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CHAPTER 1

Introduction

In the past 100 years, the knowledge about atoms has increased enormously, from the first observations
of atomic spectra with discharge lambs to the discovery and theoretical understanding of the couplings
between different angular momenta that leads to fine and hyperfine atomic structure.

The demonstration of atom-trapping and cooling in the 1980s [1] and the following breakthroughs
such as the first Bose-Einstein condensation in 1995 [2] allowed a new level of control over atoms, and
the option to probe atomic structure precisely. This includes probing the interaction between ultracold
atoms and photons with orbital angular momentum (OAM). In the last three decades the investigation of
the interaction between atoms and light with OAM has gained huge interest because it holds a promise
for a deeper understanding of matter-light interactions and allows various applications in quantum
memories and other quantum technologies such as cold-atom trapping techniques and optical tweezers [3].

The Rubidium Quantum Optics-project (RQO) at the University of Bonn explores how to manipulate
single photons by sending them through a quantum-nonlinear medium created with ultracold Rydberg
atoms. In general, Rydberg quantum optics relies on the strong interactions between Rydberg atoms that
can be mapped onto otherwise non-interacting photons [4].

In the RQO experiment, such a nonlinear medium is realized by laser-cooling and trapping Rubidium
atoms first with a magneto-optical trap (MOT) and then a large dipole trap where the atomic cloud is
cooled to temperatures below 4 uK. The current aim of the experiment is the creation of multiple Rydberg
superatoms. A Rydberg superatom is an ensemble of atoms as well within the Rydberg blockade radius,
such that all atoms can share only a single excitation [5]. A future idea for this experiment is to investigate
how Rydberg-mediated interactions between photons propagating in the ultracold gas lead to changes in
the outgoing light mode. In the current experiment the Rydberg atoms are probed with few-photon pulses
in a Gaussian mode. The Gaussian mode is collected with a single mode fiber. So far, this approach
enables us to send the excitation photons and collect the emitted ones from the cloud only for a certain
wave vector k defined by the Gaussian mode. A next step in the experiment is to collect light from more
different modes, to detect whether the Rydberg-Rydberg interactions give orbital angular momentum
to propagating photons, and in an even further step to probe the atoms with OAM light and observe changes.

OAM light can be created and detected in different ways, such as with phase plates as it has been
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demonstrated in a different institute of the University of Bonn by A. FaBbender, S. Linden et al.,
where a metasurface phase plate was used to generate different Laguerre-Gaussian (LG) modes and a
common-part interferometer is utilized to determine the OAM [6], with optical cavities [7], and with
dynamically changeable phase or amplitude patterns created with for instance spatial light modulators
(SLMs) or digital micromirror devices [8]. In this thesis, SLMs will be considered.

For the planned experiments, an SLM after the atomic cloud will be used to collect light with different
OAM, and an SLM before the atoms will be used to prepare the probe pulses in modes with OAM.

In this Bachelor thesis, a SLM will be used to create OAM modes of arbitrary order. This thesis
is structured as follows: First, a general introduction into optical beam profiles will be given in
chapter 2. Starting by the consideration of Maxwell’s equations, which form the foundation of classical
electromagnetism, different solutions are derived that represent various beam profiles. Those profiles
will be visualized and their OAM will be further discussed. In chapter 3 the SLM, on which the already
discussed beam profiles will be later implemented on a phase-only hologram, will be introduced and
its working principle as well as its image creation will be explained. The device is also going to be
characterized, and a closer look is especially taken towards its phase modulation. Finally, in chapter 4 it
is explored how one can create the phase masks used for the SLM, a possible setup to generate OAM
beams will be shown, and their detection is going to be discussed. Additionally, possible optimization
methods will be presented as well as their experimental results. To conclude, the experimental data is
compared to the theoretical outcome, which is derived in the beginning.



CHAPTER 2

Insights into various Optical Beam Profiles

To comprehend how different phase holograms can be created, one has to first understand the fundamental
properties of various types of optical beams. The aim of this chapter is to provide a theoretical overview
of these beams, to emphasize their unique characteristics, and to mention both their differences as well as
their similarities. By investigating the intricacies of Gaussian, Hermite-Gaussian and Laguerre-Gaussian
beams, the reader can gain a deeper insight into their behavior and applications within the field of optics.

First, the function of a Gaussian beam will be derived from the wave and the Helmholtz equation.
Further the intensity profile as well as other properties for example the waist of a Gaussian beam are going
to be discussed. Then an overview of Hermite-Gaussian modes is given, and its derivation is mentioned.
Furthermore, the Laguerre-Gaussian modes will also be discussed and important associations such as
the optical vortex and orbital angular momentum will be explained.

2.1 Optical waves

Starting by considering an electromagnetic wave, which propagates in z-direction, the microscopic
Maxwell equations in free space lead to the function of a complex scalar field U [9]

VU-——=0, 2.1)

where V describes the Laplacian operator, c is the speed of light in free space and ¢ represents the time.
Any function that satisfies this equation can describe a possible optical wave. Using the method of
separation of variables the field distribution can be expressed as a part, which only depends on the spatial
variable 7 and one part that is only dependent on the time U(7,t) = U(7) exp(iwt) [10]. Here the term
U(7) denotes the complex amplitude of the wave, 7 = (x, y, z) characterizes its position and the factor w
describes its frequency.

Substituting the expression for U (7, ) into Equation 2.1, will lead to the time-independent Helmholtz
equation [11]
VIU+KU=0, 2.2)
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where k = 27” represents the wave number and A denotes the wavelength.

This equation can be further approximated in the paraxial regime, which represents the limit of small
angles from the optical axis [12]. Therefore, the complex envelope A(F) of the wave is modulated to be
a slowly varying function of its position and the complex amplitude can be written in terms of it [10]

U(7) = A(F) exp(=ikz) . 2.3)

This also implies that the change of the function A(7) within the distance of a wavelength Az = 1 must
be smaller than A itself. Considering this assumption, it can be shown that the second derivative is way
smaller than Z%‘ << k*A, and therefore we are able to neglect it while substituting Equation 2.3 into
Equation 2.1. This leads to the paraxial Helmholtz equation [10]

V2A - izka—A =0. (2.4)
0z

2.2 Gaussian beam

A Gaussian beam is characterized by an amplitude envelope represented by a Gaussian function,
which arises as one of the first solutions of the paraxial Helmholtz equation. Its essential transverse
electromagnetic mode TEM,,, describes the output of a laser.

To obtain such a beam, we can consider a paraboloidal wave with a transformation of the z coordinate.
Because the complex envelope represents a solution of the Helmholtz equation, it can be assumed that a
shifted version of it is a solution as well. If the coordinate is set to z — z — & with &€ being an imaginary
constant, it will lead to the function of the complex envelope [10]

A = AL exp ik L 2.5)
r —q(Z) exp 1 Zq(z) . .

Here the factor A, is a constant, g(z) = z + izg is called the g-parameter and zy is taken to be the
Rayleigh range. In polar coordinates, the variable p is defined as the Euclidean distance from the origin,
given by p = \/xz + yz.

The next step is to separate the amplitude and the phase of the complex envelope. For that, ¢(z) is

represented in terms of two functions W(z) and R(z), which represent the beam’s width and the radius
of curvature of the wavefront [10]

L _ 1.
q(z) R  awi(z)

(2.6)

Using this substitution of ¢(z) in Equation 2.3 leads to the complex amplitude of a Gaussian beam [10]

2 2
U(F) = A, WWE(;) exp (— Wg(z)) exp (—ikz — ik 21€(Z) +id(2)] - 2.7
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In this equation a new constant is assumed A, = % and the following functions for the different beam

parameters are used:
z\? Az
W(z) =W, 1+(—) Wy =4/=2 (2.8)
IR T

2
R(z) =2 (1 + (%R) ) , (2.9)
{(z) = arctan (zi) : (2.10)
R

The parameter z,, characterizes the point at which the intensity distribution attains half of its peak value
along the z-axis. Equation 2.10 represents the phase retardation of a Gaussian beam, which is known as
the Gouy effect [10]. As z tends towards negative infinity, it converges towards —%, and as z becomes
significantly large, it approaches +7, which means that a total phase retardation of 7 can be observed in
relation to a plane or spherical wave.

2.2.1 Intensity profile

We obtain the intensity distribution from I(7) = |U (7)|2. Using this on the function of the complex
amplitude of a Gaussian beam yields the intensity function

2 2
I(p.2) = I, (%) exp (—;ZZ)) , Q.11

where a new constant is given by [, = |A0|2, which represents the maximum intensity.

a) Intensity profile Gaussian beam b) 2D Intensity profile Gaussian beam 1
, U p— Intensity Gaussian beam
~ 2z
wn
> 055
g
1 £
i
07 : — ‘ o
Wo X

Figure 2.1: a) one dimensional Intensity profile of a Gaussian beam with the waist size W,y and its reaching half of
its maximum value at the distance z = +z;, b) two-dimensional Intensity profile of Gaussian beam

In Figure 2.1 the intensity profile of a Gaussian beam is shown. It reaches maximum intensity in the
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center, and decreases fast for an arbitrary distance. It attains half of its peak at the distance z = +z,.

Furthermore, it can be shown that approximately 86% of the beam’s intensity is contained in a circle
of the radius p = W(z). This value is obtained as the intensity decreases to 1/ ¢* of its maximum value.
In conclusion, W(z) can be considered the beam’s radius and its function is given in Equation 2.8. W,
can be denoted as the beam’s waist, which represents the minimum value of the beam’s width at z = 0 as
shown in Figure 2.2. For the beam imaging process performed in this thesis, the waist size of the beams
play an important role.

Beam width W(z)

—— beam width

W(z)

Wo

8o

T T T T T T
—3z0 -2z =1zp 0 1zy 2zo 3z
V4

Figure 2.2: Beam width W(z) of a Gaussian beam with the waist W,, and 6, as the angle of divergence
For z > z, we are able to approximate the relation of W(z) to
W,
W(z) ~ —2z=6,z, (2.12)
20
where 6, represents the beam’s angle of divergence, which we can also express as

0 & 24 ) (2.13)
T WO
It can be seen that the beam’s divergence will decrease while the waist is increasing.
Taking Equation 2.9 into account, which represents the radius of curvature of the wavefront depending
on the position z, it can be noticed that the wave fronts are planar at the center (z = 0). However, the
curvature of the wavefront increases with z and is considered equal to the wave fronts of a spherical wave.

2.3 Hermite Gaussian Modes

As already discussed, the function of the Gaussian beam is a solution of the paraxial Helmholtz equation.
Other solutions of this equation are the Hermite Gaussian (HG) modes. Their amplitude function satisfies
the Helmholtz equation in Cartesian coordinates.

We can modify the function of the complex envelope A(x, y, z) derived in Equation 2.3 for the case of
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an additional wave [10]

A(x,y,z):X(\/E a )J/(‘/E

Y .
W(z) W(z)) xp (iZ) Ag(x.7.2) (2.14)

where A is the complex envelope of a Gaussian function and X, Y and Z are real functions. It can be
shown that those three functions satisfy the Helmholtz equation as well and by separation of variables an
eigenvalue problem with the eigenvalues n = 0, 1, 2, ... in x-direction and m = 0, 1,2, ... in y-direction is
obtained. The eigenfunctions of those eigenvalues are the Hermite polynomials, defined as [13]

n

2 d 2
H, = (-1)"e" e ™ . (2.15)

dx"
The same relation applies to the eigenfunctions of m. The Hermite polynomials are equal to the functions
assumed earlier in this section and therefore X (x) = H,(x) and Y (y) = H,,(y). Hence, we are able to
show that Z(z) = (n+m){(z), while £(z) is given in Equation 2.10 as the Gouy phase. Similar to the
calculations above an additional phase is obtained, which varies slowly between —(n +m) 7 as z emerges
towards negative infinity and +(n +m) 5 for large values of z. The complex amplitude of HG beams
arises from Equation 2.14 if the functions, that were implied above, are substituted and the equation is
multiplied with a factor of exp(—ikz) [10]

Wo V2x 2y xz+y2
: CH /70 PAta _
" W) "(W(z)) '"(W(z)) e"p( W2 (2)
Py’ ]
+i(n+m+1)2(z)]| .

Upm(x,y,2) =C,

(2.16)

-exp |—ikz — ik
p[ HT9RG)

The normalization constant, which is used to obtain orthonormality, is given by [14]

2
Cm = \/77 20wt &1

For a wave propagating in z direction the intensity profile (at the plane z = 0) for different modes is
obtained from [15]

2

Lo (5, Y) = |Upm(x, 3, 0)* = (2.18)

V2x V2y 4yt
Com Hol | Hul|l ] exp|-
( Wo Wo P A

This leads to the intensity profile of the HG modes shown in Figure 2.3. It becomes clear that the mode
HGy, is equivalent to the intensity distribution of a Gaussian beam (see subsection 2.2.1) and is the only
mode which is circularly symmetric.

2.4 Laguerre Gaussian Modes

Another solution of the paraxial Helmholtz equation apart from the Hermite Gaussian modes is
represented by the Laguerre Gaussian (LG) modes. In contrast to the derivation for the HG beams,
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HG(0,0) HG(0,1) HG(0,2) B LG(0,0) LG(0,1) LG(0,2)

HG(1,0) HG(1,1) HG(1,2) LG(1,0) LG(1,1)

LG(1,2)

Intensity
Intensity

HG(2,0) HG(2,1) HG(2,2) LG(2,0) LG(2,1)

0

LG(2,2)

Figure 2.3: Amplitude function of different Hermite Gaussian modes HG(n,m) (left) and Laguerre Gaussian modes
LG(Lp) (right)

cylindrical coordinates (p, ¢, z) are considered instead of Cartesian coordinates, where the azimuth
angle is defined as ¢ = arctan (2). This leads to a complex amplitude of [10]

X

Uy, (p, ¢, 2) =C &(L llL(l) 20 exp |- o
P 2= iy \wzy) P W2 (2) P W(2)

2
P

2R(z)

(2.19)

- exp l—ikz—ik —il¢+i(l+2p+l)§(z)] )

The normalization constant is given by [16]

B 2p!
Clp =4 /—”(lﬂ‘ nE (2.20)

The eigenvalue [ represents the azimuthal index and can be positive, negative or equal to zero while
the eigenvalue p describes the radial index, which must be greater or equal to zero. Furthermore, the
eigenfunctions are given by the generalized Laguerre polynomials, which are defined by the Rodrigues
formula [13]
-1 _x P
)] _x ¢ d I+p —x

Lp (X) = T (dx_p) (.X € ) . (221)
Moreover, it also becomes obvious that the Gouy phase for LG beams includes an additional factor of
(I +2p + 1) resulting in a greater value of the total phase retardation compared to that one of a Gaussian
or HG beam for a specific mode.
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In addition, the intensity profile (at the plane z = 0) can be derived as [15]

i
V2p
W,

2
'LI(>D - exp (—%) cexp(ilg)| . (2.22)

Iy(p.#) = 1U(p, $,0)° = |C, - (
0

For the LG, mode, the intensity distribution of a Gaussian beam is obtained, as shown in Figure 2.3.
The rest of the modes shown here also indicate a circular symmetry. This is a result of the dependency
of the phase on p, which is equivalent to a Gaussian beam (see Equation 2.7). But another term has to be
considered for LG beams, which is dependent on the angle ¢ as seen in Equation 2.19. Thus, a helically
tilt in the wavefront is observed as the wave travels through space. This can be described by the concept
of an optical vortex and is of great interest because such beams carry orbital angular momentum (OAM),
which is able to add torque to the photon [17]. If [ is greater than zero, the beam will have no intensity
at the center and an optical vortex can be identified. Next section follows with the discussion of this
phenomena.

2.4.1 Optical vortex and OAM of light

The concept of an optical vortex describes points in the intensity distribution of a light beam which
are equal to zero. Those points are also called singularities, that denote places where mathematical
or physical quantities become infinite or change abruptly [18]. The phase of the electromagnetic field
revolves around those points of zero intensity.

An optical vortex is characterized by a number, called the topological charge. The topological charge is
equal to the number of twists that are encountered within one wavelength. For LG beams the topological
charge is equal to the azimuthal index /.

As already discussed in section 2.4, as some light beams travel through space, they exhibit rotation.
Hence, they carry angular momentum, which will result in either spin, if every polarization vector rotates
or OAM, if every phase structure rotates, which can be much greater than the spin [17]. If a light beam
contains an azimuthal phase dependency of exp(il/¢), they will carry OAM. The wavefront is shaped like
a helix (helical phase distribution) and an optical vortex is formed in the center, while both the number of
intertwined helices and the handedness of the phase depend on the value and the sign of the topological
charge [ [17].

The helical phase of a wave, which carries OAM is shown in Figure 2.4. The wavefront is shaped like
a helix and a vortex can be seen at the center. The figure shows that we cannot observe a helical mode
for [ = 0. For I = +1 the shape of a single helix is displayed and a vortex can be identified. Furthermore,
the wavefront for values of [ = 2 or larger is composed of [ intertwined helices [19].

The most common function W featuring a phase singularity is the mapping from Cartesian coordinates
to the complex domain

Y(x,y) =x+iy=pexp(ip) = pexp (i arctan (i—:)) , (2.23)
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(©) (d)

Figure 2.4: Helical phase fronts for (a) [ =0 (b)/ =1, (c) l =2 and (d) [ = 3 (taken from [17])

where p = \/xz + y2 denotes the Euclidean distance and ¢ = arctan (%) is the polar angle, which is not
defined at the center but everywhere else. A singularity can be observed at the center of the coordinate
system (x =y = 0).

One needs to emphasize that the optical vortex in the center carries no energy and therefore no angular
momentum, which implies that the origin of OAM lies not within the singularity itself but in the light
surrounding it. The value of the OAM is equivalent to /7 per photon and therefore is quantized in terms
of 7 just like the spin with the difference that it is independent of the polarization state of the beam [20].

10



CHAPTER 3

Principles and Operations of Spatial Light
Modulators

So far, the properties of different beams have been discussed separately, but it is possible to transform one
type of beam, for instance a Gaussian beam, into another, for example a LG beam. To do this, one needs
to modify the phase or amplitude of the original beam such that the new beam has the desired properties.
In practice, this can be done, for instance by passing the beam through a phase mask. Spiral phase plates
with one specific phase pattern can be bought from optics suppliers [21]. It is also possible to create
changeable phase patterns with devices like a digital micrometer (DMD), which contains several hundred
thousand microscopic mirrors that correspond to a different pixel value by rotation of its alignment [8].
In this thesis, phase patterns are created with an SLM and therefore the device will be further discussed
in this chapter.

First, we discuss a principle scheme of SLM operation. Then, we take the mathematical aspect into
account and take a look at the Fresnel as well as the Fraunhofer approximation to show that a thin lens
can be used to perform a Fourier transform of the reflected light by the SLM. After that we will take a
closer look at the specific SLM, that is used in this thesis. The phase modulation of the device is checked
and compared for different settings. The polarization of this setup will also be discussed and visualized.
Finally, different gratings are tried out and therefore we can measure the diffraction efficiency.

3.1 Fundamentals of Spatial Light Modulators (SLM)

A spatial light modulator (SLM) is a device, which is able to either modulate the amplitude or the phase
(or both) of the incident light [22]. In this thesis a phase-only modulating device is used, specifically a
liquid crystal on silicon (LCOS) SLM, which works in reflection.

A liquid crystal (LC) is placed between a glass substrate and a CMOS (complementary metal oxide
semiconductor) chip, in which multiple pixel electrodes are positioned in a two-dimensional array [23].
The structure of the different layers used in a SLM can be seen in Figure 3.1. Liquid crystals are
considered to be materials, which exhibit properties between the ones of solids and liquids [22]. The
LC molecules both show electrical as well as optical anisotropies. The electrical anisotropy leads to a
dipole behavior of the LC and the optical anisotropy induces birefringence, which results in different

11
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refractive indices n for different LC molecules [24]. The phase velocity v = % is dependent on the index
of refraction. Therefore, the phase of the reflected wave can be modulated, if the index of refraction is
spatially varied [25]. If an electric field is applied across this layer, the electrical anisotropy will produce
a certain tilt of the LC molecules. Because of the optical anisotropy the tilt will change the refractive
index of the molecules. In addition, the light propagates faster in regions with a larger tilt and hence the
wavefront of the light changes when being reflected on the surface.

To create an image that can be used on the SLM the phase values, which lie in the range of [0, 27],
need to be converted to numerical values in the range of for example [0,255] (8 bit). Those values are
then converted into a bit mapped image with the same resolution as the SLM. Each gray level of the bit
mapped image represents a different input signal level, which implies a certain voltage to a LC molecule.
Because of the different voltages, the LC molecules will experience a different tilt.

To obtain the best phase shifts, the polarization of an incident beam must be well-aligned with the
orientation of the LC molecules. This orientation is set by two transparent alignment films that are
placed on the sides of the LC layer. The LC molecules in the SLM used here appear to be orientated
horizontally (when the SLM is mounted with a post to the optical table). Therefore, the SLM is only
intended to be used with horizontally polarized light. The transparent electrode on top is used of to apply
the already mentioned electric field [25].

N

— Glass substrate

Electrode— |

LC layer — >Alignment films
[CITTITTTTITT— Dielectric mirror

CMOS —

Figure 3.1: Configuration of LCOS-SLM where a liquid crystal is placed between glass substrate and a CMOS.
The dielectric mirror is used to increase the efficiency of the used light. The digital image uploaded to the SLM is
converted to an analog signal, which applies a voltage to the pixels of the CMOS chip [23].

3.2 Image projection using a Fourier transform
The previous section introduced the working principle of a SLM for creating changeable phase patterns.

This section will discuss how phase patterns displayed onto the SLM influence the intensity patterns that
can be detected on, for instance a camera.

12
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The Huygens-Fresnel principle [11, 25] implies that each point on the wavefront of an electromagnetic
wave serves as the origin of a second wave package. If a wave propagates in z direction through an
aperture with the complex amplitude U (&, n7), the field at the observation point P, can be expressed as
the following

ikr
U(Po) = / /S U(P) = (0)ds, (3.1)

where S represents the aperture and r characterizes the distance between the point of observation P
and the point of aperture P,. The geometry of the diffraction is visualized in Figure A.1. The angle 8
denotes the angle between the normal of the aperture and the vector r, which is pointing from the point
of the aperture to the point of observation. The factor (6) was implied by Fresnel, considering the
amplitude and the phase of the secondary wavelet. Later, it was shown by Kirchhoff that this factor is
equivalent to ¢ () = cos(6) = £ [25].

Equation 3.1 can also be written in Cartesian coordinates [11]

ikr
v =5 [ [uendean, (3:2)

r

where the vector r can be also expressed as the following

2 2
r:ZJH(x—f) o(=2) 63
Z Z

The Fresnel approximation, which can also be considered to represent the near field of the distribution,

yields
2 2
1+l(x—§) +(y—77)]. (3.4)

rxz
2 z z

Therefore, the complex amplitude in Fresnel approximation can be written as [11]

ikz

k2,2 o kg2, 2 i
Ulx,y) = ——e =070 / / U me'= € | S CEmm gy (3.5)
i1z oo

This equation is called the Fresnel diffraction integral and is equivalent to a Fourier transform of the
complex field (right next to the aperture) multiplied by a quadratic phase exponential term. Here the
paraxial approximation holds.

On the other hand, there is also the Fraunhofer approximation, which is equal to considering the
far field of the distribution. In principle, the terms far field and near field are known from classical
electromagnetism. The near field is characterized close to the object where the radiation is emitted, and
the far field denotes the region far away, where the electromagnetic radiation is dominated by electric
dipole characteristics [26]. Therefore, the term for r in Equation 3.3 can also be estimated in Fraunhofer
approximation and be rewritten as .,

o K& +T) ’

> 3.6)

13
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which leads to a complex amplitude of [11]

eikz
U(x,y) = l_—e

= izkz(xzﬂ’z)// U(§77])e§(x§+yn)d§dn. (37)

This equation is called the Fraunhofer diffraction integral, and it is equal to a two-dimensional Fourier
transform of the complex amplitude U (&, 17) at the aperture.

In the setup used in this thesis, a lens is used after the SLM to implement a Fourier transform just like the
one in Fraunhofer approximation. Because a thin lens is used, we are able to neglect the translation of the
beam inside the plane of the lens. In Figure 3.2 the geometry to perform such a Fourier transform with a
thin lens is shown. Here, the lens is located at a distance d to the SLM and the imaging is performed
in the distance of the focal length f of the used lens. The beam’s intensity profile, that we would like
to capture and investigate, will be the same as the squared absolute value of the complex amplitude
in Fresnel approximation. This complex amplitude is reflected by the SLM. The coordinates u and v

lens

X

d f

Up(&n)  Unuv) U (u,v) U, (x,y)

Figure 3.2: Geometry of setup where the reflected wave is represented by the scalar field Ug; s at the SLM, U,
and Uy, on the sides of the lens after a distance d and Uy in the focal plane f of the lens, where the light can be
imaged.

represent the point where the beam enters (or exits) the lens.

The complex field amplitude in the focal plane U (x, y) can be calculated by performing the following
steps [11]:

(1) Using the Fresnel diffraction integral will lead to a connection between Uy, (1, v) and U ;(x, y)
ikz

€
ilf

ik 2, 2 * ik 2, 2\ _ik
Up(x,y) = ——e2r &) / / Ujp @2 e T ) gy gy (3.8)

(2) We can substitute the translation through the lens, which is given by Uy, (t, v) = 1(u, V) Ujeps (4, v) =
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ik 2,2 . . .
e 27 Iy, (u,v) into the function calculated in step (1):

i

Us(x,y) = /1f627 £ () // Ulens (1, v)e” f(x”+vy)dudv
ik 3.9
- Uf(x y) fe2f(x i )?{Ulens}(fx’ fy)
where f, = and Iy = represent the spatial frequencies. This equation presents a Fourier

transform of Ulem(u v)

(3) Using again the Fresnel approximation will lead to a Fourier transform of Ug; (£, n7), which can
be substituted into Equation 3.9 and then be rewritten as an integral. This function is equal to the
Fraunhofer diffraction integral with an additional phase factor.

f’;(l—f)(x +y°)
v =S [ [ vamtene o aean (3.10)
Finally, this yields the intensity distribution created by the SLM and the lens [11]

1(x,y) = U (2, ) o [F{Usum €Y £ (3.11)

One needs to emphasize that this intensity distribution is equivalent to the one in Fraunhofer approximation
(Equation 3.7) and therefore the lens can be used to image the far field distribution of the reflected beam.

3.3 Operational Considerations for SLM

In this thesis a SLM manufactured by Hamamatsu, specifically the model X13267-02, is used with 792 x
600 pixels for phase modulation [27]. The pixel size is 12.5 ym. The SLM driver allows the upload of 8
bit images to the device, which means that voltage can be applied to each pixel in 256 discrete steps.

The used device itself has been tested previously in our group in the Bachelor thesis of J. A. de
Haan, where the SLM was first tested, and multiple approaches were made to implement a tailored
optical potential to replace or be combined with the AOD-generated traps currently in use of the RQO
experiment [28].

The exact phase change obtained for a given voltage change depends on the wavelength of the incident
light and on the geometry of the SLM. Therefore, the manufacturer of the SLM provides two correction
options: a look-up table to correct for wavelength and a wavefront correction pattern that corrects for the
shape of the SLM.

The following sections of this chapter discuss the characterization of the phase shift obtained with the
SLM and the two correction options from the manufacturer.

15



Chapter 3 Principles and Operations of Spatial Light Modulators

3.3.1 Phase modulation

The manufacturer of the utilized SLM specifies that the amount of phase modulation is different
depending on the wavelength A of the used light. This implies that a phase modulation of 27 is reached
at a different value of the input signal [29].

The phase shift of the light cannot easily be measured directly. Instead, the phase shift is characterized
indirectly by measuring how the polarization changes. The setup used for those measurements can be
seen in Figure 3.3. More details on the setup and the laser will be discussed in the next chapter. It is
important to note that the SLM is not changing the polarization of the light, but that the SLM only
affects horizontally polarized light. To map the phase change onto a polarization signal, incident light
with linear but diagonal polarization is used. When the horizontal component of this incident light
experiences a phase shift, the resulting polarization changes from linear to circular, and this change can
be resolved in intensity with a polarizer "

HWP fiber output
il

HWP

PBS
power meter

Figure 3.3: Setup for measuring the calibration curve where horizontally polarized light comes out of fiber, is
reflected by SLM and detected by a power meter

The Jones matrix formalism can be utilized with fully polarized light. It describes the polarization of
an electromagnetic wave in a two component vector and any polarizing optical element with a matrix [30].
The Jones vector for a plane wave propagating in z-direction can be written in terms of the components
of the complex envelope in x- and y-direction

- A
J= ( A ) (3.12)

The fiber output is known to be horizontally polarized and therefore the corresponding Jones vector is
given by |H) = ( (1) )

As shown in the setup, a half wave plate (HWP) is used, to enable analysis of the phase in both x- and
y- direction at the same time. A HWP is able to retard the phase of one of the axis of the electric field
vector by m [30]. Therefore, it can rotate the direction of polarization by an arbitrary angle.

! This is also the working principle of a Pockels cell.
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The Jones matrix for a HWP rotated by an angle 6 is given by the expression [30]

_ [ cos(26) sin(26)
Tawp(0) = ( sin(26) —cos(26) |- (3.13)
The matrix for the SLM can be expressed as
1 ({1 0
Jsim(e) = G ( 0 el ) (3.14)

where a dependency on the phase ¢, with which the bit mapped image for the SLM is calculated with,
can be observed. The matrix can be expressed like this because the SLM only works with horizontally
polarized light to match the orientation of the LC layer [27] and introduces a phase shift for this
component only. In this case, it is only effecting the A, component. The Jones matrix M (0, ¢), which
represents the polarization of the system, can be calculated as

M8, ) = Jawp,1(0) - Jsim (@) - Jawp,2(0) [H) (3.15)
which leads to 5 5 ) )
cos”(26) +sin"(20) -e'? \ o=2s° 1 [ 1+¢€'¥
M 0, = . ; - - i N 316
(0. ¢) ( cos(26) sin(26)(1 —¢'%) 2\ 1-¢% (3-16)

where it was already assumed that both HWP are set to an equal angle 6. To remove the 6 dependency
an angle of # = 22.5° can be chosen. Therefore, the intensity is approximated to

) .
1 1 cosf ¢e'¥
(cos@+sin9)—( ; ) —— + —s5iné
V2 \ e V2 V2
Finally, a polarization beam splitter (PBS) is used, to only analyze the horizontal polarized part of the
light and this means that the x-component of the vector vanishes 2

1(0, ¢)

2 — cos? (g) ' (3.17)

1 0
M(¢)—§( L+l ) (3.18)
The polarization of the light after each optical element can be visualized in the Poincaré sphere, which
can be observed in Figure 3.4. The Poincaré sphere is often mentioned in terms of the Stokes parameters,
which can also represent unpolarized or partially polarized light, the Jones vector is the same spinor just
expressed in a different basis [31]. The vector points to different spots on the sphere depending on the
lights polarization. Ideally, the North Pole corresponds to right hand |R) and the South Pole to left hand
|L) polarized light. One needs to emphasize that the sphere is rotated here. The spots for horizontal
|H) and vertical |V) polarized light lie on the equator on opposite spots. Additionally, there are also
points that represent other linear polarizations, which also lie on the equator, namely diagonal |[D) and
antidiagonal |A) polarized light [32].

To characterize the phase shift introduced by the SLM, different uniform images of various gray levels

2 Here the y-axis is the horizontal one.
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Figure 3.4: Poincaré sphere for polarization after different optical elements: a) initial polarization of horizontally
polarized light, b) polarization after the first HWP set to # = 22.5° which is diagonal, ¢) polarization after SLM
(for an angle of ¢ = %), here the blue line represents the polarization from before (see b), the green line denotes
the new obtained polarization and the red curve shows the rotation of the green line for different values of ¢, d)
polarization after second HWP (¢=%, 6 = 22.5°))

The code used for the plotting of the polarization state was developed in our group using Mathematica programming
language and was further modified by me.
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that correspond to values of ¢ € [0, 27] are displayed onto the SLM and the intensity is measured after
the PBS. A phase of ¢ = 0 corresponds to a completely black phase mask and a phase of ¢ = 27 to
a white one, all the steps in between represent a different gray level. In Figure 3.5 the curve for the
intensity modulation can be seen, which was plotted with the fitting function

2
I(¢) = a - cos (c§+d) +b. (3.19)
where the parameters a, b, ¢ and d are used to consider both the offset and the variation in intensity due

to the phase shift and can be seen in Table A.1. The method of non-linear least squares was used to fit
the function.

One also needs to emphasize that the power meter used for this experiment 3is specified to have an ac-
curacy of +3% and that is where the error in every plot the device was used for a measurement occurs from.

Phase modulation

0.0 \/ data
0 50 100 150 200 250
Input signal

Figure 3.5: Phase modulation for normalized intensity in terms of input signal [0, 255], which corresponds to a
different gray levels (note that both the wavefront and the LUT setting are turned off here). Some errorbars are not
visible due to the small error value.

The Michelson contrast of the intensity of the curve can be estimated by the equation [34]

Imax B Imin (3 20)

U:Im

ax T 1 min ‘

Therefore, the contrast of this curve is given by 7 = (0.955 + 0.017). This shows that the intensity will
not completely reduce to zero but to a value which is close. This might be due to other light sources in
the laboratory. Another reason might be the dark current of the power meter. With an IR viewer it could
be observed that a tiny part of the beam was clipped on the SLM in the initial setup and this can also
contribute to this result.

To obtain the transfer characteristics, which represents a linear relation between the phase modulation
and the input signal gray level, shown in Figure 3.6 one has to calculate the phase modulation for each

3 Thorlabs PM100D [33]
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input signal, which can be derived from the measured intensities

I(‘p)) . (3.21)

= 2 arccos —
. ( g

This measurement leads to a 27 phase modulation at an input signal of approximately (202 + 2). For the
used wavelength of 780 nm, the manufacturer claims that the device needs an input signal of 206 for a
27 modulation [29]. It can be seen that the measured value here is a bit smaller than the intended value
(97.7 %), but still in the same order of magnitude.

Transfer characteristic

3
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L ==+ 21 modulation
£ ¢ alloff
ol 4 LUT on
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Figure 3.6: Transfer characteristics for LCOS-SLM when the phase modulation is obtained from the normalized
intensities for all settings off and for LUT setting turned on. The estimated error is small and therefore cannot be
seen in the plot for most values.

3.3.2 Look-up-table (LUT)

The LUT setting is a look-up-table provided in the program of the SLM, which is able to rescale the
brightness value of every pixel according to the phase modulation of the used wavelength [35].

When the LUT setting is on, the 27 phase modulation is accomplished at a higher input signal
compared to when it is turned off as it is shown in Figure 3.6. The phase modulation curve was also taken
for the LUT setting turned on (wavefront setting is still off) for the same input signals. This plot can
be seen in Figure 3.7. The 27 phase modulation is reached after an input signal of approximately (246 +5).

Therefore, it is assumed that the LUT setting rescales the applied voltage such that it is limited to
some lower value at 255 than what is applied without LUT. With Equation 3.20 the contrast of this curve
was calculated to be 7 = (0.959 + 0.017), which is slightly bigger but almost equivalent to the value of
LUT being turned off.

3.3.3 Wavefront setting (WF)

The wavefront of the reflected light on the SLM exhibits a fixed distortion, which is produced by the
silicon back plane of the CMOS chip [27]. This principle is portrayed in Figure 3.8. To compensate for

20



Chapter 3 Principles and Operations of Spatial Light Modulators

Phase modulation (LUT on, WF off)

0.2 1
\ / — fit
N > data
0.0
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Figure 3.7: Phase modulation for LUT setting turned on but WF setting still off. The normalized intensity is
plotted in terms of input signal and the fit parameters can be seen in Table A.1. Some errorbars are not visible due
to the small error value.

this distortion, flatness correction data is provided for different wavelengths in the program, which is
used when the wavefront setting is turned on. The image correction data is superimposed with the phase
image on the SLM when the option is turned on [35].

Plane input wave
___/_ Output wave
%

Glass substrate

v—melectric multi-layer mirror
\/\Silicon backplane

Figure 3.8: Wavefront distortion caused by the silicon back plane of the CMOS chip (based on image in [27])

The phase modulation was also measured for when the wavefront setting is turned on, which is
shown in Figure 3.9. Just like the other curve with LUT turned on, the 27 modulation is reached at a
higher input signal of (253 + 4). It can be seen that the contrast of the intensity decreased compared to
when the WF setting is turned off to a value of n = (0.668 + 0.012). Additionally, the first few data

points taken here do not seem to represent the cos? (%) curve. Itis still not totally clear why this is the case.

In Figure 3.10 we can recognize the phase modulation curve for both of those two settings turned on.
Just like the curves portrayed before for one of both settings turned on, the 27 modulation is accomplished
after a higher input signal of (254 + 2). Here the contrast is also smaller than for both settings turned off
and results in a value of = (0.728 + 0.098).

It also needs to be emphasized that the WF setting was not used for further measurements because
it decreased the contrast and led to unexpected curve behavior. Later, it could be seen that the beam
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Phase modulation (WF on, LUT off)
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Figure 3.9: Phase modulation for LUT turned off but WF setting on. The normalized intensity is plotted in terms
of input signal and the fit parameters can be seen in Table A.1. Some errorbars are not visible due to the small
error value.

Phase modulation (LUT & WF on)
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Figure 3.10: Phase modulation for both the LUT and WF setting on. Some errorbars are not visible due to the
small error value. The fit parameters can be distinguished from Table A.1.

seemed to be elongated in one direction when turning this setting on.

3.3.4 Diffraction efficiency

According to the manufacturer, the used SLM is characterized by a high diffraction efficiency [27].
Therefore, the diffraction efficiency can be calculated by the following equation

¢&= D , (3.22)

Iy
where I, represents the intensity in the first diffraction order and /;, denotes the intensity associated
with the zeroth order in the absence of any displayed pattern, where the SLM just works as a mirror.
The measured data points can be observed in Figure 3.11. Here, the diffraction efficiency is mea-
sured in terms of the spacial frequency, which is given in the unit line pairs per mm (Ip/mm). For
example, a two level grating consists of one dark and one bright line and is equal to 40 line pairs
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per millimeter in this case because of the pixel size of the used SLM. We can notice that a higher
spatial frequency will result in a lower diffraction efficiency. In return, this implies that the diffraction
efficiency is the best for a position that is near the zeroth order spot. Therefore, a grating with multi-
ple gray levels will result in a higher diffraction efficiency, because the first order is closer to the zeroth one.

A value of five lines per millimeter is equal to a twelve level grating, but unfortunately it was not possi-
ble to measure the intensity /;, due to experimental limitations. It can be seen that for a blazed grating
that contains more steps of gray levels, the diffraction efficiency shows a bigger deviation to the values
provided in the manual. In principle, the measured diffraction efficiency is a bit smaller than it should
be [29]. This can also be a result of an angle of incidence, that was chosen to be too large in the initial setup.

Diffraction efficiency
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Figure 3.11: Measured diffraction efficiency in terms of the spacial frequency compared to values provided in
manual [27]
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CHAPTER 4

Detection of different OAM beams

Based on the ideas and work presented so far, the next goal is to modulate the phase of an initial Gaussian
beam into a LG beam by applying a phase mask onto the SLM. In this chapter we will first discuss
how a phase mask can be generated, and it will also be shown what they look like. Furthermore, it is
explained how a blazed grating can be utilized to image certain modes in the first order of diffraction.
The setup of the experiment is visualized, and each element is explained. Additionally, the measured
threshold curve for the used laser is shown and in particular the two telescopes used in this setup are
characterized, where one of them performs a Fourier transform of the wavefront just as predicted in
section 3.2. Afterwards, some of the detected LG and HG beams are shown. Because the results
here can still be improved, a method to do so is presented, which leads to another set of experimental
results. Finally, the experimentally taken data is compared to the theoretical expected solutions, that
were presented in chapter 2.

4.1 Techniques in Phase Pattern Generation

To transform a Gaussian beam into various LG or HG modes we will make use of different phase masks,
which can be displayed onto the SLM to modulate the phase of the laser beam.

4.1.1 Design and implementation of complex phase patterns

Earlier, the intensity distributions of HG and LG modes were used to implement the simulations of
the different modes. Now, the derived function of the complex amplitude for a wave propagating in
z-direction is considered to generate the phase masks. For this use we will need to remember that the
complex amplitude of a plane wave is given by U(F) = A(F) exp(—ikz).

We can use the properties A(7) = |U(7)| which is the amplitude of the wavefront and ¢ (7) = Arg(U(7))
which represents the phase of an optical field at the plane z = 0. The following phase profile ¥ can be
used to implement the phase masks

Y(x,y) =Mod [¢(x,y),2n] . 4.1)

This leads to the phase masks shown in Figure 4.1 for LG modes and Figure A.2 for HG modes.
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Phasemasks for different Laguerre Gaussian modes LG(l,p)
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LG(20) LG(21) LG(22)

n2

Figure 4.1: Phase masks for different Laguerre-Gaussian modes

4.1.2 Utilizing gratings for precision phase modulation

To create non-Gaussian beams with a SLM, it will be necessary to separate the generated beam from a
zero order beam. Here, the same approach is used as in the paper by Alicia V. Carpentier et al. [36],
where the SLM is used as a grating that can shift the beam in space. This results in the phase profile of

¥(x,y) = Mod

¢(x,y) + 2%,%] , (4.2)

where A characterizes the period of the blazed grating. The first term in the equation can be represented
by a helical wave (for LG modes), whose phase pattern has been implemented in the last subsection. The
second term denotes a blazed grating. The benefit of such a grating is that the initial Gaussian beam is
diffracted into a series of diffraction orders, which position is dependent on the parameter A. When
adding both terms together, a fork grating is created (for LG beams), which can be seen in the additional
material. The principle of this mathematical method is shown in Figure 4.2.

If the phase masks for the LG modes are applied, one can observe a diffraction grating for which the
zeroth order represents an ordinary Gaussian beam. In higher orders of the diffraction pattern optical
vortices with different topological charges +ml/,! # 0 can be detected, where +m characterizes the
diffraction order (m = +1, £2, ...). The sign of the diffraction order indicates a different helicity of the
wavefront depending on whether the beam is diffracted to the right- or left-hand side of the undiffracted
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beam [37]. All the images are taken in the first order, because in the second one we will observe a beam
of higher order.

1=1, p=1
Phase Mask Blazed grating Fork Grating

Figure 4.2: Principle to obtain a fork grating: adding a phase mask and blazed grating

4.2 Experimental setup

The light source for the experiment is a laser, which is fiber coupled to clean the beam shape, and is then
reflected off the SLM before it is focused onto a camera. A sketch of the setup is shown in Figure 4.3
and in the following, the individual parts are discussed.

The laser is a 780nm extended cavity diode laser [38]. An optical isolator is placed at the output of
the laser, which is able to protect the laser from back reflections that could possibly damage it [39]. The
isolator is making use of the Faraday effect to extinguish reflections.

After the optical isolator, the intensity of the laser is adjusted with neutral density (ND) filters. By
placing the filters before the light is fiber coupled and not for instance right in front of the camera possible
interference effects are avoided.

Because the polarization output of the laser is linear vertical and the light that is needed to match the
LC layer of the SLM is horizontally polarized, a HWP is used to align the polarization and couple the
light into a polarization maintaining single mode fiber. In order to make sure that the light is polarized
horizontally before hitting the SLM a single PBS is used to check, which only transmits the horizontally
polarized field component. I measured that almost 98% of the light was transmitted. Afterwards, a
single mode fiber is utilized to create a Gaussian beam shape. An out coupling lens with a focal length
of f = 11mm is used. The fiber output is guided through a telescope, which acts as a beam expander, so
that the beam size matches the size of the effective area of the SLM. The effective area describes the area
of the SLM where the hologram is portrayed. Different holograms can be uploaded and spatially change
the phase of the laser beam. One also needs to emphasize that a small angle of incidence is needed for
the SLM. It is recommended to use an angle of incidence of 8 < 5° [27], where 6 denotes the angle
between the normal of the SLM and the incident laser beam. If an angle greater than zero is chosen,

the pixel size in one direction d, will increase to a value of d, = Cojﬁ [28] and the pixels cannot be
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assumed to be quadratic anymore. Therefore, the image size will increase in that direction. To reduce
this effect, the smallest possible angle is chosen.

To be able to image the beam after modulating it with the SLM, we use a second telescope, which
reduces the beam size. The combination of the lenses gives an effective lens that Fourier transforms the
complex wavefront that has been mathematically derived in section 3.2.

Finally, the beam can be imaged on a camera ! placed in the focal plane of the telescope.

Isolator

Laser ND filter

Figure 4.3: Setup used to capture different modes on camera (discussed in main text)

4.2.1 Laser threshold

The used laser in this thesis operates at a wavelength of 780 nm. The manufacturer specifies its laser to
have a threshold current of 30 mA [38]. Before constructing the experimental setup, it was checked
whether the lasing threshold is still as specified in the data sheet. A threshold measurement was
performed, which can be seen in Figure 4.4. One can observe the measured power in terms of the current
I, which leads to a measured threshold value of (31.87 +0.28) mA. The threshold value is obtained from
the interception with the x-axis of the fit. The result of this measurement is slightly bigger than the value
provided in the manual. Previous usage of this laser in our group let to a threshold value of 33.2 mA.

4.2.2 Magnification of the telescopes

As already mentioned, the first telescope after the fiber output is used to match the size of the beam to
the effective area of the SLM. For this to work, one first has to measure the beam’s waist after the fiber
coupler at various distances to make sure that the beam is collimated. This is done with a camera”. The
beam’s waist is extracted by doing an one dimensional Gaussian fit in both the vertical and the horizontal
direction. The mean value for the waist was measured to be (1.161 = 0.015)mm in the vertical direction
and (1.074 + 0.004)mm in the horizontal direction. The fit for the horizontal and vertical waist sizes for

! Here an Unibrain Fire-i 530b camera was used [40].

2 For this measurement, the camera Arducam MT9J003 was used [41]. Due to severe interference effects on the taken images
all the other images were taken with the Unibrain camera.
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Threshold measurement for laser
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Figure 4.4: Threshold measurement for laser used in this thesis where the power of the laser is measured in terms
of the current. Errorbars are not visible due to the small error value. This measurement was also performed a
power meter [33].

different positions relative to the out coupling lens is shown in Figure A.4. Because the obtained waist
sizes are not equal, we calculate the eccentricity [42]

e=q[1-=, (4.3)

where a denotes the vertical axis of the beam and b the horizontal one. For a perfect circle the eccentricity
should be equal to zero. We calculate a value of e = (0.378 + 0.031) and see that the beam is slightly
elongated. Another, more convenient way while working on the setup is to use a so-called shear plate
interferometer to aim for a collimated beam. This approach was done afterwards to optimize the results.

The mode field diameter of the used fiber is (5.3 + 1.0)um [43]. When the geometry of the setup
is taken into account, one can see that the waist after the fiber coupler W; can be calculated with
W, =tan(0) - f +W,, where f = 11mm denotes the focal length of the out coupling lens and W, is equal
to the mode field diameter. From Equation 2.13 we obtain an angle of divergence of 6 = (0.094 +0.018).
Therefore, we obtain a value of W; = (1.039 + 0.019)mm. One can see that this value matches the
experimental findings with some deviation in vertial direction.

For the magnification a refracting telescope is used and therefore the waist of the beam after the
telescope can be calculated by W, = %Wl, where f; represents the focal length of the objective (first
lens) and f, of the second lens. To match the size of the effective area of the SLM, which is given by
9.9 times 7.5 mm, we choose a ratio of % = ]30001;2? = 3.33. Accordingly, an expected waist size of

approximately 3.5 mm can be calculated after the telescope with a Gaussian beam calculator [44].

The expected image size after the SLM can be calculated with the following equation [45]

A
Yy
L

D (4.4)

where f represents the focal length of the Fourier lens used behind the SLM, L stands for the length of
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the effective area of the SLM in one direction and N describes the number of pixels in this direction. One
can notice that the image size is directly proportional to the focal length of the used lens and therefore
the image size can be increased by using a lens with a bigger focal length.

To fulfill space limitations, a telescope is chosen instead of a single lens to perform the Fourier transform
of the wavefront. To save even more space, a concave and a convex lens are used instead of two convex
ones. This second telescope is used as a beam reducer so that the camera can still image the obtained
pattern. Here, the lenses are positioned at a distance not equal to the sum of their focal lengths (considering
that f, is negative, thus the distance should be 10 cm), as we don’t require a collimated beam. Instead, our
aim is to capture the image in the focal plane of the telescope to achieve a Fourier transform. In this setup,
the lenses are positioned at a distance of roughly 11 cm. According to a Gaussian beam calculator, the fo-
cal plane is approximately 29 cm away from the first lens [44]. Hence, the camera is placed at this location.

Ideally, a beam propagation axis should coincide with the center of a phase mask. To compensate for
a possible offset, the SLM mask center was shifted. The goal was to achieve a symmetrical intensity
distribution for the higher order modes of light. The center of the effective area of the SLM is located at
396 pixels in x-direction and 300 pixels in y-direction. But here a center at 450 pixels in x-direction and
250 pixels in y-direction is chosen instead. Later, it was attempted to move the SLM to verify that the
laser beam is positioned at the center of its effective area. Because of the rectangular symmetry of the
HG modes, it is easier to find the optimal setting for the intensity to be equally distributed. This is also
shown in Figure 4.5. In the left image we observe that the right part of the mode is brighter. Therefore,
the phase mask is shifted on the horizontal axis and a more equally bright mode results.

HG(11) for x= 396, y=300 HG(11) for x= 370, y=300

25 25

50 50
75 75
100 100
125 125
150 150
175 175

200 200

Figure 4.5: Intensity distribution of HG(11) for different positions on the x-axis. For the initial position (shown on
the left) one part of the mode is significantly brighter. When the mask is shifted horizontally (right image) the
mode has a more equally distributed brightness.
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4.3 Experimentally taken images of different OAM beams

In Figure 4.6 we can see images of different LG modes using a hologram, which is created by using a
phase mask and adding a grating on top, as described in subsection 4.1.2 and is then displayed onto the
SLM. It has to be mentioned that for all the plots of the captured images, the x- and y-axis are in the unit
of pixels. The different modes can clearly be identified, but the beam shape is distorted and deviates
from the expected intensity distribution. To emphasize the difference between the taken data and the
theory, we compare the mode LG(12) for example, shown in Figure 4.7. It can clearly be seen that the
intensity is not equally distributed along the whole circumference. The left and right part of the circle
carry a higher intensity than the part above and below the center.

For [ = 2 one can notice that the inner circle seems to be divided into two smaller circles, or to be
more precise ellipses. We also observe that the outer part of the modes does not look sharp and some
blurring occurs. The beam’s shape appears to lack circular symmetry, exhibiting elongation instead,
which is particularly noticeable for p = 1.

At first glance, it is evident that the size of those modes is extremely small and because of the low
resolution a waist fit is not very meaningful.

It is also crucial to mention that the best images could be obtained when both the WF and the LUT
settings were turned off. The WF setting occasionally results in a form that deviates significantly from
the intended shape.

4.3.1 Detection of different HG modes

Even though HG beams do not carry OAM and therefore are not that much of interest for the outcome of
this thesis, it is still useful to capture them on camera. Because of their rectangular symmetry it is more
convenient to find a position for the hologram where the intensity seems to be equally distributed. The
captured images can be seen in Figure 4.8.

As for the LG beams, the HG beams are also distorted compared to what they are expected to look.
Especially noticeable is the blurring of the outer part of their structure, particularly for higher modes. In
Figure 4.9 this phenomenon can be seen best for the HG(22) mode. It is even extremely hard to identify
the outer part of the mode. For smaller modes like HG(01) or HG(11) the image looks more appropriate
because the vanishing of some parts of the mode does not occur in such a significant way. Additionally,
it can be seen that for higher modes the part in the center seems to be the brightest even though the
theory states the opposite. It also becomes clear that the modes have a small size just like the LG modes
and that is why fitting the waist is not convenient here.
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Images taken of different LG(l,p) modes

LG(00) LG(01) LG(02) 10
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LG(20) LG(21) LG(22)
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Figure 4.6: Experimentally taken images of different LG modes

Experimentally taken image Simulated LG(12)
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Figure 4.7: Experimentally taken image of LG(12) compared to the one obtained from theory
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Images taken of different HG(n,m) modes
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0.3
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Figure 4.8: Experimentally taken images of different HG modes

Experimentally taken image Simulated HG(22)

Figure 4.9: Experimentally taken image of HG(22) compared to the one obtained from theory
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4.4 Optimization Methods

So far, phase-only holograms were discussed. However, there is also the method to modulate the
amplitude and phase both at the same time on a phase only SLM, which could potentially result in a
more accurate beam, which is imaged. This method has been presented in a paper by Bolduc et al. [46].

The basic idea is to use a grating pattern where the diffraction efficiency can be modulated by an
amplitude function. The aim of using this additional function is to only diffract the desired part of the
beam into the first diffraction order. The concept is shown in Figure 4.10, where the mode LG(10) is
considered as an example. A slice of the phase mask along the x-axis with y = 0 is shown. In the first
plot we observe a grating, which diffracts the light into different orders, as denoted by the arrows. The
second plot shows a mirror, where the light is reflected in the same direction. The third plot represents
the optimization method, that will be presented here, which can be described as an intermediate principle
of the other two. We try to only get diffraction from the desired part of the beam due to the amplitude
mask, which is used to modulate something similar to a mirror here.

Grating Mirror Optimization method for LG(10)
N N N
6 260 460 660 860 6 260 460 660 860 6 260 460 660 860
X X X

Figure 4.10: Principle of the used optimization method where we only look at a slice of the phase mask along the
x-axis. In the plot for the grating the light is diffracted into different orders, for the mirror the light is reflected in
the same direction and the optimization method makes use of both, thus only diffracting the desired part in the first
order.

Earlier, the phase profile was implied in Equation 4.2. In the first diffraction order the output field
distribution is given by

Uouen = F{exp(ig(x,y))}, (4.5)

where 7 represents a Fourier transform, just as predicted in section 3.2. But now the amplitude is also
considered, and therefore the equation can be modified in the following way

¥(x,y) = M(x,y) - Mod | K(x, y) + 2%,271 , (4.6)

where the function M(x, y) denotes the normalized positive amplitude function (0 < M < 1) and
K (x,y) represents the analytical function of the amplitude and phase profiles of the desired field. Just
after the beam is reflected by the SLM, which now contains the new phase mask, the phase profile is
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given by
’ 27X
Ugut = eXp (M(xa y) - Mod [(]((X, y) + T, 27‘[]) . 4.7

To obtain the phase profile in the first order of diffraction a Taylor-Fourier expansion is performed, which

leads to the following term

Upyr,1 = —sinc(mM — m)e! KM (4.8)

This expression will give us the functions needed to modulate the amplitude on a phase-only SLM
1.
M =1+ —sinc” (A)
s
K=¢p—naM

4.9)

where A represents the amplitude of the wavefront. _

The unnormalized sinc function is defined by sinc(x) = w where x # 0. However, it can be quite
difficult for an ordinary computer to calculate the inverse sinc function for every pixel. Therefore, one
can use the simplification of M = A and K = ¢, already mentioned by Davis et al. [47], which can also
already contribute to an improvement of the beam shape. It can be shown, that the difference between
the obtained amplitude and the desired one is no further apart than 16.1% [46]. The difference in phase
is quite bigger and that is why it needs further modification to K = ¢ — 7 A. If those approximations are
used, it leads to an output close to the desired one.

The phase masks for LG and HG modes, that were implemented with the just described method,
can be observed in Figure 4.11 and Figure A.5. One needs to emphasize that those masks were not
implemented with the sinc function yet, but instead with the mentioned simplification.

4.4.1 Improvement of results with optimization method

Using the already presented method of optimization with the goal of only diffracting the desired part of
the beam into the first order of diffraction, we are able to see a huge improvement in the beam shape and
intensity distribution of different modes.

In Figure 4.12 the different LG modes, which were captured with the optimization strategy, are shown.
The first thing to notice is that the beam is significantly larger, which is due to the added amplitude
mask. We also observed that the intensity is more equally distributed. However, it seems like the upper
and lower part of the circles carry a slightly higher intensity than the parts on the sides of the center.
The images taken here are way more similar to the simulated ones than the images without the applied
optimization method. The waist sizes were also calculated for this case and are presented in Figure 4.13.
It becomes clear that for the modes LG(00), LG(02) and LG(10) the waist size is larger than for the other
modes. Unfortunately, it is still unclear why this is the case. For the rest of the modes, the measured
waists lie in a range close to each other.

For a better comparison, the mode LG(12) is shown next to the one we expect from theory in

Figure 4.14. The imaged modes will be further compared to the theoretically predicted ones in the next
section.
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Optimized phasemasks for different LG(l,p) modes

LG(00) LG(01) LG(02)
- - 3n/2
LG(11) LG(12)

LG(10)

G(20) LG(21) LG(22) 2

Figure 4.11: Optimized phase masks for different LG modes
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Images taken of different LG(l,p) modes with optimaization method
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Figure 4.12: Experimentally taken images of different LG modes with optimization method

Vertical & horizontal waist for LG modes with optimization
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Figure 4.13: Measured waists for different LG(l,p) modes with optimization method
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onperimentally taken image with optimization . Simulated LG(12)
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400 400
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Figure 4.14: Experimentally taken image of LG(12) with applied optimization method compared to the one
obtained from theory
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The optimization method was also applied for the HG modes, which can be seen in Figure 4.15. Here
we can also clearly notice a huge improvement compared to the images taken without the optimization
method. The blurring of the outer part is not that much of an issue anymore, and we can also observe that
the intensity distribution is much closer to the simulated one, where the center part was not the brightest
for a lot of modes. The different waist sizes were calculated and plotted as shown in Figure 4.16. It
becomes clear that the waist size increased and most of the values lie in a close range. However, we can
also see that the obtained waist size for the HG beams is slightly bigger than the one for the LG beams,
and this is due to rearranging the setup again in between taking the images. The distance between the
two lenses of the second telescope was probably not equivalent.

Images taken of different HG(n,m) modes with optimaization method
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400 0.4
o HG(20) HG(21) HG(22)
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0.2
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o

200 400 600 0 200 400 600

o
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Figure 4.15: Experimentally taken images of different HG modes with optimization method
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Vertical & horizontal waist for HG modes with optimization
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Figure 4.16: Measured waists for different HG(n,m) modes with optimization method

4.5 Comparison with theory

To compare the captured images with the ones obtained from theory, the experimentally taken data is
subtracted from the simulated images. The simulation of the derived theory is shown in Figure 2.3.
We make sure that both of the images are normalized. In Figure 4.17 we can observe this calculated
difference for various LG modes.

It needs to be emphasized that both negative and positive values are a possible outcome. For a negative
result the experimental data has bigger values and for positive results the experimental data is smaller
than the theoretical one. It is important to mention that an intensity equal to zero corresponds to a
different color now than in the plots earlier.

The patterns we see after subtracting suggest that there is a difference in the brightness of the rings
form the modes. It was tried to shift the simulated image on the x- and y-axis manually to obtain an
image, where the simulated mode overlaps with the experimentally taken data. It was also attempted to
scale the images to the identical size.

Ideally, the difference of the experimental data and the theoretical one should result in zero, because
this implies that both images are equal. For the LG(10) mode the least intensity can be identified
after the subtraction. A structure in the middle is observed, which could be a result of some inter-
ference effects of the glass, that is placed on top of the Unibrain camera. The same observation
applies to the remaining modes as well. Some artifacts can occur due to exposure of too high power on
the camera. The blurring observed in the experimentally taken data also causes influences in the difference.

In the simulated images, the inner ring consistently appears noticeably brighter than the outer ones.
This trend is also present in the imaged data, although the difference in brightness is not as predicted.
While the inner ring remains the brightest region in most images, the outer ring appears brighter than
expected. This could possibly be caused by working close to saturation of the camera. In the next
iteration the laser power on the camera could be reduced.

For the modes where p = 0, we are confronted with the same issues. The simulation states that the
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Simulated LG(l,p) modes subtracted from experimentally generated images
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Figure 4.17: Subtracted intensity of simulated and detected LG modes

mode has a homogeneous intensity for all angles. For the images taken in the experiment, it is clear that
a higher intensity is located above and below the center of the beam. Hence, a larger difference of the
two images can be seen left and right of the center.

For a better comparison, the coefficient of determination R? can be taken into account, which is
defined by

R2=1—2?:1()f—"_Y")2, (4.10)
S (¥ -Y)?

where n is the total number of events, X; represents the predicted data, ¥; characterizes the experimental
taken data and Y is its the mean value [48]. Its purpose is to characterize the correlation between the
observed values and the theoretical ones. If the value for R? is zero, it implies that the two variables do
not correspond well. If the value is close to one, we can conclude that the deviation from the theory
is not severe [48]. For example the best correlations that can be obtained from this coefficient are a
value of 0.922 for the LG(10) mode and 0.881 for LG(20). Some of the other LG modes show a higher
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deviation from the theory for example LG(21) with a R? value of 0.559. It is concluded that we need
further optimization methods to image them more precisely.

The quality of the produced LG beams can be compared to the quality of the HG modes created with
the amplitude filter. The created HG modes are shown in Figure 4.15, and the difference between the
experimentally obtained HG modes and the theoretical predictions is shown in Figure 4.18. It becomes
obvious that there is less intensity left when subtracting the two images than there was for the LG modes.
Hence, we assume that the captured images of the HG modes are closer to the expected ones. We have to
deal with the same issues that were already discussed when describing the subtracted intensities for the
other modes, for example some artifacts due to too much power exposure on the camera. The coefficient
of determination can also be calculated for the HG modes. Here more modes show a result for R? that
is close to a value of one, which implies that the captured images are close to the predicted ones. For
example the mode HG(02) exhibits an R? value of 0.931.

It is concluded that the imaging of the HG modes led to better results. Implementing additional
improvement methods might even lead to a better outcome, especially for higher modes.

Simulated HG(n,m) modes subtracted from experimentally generated images
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Figure 4.18: Subtracted intensity of simulated and detected HG modes



CHAPTER 5

Conclusion and Outlook

The aim of this thesis is to create and characterize non-Gaussian beams with a spatial light modulator. In
the scope of this thesis, I therefore created different Laguerre Gaussian as well as Hermite Gaussian
modes, detected them with a camera, and I tried to optimize the result.

First, a theoretical consideration of different beams was discussed. Here we started with the Maxwell
equations known from classical electromagnetism to derive the wave equation as well as the Helmholtz
equation. Different solutions of this equation like the Gaussian, HG and LG modes were derived, and
their properties were discussed. The Gouy phase of these different beams was compared to the one of a
Gaussian beam and we were able to see that a LG beam has an additional phase dependence of exp(il¢)
on the azimuthal angle, which implies that such a beam carries OAM. The fundamental properties of
OAM were explained as well. This part of theoretical consideration was mandatory to understand how
the phase masks are generated later.

Because the creation of the mentioned modes is aimed for in this thesis, the modulation of the phase
of the light has to be investigated and therefore the SLM is taken into consideration. First its working
principle was discussed to comprehend further measurements. Then I characterized important properties
including how the phase modulation scales with the pixel values. To do this I used the SLM in a Pockels
cell configuration where I modified the phase of one polarization direction. The contrast accomplished
with this setup was n = (0.955 + 0.017), which is a satisfying outcome. The intensity will not reduce
completely to zero due to for example light sources coming from other experimental setups in the same
laboratory. From the same data we obtain that a 27 phase modulation is accomplished after an input
signal of (202 + 2) instead of the specified value of 206 by the manufacturer. The difference between
the two values is possibly caused by a too large angle of incidence of the initial setup. If the angle of
incidence is greater than zero, the pixels of the SLM cannot be assumed to be quadratic anymore. Later
the angle was reduced to minimize this effect.

The SLM provides a correction pattern for the phase front. But the application of this leads to
a loss of contrast, indicating that the wavefront settings are not necessarily perfect for the SLM.
Applying the WF as well as the LUT setting leads to an accomplished 27 modulation at a higher
input signal level of (254 + 2). The contrast decreased to a value of = (0.728 + 0.405). Because
of unexpected curve behavior and a reduced contrast those options were not used for further measurements.
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After characterizing the SLM, the holograms to modulate the phase of the laser beam were discussed.
For the ability to image them I build a set for experimental creation of the modes. The taken images of
various LG and HG modes are shown. Because of the low resolution the waist sizes cannot be calculated.
Unfortunately, a lot of aberrations occur. An additional amplitude mask is imposed onto the phase mask
with the aim to only deflect the desired part of the beam into the first order of diffraction. We can notice
that the imaged modes improved in size, shape and intensity distribution. Finally, the improved beams
were compared to the theoretical modes derived in chapter 2. This comparison reveals that further
optimization is necessary in particular for the LG modes.

Further optimization might be realized by numerically implementing the inverse sinc function men-
tioned in section 4.4. While performing the measurement it could also be seen, that the quality of the
portrayed images was strongly influenced by the position of the concave lens of the second telescope.
It might be worth to adjust it further or to use a single lens again. For that, the setup needs to be rearranged.

This thesis serves as a first step towards investigations of how strong effective interactions between
single photon mediated by a quantum nonlinear medium leads to a modification of the photon propagation
mode. To do this, the span of the k vector space must be replaced. To accomplish that, one ideally uses
two SLMs, one before the ultracold atoms, and one after them. The first SLM could maybe make use of
a phase mask of a LG mode created in this thesis. The other SLM would need a phase mask that is able
to create a Gaussian beam from an initial for example LG beam. The next step could be to implement
such a ’recovery’ phase mask.
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APPENDIX A

Additional information

Figure A.1 shows the geometry of the diffraction used to derive the Fresnel and Fraunhofer diffraction

integral.

Complex amplitude

U(En)

Figure A.1: Diffraction geometry, the complex amplitude distribution U (£, n7) propagates from aperture S towards
the positive z-direction.The wave at point P, results from the superposition of all the contributions of U (&, 7).
(Based on image in [25].)

In Table A.1 we can see the fitting parameters for the phase modulation for different settings of the

SLM. It is also shown for what input signal the 27 modulation is accomplished.

Table A.1: Fit parameters for phase modulation curves taken for different settings (see Figure 3.5, Figure 3.7,
Figure 3.9 and Figure 3.10)

LUT and WF off | WF on, LUT off LUT on, WF off LUT and WF on
a 0981 +0.013 | 0.792+0.044 | 1.0025 = 0.0089 | 0.8434 + 0.0062
b (1.8 +8.1)-107° | 0.229 +0.029 | (1.47 £0.53)-107> | 0.1468 + 0.0039
c/1072 (-3.067 + 0.015) | (2.715+0.084) | (2.345+0.024) | (2.4606 + 0.0086)
d 3.068 +0.012 | -0.479 + 0.063 0.128 + 0.015 -0.6345 + 0.0068
27 modulation | 201.4 + 1.8 252.6 +3.8 245.6 + 4.8 253.6 + 1.5
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Appendix A Additional information

In Figure A.2 we can see the implemented phase masks for various HG modes.

Phasemasks for different Hermite Gaussian modes HG(n,m)

HG(00) HG(01) HG(02)

Figure A.2: Phase masks for different Hermite Gaussian modes

Figure A.3 shows the phase masks for multiple LG and HG modes for when a blazed grating is added,
to observe the desired mode into the first order of diffraction.

Phasemasks for different Laguerre Gaussian modes LG(l,p) Phasemasks for different Hermite Gaussian modes HG(n,m)
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Figure A.3: Phase masks for different Laguerre-Gaussian (left) and Hermite Gaussian modes with blazed grating
(right)
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Appendix A Additional information

In Figure A.4 the horizontal and vertical waist sizes of a laser beam for different positions relative to
the out coupling lens after the fiber is shown. A linear fitting function was used

Based on the fit we obtain the following parameters for the vertical (v) and horizontal (h) direction:

a,=(3.27+1.99)- 107

Due to the small value for the slope we can assume that the beam is sufficiently collimated for the purpose

of this work.
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Figure A.4: Horizontal and Vertical Waists for beam at different positions relative to outcoupling lens
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Appendix A Additional information

Figure A.5 shows the phase masks for HG modes where the presented optimization method is applied.

Optimized phasemasks for different HG(n,m) modes

HG(00) HG(01) HG(02)
- - 3n12
HG(10) HG(11) HG(12)
- - | g
HG(20) HG(21) HG(22) 2

Figure A.5: Optimization of the phase masks for different HG modes
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