that still seems to be present
will be investigated in the coming sections.

4.2.1 Polarized two-beam interference

The simplest experiment one can do to observe whether an interferometric
visibility change can occur is by putting two beams deliberately in a maxi-
mally interfering superposition, i.e. paralellizing their polarization on the
region of interference. When this is compared to the case where they are
perpendicular, an interferometric visibility change must be detected. Now,
this is quantified by the height of the FFT-peaks and for convenience the
peak height will be displayed without a unit from now on, since it is es-
sentially of the same kind as intensity and only the relative height matters.
To be consistent throughout all experiments this unit was kept equal.

Two half-wave plates allow us to perform this polarization rotation and to
get a better view of the experimental setup, figure 4.7 shows a schematic
representation of the experiment. The blue arrows represent the polariza-
tion directions. In figure 4.8 the peak height for a sweep of 90° is shown
for both cases. Both measurements seem to have a slight increase of the
FFT peak height around -60°, although throughout the entire sweep there
is much noise. This point corresponds to the minimum of the parabola
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38 Results & discussion

Figure 4.7: A schematic view of the setup of the experiment where the black
rectangle represents the CMOS camera. Two beams with a polarization in either
perpendicular directions or parallel directions are superposed on the beam pro-
filer.

when measuring fy,;, meaning that this is in fact the point at which the
pixels are parallelly aligned with the interference pattern. In the coming
sections this point will be the gauge for the measurement and will be set
as zero. The peaks of the two different measurements have clear different
heights at this point, but it is not possible to say with how much. Still, they
confirm the result from the simulations that around 0° a global maximum
is expected.

The angle between the two beams is found to equal 90.7°, which already
partially explains why the interference does not fully disappear when the
polarizations are shifted to the theoretical orthogonal direction. Still, one
would expect that interference decreases more, since from simulation it
follows that this difference should be larger when these beams have such
an angle — namely a factor 10* (figure 2.15) — which is more near a factor
of 2 in the experimental case. This could also be due to other structures
present at the CMOS camera (such as microlenses) which will be discussed
later on.

To conclude, the 0° signal does disappear, so an indication of a interfer-
ometric visibility decrease is present. This follows from the fact that the
most reliable measurement angle of the camera is when the pixels are
aligned with the interference pattern.
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Figure 4.8: A measurement of the (aliased) spatial frequency component f. (a)
to determine the beam angle (0pp = 90.7°) and to determine the (° point where
pixels align with the interference pattern. (b) & (c) show the comparison of the
height of the peaks in the experimental and the simulated FFT of two extreme
cases: parallelly polarized and orthogonally polarized.

4.2.2 The influence of alignment errors

In order to investigate what the effect is of good laser alignment on visible
interference, two 90° sweeps were performed on well and worse aligned
opposing beams, namely B and D. The angles between these beams were
found to equal respectively 90.6° and 93.8° and their polarization was cho-
sen to be (approximately) orthogonal. In figure 4.9 the height of the FFT
peaks is plotted versus the rotation angle of the CMOS camera, with 0°
defined as the point where the pixels are aligned with the interference pat-
tern, which can be found via the analysis of the measured spatial frequen-
cies at the FFT.
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Figure 4.9: The experimental (a) and simulated (b) interference of two beams with
(almost) perpendicular polarization and a certain angle between the beams 0pp.

As expected, around 0° the height of the FFT peaks decreases with worse
alignment. In simulation, this is confirmed, but this difference equals
one order of magnitude whereas in experiment this factor approximately
equals 2.

Again, around 30° and -60° two (presumably equivalent) extra smaller
peaks are observed, which were also seen in the previous intensity exper-
iment. Since the simulations do not predict such a peak, some effect that
is not incorporated in the simulation should be the cause of this. This can
for example be caused by some optimal angle at which the pixels collect
most light and even the microlenses on the pixels could play a role in this.

4.2.3 Pixel structure and microlenses

Yet, the most striking part of all these previous measurements is that there
seems to be a lower bound to how much the interference can decrease.
This is a sign that interference does not really become homogeneous. Since
lasers are a rather perfect monochromatic and polarized light source, the
reason of this happening must lay in either the alignment (which is near-
perfect) or in the measurement technique.

It turns out that on the used CMOS camera microlenses are present. In
general, these are used to correct for the fact that pixels collect more light
from the direction of the normal axis than from the edges, making the view
of the pixel broader than the size of the pixel. In this experiment however,
these microlenses are potentially disturbing the experiment. In figure 4.10
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Figure 4.10: Microlenses on the pixels are shifted radially according to the Chief
Ray Angle method (a) which makes the field of view of the camera broader whilst
keeping an equal intensity for each direction. The microlenses modify the direc-
tion and focus of the two beams (b), hence modifying the interference upon mea-
surement.

it is shown that the lenses cause a displacement determined by their radial
distance from the center and how incident light from different angles is
collected at the pixel area. We do not know the exact radius of curvature of
the lenses and the distance they have with respect to the pixels, since this is
not published by the company. It is likely that the microlenses modify the
local wave direction and the polarization such that interference reappears.

The extra signal that arises in some measurements around 35° could per-
haps also be due to the microlenses, but it is more likely that it is due to
the shape of the pixels. Namely, the pixels are partially (sometimes up
to 70%) covered with support transistors, which are relatively opaque to
visible light, hence also for the 632.8 nm wavelength beam. This can al-
ter the shape of the photodiode inside the pixel, altering the rotational
symmetry of the measurements by the means of the amount of collected
light, while keeping the pixel distance equal. Therefore, the fyy and fy,
remain trivially related by 6cyos + 90° due to the square lattice configura-
tion, but the height of the FFT peaks can show extra dependencies on the
rotation angle of the CMOS camera due to the shape of a single pixel. In
combination with the microlens shifting, which is dependent on the radial
distance of a pixel from the center, some effects could become even more
pronounced. The diagonal of the rectangular pixel array makes an angle

of arctan(]9s5) = 38.7° with the axis, meaning that at this angle some ef-
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42 Results & discussion

fects could become more pronounced. The exact coverage and shape of
the pixel remains unknown, but it is our hypothesis that this is the main
cause of the extra FFT peak signals arising at some camera rotation angles.
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Chapter

Conclusions & outlook

In this research it is shown that it is experimentally possible to achieve
a subpixel superresolution by a rotating camera. An analysis of the FFT
peaks enabled us fit the data to a model and find the corresponding origi-
nal fringe period, which was at first irretrievable due to aliasing. In exper-
iment, this could be used to determine the angle between two interfering
beams, via a newly automated and very quick FFT peak analysis. The
combination of this method, the theoretical knowledge of beam interfer-
ence and the ability to rotate the camera resulted in a beam angle determi-
nation accuracy of oy = 0.03°. This achievement could possibly also be of
importance when measuring other subpixel structures.

Most importantly, this new method resulted in knowledge about the qual-
ity of the manual beam alignment method with a reticle. Namely, aim-
ing at the perfect angle of 90° between opposing beams and 60° between
adjacent beams, which is required to produce superchiral fields, the ret-
icle method in combination with the ability to observe the FFT in real
time resulted in a near-perfect alignment of the beams. This configura-
tion theoretically has a near-zero amount of interferometric visibility. The
superchirality lattice should largely remain intact at this obtained quality
of alignment, so a method to measure this can be developed. The bright
superchirality lattice would be the first of its kind and can possibly have
applications in fabrication or detection of chiral nanostructures.

Two simulation methods were performed, of which the one with integra-
tion on the pixels resulted in realistic aliasing while rotating the pixel grid.
This provided insights about the influence of the rotational angle with re-
spect to the interference fringes on the visibility of the interference, from
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which it is concluded that alignment of the pixels with the interference
pattern results in an increased FFT peak height. We experimentally inves-
tigated near-perfect two-beam interference and how the FFT peak height
(and thus the interferometric visibility) changes when altering the polar-
ization or the alignment of the laser beams. From these experiments it
can be concluded that if the CMOS camera is aligned with the interference
pattern, the most reliable information on interferometric visibility can be
obtained.

For orthogonally polarized beams, we did observe only a weak reduction
of the interference pattern - we attribute this to the microlens array of the
CMOS camera. The microlenses on the pixel array alter the net direction of
the beams before reaching the photodiode, hence altering the electric field
at the point of detection. In the future, similar measurements on CMOS
without microlenses could be performed to investigate whether an im-
provement is possible. Around 30° another FFT peak signal was found, of
which the cause remains unknown but the expectation is that it is caused
by the shape of the photodiodes in the pixel being not perfectly symmetric.

Outlook

We have identified several interesting future research directions, in partic-
ular on the influence of microlenses, the ability to measure superchirality
and a study of the four-beam interference. The presumed asymmetry of
the photodiode at the pixel should be studied, too. The beam-angle find-
ing procedure could possibly in the future be improved to automatically
measure the angles between the ensemble of four beams at once, making
a measurement of all beam combinations separately unnecessary.

Since this method proved to be very robust, applications in other fields
could become reality too. The procedure can easily be adjusted to different
pixel sizes and wavelengths so a more general determination of angles can
be used to determine relative locations of beam sources.

This setup could also become of use in microscopy, where in some fields
an interference pattern on the studied sample is not desired. At the re-
gion of interference, the electric field has an angle with the sample, but the
net k-vector of the incoming light is normal to the sample. This is a new
configuration that cannot be reproduced by a single beam.

Additionally, starting from a homogeneous interference pattern, the cur-
rent setup is very sensitive to small angular displacements of the four
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beams. This is because the simulations indicate that at the point of no
interference, small increases of the amount of interference have the largest
effect on the height of the FFT peaks. This makes this apparatus poten-
tially very sensitive, and multiple-beam interference could hence open up
new tri- and multilateration possibilities.

Furthermore, if the 3D structure of the E and H field at the region of in-
terference could be experimentally imaged, this would mean final confir-
mation on whether the theoretical superchiral lattice structure is present.
Until that time, one could think of indirect ways to measure the (super-
)chiral structure of the light, for example by shining it onto an array of
chiral molecules and imaging the transmissivity of the light. Using the
chiral photoresist production method applied by He et al. [34], one could
also fabricate a lattice with alternating chiralities of the photoresist, and
measure its chirality by an existing method. Since the structure is at the
scale of one wavelength, using a laser with a larger wavelength should be
considered. This could also reduce aliasing effects.

Overall, it is shown in this thesis that the combination of aliased FFTs and
interference of multiple laser beams can be very powerful en has lead to
important insights. Hopefully in the future both superchirality and the
pixel superresolution can play an important role in science and industry.
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Appendix

An additional beam intensity
experiment

Figure A.1 shows an experimental investigation of how a difference in
beam intensity affects the FFT peak for two nearly orthogonally polarized
beams at an angle of 90.56° with each other. When the intensity of one of
the beams is decreased, the signal around 0° for the FFT peaks gets more
pronounced with a factor of approximately 2. At other angles there seems
to be no difference.
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Figure A.1: A measurement of two beams with good alignment but with differing
intensity ratios.

Around 30° an extra peak appears in one of the two measurements. The
other measurement seemingly has a peak arising at 60° but this remains
unsure. Most likely, this is due to the fact that the individual CMOS cam-
era pixels are not fully 90° rotationally symmetric.
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