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Abstract

Ordered structures of Rydberg atoms, so-called Rydberg crystals, may be used to model
solid-state phenomena, and as the basis for quantum simulations and quantum computers.
A method to create a Rydberg crystal is proposed where ultracold rubidium atoms are
excited to the Rydberg state in an excitation volume determined by a 780 nm laser which
is orthogonally aligned with a 480 nm laser. By ’shaping’ the intensity profile of the 780
nm laser to an array of spots, a 2D Rydberg crystal can be generated. In this thesis the
feasibility is investigated to obtain such an intensity pattern with a Holoeye PLUTO NIR2
spatial light modulator (SLM).

A SLM is a computer controlled, optical device that allows the user to spatially mod-
ulate the phase of a laser beam. A test setup is built with the SLM in combination with
a f = 65 mm achromatic lens which transforms the phase modulation into an intensity
modulation. It is shown that an array of spots can be generated where the spots have a
FWHM of 6 µm. For a mutual distance of 10 µm the resolving power of the spots was
found to be 70%. In [11] it is shown that for Rydberg atoms with n = 79 and a mutual
distance of 11.6 µm the interaction between the atoms can be considered strong i.e., the
atoms can form a strongly coupled Rydberg crystal. Therefore, the performance of the
SLM matches the requirements to create the desired intensity pattern.

Analysis of experimentally generated spot arrays show that significant effects of vi-
gnetting and aberrations occur for a radial distance r > 0.4 mm from the optical axis,
which is in the order of the ultracold atomic gas. When more than 2500 spots are gener-
ated, the homogeneity of the spot size and power decreases significantly.

In addition, the SLM enables the generation of Gaussian intensity profiles with a
tunable FWHM with a minimum of 28 µm. The Gaussian profiles are not perfectly ro-
tationally symmetric i.e., the FWHM in the x- and y-direction can differ by 9%. These
patterns are suitable for experiments which are currently performed with the ultracold
rubidium setup, thereby satisfying a second condition for applicability of the SLM.

An optical system for incorporation of the SLM in the current ultracold atom setup is
designed which is limited by the numerical aperture of the accelerator in the current setup.
The numerical aperture of the designed system has a numerical aperture that is a factor
1.4 smaller than the test setup. Therefore it is not expected that the intensity patterns
mentioned above can be created at the position of the ultracold rubidium atoms inside the
atomic trap. However, the performance of this complete optical system is still expected
to be good enough and should be tested, which is recommended before the optical system
is incorporated in the current UCP setup.
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Chapter 1

Introduction: The Need for
Structured Light Patterns

1.1 Ultracold atomic gases and condensed matter physics

Ultracold atomic gases realized by laser cooling and trapping are interesting systems which
can be used in both technological applications and scientific investigation. A neutral ul-
tracold atomic gas can for instance be photo-ionized, resulting in an ultracold plasma
(UCP) where the potential energy of the electrons and ions exceeds their kinetic energy.
These ultracold plasmas are suitable to experimentally investigate plasma oscillations [1]
and ion dynamics [2]. In addition to the photo-ionization, at TU Eindhoven the ultracold
plasma is accelerated resulting in electron and ion beams [3, 4]. Due to the low kinetic
energy before acceleration, these charged particle beams exhibit a low transverse velocity
making them suitable for applications such as ultrafast electron diffraction (UED) and
ion-microscopy.

Besides the creation of ultracold plasmas, ultracold atomic gases can be combined with
the technique of optical lattices [5]. An optical lattice is a periodic potential created by the
interference of two or more counter-propagating laser beams and can be utilized to trap
neutral atoms as shown in Fig. 1.1. Optical lattices offer a high degree of flexibility since
the configuration of the optical lattice can easily be modified by changing the intensity
and frequency of the lasers.

Ultracold atoms trapped in an optical lattice offer opportunities to explore quantum
computation and simulation [6]. In quantum computation individual quantum systems
are used to encode arbitrary quantum information, which may then be utilized for a wider
range of computational tasks. The atoms in the optical lattice can be considered to be
a natural quantum register, in which each quantum bit (qubit) is represented by a single
atom. The interactions between atoms in neighboring lattice sites could then be tailored to
perform quantum logic operations. Arbitrary control of these logic operations may allow
atoms confined in an optical lattice to be used for generalized quantum computation.

Quantum simulation aims to use one well-controlled quantum system to simulate an-
other complex many-body quantum system. For example, they can be used to realize
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Chapter 1 Introduction: The Need for Structured Light Patterns

Figure 1.1: The atoms in the optical lattice produce an artificial crystal.
In contrast to the crystal structures encountered in nature, we can tune
the confinement, tunneling, and interactions of the atoms trapped in the
optical lattice, making it ideal for simulating complex quantum many-body
physics.

textbook examples of condensed matter phenomena. An example of a phenomenon is the
realization of the Bose-Hubbard model by the phase transition of a Bose-Einstein conden-
sate from a superfluid to a Mott-insulator phase [7]. In the superfluid state a Bose-Einstein
condensate with weak repulsive interactions is held in a three-dimensional optical lattice
potential. Quantum-mechanical tunneling allows the atoms to spread through the lattice,
which causes the system to form a giant matter wave with long-range phase coherence. In
this phase each atom is spread out over the entire lattice and therefore each lattice site
is filled with a random number of atoms. By increasing the potential landscape of the
optical lattice the amount of tunneling is decreased and the repulsive interaction between
the atoms becomes dominant. Placing two atoms at the same lattice site then becomes
energy unfavorable. The system will form a Mott insulator in which each lattice site is
occupied by a single atom and the phase coherence across the lattice is completely lost.

Employing atoms trapped in an optical lattice to model solid state crystals has a
serious shortcoming. The trapped atoms are neutral ground state atoms and interact via
relatively weak and short-range Van der Waals interactions. In comparison, in solid state
physics, the interactions are dominated by covalent, ionic and metallic bonding where
Coulomb interaction between the electrons is the dominant interaction [8, p. 4-16].

For a better realization of such a strongly coupled condensed matter system, we need
ions arranged on a lattice surrounded by electrons that provide the conductance phe-
nomena as shown in the bottom part of Fig. 1.2. In order to model such systems, an
intermediate step would be the excitation of an ultracold gas to a system with strongly-
coupled Rydberg atoms [9], a so-called Rydberg crystal. A Rydberg crystal is an ordered
structure of Rydberg atoms. Rydberg atoms are highly excited atoms and have therefore
exaggerated properties.

In order to understand how highly excited atoms can be used to create ordered struc-
tures, we take a closer look at Rydberg atoms and their remarkable properties.
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1.2 Rydberg atoms and their interactions: The creation of Rydberg crystals

Figure 1.2: Comparison of an optical lattice that is used to trap neutral
atoms and a metal. In the picture above, the atoms are trapped by an
optical lattice and interact weakly by the Van der Waals interaction. Below
a dilute metal is shown, where ions are positioned on fixed lattice and are
surrounded by the electrons. The strong Coulomb interaction dominates.

1.2 Rydberg atoms and their interactions: The creation of
Rydberg crystals

Rydberg atoms are highly excited atoms, i.e. they exhibit a high principal quantum num-
ber n. Therefore, properties of an atom that scale with n can adopt extreme values for
Rydberg atoms. Some properties of an atom that scale with n are for example the radius
(n2), lifetime (n3) and polarizability (n7) [9]. The latter makes that two Rydberg atoms
will mutually induce dipoles which results in a relatively strong Van der Waals interaction.
The Van der Waals interaction term is proportional to C6/r

6, where r is the mututal dis-
tance between two atoms and the C6 coefficient represents the strength of the interaction
which scales as n11.

To understand the effect of this Van der Waals interaction for Rydberg atoms, consider
a system of ground state atoms as shown in Fig. 1.3(a). A laser which is resonant with
the transition to the Rydberg state (frequency ω) can be used to excite one of the atoms
to a Rydberg state. As soon as one Rydberg atom is created, the large C6 coefficient
results in a shift of the energy levels of the neighboring atoms. This energy shift tunes the
optical transition of the neighboring atoms out of resonance which makes it less probable
to excite them to the Rydberg state (see Fig. 1.3(b)). This so-called blockade effect [10]
dominates in the blockade regime where atoms feel and avoid each other.

In [11] it is shown that one single rubidium atom excited to a n = 79 energy state
provides a 2 MHz shift of the energy level of a second atom located at a distance of 11 µm.
This shift is sufficient for a strong two-atom blockade effect that blocks the subsequent
excitation of the second rubidium atom. It was observed that the probability to find a
double excitation was about 30%, in comparison with 80% for a single excitation, which
agrees well with a theoretical model based on the long range Van der Waals interaction
between atoms.
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Chapter 1 Introduction: The Need for Structured Light Patterns

(a) (b)

Van der Waals 

interaction energy ~
Blockade regime

C6

r
6

Figure 1.3: The blockade effect. (a) All atoms are in the ground state, and
(b) One atom is excited to the Rydberg state. The strong Van der Waals
interaction results in a shift of the energy levels of the neighboring atoms
which tunes them out of resonance with the laser ω and their excitation is
blocked.

This suppression of excitation due to the blockade effect is also shown by Singer et al.
[12]. Ultracold rubidium atoms were excited to the Rydberg state and they observed that
increasing the initial density of the ground state atoms in the ultracold gas results in a less
than linear increase of the observed number of Rydberg atoms. This density-dependent
excitation is explained by the Van der Waals interaction between the atoms. When the
initial density is increased, an atom excited to the Rydberg level blocks the subsequent
excitation of an increasing amount of neighboring atoms. Increasing the density of ground
state atoms results therefore not in a proportional increase of the number of Rydberg
atoms. Besides this density-dependent suppression, they also showed the influence of the
principal quantum number n. For n = 82 a larger suppression is observed in comparison
with n = 62. This is directly related to the Van der Waals coefficient which scales with
n11. For a larger n the Van der Waals interaction increases and therefore the energy level
shift of neighboring atoms increases. This larger shift in energy tunes the atoms farther
off resonance, which decreases the excitation probability.

The strong coupling between Rydberg atoms, together with their long life time which
scales with n3, makes them particularly interesting for quantum information processing
[14, 15]. An example of a promising application of Rydberg atoms in quantum information
processing, is the realization of a CNOT quantum gate [13]. A CNOT is a an essential gate
in quantum computing where a control qubit determines the evolution of its associated
target qubit. The gate simply looks at the state of the first qubit, if it is 0, the value of
the second qubit remains in it current state, if the value of the control qubit is 1 the target
qubit switches its state (from 1 to 0 or from 0 to 1). The Rydberg excitation blockade can
be used as the coupling between qubits required to implement such a two-qubit gate. With
the blockade effect the excitation of a single atom can block the excitation of a second
atom and can therefore be used to control its state.
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1.2 Rydberg atoms and their interactions: The creation of Rydberg crystals

(a) (b) (c)

Figure 1.4: The creation of Rydberg lattices. (a) By applying a chirped
laser pulse, atoms that will be excited to the Rydberg state (red atoms) will
form a structured lattice, (b) A 2D Rydberg crystal created by self-assembly
as simulated by [16]. In a disordered gas (black dots) the created Rydberg
atoms are positioned on particular positions forming a lattice, and (c) A
simulation of a 3D Rydberg crystal (note that the ground state atoms are
omitted).

The strong Van der Waals interaction between two Rydberg atoms can also be ex-
ploited to create a Rydberg crystal. In a simplified picture as is shown in Fig. 1.4(a), a
Rydberg crystal can be created by exciting one atom at a time to the Rydberg state. The
system starts in a state where all atoms are in the ground state (green atoms). The laser
that excites the atoms to the Rydberg level is resonant with the transition to the desired
Rydberg state and the first atom is excited to the Rydberg state (red atom). This atom
shifts the energies of the neighboring atoms such that they are no longer resonant with
the laser. By slightly increasing the frequency of the laser, the first atom that becomes
resonant with the laser is located as far from the first excited atom as possible. When
this atom is excited to the Rydberg state it also shifts the energy levels of the neighbor-
ing atoms. By increasing the laser frequency further, the first atom that now becomes
resonant is the atom in the middle. This process of increasing the laser frequency, called
a chirped laser pulse, can be continued to create a structured patterns of Rydberg atoms
which results in a Rydberg crystal.

Recently this remarkable self-assembly of crystals of Rydberg atoms due to the blockade
effect was theoretically investigated [16]. Simulations are performed where Rydberg atoms
are created in a disordered ultracold atomic gas, such that the ’frozen gas limit’ applies
which assumes that the kinetic energy of the atoms during the excitation process can
be neglected. Therefore, the Van der Waals interaction will be the dominant interaction
energy. By applying a chirped laser pulse to a disordered atomic gas, a similar process
as described above will occur. Atoms excited to the Rydberg state will be located at
particular positions which results in a configuration of structured Rydberg atoms forming
a Rydberg crystal as shown in Fig. 1.4(b) and (c).

It is shown that even in a relative low density and high temperature system such as
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Chapter 1 Introduction: The Need for Structured Light Patterns

the ultracold rubidium gas in the UCP setup a Rydberg crystal can be created by self-
assembly. However, the simulations revealed that it is not straightforward to achieve a
Rydberg crystal starting from a disordered gas. The importance of an exact excitation
scheme with specific time-dependent laser parameters (detuning and intensity), tailored
to the specific system parameters, is demonstrated.

With the lasers used in the UCP setup at CQT, it is currently not possible to realize
such specific excitation schemes. Adjustment of the current setup and lasers would be
require a lot of effort. Therefore another method is proposed to experimentally create and
investigate Rydberg crystals in an ultracold gas. In this thesis a first step of this method
is presented.

1.3 Shaping of the excitation laser by spatial modulation

In this alternative method, the creation of Rydberg crystals in a disordered gas is realized
by shaping the laser beam that excites the atom. To better understand this, the ultracold
plasma (UCP) setup at CQT and the corresponding excitation process is discussed here.

The UCP setup realizes an ultracold neutral rubidium gas of approximately 1 mm
in diameter that can be ionized by employing two lasers. After ionization the resulting
ultracold plasma is accelerated by an electric field, creating an ion and electron beam
that travel in opposite directions. Details about this setup and its configuration will be
discussed in chapter 5. Here the focus is on the ionization of the ultracold gas.

In Fig. 1.5(a) the energy level diagram of the two-step ionization process of a rubidium
atom is shown. A 780 nm laser excites the atoms from the ground state (5S1/2) to an
intermediate, excited state (5P3/2). Hereafter a 480 nm laser is used to ionize the excited
atoms. Note that in order to create Rydberg lattices, this second laser should be resonant
with the transition to the desired Rydberg state instead of ionizing the atoms.

As shown in Fig. 1.5(b), the two lasers are orthogonally aligned and the atoms are
accelerated in the direction of the 780 nm excitation laser. This orthogonal alignment of
the laser enables control of the excitation volume, since only atoms in the region where the
excitation laser is present can be excited to the Rydberg state with the 480 nm laser. By
creating a structured intensity field with the 780 nm laser in the plane of the 480 nm laser
a 2D Rydberg crystal can be made. Although not formed by self-assembly, the crystal can
be used e.g. to investigate the blockade effect.

For instance one can make an array of light spots where atoms are excited to the
Rydberg state. If the distance between the spots becomes of order of the blockade regime,
some atoms will not be excited. This suppression of excitation was already shown by Singer
et al. [12]. In addition, this method in combination with the acceleration and detection
method used in the UCP setup, provides the possibility to obtain spatial resolution by
performing position-dependent measurements.

For such experiments the intensity profile of the 780 nm excitation laser needs to be
modified. An intensity pattern of an array of spots should be generated, where the spots
should have a mutual distance on the order of the blockade regime which is about 10 µm
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1.3 Shaping of the excitation laser by spatial modulation

for n = 80 as discussed above. Preferably the mutual distance should be tunable. Besides,
for the current experiments performed with the UCP setup, the intensity profile needs to
be Gaussian, preferably with an adjustable width ranging from 25 - 250 µm.

5S1/2

5P1/2

Rydberg 

state

480 nm

780 nm

480 nm

780 nm

Ultracold 

atomic gas

(a)

Detection of the 

Rydberg atoms

Acceleration

(b)

Excitation 

volume

Figure 1.5: Excitation to the Rydberg state with two lasers. (a) The
energy level diagram, and (b) the two orthogonal lasers define the excitation
volume. The Rydberg atoms are accelerated in the direction of the 780 nm
laser with a Gaussian profile. The detector detects a similar profile of
Rydberg atoms as the laser.

This requires a modification of the current setup, where the intensity profile of the
780 nm laser can be adjusted to the specific requirements of the different experiments.
This can be achieved with a spatial light modulator (SLM) which can be used to generate
arbitrary intensity profiles. A SLM is a computer controlled optical device and therefore
extremely flexible. SLMs are used in several fields of research with a large amount of
applications. Some examples are optical information processing [17], optical tweezers for
the manipulation of individual atoms [18] and femtosecond pulse shaping [19].

The principle of arbitrary shaping of an excitation laser beam by employing a SLM
was already applied by McCulloch et al. [21], where an arbitrary intensity profile of about
5 mm in diameter is used to create an electron bunches with the same shape as the excita-
tion laser. However, their aim is to control the shape of a high-coherence electron bunch
which could be applied in ultrafast electron diffractive imaging. Therefore the intensity
profiles they used are subject to different requirements in comparison with the experiments
concerning the blockade effect.
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Chapter 1 Introduction: The Need for Structured Light Patterns

1.4 Objective and outline of this thesis

Objective
The objective of this thesis is to implement the generation of Gaussian intensity profiles
and array of spots using a SLM with the 780 nm excitation laser of the UCP setup at
the position of the ultracold rubidium gas. The current experiments performed with the
UCP setup should be unaffected. To realize a flexible adjustment of the intensity profile,
a Holoeye PLUTO NIR2 SLM is purchased and in this thesis the behavior of this SLM is
described with the theory of diffraction, a test setup is built to characterize and analyze
the performance of the SLM, and an optical system for the incorporation in the ultracold
plasma setup is presented.

Outline
In order to understand the basic principles of the SLM, the essential theory is presented
in chapter 2. First of all the physical mechanism that modulates the light is explained.
Hereafter the theory of diffraction is presented. It is shown how the phase modulation
properties of the SLM in combination with a lens relate to the intensity pattern observed
in focal plane of this lens.

In chapter 3 some practical issues are discussed. The calibration of the SLM is per-
formed, the effect of the pixelated structure of the SLM is analyzed, and the amplitude
modulation is characterized. Finally the principles of the algorithms to calculate the
required phase modulation are discussed.

Chapter 4 contains the performance measurements. An array of spots is created and
analyzed, and different parameters that influence the quality of the light pattern are
investigated. Additionally, adjustable Gaussian profiles are analyzed.

The incorporation of the SLM in the current UCP setup is discussed in chapter 5.
To optically address the ultracold gas located inside the accelerator, an optical system is
designed and presented.

In the final chapter the conclusions are listed.

8



Chapter 2

Spatial Light Modulators and
Fourier Optics

Since a large amount of the work presented in this thesis is about light patterns generated
by a spatial light modulator (SLM), a proper treatment of such a device is needed. In this
and the next chapter all relevant aspects of a SLM are extensively treated. In this chapter
the physics and theory is presented.

The chapter contains five sections. First the Holoeye PLUTO NIR2 and the physics of
the SLM is introduced. It is shown what it is made of and how it actually modulates the
light field. After this introduction the theory about diffractive optics is presented. The
Huygens-Fresnel principle is used to describe diffraction in terms of the amplitude and
phase of the light field, and two approximations are made which result in the Fresnel and
Fraunhofer diffraction integrals. In the fourth section the theory of diffraction is employed
to describe a simple lens system, and in the final section these equations are applied to
the pixelated SLM. At the end we will discover that diffractive optics is all about Fourier
transforms and that the intensity profiles created by the SLM can be described with this
powerful theory of Fourier optics. To learn how particular phase modulations influence
the intensity pattern, this chapter ends with two simple examples.

2.1 The Holoeye PLUTO NIR2 spatial light modulator

A SLM is an optical device that allows the user to apply a spatially dependent modulation
to the amplitude, phase or polarization of a light beam. For a tutorial containing a lot of
background and applications about 2 dimensional SLMs the reader is referred to [20]. The
SLM that will be incorporated in the UCP setup is a Holoeye PLUTO NIR2 phase-only
SLM and is an electrically addressed SLM. It contains a display and a driver unit, as
shown in Fig. 2.1(a).

The display is an array of 1920 × 1080 electrically controlled liquid crystal on silicon
cells. It is a reflective display and is optimized for a wavelength range of 700− 1000 nm.
Some important specifications of the display are shown in Table 2.1. The display is con-
nected with a flex cable to the driver unit. The driver unit is addressed via a standard DVI

9



Chapter 2 Spatial Light Modulators and Fourier Optics

(a) (b)

Figure 2.1: (a) The PLUTO NIR2 spatial light modulator consists of a
LCoS display which is connected with a flex cable to the driver unit, and
(b) The connection scheme for the PC, driver unit and LCoS display. The
DVI signal contains the information about the phases. The configuration
and calibration is done via the RS-232 interface.

(Digital Visual Interface) signal from the graphics card of a computer. Basically the SLM
display is an extended monitor and the signal sent to the display can also be displayed on
an extra computer screen. The PLUTO NIR2 can operate in different modes according to
the requirements of the user. The configuration is programmable via the RS-232 interface
which can be connected to the COM port of the PC. The connection scheme is shown
in Fig. 2.1(b). For a complete description of the PLUTO NIR2 SLM including specifi-
cations, software details and practical information the reader is referred to the manual [22].

Table 2.1: Specifications of the display of the Holoeye PLUTO NIR2 SLM

Active area 15.36× 8.64 mm
Nominal resolution 1920× 1080
Pixel pitch 8.0 µm
Fill factor 87%
Frame rate 60 Hz

Max illumination 2̃ W/cm2

Wavelength range 700-1000 nm (UV radiation is blocked via an absorption filter)
Driver scheme Digital, pulse width modulation
Phase levels 256 (8-bit)

The PLUTO NIR2 is supplied with three software packages. One is the Graphical
User Interface (GUI) and can be used to set the configurations. An instruction for oper-
ating this software can be found in the manual [22]. The second software package is the
application software which enables the user to calculate the phase pattern which should
be sent to the SLM to obtain a particular intensity pattern. More information about the
application software can be found in the application software instruction [23]. Because

10



2.2 Phase modulation due to refraction

this software is limited in the possible phase patterns that can be imposed and does not
achieve the desired resolution (the patterns contain speckles), this software is not used and
customized software is developed at CQT. The third software program, called PhaseCam,
can be used to perform measurements concerning the calibration. A complete operating
instruction of PhaseCam can be found in the supplied instruction [24].

In order to create intensity patterns determined by the phase modulation of the SLM,
a setup as shown in Fig. 2.2 is used. The SLM is illuminated by an expanded laser beam
and after reflection, a lens is used to create the intensity pattern in the focal plane f of
the lens. The intensity pattern in this setup is detected by a CCD camera, but in the
UCP setup the camera is replaced by the ultracold atomic gas.

α Lens
CCD camera

f

SLM

Expanded 

laser beam

Figure 2.2: Setup to measure the intensity pattern of the SLM. An ex-
panded laser beam reflects on the SLM and the lens creates the intensity
pattern which is detected by a CCD camera in the focal plane.

Notice that the plane of the SLM in Fig. 2.2 is positioned under an angle α with
respect to the plane of the lens and CCD camera. The angle α influences the modulation
process of the SLM and in order to avoid substantial modification of the phase modulation,
the incident angle α should be less than 10◦ [31].

In the remainder of this chapter the required physics to understand the phase modu-
lation and describe the observed intensity pattern in the focal plane of the lens is presented.

2.2 Phase modulation due to refraction

In order to obtain arbitrary intensity patterns with the PLUTO NIR2 SLM, the three
basic phenomena that can deflect a wave from rectilinear propagation are combined: re-
flection, refraction and diffraction.

Reflection and refraction occur whenever light enters into a new medium where its
speed changes. The well-known law of reflection states that the angle of the incident ray
is equal to the angle of reflection. Refraction can be described by Fermat’s principle:
light travels between two points along the path that requires the smallest transit time [25,
p. 60-65]. Since the index of refraction n determines the phase velocity v = c/n of the
wave in a medium, refraction bends light when it propagates through a medium with a
gradient in the index of refraction.
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Chapter 2 Spatial Light Modulators and Fourier Optics

An important aspect of refraction concerning the SLM is the difference in phase that
two coherent rays will obtain when they propagate through mediums with different index
of refraction. By spatially varying the index of refraction with an array of electrically
controlled liquid crystal cells the phase of the reflected wave can be modulated.

Liquid crystals share properties of both solids and liquids, and the molecules com-
posing such materials can be visualized as long ellipsoids with a single long axis about
which there is circular symmetry in any transverse plane. Although the molecules are not
rigidly bound to one another and can rotate or slide, they are limited in their geometrical
organization. There are several classes of liquid crystals having different molecular order.
The liquid crystal cells of the PLUTO NIR2 SLM consist of nematic liquid crystals (NLC),
where the molecules have random positions, but favor a parallel orientation [27, p. 186].

Silicon 

backplane

Alignment 

layers

Voltage 

V=0

Transparent 

electrode

Cover 

glass

Voltage 

V≠0

Direction 

of electric 

field

α

z

x y

Figure 2.3: Molecular arrangement for an electronically controlled nematic
liquid crystal cell. When no voltage is applied the molecules favor an ori-
entation along the alignment layers. By applying a voltage, the molecules
will try to align themselves in the direction of the applied electric field due
to their uniaxial anisotropy.

In the electrically controlled liquid crystal cell of the SLM the elongated molecules are
positioned between a glass plate and a reflective silicon layer. In between the glass plate
and the silicon layer are alignment layers to set the natural direction of the molecules. A
transparent electrode is placed behind the glass plate to apply an electric field. Such a
cell is shown in the left side of Fig 2.3.

A nematic liquid crystal can be used to electrically control the index of refraction
for a particular, polarized incident light wave. This is done by exploiting the uniaxial
anisotropy that most liquid crystals exhibit due to their elongated shape. An uniaxial
anisotropic molecule has one axis of symmetry in the long direction of the molecule and
all axes normal to that axis are equivalent. Due to this uniaxial anisotropy the dielectric
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2.2 Phase modulation due to refraction

constant of such a molecule is direction dependent and should be represented by a tensor
[26, p. 42]

~ε =

εx 0 0
0 εy 0
0 0 εz

 =

ε⊥ 0 0
0 ε⊥ 0
0 0 ε‖

 (2.1)

where the axis of symmetry is in the z-direction and the dielectric constant is denoted as
ε‖, and the x- and y-direction are equivalent and are denoted as εx = εy = ε⊥.

In general ε‖ > ε⊥ and the electric dipoles that will be induced under the influence of
an electric field will have charge at opposite ends of the long direction of the molecule. The
torques exerted on these dipoles by the electric field can cause the liquid crystal molecules
to rotate and change their natural direction set by the alignment layers. The molecules
tend to align themselves in the direction of the applied field creating an angle α between
the plates and the molecules as is shown in the right side of Fig 2.3.

To avoid permanent chemical changes to the NLC material due to the applied field,
the cells are commonly driven by an AC voltage (pulse modulated) between 1-10kHz with
a maximum voltage of around 5V. The restoring time for NLC materials is around 20ms
which limits the refresh rate of a SLMs based on NLCs which is typically 50Hz [27, p. 189].

The dielectric constant is related to the index of refraction by ε⊥ = n2
o and ε‖ = n2

e,
where no and ne are respectively called the principle ordinary and principle extraordinary
indices. When a light wave propagates through the liquid crystal cell, different polariza-
tion components of the light will experience a different index of refraction determined by
the direction of propagation with respect to the orientation of the liquid crystal molecules.
The index of refraction for both components can be determined using the so-called index
ellipsoid [26, p. 51-54]. This index ellipsoid is shown in Fig. 2.4(a), where the long axis of
the molecule is in the z-direction.

The direction of propagation of a light wave is given by its wave vector ~k which is
assumed to make an angle α with the principle extraordinary axis of the molecule as
shown in Fig. 2.4(b). The polarization of the light is defined in the plane perpendicular to
~k and can be decomposed in two components ~Eo and ~Ee. In order to determine the index
of refraction for both components, an intersection between the plane spanned by these
two components and the ellipsoid should be made. This is the blue ellipse shown in Fig.
2.4(b) and (c). The index of refraction for the ordinary axis is seen to be independent of
the angle α. The extraordinary index of refraction, however, does depend on the angle α
and it can be shown that it satisfies

1

n2
e(α)

=
cos2α

n2
0

+
sin2α

n2
e

, (2.2)

Note that ne is the principle extraordinary index of refraction, which is a constant. It
should not be confused with the extraordinary index of refraction ne(α) which depends
on α.
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Figure 2.4: The index ellipsoid. (a) The liquid crystal is orientated with
the long axis in the z-direction. The x and y axis are ordinary axes and the
index of refraction is the no, the z axis is the extraordinary axis for which
the index of refraction is ne, (b) A plane wave with wave vector ~k propagates
through the liquid crystal making an angle α with the extraordinary axis.
The two polarization components ~Eo and ~Ee span a plane which intersects
the index ellipsoid, and (c) This intersection determines the extraordinary

index of refraction ne(α) which applies for ~Ee.

The above phenomenon is called birefringence and it explains how the orientation of
the liquid crystal molecules with respect to the polarization of the light can change the
index of refraction ne(α). Two ways to change the angle α are changing the orientation
of the wave vector ~k, or changing the direction of the long axis of the molecules. In the
liquid crystal cells of the SLM the latter is applied. Notice that light polarized in the
x-direction (see Fig. 2.3) will not experience a change in the index of refraction when the
molecules change their orientation in the y,z-plane. In order to achieve the largest differ-
ence in the index of refraction between orientation of the molecules in y- and z-direction,
∆n = (ne − no), the light should be polarized in the z-direction. For the PLUTO NIR2
SLM this is along the long direction of the display.

When the light is polarized in the z-direction, there is no light polarized in the ordinary
axis of the molecules and the index of refraction is simply ne(α), where α is determined
by the applied voltage. The phase velocity of the wave in the liquid crystal cell is given
by v = c/ne(α), such that the phase is shifted, hence the phase of the reflected wave is
a function of the applied voltage. Employing all the pixels of the SLM one is able to
spatially modulate the phase of the light and create any desired wavefront as shown in
Fig 2.5. In general, the optical response of the liquid crystal cells to an applied voltage is
non-linear, i.e. the phase shift versus the applied voltage is not linear. Therefore the SLM
should be calibrated, which is discussed in section 3.1.
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2.3 Theory of diffraction: Fourier optics

How a controlled phase modulation can be used to create an arbitrary intensity pattern
is described by the theory of diffraction and will be discussed in the next section.

SLM

Incoming 

plane wave
Reflected and 

modulated wavefront

Figure 2.5: The creation of an arbitrary wavefront. The incident plane
wave propagates through the electrically controlled liquid crystal cells of
the SLM and reflects back. Since the index of refraction of each cell can be
controlled, the phase of the incident wave can be modulated spatially and
the reflected wave can be given any arbitrary wavefront.

2.3 Theory of diffraction: Fourier optics

The relation between the modulated wavefront of the SLM and the observed intensity
pattern with the setup of Fig. 2.2 can be derived with the theory of diffraction. In this
section, the basic principles and formulas of this theory are presented. First, a small intro-
duction about diffraction and its difference with geometrical optics is given. Hereafter, the
wave equation and the Huygens-Fresnel principle are presented. This is the basic principle
of diffraction, but not that easy to work with in practice. Therefore some approximations
are made which introduces the distinction between Fresnel and Fraunhofer diffraction, two
very useful diffraction integrals for describing the light field in, respectively, the near- and
far field of the emerging wavefront.

After the treatment of basic diffraction theory, the effect of the lens will be discussed,
and in the last section the obtained equation is applied to the SLM and the reflected
modulated wavefront.

Diffractive and geometrical optics
Describing the phenomena of reflection and refraction with geometrical optics can be done
with relatively simple formulas and concepts like the ray-transfer matrix can be used.
Although it provides useful tools for easy analysis of optical systems, it is only applicable
when the wavelength of the light can be considered to be very small compared to the scale
on which variations or changes of the amplitude and phase of the wave field occur. For
example when sharp edges or sharply defined apertures are inserted, or when the phase
of the light field is changed by a significant fraction of 2π radians over scales that are
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Chapter 2 Spatial Light Modulators and Fourier Optics

comparable to the wavelength, the prediction of geometrical optics are not accurate [27,
appendix B].

In these situations the effect of diffraction cannot be ignored and an analysis based
on the wave nature of light is needed. Diffraction is the phenomenon that occurs when a
wave encounters an obstacle. When, for example, a plane wave passes through an aper-
ture, some of the wave deviates from its original direction of propagation. This behavior
becomes most profound when the object size becomes in the order of the wavelength λ [27,
p. 401] and cannot simply be described in terms of rays, the central concept of geometrical
optics. In diffractive optics light is described as a wave in terms of amplitude and phase
rather as a ray. This is called physical, diffractive or Fourier optics.Since the SLM can
be considered to be an array of phase modulating apertures, Fourier optics is perfectly
applicable to describe its behavior.

Scalar theory of diffraction
A fundamental start for the theory of diffraction are Maxwell’s equations. Maxwell’s
four equations describe electric and magnetic fields which are both functions of position
~r and time t, ~E(~r, t) and ~B(~r, t). Applying vector operations to Maxwell’s equations in a
dielectric medium and rewriting them results in a vector wave equation given by

∇2 ~E(~r, t) =
n2

c2

∂2 ~E(~r, t)

∂t2
, (2.3)

where the index of refraction is now defined as n =
√

ε
ε0

. The exact same equation can

also be derived for the magnetic field ~B(~r, t).

Note that Eq. 2.3 only holds for linear and homogeneous mediums. Explicitly, in Eq
2.3 there is no coupling between the different components of the field Ex, Ey and Ez,
where for a non-linear or inhomogeneous medium these might occur. It is therefore that
Eq 2.3 holds for all individual components of the light field Ex, Ey, Ez, Bx, By and Bz,
summarized as

∇2u(~r, t) =
n2

c2

∂2u(~r, t)

∂t2
, (2.4)

where u(~r, t) represents any of the components and the vector wave equation is reduced
to a scalar wave equation.

The above equation states that all components of the electric and magnetic field are
fully described by a single scalar wave equation. From now on it will be assumed that this
equation holds and that the behavior of the SLM can be described with this scalar theory.
It should be noted that this theory only holds for a uniform dielectric medium where
coupling between the components of the fields can be neglected. Coupling effects also
occur at boundaries, but experiments have shown that the scalar theory yields accurate
results if: (1) the diffraction fields must not be observed too close to the aperture, and (2)
the diffraction aperture is large compared with the wavelength, which is an equivalent to
requiring small diffraction angles caused by the aperture [27, p. 35-38].
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2.3 Theory of diffraction: Fourier optics

The liquid crystals in a SLM can be considered homogeneous and only small diffrac-
tion angles will be used, hence for analysis and synthesis of the SLM the scalar theory of
diffraction is applicable.

When monochromatic light is used, the time dependency in Eq. 2.4 can be eliminated.
The vector components can be separated in a time and a position dependent part u(~r, t) =
Re[U(~r)eiωt], where ω is the angular frequency of the light and U(~r) = P (~r)eiΨ(~r) contains
the amplitude P and phase Ψ. Substitution in Eq. 2.4 yields an equation for U(~r)

(∇2 + k2)U(~r) = 0, (2.5)

where the wave number k is given by k = ωn/c. The above equation is called the Helmholtz
equation and can be used to find the complex amplitude function U(~r). The total solu-
tion for u(~r, t) is then found by attaching the exponent containing the angular frequency ω.

Light waves emanating from a point source are spherical waves which have no de-
pendence on angular coordinates. The Helmholtz equation for such a source is therefore
spherically symmetric and depends only on the radial distance r (in spherical coordi-
nates). An important solution to this equation is the harmonic spherical wave which can
be written as [28, p. 43]

U(r, t) =
A

r
eikr, (2.6)

where A is the amplitude and k the wave number k = 2π
λ .

Huygens-Fresnel principle
The Huygens principle is a phenomenological principle that states that each point on the
wavefront of an electromagnetic wave acts as a source of a secondary wavelet. These
wavelets are point sources as described by Eq. 2.6 and the newly created wavefront at
some later time can be determined by constructing the ’envelope’ of the secondary wavelets
(see Fig 2.6).

The Huygens principle can qualitatively explain some optical phenomena like linear
and spherical wave propagation, and can be used to derive the laws of reflection and re-
fraction in agreement with geometrical optics. However, it does not explain the effect of
diffraction. In order to explain the diffraction phenomena, Fresnel introduced the notion
of the coherence of the secondary wavelets and their interference.

Consider an arbitrary wave distribution with complex amplitude U(ξ, η) which prop-
agates through an aperture in the z-direction as shown in Fig 2.7. Each point of this
wave distribution can be regarded as the source of a secondary wavelet propagating like a
spherical wave as given by Eq. 2.6 with the amplitude given by A = U(PA). The complex
wave disturbance at the observation point U(PO) is given by summing the contributions
of all points on the aperture S [25, p. 283]
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Point source

Secondary 

wavelets

Wavefront t1

Wavefront t2
t2 > t1

Figure 2.6: Huygens principle. To determine the wavefront at time t2, each
point on the wavefront at t1 is acting as a source of secondary wavelets. The
wavefront at t2 is the envelope of al these wavelets.

U(PO) =

∫ ∫
S
U(PA)

eikrOA

rOA
ds,

where rOA is the distance from the observation point PO to the aperture PA and the
integral runs over the entire aperture S.

Because this equation does not agree with experiments, Fresnel included some assump-
tions about the amplitude and phase of the spherical secondary wavelets, and he had to
add a so-called obliquity factor ψ(θ)

U(PO) =
1

iλ

∫ ∫
S
U(PA)

eikrOA

rOA
ψ(θ)ds. (2.7)

where θ is the angle between the normal of the aperture and the vector pointing from PA
to PO.

Eq 2.7 is a mathematical expression of the Huygens-Fresnel principle and is the basis
of diffractive optics. It can be interpreted as a superposition of spherical waves eikrOA/rOA
originating from secondary sources located at each and every point PA within the aperture
S. The secondary source at PA has complex amplitude U(PA) which is inversely propor-
tional to the wavelength λ and has a phase of π/2 relative to the incident wave, hence the
factor 1/iλ.

Although correct, Fresnel did not base Eq. 2.7 on a mathematically and physically
justified description. Besides, Fresnel could not explain the obliquity factor ψ(θ). Rather
than using phenomenological arguments Kirchhoff provided a rigorous mathematical foun-
dation for diffraction based on the wave equation. In the derivation the arbitrary factors
assumed by Fresnel emerge automatically. Since the derivation of this theory would take
a lot of effort and the gain is small, it is not presented here. For a complete derivation the
reader is referred to [27, p. 42-53] or [28, p. 53-60]. The result is exactly the same as Eq.
2.7 and the obliquity factor is found to be ψ(θ) = cos(θ).
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Figure 2.7: Geometry of diffraction. At aperture S the complex amplitude
distribution U(ξ, η) propagates in the positive z-direction. The wavefield at
PO is the superposition of all the contributions of U(ξ, η).

Fresnel and Fraunhofer diffraction
The Huygens-Fresnel principle, as mathematically expressed in Eq 2.7, describes diffrac-
tion in its most general form, but can be difficult to use without the aid of simplifying
assumptions. To obtain a more usable expression two approximations are applied.

First, Eq 2.7 is rewritten in Cartesian coordinates by substituting ψ(θ) = cos(θ) =
z/rOA, yielding [27, p. 65-67]

U(x, y) =
z

iλ

∫ ∫
S
U(ξ, η)

eikrOA

r2
OA

dξdη. (2.8)

where

rOA =
√
z2 + (x− ξ)2 + (y − η)2

= z

√
1 +

(
x− ξ
z

)2

+

(
y − η
z

)2

.
(2.9)

In the Fresnel approximation the term for distance rOA given by Eq. 2.9 is approximated
with a truncated binomial expansion

rOA ≈ z
[
1 +

1

2

(
x− ξ
z

)2

+
1

2

(
y − η
z

)2 ]
. [Fresnel appr.] (2.10)

One can argue that for the rOA appearing in the exponent of Eq 2.8 the total expression
of Eq 2.10 should be substituted, but that for the r2

OA term in the denominator the
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approximation in Eq 2.10 can even be further truncated to rOA = z. Substitution in Eq
2.8 and factoring an exponential term outside the integral yields

U(x, y) =
eikz

iλz
ei

k
2z

(x2+y2)

∫ ∫ +∞

−∞

{
U(ξ, η)ei

k
2z

(ξ2+η2)
}
e−i

2π
λz

(xξ+yη)dξdη. (2.11)

This important equation is referred to as the Fresnel diffraction integral and is actually
a Fourier transform of the term between curly brackets evaluated at spatial frequencies
fx = x/λz and fy = y/λz.

The Fresnel approximation is accurate provided that the diffraction angles are small,
i.e. the paraxial approximation is valid. Under this assumption the spherical secondary
wavelets eikrOA can be replaced by quadratic ones eik[(x−ξ)2+(y−η)2] [27, p. 69-72].

If in addition also the condition

z � k(ξ2 + η2)max
2

[Fraunhofer appr.] (2.12)

is satisfied, the quadratic phase factor under the integral in Eq 2.11 is approximately unity
over the entire aperture and the integral is written as

U(x, y) =
eikz

iλz
ei

k
2z

(x2+y2)

∫ ∫ +∞

−∞
U(ξ, η)e−i

2π
λz

(xξ+yη)dξdη, (2.13)

which is called the Fraunhofer diffraction integral. Note that U(x, y) in Eq. 2.13 is simply
a 2D Fourier transform of the complex field disturbance U(ξ, η) at the aperture [27, p. 73-
75].

With the above diffraction integrals the observed wave field at position z is related to
any known wave field at z=0.

The region where the Fresnel and Fraunhofer approximations are valid, are respectively
called the near and far field of the aperture. In Fig 2.8 these regions are schematically
shown. For the Fresnel approximation to hold Eq. 2.10 should be satisfied, and for the
Fraunhofer approximation also Eq. 2.12 should be applicable. For both approximations
the first terms of the truncated part should be much smaller than the leading term [27,
p. 69-74].

A useful dimensionless number to determine whether the Fresnel or the Fraunhofer
approximation can be used is the Fresnel number[27, p. 85]

NF =
D2

λL
, (2.14)

where D is the typical size of the aperture and L the distance from aperture to the
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Kirchoff / Huygens-Fresnel region
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Figure 2.8: Validity regions of the diffraction integrals. The regions are
based on the applied approximations in which the errors due to truncations
can be neglected. However, in practice the regions are found to be larger
and experiments are still accurately predicted by the approximations.

observation point. When NF � 1 Fraunhofer diffraction applies, but when NF ≥ 1,
Fresnel diffraction must be used.

Substitution of parameters that will be used in our setup1 i.e., D = 8.64 mm, λ = 780
nm and L = 1 m, results in a Fresnel number NF ≈ 95 which implies that the Fraunhofer
approximation is not valid. However, the validity of the Fresnel approximation has been
investigated and it is found that even for large Fresnel numbers the approximation holds
[29]. The region where it applies includes all points (beyond a few wavelengths from
the aperture) not lying within the geometrical shadow of the screen, as well as a gently
expanding region within the shadow [30]. Since the diffraction patterns made with the
SLM will be smaller than the size of the SLM display and will be created at a distance of at
least centimeters from the display, the Fresnel approximation is assumed to be applicable.

2.4 The spatial light modulator in combination with a lens

In the previous section some mathematical expressions are derived which describe the
effect of diffraction. Two diffraction equations were derived for the near and far field,
respectively the Fresnel and Fraunhofer diffraction integrals. As shown in Fig. 2.2, the
SLM will be used in combination with a lens. Therefore the effect of a lens is presented
in this section. The phase delay imposed by a spherical lens is derived and subsequently
the Fresnel diffraction integral is applied to relate the wave field in front of the lens and
the intensity pattern observed in the focal plane of the lens.

The phase transformation of a thin lens
The lens used in the SLM setup is considered to be a thin lens, which means that a ray

1D = 8.64 mm is the size of the short axis of the SLM display and λ = 780 nm is the used wavelength
of the laser. The UCP setup is several meters long and in order to calculate an order of magnitude of the
Fresnel number, L = 1 m is chosen.
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Chapter 2 Spatial Light Modulators and Fourier Optics

entering at coordinates (u,v) on one face, exits at approximately the same coordinates on
the opposite face, i.e. the translation of the ray within the plane of the lens is negligible.
With this assumption, a thin lens simply delays an incident wavefront by an amount
proportional to the thickness of the lens at each point. Here an expression will be derived
for the phase delay of a thin lens with spherical surfaces.

As shown in Fig 2.9(a), the maximum thickness of the lens is ∆0 and the thickness
at (u,v) is called the thickness function ∆(u, v). The total phase delay ϕ(u, v) for a wave
passing through the lens may then be written as [27, p. 97]

ϕ(u, v) = kn∆(u, v) + k[∆0 −∆(u, v)] (2.15)

where n is the index of refractive of the lens, kn∆(u, v) the phase delay due to the lens
and k[∆0 −∆(u, v)] the phase delay due to propagation through the remaining free space
(where n ≈ 1).

∆0

∆(u,v)

f>0 f<0

(b)(a)

Ulens(u,v) U’lens(u,v)

ff

Figure 2.9: (a) The thickness function ∆(x, y) of a lens which can be used
to calculate the phase delay for a wave propagating through the lens, and
(b) the effect of a lens on a plane wave. For a positive focal length, the
wavefront is spherical and converges to the focal point f . For a negative
focal length the spherical wavefront diverges as if it was emitted by a point
source located in the focal point in front of the lens (dashed line).

Since the ray does not translate in the plane of the lens when propagating through it,
the relation between the wave field Ulens(u, v) across a plane just before the lens and a
wave field U ′lens(u, v) just behind the lens can simply be given by

U ′lens(u, v) = t(u, v)Ulens(u, v),

where t(u,v) is the lens transformation function which contains the phase delay as a
function of position. The thickness function ∆(u, v) of a spherical lens can be derived
using the radius of curvature on both sides, R1 and R2. The radius R is positive for a
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2.4 The spatial light modulator in combination with a lens

convex surface en negative for a concave surface when observed in the positive z direction.
Applying the paraxial approximation,i.e. only incident rays with a small angle to the
plane of the lens are considered, the thickness function is given by

∆(u, v) = ∆0 −
u2 + v2

2

(
1

R1
− 1

R2

)
. (2.16)

Substitution in Eq. 2.15 and combining the physical properties of a lens in the focal length
f

1

f
= (n− 1)

(
1

R1
− 1

R2

)
, (2.17)

yields

t(u, v) = P (u, v)e
−i k

2f
(u2+v2)

, (2.18)

where P (u, v) is the aperture function which includes the finite size of the lens, it is unity
inside the lens aperture and zero elsewhere.

The above equation is applicable for positive and negative lenses and implies that in
order to determine the emerging wave field U ′lens(u, v), the incoming field Ulens(u, v) on a
lens should be multiplied with a quadratic phase factor. So when a plane wave is incident
on a lens, the emerging wavefront is quadratic. The sign of f determines whether it con-
verges or diverges as shown in Fig 2.9(b).

Fourier transform property of a lens
A remarkable and useful property of a converging lens is its ability to perform 2D Fourier
transforms, just like expressed in the Fraunhofer diffraction integral. To perform this
Fourier transform, the lens should be used in a setup as shown in Fig 2.10, where the
SLM is positioned at a distance d from the lens. The wave field emerging from the SLM
is given by USLM (ξ, η). The wave field before the lens is given by Ulens(u, v) and directly
after the lens by U ′lens(u, v), and Uf (x, y) will be observed in the focal plane of the lens.

When the Fresnel approximation is applied, the complex field amplitude Uf (x, y) in
the focal plane of the lens can be calculated in three steps [27, p. 104-106]:

(a) The relation between U ′lens(u, v) and Uf (x, y) separated by a distance z = f , is given
by the Fresnel diffraction integral

Uf (x, y) =
eikz

iλf
e
i k
2f

(x2+y2)
∫ ∫ +∞

−∞
U ′lens(u, v)e

i k
2f

(u2+v2)
e
−i 2π

λf
(xu+yv)

dudv. (2.19)

(b) The transmission through the lens is given by the lens transformation function t(u, v)

U ′lens(u, v) = t(u, v)Ulens(u, v) = e
−i k

2f
(u2+v2)

Ulens(u, v), (2.20)
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Lens f >0

fd

USLM(ξ,η) Uf(x,y)Ulens(u,v) U’lens(u,v)

Figure 2.10: Geometry to perform a Fourier transform with a lens. By
applying the Fresnel approximation, the intensity in the focal plane of the
lens is proportional to the squared magnitude of the Fourier transform of
the wave field emerging from the SLM.

and substitution in Eq. 2.19 cancels the quadratic phase factors within the integrand
yielding

Uf (x, y) =
eikz

iλf
ei

k
2z

(x2+y2)

∫ ∫ +∞

−∞
Ulens(u, v)e

−i 2π
λf

(xu+yv)
dudv

=
eikf

iλf
e
i k
2f

(x2+y2)FT {Ulens}(fx, fy)
(2.21)

where the integral is a Fourier transform of Ulens(u, v) with spatial frequencies fx =
x
λf and fy = y

λf

(c) The propagation through free space from USLM (ξ, η) to Ulens(u, v) can also be de-
scribed by Fresnel diffraction and in terms of Fourier transforms it is given by [27,
p. 72]

FT {Ulens}(fx, fy) = e−iπλd(f2x+f2y )FT {USLM}(fx, fy), (2.22)

where FT {USLM}(fx, fy) and FT {Ulens}(fx, fy) are the Fourier transforms of, re-
spectively USLM (ξ, η) and Ulens(u, v). The propagation is over a distance d and the
exponential factor can be seen as the transfer function for propagation through free
space.

Substitution of Eq. 2.22 in Eq. 2.21 yields

U(x, y) =
e
i k
2f

(1− d
f

)(x2+y2)

iλf

∫ ∫ +∞

−∞
USLM (ξ, η)e

−i 2π
λf

(xξ+yη)
dξdη, (2.23)

where the Fourier transform is written as an integral again and the complex amlitude
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function U(x, y) is often called the diffraction pattern generated by USLM (ξ, η).

With Eq. 2.23, the propagation from USLM (ξ, η) to Uf (x, y) is described by the Fresnel
diffraction integral with the addition of an extra exponential factor in front of the integral
due to the propagation over a distance d and the cancelation of the quadratic phase term
due to the lens. Because of the latter, the integral of Eq. 2.23 has the exact same form as
the Fraunhofer diffraction integral with z = f , apart from the phase term in front of the
integral.

However, the intensity I(x, y) of the electromagnetic field which will be of interest in
the setup with the SLM, is the squared magnitude of the wave field

I(x, y) = |Uf (x, y)|2

∝
∣∣∣∣ ∫ ∫ +∞

−∞
USLM (ξ, η)e

−i 2π
λf

(xξ+yη)
dξdη

∣∣∣∣2
∝

∣∣∣∣∣FT {USLM (ξ, η)}(fx, fy)

∣∣∣∣∣
2

fx=x/λf, fy=y/λf

,

(2.24)

where the observed intensity pattern is proportional to the squared magnitude of the
Fourier transform of USLM (ξ, η). A lens which, in particular, is used to generate an inten-
sity pattern such as described by Eq. 2.24 is therefore called a Fourier lens. All together,
Eq. 2.24 is the same intensity pattern observed in the Fraunhofer region and a lens can
therefore be used to ’image’ the far field pattern.

2.5 The calculation of intensity patterns with a DFT

In the previous sections the required theory to describe the behavior of light waves around
apertures and through lenses is presented. After reflection of a laser beam on the display
of the SLM, Eq. 2.24 describes how modulation of the phase imposed by the SLM given
by USLM (ξ, η), leads to modulation of the intensity pattern.

In order to describe and easily calculate arbitrary diffraction patterns created by mod-
ulation of the phase, Eq. 2.24 is rewritten as a discrete Fourier transform (DFT) [28, p. 72-
73]. Therefore the light field emerging from the display of the SLM is described by two
parts, the amplitude P (ξ, η) and the phase Ψ(ξ, η), such that USLM (ξ, η) = P (ξ, η)eiΨ(ξ,η).

Here an ideal phase-only SLM is considered. This implies that the display has an
aperture function P (ξ, η) equal to unity for the area of the display and zero elsewhere.
Besides, the finite size of the pixels are neglected and the pixels are considered to be an
array of point sources2 as shown in the left part of Fig. 2.11. Therefore, the coordinates
of the field directly after reflection on the display, USLM (ξ, η), are discretized as ξ = n∆ξ

2The effect of the pixels and their finite size will be discussed in section 3.2
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Figure 2.11: The SLM display is considered to consist of Nξ×Nη (discrete)
point sources with mutual distance ∆ξ×∆η. Each point source has a phase
modulation given by Ψ[n,m]. The field in the focal plane of the lens is a
discrete Fourier transform of this signal with an equal amount of discrete
points, but a different resolution ∆x×∆y

and η = m∆η. The discretized wave field USLM [n,m], at pixel position [n,m] is then given
by

USLM [n,m] = P (n∆ξ,m∆η)eiΨ(n∆ξ,m∆η) =

Nξ,Nη∑
n,m=1

δ[n]δ[m]eiΨ[n,m], (2.25)

where the function Ψ[n,m] is called the phase function or phase pattern and represents
the modulation of pixel [n,m] in a range of 0− 2π, and Nξ ×Nη are the number of pixels
in the ξ- and η-direction, respectively. Note that in Eq. 2.25 a plane wave is assumed to
be incident on the display.

As shown in the right part of Fig. 2.11, the coordinates in the focal plane of the lens
are also discretized: x = p∆x and y = q∆y. Substitution of the discretization in the
Fourier kernel of Eq. 2.24 results in

e
−i 2π

λf
(ξx+ηy)

= e
−i 2π

λf
(np∆ξ∆x+mq∆η∆y)

= e
−i2π( pn

Nx
+ qm
Ny

)
, (2.26)

where Nx ×Ny are the number of discrete points in the image plane and in order to use
a FFT to calculate the DFT Nx ×Ny must equal Nξ ×Nη such that 1 6 n, p 6 Nx and
1 6 m, q 6 Ny.

Substitution of Eq. 2.26 in the diffraction integral in Eq. 2.24 and replacing the
integral by a summation yields
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I[p, q] ∝
∣∣∣∣Nx−1∑
n=0

Ny−1∑
n=0

eiΨ[n,m]e
−i2π( pn

Nx
+ qm
Ny

)
∣∣∣∣2 =

∣∣∣DFT {USLM [n,m]}
∣∣∣2, (2.27)

where the size of the aperture is included in the summation and DFT {USLM [n,m]} is the
discrete Fourier transform of USLM [n,m].

Eq. 2.27 relates the phase modulation of all the pixels of the SLM to the observed
intensity in the focal plane of the lens. This is a very useful expression, since it can be
analyzed with the aid of a computer using a FFT.

Note that the intensity pattern in the focal plane of the lens is a continuous distribution.
However, by choosing Nx ×Ny = Nξ ×Nη only a finite number of points are calculated.
The physical dimension of such a point, called unit cell, is given by

∆x×∆y =
λf

Nx∆ξ
× λf

Ny∆η
=
λf

Lξ
× λf

Lη
, (2.28)

where Lξ × Lη is the size of the display of the SLM which is given by Lξ × Lη =
Nξ∆ξ × Nη∆η. There exist Nx × Ny such unit cells in the focal plane, centered at the
optical axis. Therefore, the ’signal window’ in which the intensity is calculated is given
by Nx∆x×Ny∆y.

Two simple phase patterns
In order to illustrate some basic properties of the relation between the phase modulated
wavefront emerging from the SLM and the observed intensity pattern, the effect of a
linear and quadratic phase function Ψ(ξ, η) is discussed. For simplicity and clarity, the
continuous Fourier transform will be used to evaluate the effect of the imposed phase
functions, but the effects are the same using a discrete Fourier transform.

For the illustration it is assumed that when no phase function is applied to the display
of the SLM, Ψ0(ξ, η) = 0, the resulting intensity pattern I0(x, y) is an Airy spot3, such
that ∣∣∣FT {eiΨ0(ξ,η)}(x, y)

∣∣∣2 ∝ I0(x, y). (2.29)

This Airy spot is shown Fig. 2.12(a).

The effect of superimposing a linear phase Ψlinear(ξ, η) = aξ + bη can be derived from
an elementary property of the discrete Fourier transform

∣∣∣FT {eiΨ0(ξ,η)eaξ+bη}(x, y)
∣∣∣2 =

∣∣∣FT {eiΨ0(ξ,η)}(x− a, y − b)
∣∣∣2 ∝ I0(x− a, y − b), (2.30)

3In section 3.2 it is shown that when no phase is applied to the SLM, the resulting diffraction is rather
more complicated. However, to clearly demonstrate the two effects treated here, the relative simple Airy
spot is used.
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which is simply a spatial translation of the intensity pattern I0(x, y) by an amount pro-
portional to the slope of the linear phase function, a and b. This effect is shown in Fig.
2.12(b), where the imposed linear phase on the SLM display is represented by gray values
ranging from black (0 modulation) to white (2π modulation). This property holds for any
phase function Ψ(ξ, η), and can therefore be used to translate the intensity pattern in the
focal plane of the lens.

Phase function 
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Figure 2.12: The effect of imposed phase functions. (a) When no phase is
applied the observed intensity is assumed to be an Airy spot, (b) A linear
phase results in a spatial translation of the Airy spot, (c) Segmented linear
phases result in a series of Airy spots, all translated proportional to the
slope of the imposed phase and the size of the Airy spot depends on the
size of the segment, and (d) A quadratic phase represents a lens phase and
can be used change the position of the focal plane from f to f ′. This also
changes the size of the unit cell in the intensity pattern is changed, hence
the size of the total Airy spot.

It is also possible to divide the SLM into segments and set a different linear phase in
each segment. Such piecewise linear phases produce a series of Airy spots and in this way
a primitive beam splitter can be realized as shown in Fig. 2.12(c). Notice that the light
is split in distinct spots, each spot only obtaining light emerging from its corresponding
segment. Therefore the intensities of these spots are smaller than for a single linear phase.
Besides, the dimensions of the Airy spots are dictated by the size of the corresponding
segment in the SLM plane. This is stated by Eq. 2.28 where the size of a unit cell in
the intensity pattern is given. If the SLM is divided in multiple segments, the pixel size
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2.5 The calculation of intensity patterns with a DFT

∆ξ × ∆η remains the same but the size of a segment Lξ × Lη is smaller compared to
the total display. The size of a unit cell will therefore increase, hence an increase of the
dimensions of the Airy spots.

The segmented linear phase could be used to create an array of spots as required for
the UCP setup. However, as discussed above, the sizes of the spots are related to the size
of the segment and therefore to the number of spots. In section 3.4, a different method
will be discussed to create an array of spots. In this method, the SLM is not divided in
segments and all pixels of the SLM display contribute to all the spots created.

A quadratic phase Ψquadratic(ξ, η) = cξ2 + cη2 simply resembles the phase function of
a lens as shown in Eq. 2.18. The curvature c of the quadratic function determines the
focal plane fSLM of this imposed lens c = − k

2fSLM
. Since there is already a lens in the

setup, as shown in Fig. 2.2, imposing a quadratic phase function simply results in a shift
of the focal plane by an amount determined by the sign and magnitude of the curvature c.
The pattern should now be observed in the new focal plane z = f ′. The shift of the focal
plane results in a change of the unit size in the focal plane, as given by Eq. 2.28. In Fig.
2.12(d) a negative lens is imposed on the display (c > 0) and therefore the focal length
shifts to a larger distance z = f ′ > f , where f is the focal length of the lens in the setup.
This implies that the size of the unit cell increases, hence the dimensions of the Airy spot.
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Chapter 3

Spatial Light Modulators in
Practice

The previous chapter provides an extensive description of a SLM and the relevant physics,
i.e. refraction and diffraction. It explains how a voltage applied to an electrically controlled
liquid crystal cell can shift the phase of polarized light due to birefringence. Hereafter,
the theory of diffraction is applied and the derived mathematical expression predicts that
the wavefront emerging from the pixelated SLM and the field observed in the focal plane
of a lens are related by a discrete Fourier transform. Besides, some basic properties of this
Fourier transform are illustrated.

However, before the PLUTO NIR2 SLM can be used to create the desired intensity
patterns, three practical issues will be discussed. First of all, the SLM is calibrated. This
calibration is needed to ensure a linear response between the applied phase value and the
resulting phase shift for the particular wavelength used in the setup. To understand the
calibration procedure, first the data conversion is discussed. Hereafter the different steps
of the calibration are performed.

Secondly, the so-called zeroth order spot is analyzed. The zeroth order spot is the
diffraction pattern which inherently occurs due to the pixelated structure of the SLM
display, regardless of the phase imposed on the SLM.

Thirdly, the amplitude modulation of the SLM is analyzed. Despite the fact that the
PLUTO NIR2 is a phase-only light modulator, it also has a phase dependent amplitude
modulation. Some measurements are performed to characterize this undesired behavior.

After addressing the calibration, zeroth order spot and the amplitude modulation, the
software to calculate the phase patterns is discussed. This is not a trivial issue, since only
an expression is derived to calculate the intensity pattern as a function of the wave field
emerging from the SLM. As will be explained, the inverse calculation is not simply an
inverse DFT. Therefore algorithms are used to calculate phase patterns for specific ap-
plications. First, a method for beam shaping based on redistribution of light with phase
gradients is presented. Hereafter, a phase retrieval algorithm is discussed which is a very
useful method to calculate phase patterns resulting in beam splitting. With the combina-
tion of the beam shaping and splitting methods the required phase for arbitrary intensity
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patterns can be calculated.

3.1 Configuration and Calibration

Data conversion of the PLUTO NIR2 SLM
In order to understand the configuration and calibration procedure, one first needs in-
formation about the data acquisition of the SLM. The data acquisition mainly concerns
the conversion of the output signal from the PC containing the phase shifts towards the
voltages applied to the liquid crystal cells. Here the different aspects of this conversion are
discussed. All aspects discussed in this section can be read in the manual and application
note supplied by the manufacturer [22, 32].

In order to obtain the desired intensity pattern a PC is used to calculate a correspond-
ing phase pattern. This phase pattern contains the different phase shifts of each individual
pixel. These phase shift values have a range between 0 − 2π and are represented by 256
values (8 bit). The values of all the 1920 × 1080 pixels are supplied by the video output
signal of the PC and are applied to the driver unit of the PLUTO SLM which can simply
be regarded as an extra monitor. Phases are therefore simply represented by gray values
or gray levels.

The optical response of the liquid crystal cells, however, is not linear, i.e. the phase
shift imposed by a cell does not depend linear on the applied gray value. This so-called
electro-optical response depends on the used wavelength and can be modified by the user
by changing the look-up table (LUT). This LUT is used to convert the incoming video
signal before it is applied to the display. The values of the LUT can be plotted versus the
gray levels in a graph, a so-called gamma curve. In the middle of Fig. 3.1 a gamma curves
is shown, with on the horizontal axis the incoming video signal from the PC and on the
vertical axis the LUT value which is sent to the display.

Although the gray values are coded in 8 bit in the video data stream, the gamma tables
in the LUT have a length of 10 bit or 1024 values. The additional codes, half and quarter
gray steps, are used by a correction circuitry inside the driver chips. So the values 0, 4, 8,
12, ..., 1024 on the horizontal axis of the gamma curve correspond to 0, 1, 2, 3, ..., 256 of
the video data.

The LUT value determines what voltage is applied to the liquid cell. The range of
this voltage can be adjusted separately. The lowest and highest voltage are the voltages
applied to the liquid crystal cell when, respectively, the minimum and maximum LUT
value generates the cell voltage.

Since the video signal is 8 bit, the LUT needs to provide 256 distinct values which can
be sent to the display. The largest allowed value in the table is determined by the settings
of the addressing sequence. Different sequence settings result in a different bit depth and
therefore in a different range of values which can be used in the LUT value. In Fig. 3.1
this conversion is shown for 3 gray values using an arbitrary gamma curve.

When the driver unit has converted the video input signal form the PC, the liquid crys-
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Figure 3.1: An example of the data conversion. Due to the non linear
electro-optical response of the SLM, phase shifts of the 3 pixels calculated
by the PC (144, 212 and 68) must first be converted using a gamma curve.
Applying these converted values (135, 160 and 95) to the display results in
the desired phase shift.

tal cells are addressed with a voltage which is created with a digital addressing scheme
using pulse-code modulation. The gray values are transmitted as a serial bit stream of
binary pulses. The shape and structure of these pulses are determined by the configuration
of the addressing sequence. For instance, when a large bit depth is chosen to represent
the gray values, the pulse becomes longer.

There are 3 different sequence settings, the so-called 18-6, 5-5 and 0-6 sequence, all
having a different bit depth. The 18-6 sequence uses 24 pulses to convert the gray values
and has the largest bit depth. The liquid crystal cells can be addressed with 1216 different
LUT values. The 5-5 and 0-6 sequence use 10 and 6 pulses and enable 192 and 64 different
LUT values, respectively. The selected sequence determines how many different gray values
can be sent to the liquid crystal cells and therefore be used as LUT values. However, the
gray values from the video input of the computer are all 8 bit, representing 256 different
gray values. Therefore 256 of the available LUT must be chosen for the conversion. For
the 5-5 and 0-6 values there are less than 256 values, hence some will occur more than
one time in the LUT. Especially for the 0-6 sequence, where only 64 different values can
be sent to the cell, some of LUT values will appear multiple times in the table.

Since the 18-6 sequence has the highest bit depth it is able to create the most different
phase states, but it also exhibits the longest pulses and has therefore a smaller refreshing
rate, e.a. addressing frequency. The basic refresh rate of the SLM is 60 Hz and the 18-6,
5-5 and 0-6 sequence can be addressed 2, 5 and 8 times within one frame, respectively.
This limits the amount of possible phase state created within a certain time, and therefore
the possibility to change the created intensity pattern in time.
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The addressing frequency results in a certain phase flicker. This is caused by the finite
viscosity of the liquid crystal molecules which allows them only to follow a fraction of
each single pulse. Therefore, the orientation of the molecules fluctuate around an average
value which leads to a time-dependent phase level. A smaller bit depth results in a shorter
sequence and enables to address the cells more often within one frame. By addressing
the cells more frequently, the amplitude of the flicker is automatically decreased i.e., the
higher the addressing frequency the lower the flicker will be [32].

Configuration and calibration
The configuration and calibration of the SLM consist of three parts: setting the addressing
sequence and digital potentiometers, and loading the desired gamma curve. All three can
be set by using the Graphical User Interface (GUI) supplied by the manufacturer.

• Addressing sequence: determines the bit depth and therefore the amount of dif-
ferent LUT values. A higher bit depth results in a longer addressing sequence, a
lower addressing frequency and therefore a higher flicker. The choice for a certain
sequence is a trade off between the desired amount of phase levels and the phase
flicker introduced by the addressing frequency.

• Digital potentiometer: sets the dynamical range of the voltage over the pixels. There
are 3 reasons to change the voltage range. First, due to a lower voltage range the
phase flicker will decrease. Second, the largest voltage range results in a more than
2π phase shift. By decreasing the dynamic range, this is reduced. Third, for low
voltages there is no measurable phase shift. By increasing the minimum voltage this
behavior is eliminated.

• Gamma curve: this curve relates the gray values from the computer to the LUT
values which are sent to the display. The gamma curve therefore determines the
electro-optical response, i.e. the phase shift imposed by the liquid crystal cell as a
function of the applied gray value by the computer. The phase shift as a function of
this gray value should be linear and have a range from 0 to 2π. The phase shift can
be measured as a function of the applied gray level and an excel sheet is available
which can calculate the needed gamma curve when supplied with these measured
data.

In order to reduce the flicker significantly, but maintain enough different phase levels,
the 5-5 sequence is loaded. With this configuration a standard voltage range between 0.03
and 3.81 V is set, and a standard gamma curve as shown by the black line in Fig. 3.6 is
loaded into the LUT.

To determine the voltage range and the gamma curve the setup shown in Fig. 3.2 is
used. The polarization of the laser beam is set by the λ/2-wave plate and a polarizing
beam splitter cube (PBSC) is used to ensure that the polarization is along the long axis of
the display, as discussed in section 2.2. The laser beam is expanded by two lenses acting
as a telescope. The first lens has a focal length of f1 = 50 mm, the second f2 = 750
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Figure 3.2: Setup to measure the electro-optical response of the SLM.
After polarizing and expanding the laser beam, a mask creates two small
beams which reflect on a different half of the SLM. Since the diffraction
pattern created by lens f3 can be rather small, a second lens f4 is used for
magnification. The diffraction pattern contains some diagonal fringes due
to interference of the light in the covering glass plate of the CCD camera.

mm. The relation between the Full Width at Half Maximum1 (FWHM) of the laser beam
before (d1) and after (d2) the beam expander is simply given by

f2

f1
=
d2

d1
. (3.1)

The FWHM of the laser beam before the beam expander is 0.85 mm and after the ex-
pander 12.75 mm, which is about the size of the display of the SLM. A mask with two
holes creates two small beams which are both reflected by a different half of the display.
The holes have a diameter of about 3 mm and are separated by distance of 7 mm. After
reflection a lens f3 creates the diffraction pattern which is imaged on a CCD chip of a
webcam by the final lens f4. The diffraction pattern consists of interference fringes in a
circular region as is shown in the bottom right part of Fig. 3.2. The pattern contains some
diagonal interference fringes which are created by the covering glass of the CCD chip [33].
These features do not influence the calibration.

In order to measure phase shift as function of the gray level the supplied software
program PhaseCam [24] is used. During the measurement the gray level of one half of the
SLM is kept constant and that of the other half is changed step by step from 0-255. Due
to the difference in phase between the two beams the fringes in the diffraction pattern

1The Full Width at Half Maximum is defined as the distance between the two points on the gaussian
intensity profile where the intensity equals half the maximum value.
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Figure 3.3: The construction of the result of a measurement of the electro-
optical response. The interference fringes shift to the right for increasing
gray level of the bottom half of the SLM display. On the right the cross
sections for all 256 gray levels are drawn under each other which gives a
first impression of the response.

are shifted. For every step a selected cross section of the diffraction pattern is measured.
The cross sections for each gray level are drawn one below the other. This gives a first
impression of the translation of the pattern and thus of the phase shift as a function of
gray level. A schematic overview of the construction such a measurement is shown in Fig.
3.3.

The result of two measurements with different voltage ranges are shown in Fig. 3.4.
The distance between two minima is the period of the interference patterns, and it can
be seen that for the largest voltage range (0.03− 3.82 V) the minima between the fringes
are shifted more than one period, hence the total phase shift is more than 2π. Besides,
for small grey values (low voltages) there is no optical response. Also the electro-optical
response is clearly non-linear.

By setting a smaller voltage range (1.36−2.98 V) the insensitive part (low voltages) is
eliminated and the total phase shift is only slightly larger than 2π. Only the non linearity
is still present.
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Figure 3.4: PhaseCam result for a voltage of (a) 0.03 − 3.82V, and (b)
1.36− 2.98V.

In order to achieve a linear electro-optical response, a different gamma curve has to
be loaded. To determine this gamma curve, the measurement is analyzed a bit further.
PhaseCam determines the pixel position of the minimum intensity between the fringes of
each cross section (see red dots in Fig. 3.4). With this data the electro-optical response,
phase shift vs gray level, can be plotted. This is shown in Fig. 3.5, where at the left
vertical axis the phase shift is shown in terms of pixel values. However, since the phase
imposed on the liquid crystal cells is expressed in terms of radians, it is useful to determine
the measured phase shift terms of π radians also. This is done by taking the period of
the fringes into account, where one period corresponds to a 2π phase shift. PhaseCam
has determined that one period equals 84 pixels of the webcam, which therefore equals 2π
radian phase shift. The phase shift in terms of π radians is shown in the vertical axis on
the right. Since the data contains some noise it is fitted with a quadratic function.

Figure 3.5: The electro-optical response before calibration corresponding
with the measurement of Fig. 3.4(b). On the left vertical axis the shift of
the fringes in pixel units, and on the right vertical axis in π radians. The
response is clearly non linear.

The fitted data together with the current gamma curve can be loaded in an excel
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3.2 No phase modulation: The zeroth order spot

spreadsheet which is supplied by the manufacturer. This excel sheet calculates a new
gamma curve which should be loaded into the PLUTO SLM in order to get a linear
electro-optical response with a total phase shift of 2π. The algorithm exhibits an inverse
character i.e., where the gradient in the phase shift is too large the gradient in the gamma
curve is decreased and vice versa. With the new gamma curve a new measurement can be
performed to verify the new electro-optical response. The new gamma curve is the red line
as shown in the left graph in Fig. 3.6, and the new electro-optical response is shown as the
red dots in the graph on the right. As can be seen, the resulting response is not completely
linear and does not reach a total phase shift of 2π. Therefore, the gamma curve was manu-
ally adjusted. The highest LUT value is increased in order to get a higher total phase shift.
To correct for the non linearity, the red gamma curve is fitted with a cubic polynomial
and the coefficients are slightly adjusted. The adjusted gamma curve is shown Fig. 3.6 as
the blue line, and corresponding response are shown as the blue dots in the right graph.
Clearly, the adjusted gamma curve results in a linear response and a total phase shift of 2π.

Figure 3.6: On the left three different gamma curves, and on the right the
corresponding electro-optical response. The linear gamma curve (black) is
the standard configuration. The red line was calculated with the measured
(black) data, but does not result in the desired, linear response. With the
adjusted curve (blue) the response is linear and for the maximum gray level
the phase shift is precisely 2π.

3.2 No phase modulation: The zeroth order spot

When the SLM is used in a setup as shown in Fig. 2.2 and a homogenous phase pattern
is imposed on the SLM display, i.e. all pixels modulate the phase equally, an interesting
diffraction pattern is observed. This pattern is measured and simulated and the results
are analyzed in this section. However, in order to understand some important features
and consequences of this pattern, first a simple example of a diffraction pattern is discussed.

Diffraction pattern of a rectangular aperture
If the SLM display was not pixelated and all liquid crystal cells are replaced by one simple
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reflective mirror, the SLM display can be considered to be a rectangular aperture with the
dimensions of the total display. The incident laser beam is assumed to be a plane wave
such that the wave field Urect(ξ, η) directly after reflection on the rectangular mirror is
given by

Urect(ξ, η) = rect

(
ξ

Lξ

)
rect

(
η

Lη

)
, (3.2)

where Lξ × Lη is the size of the rectangular and the rectangle function rect(x/L) is unity
for −0.5 < |x/L| < 0.5 and zero elsewhere. Since the phase is considered to be constant
over the entire display, it does not affect the diffraction pattern and it is omitted here.

Substitution of Eq. 3.2 in Eq. 2.24 yields [27, p. 75]

I(x, y) ∝ sinc2

(
Lξx

λf

)
sinc2

(
Lηy

λf

)
(3.3)

where the sinc function is the result of the Fourier transform of the rect function and is
given by sinc(x) = sin(πx)/πx.
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Figure 3.7: The simulated diffraction pattern of a rectangular aperture
with Lη/Lξ = 1.8. (a) The diffraction pattern is the product of two sinc
functions as given by Eq. 3.3, and (b) a cross section of the diffraction
pattern.

In Fig. 3.7(a) a simulation of the intensity pattern produced by the rectangular aper-
ture is shown, and in (b) a cross section along the x axis is shown. The distance between

the first two zeros can be determined by solving sinc
(
Lξx
λf

)
= 0, resulting in the condition

Lξx
λf = 1 for the first minima. The width of the main lobe is twice as large as that of the

other lobes and is given by

∆x = 2
λf

Lξ
. (3.4)
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3.2 No phase modulation: The zeroth order spot

Eq. 3.4 clearly illustrates the inherent scale inversion property of Fourier transforms,
an increase of input function Lξ results in a smaller ’squeezed’ output function ∆x, i.e. a
large aperture results in small features in the focal plane of the lens.

Besides it has an important consequence for optical systems where diffraction is in-
volved. Geometric optics predicts that a plane wave, after propagation through a lens,
will be focussed in an infinitely small spot in the focal plane of the lens. However, the
example discussed here illustrates the effect of diffraction: it limits the ability of an op-
tical system to focus the light to an infinitely small spot. This a general consequence of
diffraction in optical systems where an image is created, diffraction caused by the smallest
aperture in the system determines the smallest achievable spot size. An infinitely small
spot cannot be imaged any smaller than the size stated by Eq. 3.4, which is therefore
called the diffraction limit of the system.

The diffraction limit is closely related to the resolution of an optical system. The
resolution is a measure for the minimum distance for points in an image to be resolvable.
It therefore determines the resolving power of the optical system. Here often the Rayleigh
criterium is applied which state that the minimum distance between two diffraction spots
to be resolvable is half the diffraction limit [34, p. 327] [44, p. 192-195]. Notice that the
diffraction limit as stated here, corresponds to twice the size of the unit cell given by
Eq. 2.28. So with the derived DFT in the previous chapter, the intensity is calculated
in regions of the size of half the diffraction limit, which equals the resolution of the system.

Diffraction pattern of the SLM display
In order to analyze the diffraction pattern of the pixelated display of the SLM, a ho-
mogenous phase pattern is imposed on the SLM display. The phase factor is therefore
a constant and for simplicity it is omitted here such that USLM (ξ, η) = P (ξ, η), where
P (ξ, η) is the aperture function of the display of the SLM. The configuration of the SLM
display determines this aperture function P (ξ, η) and is shown in Fig. 3.8. In the solid
blue regions the aperture function P (ξ, η) = 1 and in the shaded blue region P (ξ, η) = 0.

The total size of the display is Hξ × Hη. It consists of a two-dimensional pixelated
array of cells, each with a size of ∆ξ ×∆η. The total area of this pixelated structure is
Lξ × Lη and it is surrounded by a frame which simply reflects the incident light. The
aperture function P (ξ, η) of the display is the sum of these two contributions and can
mathematically be expressed as
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Figure 3.8: The structure of the SLM display. The pixelated structure of
the SLM is surrounded by a frame where the light cannot be modulated.
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(3.5)

where the rectangle function rect(x/L) is unity for −0.5 < |x/L| < 0.5 and zero elsewhere
and the comb function is defined as comb(x) =

∑∞
n=−∞ δ(x−n). The frame is simply the

difference between two rectangular functions with different sizes. The pixelated structure
is represented by the convolution (⊗) between rectangle and comb functions, and a and
b represent the distance between the pixels in, respectively, the ξ and η direction. Notice
that in this expression the aperture function between the pixels is zero. The Fourier
transform of the aperture function P (ξ, η) is given by
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3.2 No phase modulation: The zeroth order spot

FT {P (ξ, η)} =FT {Pframe(ξ, η)}+ FT {Ppixels(ξ, η)}

=

(
HξHηsinc(Hξfx)sinc(Hηfy)− LξLηsinc(Lξfx)sinc(Lηfy)

)

+

(
∆ξLξsinc(∆ξfx)comb(afx)⊗ sinc(Lξfx)

)

×

(
∆ηLηsinc(∆ηfy)comb(bfy)⊗ sinc(Lηfy)]

)
,

(3.6)

where fx = x/λf and fy = y/λf are the spatial frequencies in the observation plane (x, y).

The intensity pattern is given by the squared magnitude of this Fourier transform:
I(x, y) = |FT {P (ξ, η)}|2. In Fig. 3.9 (a) and (b), respectively, a simulation and measure-
ment of the intensity patterns are shown. The diffraction pattern is a cross with features
clearly described by sinc functions. In order to achieve a similar cross in the simulation,
a different linear phase (due to the angle α) has to be imposed on the wave for the frame
and for the pixelated structure. A possible explanation could be a small angle between
the frame and the pixelated structure or multiple reflection within the display imposing
different phases on the frame and the pixelated structure.

(b)(a)

Figure 3.9: Diffraction pattern of the aperture function of the SLM display.
(a) The simulated Fourier transform of the aperture function P (ξ, η) with
a different linear phase imposed on the frame and pixelated part, and (b)
A measurement with a f = 0.5 m lens. The camera has a resolution of
1024× 768 pixels.

41



Chapter 3 Spatial Light Modulators in Practice

The features in the pattern are described by sinc functions (see Eq. 3.6) and typical
distances between the peaks in the pattern can be determined from the condition for
minima of these sinc functions

Wfx = W
x

λf
= n ⇒ ∆x =

λf

W
, (3.7)

where W can represent ∆ξ, Lξ and Hξ, n = 1, 2, 3..., etc. and ∆x defines the feature size.

In Table 3.1 an overview is shown of values for the different features for λ = 780nm
and f = 0.5m.

Table 3.1: Features in the diffraction pattern of the display of the SLM
with a homogenous phase modulation for λ = 780 µm and f = 0.5 m.

Feature Feature size W Feature size ∆x = λf
W

Pixels: ∆ξ ×∆η 8× 8 µm 49× 49 mm
Frame: Hξ − Lξ ×Hη − Lη 64× 256 µm 6.1× 1.5mm
Pixelated structure: Lξ × Lη 8.64× 15.36 mm 45× 25 µm

The smallest features are due to the total size of the display, Hξ ×Hη and Lξ ×Lη for
respectively the frame and the pixelated structure. This is dictated by the diffraction limit
as discussed before, it will not be possible to create smaller features than 45× 25 µm with
a f = 0.5 m lens, it is limited by the finite size of the display. For the pixelated part these
smallest features are enveloped by a sinc function which is due to the pixel size ∆ξ ×∆η.
These features are 49× 49 mm and it can therefore be concluded that the finite pixel size
does not effect the diffraction pattern significantly within a couple of millimeters. In the
UCP setup the atomic cloud has a radius of about 1 mm. Patterns created with the 780
nm laser beam are therefore not affected by the finite pixel size of the display of the SLM.
This also justifies the assumption made in section 2.5, where the pixels are considered
to be point sources. Here it is seen that the diffraction pattern of a single pixel can be
neglected over regions of typical sizes of a millimeter and that integration over the spatial
distances of the pixels can be replaced by summing their contributions as if they are point
sources.

Note that the diffraction pattern due to the aperture function P (ξ, η) of the SLM is
always present. When all pixels in the SLM modulate the phase differently the shape
and structure of the pattern can change drastically, but it remains present at the same
position. This so-called zeroth order spot is inherent to the pixelated structure of the SLM
and can not be avoided.

The diffraction pattern of the pixelated liquid crystal SLM can be used to determine
the pixel size and pitch. In this technique the SLM is modeled as an array of rectangular
apertures as done in Eq. 3.5 and the features of the measured diffraction pattern are used
to determine typical parameters in this equation such as the pixel size and pitch [35].

The total behavior of the SLM can be described as a combination of the aperture
function P (ξ, η) and the phase modulation eiΨ(ξ,η). The aperture function results in a
zero order spot and the effect of the phase modulation can be calculated with the discrete
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3.3 Amplitude modulation

Fourier transform as discussed in section 2.5. When an arbitrary intensity profile is gen-
erated the zeroth order spot can interfere and decrease the quality of the profile. This can
be avoided by superimposing a linear phase as discussed in section 2.5. This linear phase
will not affect the position of the zeroth order spot, since it position is independent of the
phase modulation. However, the linear phase will translate the desired intensity pattern.
In this way the two can be separated. If desired, the zeroth order spot can then spatially
be filtered by placing an object at the position of the spot.

3.3 Amplitude modulation

The PLUTO NIR2 is a phase-only spatial light modulator [22]. Nevertheless, in the setup
as shown in Fig. 3.10, the SLM also modulates the amplitude of the incident light as a
function of the applied voltage to the liquid crystal cell. The setup used to study this
effect is similar to the calibration setup, except the mask and the two lenses f3 and f4 are
removed. Besides, the focal length of the second lens f2 of the beam expander is changed
to 100 mm in order to reduce the FWHM of the expanded laser beam to 1.7 mm, such
that the complete gaussian profile of the laser beam can be detected by the CCD camera2.

Laserλ/2 platePBSC1 Beam expanderSLM

CCD detector

PBSC2

Expanded gaussian 

laser beam

Figure 3.10: Setup for the measurement of the amplitude modulation.
After polarizing and expansion of the laser beam, the beam is reflected by
the SLM which is addressed with a homogenous gray level. A CCD camera
is used to measure the gaussian profile of the beam. Two measurements are
performed, with and without PBSC2.

2The size of the CCD chip is about 3.6× 4.76 mm
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Two measurement sequences are performed, one with a second polarizing beam splitter
cube (PBSC2) and one without. During the measurement the display of the SLM will be
addressed with a homogeneous gray level, such that the phase shift is equal for all the
pixels. The gray level is varied between 0− 255. For each gray level a screen shot of the
gaussian profile is saved. In order to determine the amplitude the profiles are fitted with
a standard 1D Gaussian function

G(x) = Ae−
(x−x0)

2

2σ2 (3.8)

where the fit parameters are: the maximum intensity A, the offset of the maximum in-
tensity with respect to the origin x0, and the standard deviation σ which is related to the
FWHM by

FWHM = 2
√

2ln(2)σ. (3.9)

In order to obtain a reliable fitted amplitude of each screen shot, the fit procedure
is done in two steps. First, 40 parallel, equally distributed, horizontal lines of pixels are
selected and fitted with the above Gaussian function. This results in 40 values for A which
are related to the vertical pixel coordinates of the horizontal lines. Secondly, these points
are fitted with a new Gaussian function. The amplitude of this fit is considered to be the
maximum intensity of the measurement.

Figure 3.11: Amplitude modulation. The measured intensity is plotted
versus the phase shift applied to the SLM. Clearly the amplitude of the
light is modulated as a function of the imposed phase level.

In Fig. 3.11 the amplitude of the profiles are plotted versus the phase shift. The
intensity as a function of the gray level is sinusoidal with an amplitude of approximately
8.5%.
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Without PBSC2 the amplitude modulation completes exactly one period in the gray
level range 0−255. However, the first half period is completed at a gray value of about 150,
whereas the second half period is completed at 255. The frequency of the sinusoid seems
to increase as a function of the gray level. Since with PBSC2 the amplitude modulation
does not complete a full period, this increase of the frequency seems less.

The behavior of the amplitude modulation is not fully understood, neither is the differ-
ence between the situation with or without PBSC2. However, as will be shown in chapter
4, amplitude modulation seems to be inconsiderable for intensity patterns such as an ar-
ray of spots. Besides, in the next section a feedback method is presented which is able to
improve the quality of the measured intensity pattern. With this feedback method, phase
patterns that result in an intensity pattern that suffer from the amplitude modulation can
be adjusted, such that the effect of amplitude modulation is eliminated.

3.4 Calculation of phase patterns and examples of intensity
patterns

To create the desired patterns with the SLM, the setup as shown in Fig. 2.2 will be used
and the relation between the wave field emerging from the SLM and the intensity pattern
in the focal plane of the lens was found to be a Fourier transform. With some simple
properties of a Fourier transform, the effect of a linear and quadratic phase function is
analyzed in section 2.5.

However, it is not that simple to determine phase functions or patterns that result
in arbitrary intensity patterns. This can be understood by taking a closer look at the
Fourier transform as given by Eq. 2.24. The wave fields emerging from the SLM will
here be denoted as USLM (ξ, η) = f(ξ, η)eiΨ(ξ,η) and the wave field in the focal plane
of the lens as Uf (x, y) = G(x, y)eiθ(x,y). The intensity in the focal plane of the lens is
If (x, y) = |Uf (x, y)|2 such that

If (x, y) = |G(x, y)eiθ(x,y)|2 ∝ |FT {f(ξ, η)eiΨ(ξ,η)}|2. (3.10)

With this equation the intensity If (x, y) can be analyzed if the wave field emerging from
the SLM with amplitude f(ξ, η) and phase Ψ(ξ, η) is known. In practice, however, one
is interested in the synthesis of the above Fourier transform, i.e. an arbitrary intensity
pattern in the focal plane of the lens is desired and the corresponding phase pattern on
the SLM should be calculated. This cannot be done by simply calculating the inverse
Fourier transform of the wave field G(x, y)eiθ(x,y). First of all, the phase θ(x, y) in the
focal plane is not known. It does not influence the intensity pattern and can be chosen
freely. Secondly, the amplitudes G(x, y) and f(ξ, η) are already determined. The ampli-
tude G(x, y) is determined by the desired intensity and the amplitude f(ξ, η) equals the
amplitude of the incident beam (which is uncontrollably modulated as discussed in section
3.3). Therefore the phase θ(x, y) and Ψ(ξ, η) must be chosen such that with the desired
amplitude G(x, y), the inverse Fourier transform results in an amplitude f(ξ, η).
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In this section two methods are discussed to determine phase patterns for specific in-
tensity patterns. First a phase gradient method is used to perform beam shaping. With
this method phase patterns can be calculated that, for example, result in a gaussian or
square intensity distribution. Next, an algorithm is discussed to retrieve the phase Ψ(ξ, η)
which can be used to perform beam splitting, creating an array of intensity spots. Finally,
an example is shown in which these two methods are combined to create an arbitrary
intensity pattern.

Redistribution of the light with a phase gradient: Beam shaping
With the same principle as the linear phase (see section 2.5) it is possible to realize a
beam shaping phase pattern by means of a smoothly varying phase, where local gradients
in the phase pattern Ψ(ξ, η) displace the light in the focal plane, and thus redistribute the
intensity of the incident light field. Here a short overview of this so-called beam shaping is
given, for a more complete description of this technique the reader is referred to [36, 37].

 iSLM

 if

ξ

x

Figure 3.12: The redistribution of the intensity illustrated in 1D. The gaus-
sian profile incident on the SLM iSLM (ξ) is redistributed onto a homogenous
square profile if (x). The redistribution is differentially, which means that
light redistributed to a certain region of the square emerge from a corre-
sponding region of the gaussian profile as drawn by the dotted lines and
stated by Eq. 3.11.

The redistribution of light can be described by a function g : R2 → R2 that distributes
the intensity incident on the SLM iSLM (ξ, η) ∝ |USLM (ξ, η)|2 onto the intensity distribu-
tion in the focal plane of the lens if (x, y) ∝ |Uf (x, y)|2. The redistribution is differential,
which means that [37]

iSLM (ξ, η)dξdη = if (x, y)dxdy. (3.11)

The principle of differential redistribution of intensity is shown in Fig. 3.12 for the par-
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3.4 Calculation of phase patterns and examples of intensity patterns

ticular case where the intensity of a 1D gaussian profile is redistributed onto a square
profile.

The function g can be found by integration of this equation and is found to be a
transform satisfying

ISLM (B) =

∫
B
iSLM (ξ, η)dξdη =

∫
g(B)

if (x, y)dxdy = If (g(B)), (3.12)

for all regions B, and states that all energy from region B in the ξ, η-plane is completely
redistributed to region g(B) in the x,y plane. The transform function can be found by
solving

g(B) = I−1
f

(
ISLM (B)

)
, (3.13)

where I−1
f is the inverse operator of If .

When such a function g is found, the method of stationary phase [38] can be applied
to find a phase pattern Ψ(ξ, η) that realizes this desired transform g. The method of
stationary phase assumes that the phase pattern Ψ(ξ, η) is a rapidly-varying pattern of ξ
and η over most of the range of the SLM display and that, in comparison, the intensity
If (x, y) is slowly-varying. It results in a relative simple equation where a smooth phase
pattern can be found by satisfying

∇Ψ(ξ, η) =
2π

λf
g(ξ, η). (3.14)

When the found phase pattern is imposed on the SLM it will in principle result in a good
approximation of the desired intensity in the focal plane.

In practice it is nontrivial or even impossible to find transforms g that yield a sol-
uble Eq. 3.13 for most If (x, y). However for separable signals of the form If (x, y) =
If,x(x)If,y(y) and ISLM (x, y) = ISLM,x(x)ISLM,y(y) it is possible to find coordinate trans-
forms g that yield a smooth solution Ψ(ξ, η) of Eq. (3.14) [36]. For separable intensity
signals the transform function is also separable g(x, y) = gx(x)gy(y) and the components

can be found separable with Eq. 3.13, gx = I−1
f,x

(
ISLM,x(x)

)
and gy = I−1

f,y

(
ISLM,y(y)

)
.

Subsequently integration of Eq. (3.14) yields the phase pattern

Ψ(ξ, η) =
2π

λf

[
gy(y)

∫ x

−∞
gx(x′)dx′ + gx(x)

∫ y

−∞
gy(y

′)dy′
]
. (3.15)

For certain cases it is possible to compute the phase pattern analytically in closed
form, but the above equations are also easy to implement numerically. This technique can
be used for instance, to reshape an incident laser beam with a Gaussian intensity profile
into a square intensity profile, as shown in Fig. 3.13.

The figure also illustrates the effect of amplitude modulation. The phase pattern
clearly contains some small frequencies in the lower left corner emphasized by the black

47



Chapter 3 Spatial Light Modulators in Practice

square. The resulting intensity pattern is supposed to be a homogenous square, but clearly
exhibits a similar pattern on the corresponding position. In the other regions the phase
pattern only exhibits high frequencies which seems to have no influence on the intensity
pattern.

Incident intensity on the SLM
Detected intensity in the focal plane of 

the lens 

Phase pattern determined with the 

beam shaping method

Figure 3.13: Experimental result of beam shaping employing a phase gradi-
ent method. On the left the incident laser beam on the SLM with a FWHM
of 1.7 mm, and on the right the phase pattern determined by a beam shap-
ing method as described in this section. The phase values are represented
by gray values. In the middle the resulting squared intensity profile in the
focal plane of the lens with a size of approximately 0.45 × 0.45 mm. The
black square indicates the effect of amplitude modulation.

A disadvantage of this beam shaping method is that one needs to know the incident
intensity accurately. Also problems occur when the incident intensity is not smooth but
contains high spatial frequencies. For instance, when the intensity is not close to zero at
the boundaries of the display of the SLM. This causes a non-smooth edge in the intensity
profile which introduces high spatial frequencies.

Iterative Fourier Transform Algorithm: Beam splitting
Beam shaping as discussed above is in practice only applicable to a small set of appli-
cations. For generation of arbitrary intensities in the focal plane of a lens, the phase
Ψ(ξ, η) is retrieved employing a phase retrieval algorithm. The phase retrieval problem is
of paramount importance in various areas of applied physics and engineering. The state
of the art for solving this problem in two dimensions relies heavily on the pioneering work
of Gerchberg and Saxton [39], and Fienup [40]. In these phase retrieval algorithms an it-
erative Fourier transform algorithm (IFTA) is used to step-by-step change an initial guess
and let it converge to the desired phase function.

In Fig. 3.14 a schematic representation of this algorithm is shown. On the left side
are the fields in the SLM plane USLM which is called the SLM domain, on the right side
the fields in the focal plane of the lens Uf which is called the Fourier domain. The two
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domains are related by a Fourier transform and an inverse Fourier transform. The fields
are represented by their amplitudes, |USLM | and |Uf | and phases, Ψ and θ, where the
dependency on the coordinates ξ, η and x, y are omitted.

Start with 

initial guess 

for ψ

USLM=|USLM|e
iψ

F T    { }

Apply constraint 

in Fourier domain

|Uf| = |If|

Uf=|Uf|e
iθ

U’f=|If|e
iθ

F T    
-1
  { }U’SLM=|U’SLM|e

iψ’

Apply constraint 

in  SLM domain

|U’SLM| = |USLM|

Focal planeSLM plane

Figure 3.14: Schematic representation of a iterative Fourier transform al-
gorithm (IFTA). The algorithm bounces back and forth between the SLM
and Fourier domain, which are related by a Fourier transform. Meanwhile
constraints are applied to the amplitude of the signals which enforces the
algorithm to converge to a phase pattern that results in the desired intensity
pattern.

When the algorithm starts, the amplitude |USLM | is considered to be known. It is
related to the square of the intensity of the laser beam in the plane of the SLM and can
for example be measured with a CCD camera. The amplitude in the focal plane of the
lens |Uf | is unknown. However, the desired amplitude |If | is known, because this is the
desired intensity distribution. Both phases, Ψ and θ, are unknown and are allowed to have
any value. This so-called phase freedom (PF) [41] is exploited by the IFTA to obtain a
phase pattern Ψ that with the known amplitude |USLM | results in the desired amplitude
|If |.

The algorithm starts in the top left part of Fig. 3.14. It starts with the known
amplitude |USLM | and an initial guess for the phase Ψ. The Fourier transform of this
signal is calculated and denoted as Uf = |Uf |eiθ and the amplitude constraint |Uf | = |If |
is applied which replaces the amplitude with the desired amplitude. The resulting signal
is denoted as U

′
f . The inverse Fourier transform of U

′
f is determined, which is denoted as
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U
′
SLM = |U ′SLM |eiΨ

′
, and again a constraint is applied where the amplitude is replaced by

the known amplitude in the SLM plane |U ′SLM | = |USLM |.
This loop can be repeated for several times in order to converge. It can also be re-

peated with several different initial phases in order to achieve the best solution, i.e. the
solution with the highest diffraction efficiency3.

However, the quality of the light field resulting from this procedure is usually not satis-
factory. Therefore, another free parameter is employed. This free parameter is introduced
by defining a certain signal window with a particular size. Inside this signal window the
intensity If is the desired intensity set by the user. However, outside the signal window
the amplitude is a free parameter. Employing this so-called amplitude freedom (AP) [41]
comes at the cost of a lower diffraction efficiency, but the intensity pattern inside the signal
window is improved significantly.

There are many possible phase patterns to which the IFTA can converge, also phase
patterns resulting in a low diffraction efficiency where a lot of intensity is sent outside the
signal window. However, by first performing a stage where the phase freedom is exploited,
the algorithm is steered towards solutions with higher diffraction energies.

When the spot pattern is of separable form (as discussed for beam shaping), the phase
pattern is also separable and can be found by applying the IFTA algorithm individually
to the separable signals.

The IFTA as presented above is particularly suited for beam splitting purposes, where
the incoming input intensity is split into an array of small spots at arbitrary locations.
The spots implied here are small in the sense that they constitute exactly one unit cell as
defined by Eq. 2.28.

The beam shaping method as discussed before has the property that the intensity in-
cident onto a small area in the focal plane, also originates from a small area in the SLM
plane. In contrast, the phase patterns generated by the IFTA algorithm typically have
the property that all points in the SLM plane contribute approximately equally to the
intensity at a given point in the focal plane. As a result, the intensity pattern in the focal
plane hardly depends on the intensity distribution in the SLM plane, and errors in the
description of the incident intensity have little consequence for the intensity pattern in the
focal plane. Typically, for the amplitude constraint applied in the SLM domain it suffices
to simply set a uniform intensity, i.e. |U ′SLM | = |USLM | = 1.

Arbitrary intensity patterns
With the two methods discussed above good results can be achieved for beam shaping
and splitting. In order to obtain an arbitrary intensity pattern the IFTA can be used
to calculate the phase pattern. However, the calculated phase patterns often result in
intensity patterns containing a lot of speckles. These speckles originate from the non-
smoothness of the phase pattern caused by high-frequency spatial fluctuations in the phase
pattern and so-called spiral phase singularity. In a spiral phase singularity, all phase values

3The diffraction efficiency is the ratio between the power incident on the SLM and the power that ends
up in the desired pattern If [36]. Since light emerging from the SLM propagates according to the Huygens
principle, this is in general not 100%.
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Incident intensity on the SLM
Detected intensity in the focal plane of 

the lens 

Phase pattern determined with the 

beam shaping method

Figure 3.15: Experimental result of beam splitting employing an iterative
Fourier transform algorithm. On the left the incident laser beam on the SLM
with a FWHM of 1.7 mm, and in the middle the phase pattern determined
by a IFTA where the phase values are represented by gray values. On the
right the resulting 5 × 5 array of spots in the focal plane of the lens. The
FWHM of the spots is approximately 0.23 mm and they are separated by
approximately 0.58 mm.

between 0 and 2π can be found in an arbitrary small region around the point.
In order to obtain speckle-free intensity patterns these features should be avoided in

the phase pattern. Therefore, the IFTA is applied but the phase freedom is restricted such
that no singularities and high-frequency spatial fluctuations occur in the phase pattern.
This is achieved with so-called soft coding and guarantees that the phase pattern remains
smooth. For a more detailed description about speckles in the intensity patterns generated
by the SLM and a method to avoid them, the reader is referred to [42].

An example of such an arbitrary intensity profile is shown in Fig. 3.16. On the left
side the desired intensity profile is shown and on the right side the measured intensity. In
the middle the calculated phase pattern is shown.

As shown in Fig. 3.16, the intensity inside the letters is not entirely homogenous.
One way to handle this problem is feedback, where the intensity pattern generated by
a particular phase pattern is measured and is compared with the desired intensity. The
difference is determined and the phase pattern is slightly adjusted in such a way that
more light is directed towards regions with to low intensity and vice versa. The results
of the implementation of such a feedback procedure is shown in Fig. 3.17. As can be
seen the intensity inside the letters and the square is quite homogenous and the edges are
well-defined. The intensity profile of the cow proves that also a high resolution is achieved.
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Phase pattern applied to 

the SLM display
Measured intensity profileDesired intensity profile

Figure 3.16: An example of an arbitrary intensity pattern created by the
SLM. On the left side the desired intensity profile and on the right the
measured intensity in the focal plane of the lens. In the middle the phase
pattern which is applied to the SLM. The phase pattern is calculated with
an so-called soft coded IFTA to avoid speckles. However, some speckles
remain.

Figure 3.17: The effect of feedback. The intensity in the letters and the
square is quite homogeneous and the edges of the regions where zero in-
tensity is desired are well-defined. The cow illustrates that also a high
resolution image can be generated.
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Analysis of Arrays of Spots and
Gaussian Profiles

With customized software developed at CQT the SLM can be used to create any arbitrary
intensity pattern. The SLM can therefore be used in the Ultra Cold Plasma (UCP) setup
to give the 780 nm excitation laser beam any desired profile as illustrated by Fig. 3.17.
However, there are two types of intensity patterns that are of particular interest.

For the current application of the UCP setup a gaussian profile is needed. As shown
in Fig. 1.5, this gaussian profile of the 780 nm laser beam excites the atoms in a certain
volume in the ultra cold Rubidium gas. After the excitation, the 480 nm laser ionizes
the excited atoms. Both, the resulting electron beam and focused ion beam (FIB) can
have multiple applications such as ultrafast electron diffraction (UED) and ion-microscopy
[3, 4]. For these applications, the gaussian profile should preferably have an adjustable
FWHM as given by Eq. 3.8 and 3.9.

In order to investigate the blockade effect and the resulting suppression of excitation
of Rydberg atoms, the intensity profile of the excitation laser beam must be an array of
spots. In the ultracold Rubidium gas only atoms within the volume of these spots will be
excited. The 480 nm laser will be used to excite these atoms to the chosen Rydberg state
and only the atoms which are subjected to both lasers are capable of making the transi-
tion to the Rydberg state. By changing the distance between the spots the suppression of
excitation by the 480 nm can be investigated.

In this chapter the quality of the two aforementioned intensity patterns is analyzed.
The quality of the array of spots depends on parameters like the FWHM of the incident
laser beam, the number of spots and the desired distance between the spots. For the
gaussian profiles measurements are analyzed where the desired FWHM is compared with
the measured FWHM.
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Laser λ/2 plate PBSC f1

Neutral density 

filterf2 SLM

PBSC

f3

CCD camera

Figure 4.1: Setup used to measure the intensity profiles. The λ/2 wave
plate and PBSC polarize the light along the long axis of the SLM. The
lenses f1 and f2 expand the beam and the Fourier lens f3 creates the
diffraction pattern which is measured with a CCD camera.

4.1 Measurement setup and the software panels

All measurements are performed with the setup shown in Fig. 4.1 employing a λ = 780 nm
laser. The λ/2 wave plate and PBSC after the laser polarize the laser light along the long
axis of the SLM. The lenses f1 and f2 act as a telescope which expands the beam with
a factor f2/f1. Assuming that the laser beam is parallel before expansion, the distance
between the two lenses should be f1 + f2 to obtain a parallel beam after expansion. The
FWHM of the laser beam before expansion is 0.85 mm and the first lens is chosen to have
a fixed focal length of f1 = 50 mm. Therefore the focal length f2 determines the FWHM
after expansion.

The neutral density filter decreases the intensity of the beam and can have any desired
value. After reflection on the SLM the light propagates through a PBSC and the lens f3
creates the diffraction pattern which is the Fourier transform of the light field directly after
reflection on the SLM. The intensity in the focal plane of the lens is measured with a Point
Grey Flea2 CCD camera. The camera has 1024 × 768 pixels, a pixel size of 4.65 × 4.65
µm×µm and an 8 bit video data output.

In order to calculate the phase patterns a software program has been developed at
CQT which is written in LabWindows/CVI. The main window of the program is the
control panel which contains different tabs. The first tab is shown in Fig. 4.2 and contains
the general settings where the user can chose basic parameters like translation of the
pattern, an extra lens phase, the used wavelength, the focal distance of the last lens and
the diameter of the incident laser beam on the SLM.

The other tabs can be used to calculate phase patterns for different applications. For
example ’Spot array’ creates an array of spots and ’Beam shaping’ can be used to create
standard shapes (like a Gaussian or a square) and arbitrary intensity patterns. There
are a few more tabs that allow the user to use feedback, determine phase errors and save
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data. The calculated phase pattern should be applied to the SLM driver unit. Besides,
the program can be used to simulate the corresponding intensity profile. The program
also provides a camera panel where a live stream of the CCD camera can be observed and
a screen shot of the measured intensity profile can be made.

Figure 4.2: The first tab of the control panel where general parameters can
be set. On the left part parameters can be set that superimposes a phase
on the SLM which will affect the intensity pattern. On the top right part
the parameters of the used setup should be applied.

4.2 Array of spots

To calculate a phase pattern that results in an array of spots, the Iterative Fourier Trans-
form Algorithm (IFTA) method as discussed in section 3.4 is used. Input parameters are
the number of spots, and the distance between the spots. Both of these parameters can
be adjusted separately in the x- and y-direction.

The algorithm calculates the phase pattern that results in an array of spots with a
discrete Fourier transform (DFT) as discussed in sec. 2.5. Therefore the spots are only
allowed to be positioned on a fixed grid of rectangles (unit cells). The size of these
rectangles are equal to the unit cells (∆x×∆y) defined by the DFT in section 2.5 and are
given by Eq. 2.28. In this section the influence of four parameters on the quality of the
spots are investigated:

• FWHM of the laser beam incident on the SLM.

• Focal length of the Fourier lens.

• The number of spots.

• The distance between the spots.
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The quality of the spots is analyzed by fitting the spots with a 2D-Gaussian function
G(x,y)

G(x, y) = Ae
(x−x0)

2+(y−y0)
2

2σ2 , (4.1)

where A is the maximum intensity, x0 and y0 the offset and σ the standard devia-
tion. Notice that with the above function the standard deviation σ is the same in the
x- and y-direction. The relation with the Full Width at Half Maximum1, is given by
W = 2

√
2ln(2)σ. The fitting procedure is based on the method of least square where A,

x0, y0 and σ are the fit parameters. By comparison of the measured data with the fitted
data the residual R can be determined which is a measure for how well the shape of the
spots matches the Gaussian profile of Eq. 4.1.

With the fitted data the quality of the spots is analyzed in terms of (1) the spot size
which is directly related to W , (2) the shape which can be quantified with the residual R,
and (3) the power I of the spot which is proportional to A ·W 2. The power I is normalized
with the mean value of the power of all spots n, such that the normalized power Inorm of
a spot is given by

Inorm =
A ·W 2

(A ·W 2)
,

where A ·W 2 is the mean power of all n spots within an array.

In addition to the spot size, power and shape, the homogeneity of these aspects is
important. The standard deviation S(x) is a measure for the homogeneity of a set of data
x and is given by

S(x) =

√√√√ 1

n− 1

n∑
i=1

(xi − x)2,

where x1.x2, ...xn is the set of data of any of the fitted parameters such as A, W , Inorm,
etc., and where n is the number of spots and x the mean value of all the data x.

When the distance between the spots decreases and becomes on the order of the diffrac-
tion limit, also the ability to distinguish the spots becomes an important aspect. In the
last part of this section the effect of vignetting and aberration are analyzed.

FWHM of the incident beam and the Fourier lens
To analyze the influence of the FWHM of the incident laser beam and the focal length
of the Fourier lens, 25 spots are generated. The intensities of the spots are measured for
three different focal lengths of the beam expander f2 = 100, 300 and 750 mm, and for
two different focal lengths of the Fourier lens f3 = 65 and 1000 mm. The FWHM after
expansion is given by FWHM = 0.85f2

f1 and the resulting FWHM for different f2 is shown

1Note that for the Full Width at Half Maximum of the laser beam the abbreviation FWHM is used. In
this chapter, the Full Width at Half Maximum of the spots is denoted as W
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in Table 4.1.

The distance between the spots is set in units of the unit cell in the focal plane of lens
f3 which is given by Eq 2.28

∆x×∆y =
λf3

Lx
× λf3

Ly
= (90.3× 50.8) · f3 [µm× µm], (4.2)

where Lx × Ly = 8.64× 15.36 mm is the size of the SLM display and f3 the focal length
of the Fourier lens which can be 65 or 1000 mm.

This results in ∆x × ∆y = 90.3µm × 50.8µm for f3 = 1000 mm, and ∆x × ∆y =
5.87µm× 3.30µm for f3 = 65 mm.

For the measurements performed here the distances between the spots are 6 unit cells
in the x- and 12 unit cells in the y-direction. For f3 = 65 mm this results in a spot
distance (x × y)of 35µm × 40µm and for f3 = 1000 mm about 542µm × 610µm. These
distances are large enough, such that the spots are clearly distinguishable.

f2=100 mm f2=300 mm f2=750 mm

f3
=

6
5

 m
m

f3
=

1
0

0
0

 m
m

Figure 4.3: Measured intensities of 25 spots for different values of f2 and
f3. Note that the scales of the measurements shown differ. For f3 = 65 mm
the distance between the spots is about 14 times larger as for f3 = 1000
mm. For f2 = 100 and f3 = 1000 the mean W of the spots is 228 µm,
whereas for f2 = 750 mm and f3 = 65 mm the mean W is 6 µm.
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In Fig. 4.3 the measured intensity patterns are shown. Clearly the size of the spots
and their mutual distance are much smaller for f3 = 65 mm than for f3 = 1000 mm.
Therefore the scale in the figure is much smaller for f3 = 65 mm than for f3 = 1000 mm.
Besides, the size of the spots decreases for increasing f2.

To quantify the spot size and power, all spots are fitted with the Gaussian function of
Eq. 4.1 and using the fitted data the mean value of W (W ), and the standard deviation
of W (S(W )) and Inorm (S(Inorm)) are determined. In Table. 4.1 these values are shown
for different values of f2 and f3.

Table 4.1: Influence of the beam expander f2 and the Fourier lens f3 on
the different aspects of the spots. In the first three columns the values for
f3, f2 and the FWHM of the incident laser beam on the SLM are shown.
The last three columns show the mean spot size W of the 25 spots, and
the standard deviation of the spot size S(W ) and the normalized power
S(Inorm).

f3 [mm] f2 [mm]
FWHM [mm]

W [µm] S(W ) [µm] S(Inorm)
(laser beam)

65
100 1.7 15.8 0.26 0.04
300 5.1 6.40 0.13 0.03
750 13 6.02 0.72 0.04

1000
100 1.7 228 4.2 0.03
300 5.1 89.5 1.0 0.02
750 13 75.3 1.9 0.02

The spot size decreases for a decreasing focal length f3, which is in accordance with
the expression for the unit cell given above. However, note that the unit cell is derived
for a plane wave (FWHM= ∞) incident on a rectangular aperture. For such a situation,
the size of the display of the SLM is the parameter that limits the minimum spot size.
However, when the incident wave has a Gaussian profile, the finite FWHM of the incident
beam also affects the minimum spot size. For this situation, the minimum spot size is
not dictated by the size of the display of the SLM, but is also limited by the size of the
incident beam. This becomes important when the width of the incident laser beam be-
comes significantly smaller than the size of the display of the SLM. For such situations the
minimum spot size is determined with the typical ’aperture’ size of the incident laser beam.

In table 4.1, for f2 = 100 mm the spot size W does not achieve the size calculated
with the size of the display of the SLM. The spot size is dictated by the typical size of the
incident beam which can be estimated to be twice the FWHM. For f2 = 100 this results
in a typical size of the beam of 3.2 mm and calculation of the unit cell results in 15.8 and
244 µm for f3 = 65 and 1000 mm, respectively. These values match the determined W
shown in the table.

For f2 = 300 an 750 mm the width of the total beam exceeds the size of the display
of the SLM and therefore the size of the SLM becomes more important and the W of the
spots come closer to the size of the unit cells calculated with the size of the display.
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The limitation by the size of the display of the SLM is clearly observed for the situation
where f2 = 750 mm and f3 = 1000 mm. Here it can be seen that the spots become
anisotropic, i.e. they are not circular, but have a more rectangular shape (see the bottom
right of Fig. 4.3). This is because the diffraction limit in the x- and y-direction differ
by a factor of about 1.8. Generating spots where the size of the display of the SLM is
the limiting factor (and not the FWHM of the incident beam) will result in rectangularly
shaped spots.

Note that the size of the rectangular unit size differ in x- and y-direction. However,
these rectangularly shaped spots are fitted with a Gaussian profile with a single defined
W . Therefore, W is determined to be in between the dimensions of the unit cell, i.e.
50.8 < 75.3 < 90.3 µm (for f3 = 1000 mm). It is expected that the spots generated with
the f3 = 65 mm lens are also rectangularly shaped, however, due the finite pixel size of
the camera this cannot be observed.

Figure 4.4: The fitted maximum intensity A and spot size W of the 25
spots for f2 = 750 mm and f3 = 65 mm. The values are normalized to the
spot with the highest fit parameter (spot nr. 9 for A and spot nr. 23 for
W ). For larger values of the maximum intensity, the W is smaller and vice
versa which suggests a discretization error.

The standard deviation of the normalized power Inorm and the spot size W is for all
settings smaller than, respectively, 4% and 2.5%. Therefore the spots are considered to
be quite homogeneous in size and power.

There is one exception for the values mentioned above. For f2 = 750 mm andf3 = 65
mm the standard deviation of W is 12%. For this situation the spot size becomes of
the order of the pixel size of the CCD camera. When the center of the spot matches
the center of a pixel, the power of the spot is measured by one single pixel. However,
when the center of the spot is positioned on the crossing of pixels, the power is divided
over multiple pixels. In the latter case this will result in a decrease of the fitted maxi-
mum intensity A, but an increase of W . This is illustrated in Fig. 4.4 where the fitted
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W and maximum intensity A for all 25 spots are shown. Clearly, for smaller FWHM
the maximum intensity A is larger, and vice versa. Therefore the power is more or less
the same for all spots and the 12% mentioned above is thought to be a discretization error.

Number of spots
To analyze the influence of the number of spots, a configuration is chosen with f2 = 100
mm and f3 = 65 mm. The distance between the spots is 35 µm in the x- and 40 in the
y-direction, and a measurement is performed for 25, 100, 900, 2500, 3600 and 10000 spots.
In Fig. 4.5 the resulting intensities are shown for 100, 2500 and 10000 spots. Only 100
spots are shown for equal comparison.

100 spots 2500 spots 10000 spots

Figure 4.5: Measured intensities for f2 = 100, f3 = 65 mm and different
number of spots. Only 100 spots are shown and it can be clearly seen that
the homogeneity is affected by generating more spots.

In order to analyze the spots an array of 10 × 10 spots is chosen to fit with Eq. 4.1.
As will be discussed at the end of this section, spots far away from the optical axis suffer
vignetting and aberrations. Therefore the 10× 10 array for analysis is chosen as close to
the optical axis as possible.

Table 4.2: Influence of the number of spots on the mean spot size W , and
the standard deviation of W and Inorm for f2 = 100 mm and f3 = 65 mm.

Number of spots W [µm] S(W ) [µm] S(Inorm)

25 15.8 0.26 0.04
100 15.6 0.29 0.05
900 15.7 0.30 0.06
2500 16.1 0.57 0.11
3600 16.2 0.7 0.34
10000 17.9 4.9 1.47
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Using the fitted data the standard deviation of the spot size W and normalized power
Inorm are determined. The results are shown in Table 4.2 and in Fig. 4.6, where the
standard deviation of W and Inorm are respectively shown on the left and right vertical
axis. The mean W of all spots does not change significantly for the different number of
spots, except for 10000 spots it is slightly larger. For 25, 100 and 900 spots the size and
normalized power are almost homogeneous. For more than 2500 spots the homogeneity
decreases significantly for increasing number of spots. This is due to the finite number
of pixels on the display of the SLM which are available to modulate the phase. In the
phase pattern calculated with the IFTA, all pixels of the display of the SLM contribute
approximately equally to the intensity at a given point in the focal plane. If, for example,
the SLM generates one single spot, all pixels can be employed to generate this relatively
simple intensity pattern of a single pixel. However, if the SLM generates 10000 spots, the
phase of one pixel of the SLM influences al 10000 spots. It is therefore harder to satisfy
the applied constraint and to obtain a phase pattern resulting in the desired intensity.

Figure 4.6: The standard deviation of W and Inorm plotted versus the
number of spots. Both standard deviations increase when more spots are
generated.

Distances between the spots
The influence of the distance between the spots is analyzed in two parts. First the homo-
geneity of the spot size W and normalized power Inorm are analyzed, and the shape of the
spots is compared to the fitted Gaussian function. Thereafter the influence of a decreasing
distance between the spots on the ability to distinguish individual spots is analyzed.

The homogeneity and shape is analyzed for 25 spots, f2 = 750 and f3 = 1000 mm.
In Fig. 4.7 the measured intensity patterns for different distances between the spots are
shown.

As mentioned before, the phase patterns, the array of spots can only be positioned on
a fixed grid of rectangles. For f3 = 1000 mm the sizes of the rectangles are ∆x ×∆y =
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(90, 51) μm (180, 153) μm(180, 102) μm (270, 255) μm

Figure 4.7: Measured intensities of 25 spots, f2 = 750 mm and f3 = 1000
mm. The distance between the spots is given in (x,y) µm. Decreasing the
distance between the spots results in an increasing inhomogeneity of the
power of the spots. Besides, the shape of the spots is affected.

90.3µm ×50.8µm. So in the x-direction only distances (in µm) of approximately 90, 180,
270,..., etc., and in the y-direction of 51, 102, 153,..., etc. can be made.

Besides the homogeneity of the power of the spots, also the shape of the spots is
affected. This might be caused by the intensity between the spots, which is shown by
the magnification of the red square in Fig. 4.7. When the distance between the spots
decreases the intensity between the spots start to merge with the spots, causing them
to change in intensity and shape. Since the intensity between the spots is quite random
as shown in the figure, the influence of the interference is quite random as well resulting
in the inhomogeneity of the power of the spots and the difference in shape. In order to
determine the deviation from a perfect Gaussian shape, the mean normalized residual is
determined. The mean normalized residual Rnorm is defined as

Rnorm =

√√√√ 1

255n

n∑
i=1

(xi,data − xi,fit)2,

where n is the number of pixels that are used in the 2D fit, xdata is the measured intensity
by the camera, xfit the value of the fitted function and 255 the maximum intensity of the
pixel.

The spots are fitted with the 2D-Gaussian function given by Eq. 4.1 and the fitted
parameters are shown in Table 4.3. When the distance between the spots is adjusted
to 0 unit cells i.e., the spots are generated in unit cells next to each other, the spots are
hardly distinguishable and this measurement is left out of the analysis. For the other mea-
surements, the spot size remains the same for varying distance between the spots, only
for the (180, 102) µm spacing there is a small deviation. The increase in the standard
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deviations S(W ) and S(Inorm) indicates a decrease of the homogeneity in size and power,
respectively. The increase of the mean normalized residual Rnorm confirms that the shape
of the spots starts to deviate from a Gaussian profile for decreasing distance between the
spots.

Table 4.3: Influence of the distance between the spots on W and the stan-
dard deviation of the spot size W and normalized power Inorm for f2 = 750
mm and f3 = 1000 mm. In the last column the mean normalized residual
Rnorm is shown, which is a measure for the deviation of the shape of the
spots in comparison with a Gaussian profile.

Distance between spots [µm, µm] W [µm] S(W) [µm] S(Inorm) Rnorm

(90, 51) 84 8.5 0.26 0.088
(90, 102) 76 4.5 0.17 0.064
(204, 180) 75 3.0 0.027 0.046
(271, 254) 76 2.1 0.050 0.028
(361, 352) 76 1.8 0.030 0.028
(451, 453) 75 1.9 0.022 0.030
(542, 553) 76 1.3 0.024 0.017

In Fig. 4.7 it can be seen that the distance between the spots also affects the ability
to distinguish the spots which will be discussed now.

As discussed in section 3.2, the spots generated with the SLM have an intensity distri-

bution described by (in 1D) a sinc2
(
Lξx
λf

)
function, and therefore the spots have a finite

size which equals the unit cell ∆x as given by Eq. 4.2. In order to see how these sinc
functions start to interfere, the intensity distribution in the x-direction of two spots (red en
blue dashed line) is shown in Fig. 4.8. The total intensity can be determined by summing
the intensity of the individual spots [34, p. 327], and is shown by the solid black line. In
Fig. 4.8(a), (b) and (c) the situation is shown for a distance between the spots of 2∆x,
1.5∆x and ∆x, respectively. The intensity between the spots is around 0, 0.2 and 0.8,
respectively.

In order to quantify the ability to distinguish the two spots the resolving power is
defined here to be the difference between the intensity of the spot with the highest in-
tensity and the intensity between the spots, normalized to the intensity of the spot with
the highest intensity2. With this definition, zero intensity between the spots results in a
resolving power of 100% which corresponds to the situation in Fig. 4.8(a). The resolving
power in Fig. 4.8(b) and (c) are, respectively, 80% and 20%. Clearly a non-linear relation
exists between the resolving power and the distance between the spots, between 2∆x and
1.5∆x the resolving power only varies 20%, whereas between 1.5∆x and ∆x the resolving
power varies 60%.

The influence of the distance between the spots on the resolving power is analyzed for

2Note that with this definition the resolving power can become negative if the intensity between the
spots exceeds the intensity of the individual spots.
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Figure 4.8: Intensity distribution for two spots. The dashed red and blue
line are the separate intensity of the spots, the black line is the total intensity
which is determined by summing the individual intensities. The distance
between the spots is (a) 2∆x. (b) 1.5∆x, and ∆x. Clearly the resolving
power decreases when the distance between the spots decreases.

25 spots, f2 = 750 mm and f3 = 65 mm. The measured intensity patterns are shown
in Fig. 4.9. With the finite pixel size of the camera it is not possible to analyze smaller
distances between the spots, since then the spots are not distinguishable.

(12, 10) μm (23, 23) μm (29, 30) μm(18, 17) μm

Figure 4.9: Measured intensities of 25 spots for f2 = 750 mm and f3 = 65
mm. The distance between the spots is given in (x,y) µm. Decreasing
the distance between the spots clearly affects the ability to distinguish the
individual spots.

Since the vertical and horizontal distances between the spots are not the same, the
resolving power is determined for both directions. In Fig. 4.10 the average resolving power
of the 25 spots is shown as a function of the distance between the spots. For a distance
of 10 µm the resolving power is about 70% in the y-direction. With the discussion above
it is expected that the resolving power is still 80% for a distance between the spots of
1.5∆y = 5µm. The deviation from this ideal situation can be understood by the result
of the measurements where the influence of the FWHM of the incident beam is analyzed,
where it is shown that the system does achieve the diffraction limit. It therefore not ex-
pected to achieve the theoretically predicted resolving power. Besides, the measurements
for a distance between the spots of (12, 10) µm as shown on the left in Fig. 4.9 seem to
be affected by the earlier discussed discretization error. A spot centered on the crossing
of multiple pixels can create a significant increase in the measured spot size W as shown
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in Fig. 4.4. Since in the measurement performed here the distance between the spots
becomes in the order of the spot size W , this quantization error might also effect the de-
termined resolving power significantly. This argument is confirmed by noticing that some
spots in Fig. 4.9 for (12, 10) µm seem to be resolvable. For instance the 5 spots in the
column on the right are very distinguishable from the column next to it. Therefore the
resolving power is expected to be even better than found by the analysis here.

The measurements shown in Fig. 4.10 clearly exhibit the non-linear relation between
the resolving power and the distance between the spots. When the intensity of the spots
start to overlap, decreasing the distance between the spots first has a minor effect on the
resolving power (the 2∆x−1.5∆x range), and by decreasing the distance even further the
slope of the graph starts to increase (the 1.5∆x−∆x range).

Figure 4.10: The average resolving power of all 25 spots versus the distance
between the spots for the vertical and horizontal direction. For a distance
of about 10 µm the resolving power is on average still 70%.

Aberrations and vignetting
In Fig. 4.11 the measured intensities are shown for 900 spots, f3 = 65 mm and f2 =
100, 300 and 750 mm. The distance between the spots for f2 = 100 mm is set to 41 µm
in the x- and 43 µm in the y-direction. For f2 = 300 and 750 mm it is 29 and 30 µm,
respectively. Besides the aspects discussed above, there are three effects that additionally
influence the quality of the spots in these measurements:

• Decrease of the intensity for spots with a larger distance from the optical axis. This
intensity fall-off is called vignetting and is due to the finite aperture size of the
Fourier lens f3 [27, p. 105].

• Deviation from a perfect array of spots, i.e. the 900 spots do not construct a perfect
grid of regularly spaced spots. Especially for f2 = 100 mm it can be seen that for
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spots with a larger distance from the optical axis (which is in the lower left corner
of Fig 4.11) the distance between the spots decreases.

• Decreasing resolving power for spots with a larger radial distance from the optical
axis. The far off-axis spots become harder to distinguish.

The last two of these effects are due to aberrations of the lens and become more im-
portant for regions with a larger distance from the optical axis as will be shortly discussed
in section 5.2.

f2=100 mm f2=300 mm f2=750 mm

Figure 4.11: Measured intensities for f3 = 65 mm and different values of
f2. The optical axis is at the lower left corner of the figures and it can
be seen that the effect of vignetting and aberrations is most profound for
points far from the optical axis, i.e. in the upper right corner. Not that the
distance between the spots for f2 = 100 mm is (41, 43) µm, whereas for
f2 = 300 and 750 mm the distance is (29, 30) µm.

The effect of vignetting can be illustrated by plotting the fitted maximum intensity
A of the spots versus the radial distance from the optical axis. For f2 = 100 mm this is
shown in Fig. 4.12(a). The intensities are normalized to the highest maximum intensity
Amax. As can be seen in the figure, the maximum intensity A is constant up to a radial
distance of approximately 0.4 mm, for larger distances A decreases more than 10%. The
effect of vignetting is a well-known phenomenon in lens optics which limits the ability to
create infinitely large images without suffering intensity fall-off to the edges. This effect
limits the size of the signal window, which is the area in the focal plane of the lens where
an intensity pattern can be created. In Fig. 4.12(b) the vignetting is shown, where a lens
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is used to create a homogenous intensity distribution. The intensity fall-off can clearly
been seen. The amount of effect is known to be dependent on the distance between the
wave field emerging from the SLM and the lens, which is 40 cm in the used setup. For an
increasing distance the intensity fall-off increases [27, p. 105].

(a) (b)

Figure 4.12: The effect of vignetting. (a) The fitted maximum intensity A
are normalized to the spot with the highest maximum intensity. The nor-
malized maximum intensity decreases for increasing radial distance to the
optical axis, and (b) Vignetting, due to the finite size of the lens aperture,
there is an intensity fall-off to the edges.

For a perfectly regular array of spots, the distances between the spots would be con-
stant. Therefore, the deviation from a perfect regular grid is shown by determining the
distance between the spots and plotting these distances versus the radial distance r. Here
the spot closest to the optical axis is chosen as r = 0. In Fig. 4.13(a) this is shown
separately for the horizontal and vertical distances for f2 = 100 mm. As can be seen
in the figure, the horizontal distance is slightly smaller than the vertical distance, which
corresponds to the set distance between the spots which is 41 µm and 43 µm, respectively.
However, both distances show a slight decrease for increasing radial distance. The decrease
of the distance between the spots results in an array of spots which is not perfectly regular,
but is curved (see Fig. 4.11). This curvature of the intensity pattern is possibly caused by
aberrations introduced by the lens. The curvature effect seen here looks very similar to an
aberration called distortion, which can be described as the a non-uniform magnification of
the lens. Due to this non-uniform magnifications, off-axis points are generated too close
to the optical axis, in comparison with the ideal situation (no aberrations). Typically the
effect of distortion is illustrated as shown in Fig. 4.13(b), where a squared grid is imaged
by a lens suffering distortion. The effect shown in the figure indeed looks very similar to
what is seen in Fig. 4.11 for f2 = 100 mm.
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(a) (b)

Figure 4.13: An effect similar to distortion. (a) The distances between
the spots as a function of the radial distance to the optical axis. The
distance between the spots in both directions (horizontal and vertical) seem
to decrease for larger radial distance to the optical axis, and (b) A squared
grid is imaged which a lens that suffers distortion.

Finally, the decreasing resolving power is analyzed by determining the resolving power
of the spots. This is done for f2 = 300 mm and 750 mm. Again the resolving power in
the horizontal en vertical direction are analyzed separately, but now the intensity between
the spots is normalized to the intensity of the spot adjacent to it. The resulting data is
shown in Fig. 4.14.

(a) (b)

Figure 4.14: The resolving power plotted versus the radial distance to the
optical axis for (a) f2 = 300 mm, and (b) f2 = 750 mm.
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Both graphs show a similar relation and there seems to be no difference between the
horizontal and vertical intensities. For f2 = 300 mm the resolving power is 90% for a ra-
dial distance of 0.55 mm. For larger radial distances the resolving power starts to decrease
significantly. For f2 = 750 mm the resolving power is still 90% for a radial distance of
0.75 mm.

The decreasing resolving power is caused by the blurring of the spots for larger radial
distance from the optical axis in combination with decreasing intensity of the spots due to
vignetting. Blurring of spots can be caused by spherical aberration introduced by the lens
and will shortly be discussed in section 5.2. As is shown in Fig. 4.11 for f2 = 300, the
intensity of the spots start to overlap due to the blurring. Therefore the intensity between
the spots increases which results in a decreasing resolving power. As determined earlier
in this section, for f2 = 750 mm the size of the spots W are smaller and the overlap due
to blurring of the spots is less than for f2 = 300 mm. Therefore the resolving power for
f2 = 750 mm is better for larger radial distances from the optical axis.

Summary
In this section the influence of the beam expander, the focal length of the Fourier lens,
the number of spots, the distance between the spots and the effect of vignetting and aber-
rations are analyzed. All these aspects effect the quality of the spots. In Table 4.4 an
overview of the analyzed parameters and the effect on the quality is shown.

Table 4.4: Analyzed parameters and effect on the quality of the spots. A ×
denotes that the quality is affected significantly, whereas a ◦ indicates that
the influence is small. No sign indicates that the influence is not analyzed.

Parameter Spot size Homogeneity Resolving Signal
size power shape distance power window

Beam diameter × ◦ ◦
Fourier lens × ◦ ◦
Number of spots ◦ × ×
Spot spacing ◦ × × × ×
Vignetting ×
Aberrations × ×

4.3 Gaussian profiles

In this section Gaussian intensity profiles generated by the SLM are analyzed. The profiles
are measured with the setup as shown in Fig. 4.1 with f2 = 100 mm resulting in a FWHM
of 1.7 mm for the incident beam, and f3 = 65 mm. The phase patterns are calculated
with the phase gradient method for beam shaping as discussed in section 3.4. This method
needs accurate parameters of the incident beam on the SLM such as the center position
of the laser beam and the width of the gaussian intensity profile. After discussion of these
two parameters, the results of the measurements are presented and analyzed.
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When the gaussian profile of the incident laser beam is not aligned in the center of the
SLM display, the resulting intensity pattern is affected. This is a direct result of the phase
gradient method. With the provided incident intensity by the user, the software deter-
mines a phase profile which differentially redistributes the incident light. If the incident
intensity in a particular region deviates from the provided value, this directly results in a
deviation in the corresponding region in the focal plane of the lens. For instance, if the
incident laser beam is misaligned in the x-direction, the intensity in the focal plane of the
lens is affected in the x-direction. It is hard to align the laser beam exactly in the middle
of the SLM, but the software can take a misalignment into account when provided with
the correct distances of the misalignment. It is hard to measure this misalignment, but it
can be determined by calculating the phase pattern which should result in a homogenous
square as shown in Fig. 3.17. When the resulting intensity profile clearly exhibits too
much intensity on one side, the offset of the incident laser beam can be adjusted until the
intensity distribution is homogenous. This method is used to determine the misalignment
in setup and for the measurements analyzed in this section, the offset in x- and y-direction
is 0.11 and 0.34 mm, respectively.

The width of the incident Gaussian beam profile will be denoted in this section in
terms of the standard deviation as given in Eq. 3.8. When the software is provided with
the wrong standard deviation the intensity profile is affected. Again this can be seen by
taking a look at a square intensity profile. The contour of the intensity pattern is a well-
defined square, even when the software is provided with the wrong standard deviation of
the incident beam. However, when it is provided with a smaller standard deviation than
the incident laser beam, there is an intensity fall off from the center of the square towards
the edges. This can be understood by the differential redistribution of the light, which
means that light redistributed to a certain region of the square emanates from a corre-
sponding region of the gaussian profile. If the incident laser beam has a smaller standard
deviation than the software program has anticipated, less intensity is sent to the edges of
the square. Again, the standard deviation provided to the software for the measurements
analyzed in this section, is determined by looking at the profile of a homogeneous square.
The standard deviation in the x- and y-direction is adjusted until the intensity within the
square is as homogeneous as possible and is found to be 820 µm and 800 µm, respectively3.

In this section Gaussian intensity profiles are analyzed with different desired standard
deviations σs. The measured standard deviation σm is determined in both the x- and
y-direction, by fitting with a 1D Gaussian function as given in Eq. 3.84 in both directions.

The results of the desired and measured standard deviations are shown in table 4.5
and Fig. 4.15.

3From section 4.2 it is known that the FWHM of the incident laser beam for f1 = 50 mm and f2 = 100
mm is 1.7 mm. Therefore the standard deviation is 0.72 mm. However, the homogeneity of the square is
significantly better for σx = 820 µm and σy = 800 µm. Therefore these values are used.

4Notice that the standard deviation set by the user in the software program is the standard deviation

of the light field Uf = exp(−x
2

2σ2
s

). The measured intensity profile If = exp(−x
2

2σ2
m

) is the squared magnitude

of this field. Therefore σs =
√

(2)σm and the standard deviation of the fit should be multiplied by
√

2 for
comparison with the desired standard deviation.
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4.3 Gaussian profiles

Table 4.5: The desired and measured standard deviation. The measured
standard deviation is split in the x- and y-direction and differ slightly.

Desired standard deviation σs [µm] Fitted standard deviation σm [µm] Ratio
σm,x σm,y σm,x/σm,y

0.2 11.8 11.8 1
1 11.8 12.5 0.94
5 13.2 14.5 0.91
10 16.4 17.8 0.92
25 28.3 30.9 0.92
50 48.7 50.0 0.97
100 94.7 101 0.94
200 192 203 0.95
300 293 306 0.96

Figure 4.15: Measured standard deviation σm of the Gaussian intensity
profiles versus the desired standard deviation σs. Although the relation
seems to be linear, for σs < 50 µm the σs and σm do not match precisely.
Besides there is a minimum σm of approximately 12 µm.

As can be seen, the measured standard deviation σm in the x-direction is smaller
than in the y-direction with a maximum difference of 9% (σs = 5 µm). The ratio is not
constant for all σs. Since the resulting intensity in the focal plane of the lens is sensitive
to the intensity distribution of the incident beam, this might be caused by wrong provided
parameters to the software. Secondly, there is a minimum width for the Gaussian profile
of about σm = 12 µm, which can be achieved by setting a standard deviation σs < 1
µm. This corresponds to a FWHM of the Gaussian profile of 28 µm. Calculation of the
diffraction limit of the system with a typical aperture size of 3.2 mm (twice the FWHM of
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Chapter 4 Analysis of Arrays of Spots and Gaussian Profiles

the incident beam) results in 15.8 µm, the minimum width measured here is almost twice
as large. As shown in section 4.2 spots can be generated with a comparable size employing
the IFTA. This suggests that the phase gradient method as implemented in the software
is less applicable for generating intensity features close to the diffraction limit. Remember
that the phase gradient method does not try to make features as small as possible, it
redistributes the light in order to generate a desired intensity pattern.

When the σs increases (σs > 1 µm), σm also increases, but they do not match pre-
cisely. For σs > 50 µm the set and measured standard deviations are equal within 95%.
With these measured data the needed σs can be found by interpolation for any required σm.

Finally, in Fig. 4.16 three graphs are shown where the measured intensity data in
the x-direction is plotted with the corresponding fitted Gaussian function. For a small
σm = 16.4 µm the measured and fitted data seem to match, as well as for σm = 94.7
µm. However, for σm = 48.7 µm the measured profile is more sharply peaked. For low
intensities, it still seems gaussian, but for larger intensities it obtains the shape of a trian-
gle function. This behavior might be due to the effect of amplitude modulation and can
possibly be reduced by using feedback as discussed in section 3.4.

(a) (b)

(c)

Figure 4.16: Measured and fitted data for (a) σm = 16.4 µm, (b) σm = 48.7
µm, and (c) σm = 94.7 µm. The measured data in (b) seems to be less
Gaussian than in (a) and (c).
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Chapter 5

Design of an Optical System for
the Ultracold Plasma Setup

In the previous chapter intensity patterns of regularly spaced spots and Gaussian profiles
generated by employing the SLM are measured in the focal plane of lens and analyzed.
However, as will be discussed in this chapter, it is not that easy to create these patterns in
the magneto-optical trap (MOT) where the ultracold rubidium atoms are. In this chapter
an optical system is presented which is customized to fit in the current ultracold plasma
(UCP) setup and will be able to generate the desired intensity patterns at the position of
the ultracold atomic cloud.

First, the current UCP setup is discussed. The UCP setup is designed to create focused
ion beams and high coherence electron beams. To do so a neutral cloud of rubidium atoms
is cooled and trapped before it is ionized. This photo-ionization is done in a two step
process which is shown in Fig. 5.1(a). First the ground state atoms are excited with a
780 nm laser to an intermediate energy level. Hereafter, a 480 nm laser ionizes the atoms.
The SLM will be used to modulate the 780 nm excitation laser beam.

After the current setup is discussed, the limitation of this setup is shown. The ultra-
cold atoms are optically addressable, but the configuration of the current setup limits the
new design. Hereafter the new design for the 780 nm excitation beamline is presented and
the most important aspects are mentioned. At the end of this chapter relevant practical
issues about the incorporation in the UCP setup are discussed.

5.1 Current UCP setup

The UCP setup realizes the cooling and trapping of rubidium atoms with a MOT. In a
MOT as shown in Fig 5.1(b), the techniques of laser cooling and trapping with a magnetic
field are combined. Here only a very short description is presented, for further reading
the reader is referred to [43, 4]. Note that the cooling and trapping mechanism is done
separately from the photo-ionization process. First the neutral atomic gas is cooled and
trapped employing a 780 nm trapping laser.
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5S1/2
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Rydberg 
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Figure 5.1: (a) Energy levels of a rubidium atom. The atom is excited from
the ground state to an intermediate, excited state with a 780 nm laser. A
480 nm laser excites the atoms to the ionized state. (b) Configuration of
a Magneto-Optical Trap (MOT). Three orthogonal pairs of lasers and two
circular current loops establish cooling and trapping of the neutral rubidium
atoms in the center.

Cooling in one dimension is done by two counter-propagating lasers. The 780 nm trap-
ping lasers are detuned, such that the 5S3/2 → 5P1/2 transition is almost resonant.
Exploiting the Doppler effect, atoms will become resonant with the laser which is
directed in the opposite direction of their velocity and will therefore experience a
net force opposite to their velocity. This results in a deceleration and the collective
behavior of the atom cloud is a narrowing of the velocity distribution, i.e. the tem-
perature decreases. To extend this in three dimensions, three orthogonal pairs of
counter propagating laser beams are needed.

Trapping in one dimension is established by a magnetic field gradient in combination
with a pair of opposite circularly polarized laser beams. Due to the Zeeman shift
and quantum-mechanical selection rules atoms moving in one direction will be closer
to resonance with the associated, counter propagating laser. Atoms moving in the
other direction will be resonant with the other laser. The atom cloud as a whole has
the tendency to diffuse since it exhibits a finite temperature, but due to this trapping
mechanism it experiences a continuous spatial restoring force. In three dimensions
this can be accomplished by using a quadrupole magnet and three pairs of lasers.

The combination of six orthogonal, detuned, counter propagating, circularly polar-
ized laser beams with the magnetic quadrupole realizes the atom cloud to be cooled and
trapped. Note that the three orthogonal pairs of lasers act as cooling and trapping lasers.

At CQT the MOT is located inside an accelerator which is placed inside a vacuum
chamber (see Fig 5.2). Once the atoms are cooled and trapped all lasers are turned off
and the atoms are photo-ionized in a two-step process as shown in Fig. 5.1(a). First the
atoms are excited with a 780nm excitation laser from the 5S3/2 ground state to the 5P1/2

state. A second 480nm laser ionizes the atoms. An accelerator accelerates the ions and
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5.1 Current UCP setup

electrons in opposite directions. Note that the trapping an excitation laser both use the
5S3/2 → 5P1/2 transition, except for different objectives.
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Figure 5.2: The current UCP setup. The accelerator is located inside a
vacuum chamber. The accelerator consists of a inner and outer conductor
with the rubidium atoms placed in between. Both the trapping and excita-
tion laser enter the vacuum chamber from the bottom and are deflected by
a mirror inside the accelerator. The 480 nm ionization laser is orthogonal
to the trapping and excitation laser.

One important aspect to mention here is the geometry of the cooling and trapping
lasers. Two pairs of the cooling and trapping lasers are diagonally aligned through the
accelerator. These two pairs of lasers are both in the y,z-plane of Fig 5.2. The third pair,
which is orthogonal to the two other pairs and is horizontally orientated, makes a 5◦ angle
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Chapter 5 Design of an Optical System for the Ultracold Plasma Setup

with the horizontal plane in order not to interfere with the created charged particles. This
laser is sent in through the bottom of the vacuum chamber and reflects on a mirror located
inside the accelerator. In order to create a 5◦ angle between the trapping laser and the
accelerated particles, the angle between this mirror and the horizontal plane is 47.5◦. A
second opposite horizontal laser is sent in from the other side, but this is not shown in the
figure.

Notice that the trapping and excitation laser coming in from the bottom of the vacuum
chamber propagate, after the beam splitter cube (BSC), along the same path. The BSC is
for ’mixing’ the excitation and trapping lasers and the λ/4 wave-plate circularly polarizes
the trapping laser. After the BSC and the λ/4 wave-plate, the beam is reflected by a
mirror. The MOT together with the accelerator and the associated equipment is called
the UCP setup. 1

5.2 A new design for the excitation beamline

Numerical aperture of the current setup
As shown in Fig 5.2 the excitation laser beam comes in from the bottom of the accelerator.
Here the opening of the accelerator OA limits the numerical aperture (NA) of the setup
as shown in Fig 5.3. The NA of a system is given by

NA = n sin

(
θ

2

)
, (5.1)

where θ is the angle between the converging rays and tan(θ/2) = d/l. Here d is diameter
of the opening of the accelerator and l the distance from the MOT to the opening OA.
The index of refraction n in air or vacuum equals unity.

With l = 98mm and d = 20mm the NA of the accelerator can be calculated to be
0.102. This fixed NA limits two important aspects of the system:

1 Diffraction limit (and hence the resolution of the intensity pattern).

2 Depth of focus.

1. Diffraction limit
In a system where light is converging to a spot the smallest possible feature is given by
the diffraction limit as discussed in section 3.2. Here the diffraction limit DL is defined in
terms of the NA [25, p. 400-405]

DL =
λ

NA
=

λ

sin(θ/2)
≈ 2

λl

d
, (5.2)

1Here we only give a short description, but in practice it is a rather complex setup. One of the things
omitted here is the re-pump laser which re-excites the Rb atoms that fall back in a different (hyperfine)
ground state. But also stabilization and locking of lasers should not be underestimated. All together the
UCP setup consist of an accelerator inside a vacuum chamber, surrounded by a quadrupole magnet and
laser (cooling/trapping, repump and excitation) coming from all directions.
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Figure 5.3: The numerical aperture of the accelerator is determined by the
angle θ and determines the diffraction limit and depth of focus of the setup.

where the last expression only holds for small angles θ. Note that the equation above is
the same as Eq. 3.4 except for l = f .

Substituting the numbers λ = 780 nm and NA = 0.102 results in a diffraction limit
of 7.6 µm. Notice that the resolution according to the Rayleigh criterium as discussed in
section 2.5 is twice as small, i.e. 3.6 µm. This is an absolute (theoretical) minimum spot
size that can be achieved at the position of the MOT. To obtain this spot size one has
to use the maximum angle θ = d/l and a laser beam focused on the MOT with a smaller
angle will result in a larger spot size.

2. Depth of focus
Besides the diffraction limit, the NA of the accelerator also determines the depth of focus
(DoF) of an image inside the MOT. The DoF is the amount by which the image plane
may be shifted in the longitudinal direction without introducing an unacceptable blur [44,
p. 186-188]. In Fig 5.4 the DoF with an acceptable blur size of s is indicated as twice the
distance ∆z.

The angle under which a beam can be focused on the plane is θ and tan(θ) ≈ θ = d/l
for small angles. An image is said to have no significant deterioration when s 6 DL [45,
p. 60], where DL is given by Eq 5.2. Setting s =DL and by simple geometry

∆z
d

l
=
λl

d
→ ∆z =

λl2

d2
,

Since ∆z can be either positive and negative the total depth of focus is given by
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Figure 5.4: Illustration of the depth of focus. The depth of focus is a
indication for the longitudinal distance for which the generated image can
be considered to be sharp.

DoF = 2λ
l2

d2
, (5.3)

Substituting λ = 780 nm, l = 98 mm and d = 20 mm results in a depth of focus of 37µm.

Concluding this part about the NA of the accelerator, the most import parameters of
the accelerator are given in Table 5.1.

Table 5.1: Parameters of the accelerator

Numerical Aperture 0.102
Diffraction limit DL 7.6 µm
Depth of Focus DoF 37 µm

The parameters shown in the table above can be considered to be properties of the
accelerator and there is no way to improve them. Since the accelerator is part of the
excitation beamline, the new optical setup designed to incorporate the SLM in the UCP
setup inherently exhibits these limiting parameters. In other words, increasing the NA of
other parts of the setup does not improve the diffraction limit, since it is limited by the
accelerator. In order to at least achieve this limiting value, all the optical components in
the setup should at least have a NA equal to the accelerator, but preferably a bit larger
to include some tolerance. The depth of focus can be increased by using a smaller angle
θ. However, decreasing θ results in a larger diffraction limit.

Besides the limitations of the NA of the accelerator, the vacuum chamber and the
current beamline for the trapping laser also limit the design for a new setup. Preferably,
no optical elements (like lenses) should be placed inside the vacuum chamber. Moreover,
the 780 nm trapping laser follows partly the same path as the excitation laser and the
trapping system should not be changed.
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5.2 A new design for the excitation beamline

Design
The new design of the optical system for the 780 nm excitation laser can be divided in two
parts, a part before the SLM where the laser beam is polarized along the correct axis and
expanded, and a part after reflection on the SLM which produces the desired intensity
pattern.

SLMLens f2 = 100mm Lens f2 = 750mmLens f1PBSCλ/2laser

f1 f2 d(f2, SLMd(laser, f1)

Figure 5.5: First part of the new excitation beamline. The λ/2-wave plate
determines the polarization direction and the polarizing beam splitter cube
ensures only light polarized along the long direction is incident on the SLM.
The lenses f1 and f2 expand the laser beam. The second lens f2 can either
have a focal length of 100 or 750 mm, resulting in a different FWHM of the
laser beam.

The part before the SLM is shown in Fig 5.5. This part consists of a λ/2-wave plate
combined with a polarizing beam splitter cube (PBSC) and two lenses. The λ/2-wave
plate sets the polarization of the laser beam and the PBSC is there to make sure that the
incident light on the SLM is polarized in the proper direction. The lenses, f1 and f2,
expand the laser beam to obtain the desired FWHM for the incident beam. They act as a
telescope and the ratio between the FWHM before and after the beam expander is given
by Eq. 3.1. For the two different applications, beam splitting and shaping, a different
FWHM of the incident beam on the SLM is desired. Therefore f1 is chosen to have a
fixed focal length f1 = 50 mm, but f2 can have two different values, f2 = 100 or 750 mm,
resulting in a different FWHM of the laser beam.

The second part of the design is shown in Fig 5.6 and consists of three achromatic
lenses f3, f4 and f5. There are two ways to interpret this part of the system: (1) Lens f3
creates the far-field diffraction pattern which is imaged into the MOT by lenses f4 and f5,
and (2) Lens f3 and f4 act as a telescope and lens f5 is the Fourier lens that creates the
diffraction pattern. Both descriptions are correct and both will result in the same values
and predictions. To construct the total optical system the two parts given in Fig 5.5 and
5.6 should be combined. The SLM should be positioned under a small angle with respect
to the incident beam from the beam expander. As discussed in section 2.5, the total angle
should be smaller than 10◦.

Lenses f3, f4 and f5 are achromatic lenses. An achromatic lens is a special designed
lens and reduces the effect of chromatic an spherical aberrations [44, p. 675]. A simple
spherical lens typically suffers chromatic and spherical aberrations because the lens is
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Figure 5.6: Second part of the new excitation beamline. The beam reflected
on the SLM has a width of L1(x, y) before lens f3 and L2(x, y) after lens
f4. Lens f5 is used to create the desired intensity pattern at the position
of the MOT. All three lenses are achromatic lenses.

designed with parameters that are determined with the paraxial approximation. When
such a lens is illuminated with a plane wave, the wavefront after propagation through the
lens is quadratic, instead of spherical. Therefore the spot will not be focused to a size
as small as dictated by the diffraction limit, but can become significant larger. For large
diameter laser beams the angels of the rays that are focused become larger and therefore
the paraxial approximation decreases in accuracy. Therefore aberrations typically increase
for a larger aperture.

Doublet achromatic lenses (such as f3, f4 and f5) are two element lenses where the
two lens elements are mounted on top of each other. The refractive index of both lenses are
different and the shapes are designed in such way that chromatic and spherical aberration
are partially corrected. Chromatic aberration is the difference in focal length for light
with a different wavelength. Since the excitation laser is monochromatic the setup does
not suffer chromatic aberration. However, all spherical lenses suffer spherical aberration
which is the difference in focal length for different beam diameter as shown in Fig. 5.7(a).
When an intensity pattern is generated with a lens which suffer spherical aberration, the
best focus is found in the best focus point. The system is not expected to achieve the
diffraction limit which can have a negative influence on the resolution of the intensity
pattern. In comparison with a single element lens, the extra design parameters of an
achromatic lens allow for a design which reduces the effect of aberration. In Fig. 5.7(b)
the performance of an achromatic lens is illustrated. A 633 nm laser beam with a diameter
of 10 mm is focussed by both, a plano-convex and an achromatic lens. The resulting spot
size of the achromatic lens is 3.6 µm which is a factor 4.2 smaller than for the plano-
convex lens. Therefore the performance of an achromatic lens is almost diffraction-limited
i.e., the achromatic lens almost achieves the diffraction limit which is 3.2 µm. When two
achromatic lenses are used for finite conjugates, i.e. for a one-to-one magnification, the
best arrangement is with the convex surfaces facing each other as shown in Fig 5.6 [44,
p. 677].
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(a) (b)

Figure 5.7: The effect of aberration. (a) Spherical aberration results in
a different focal length for rays with a different distance from the optical
axis. Due to spherical aberration the spot size exceeds the diffraction limit
and the smallest spot size is obtained in the point of best focus, and (b)
The performance of an achromatic lens to create small spot sizes is a factor
4.2 better than for the plano-convex lens. The spot size almost equals the
diffraction limit which is 3.2 µm.

Considerations
The first part of the new optical design is completely characterized by the beam expander
and therefore by the telescope ratio f2/f1 (the distance d(f2, SLM) can be chosen freely).
The part after reflection on the SLM can be described by the following parameters:

• Wavelength laser: λ.

• Focal distances of the lenses: f1, f2, f3, f4 and f5.

• Beam width: L1 and L2.

• Distances: d(SLM, f3) and d(f4, f5).

• Lens diameters: d3, d4 and d5.

• Resolution of the intensity pattern.

In table 5.2 an overview of all parameters and their values and/or relations with other
parameters is shown. Since the lens f5 should preferably be placed outside the vacuum
chamber, the minimum focal length corresponds to the distance traversed by the laser
beam inside the vacuum chamber which is 262mm. The inequalities for the lens diameters
d are in order for the beam to fit through the achromatic lenses f3, f4 and f5 (see Fig
5.8).

In Table 5.3 the relevant parameters of the achromatic lenses and the accelerator are
shown. The distance from the MOT to the glass of the vacuum chamber is at least 262
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Table 5.2: Parameters of the new excitation beamline. Some parameters
are fixed, whereas others are related to one and another.

Parameter Value / Relation with other parameters

Wavelength λ 780nm
Size SLM L1(x,y) 8,64 x 15,36mm
Focal length f5 > 262mm

Focal length f3 and f4 L2(x,y)
L1(x,y) = f4

f3and Beam diameter L2(x,y)

Lens diameter d3, d4 and d5 d3 >
√
L2(x)2 + L2(y)2 and d4, d5 >

√
L2(x)2 + L2(y)2

Smallest feature size at V V = 2λf3L1

mm. Including some tolerance for the finite thickness of the lens f5 = 300 mm. As re-
quired, all lenses have a larger NA than the accelerator. With the given numbers f4 and
f5 act as a 1:1 imaging system where the magnification is M = f5/f4 = 1.

L(x)

L(y)
d

rectangular 

laser beam

lens

Figure 5.8: The reflected beam from the SLM is a rectangular shaped beam.
In order to propagate properly through the lens the diagonal of the beam√
L(y)2 + L(x)2 should not exceed the diameter d of the lens.

The advantage of this design is the simplicity with which it can be positioned and
aligned due to variable distance d(f4, f5). Also there is the option of spatially filtering
the zeroth order spot generated by the SLM. In order to do so a crossed wire is constructed
from 50 µm tungsten wire which can be placed in the focal plane of lens f3. By positioning
of the crossing at the position of the zeroth order spot will filter this unwanted intensity,
but does not affect other parts of the pattern.

Finally, it is stressed that the SLM can spatially modulate the phase of the incident
beam resulting in any desired wavefront. So whenever the designed optical system does
not achieve the desired results, the SLM can be used to modulate the phase of the beam
to whatever form is needed to do so. For instance if a focal length correction is needed,
an extra lens phase can be superimposed on the SLM.
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Table 5.3: Relevant parameters of the accelerator and the achromatic
lenses. The numerical aperture of the achromatic lenses are larger than
that of the accelerator.

Element diameter [mm] (focal) length [mm] NA [-]

Accelerator 20 98 0.1
Achromat f3 25 90 0.14
Achromat f4 and f5 82 300 0.14

5.3 Incorporation of the new excitation beamline in the
UCP setup

In Fig 5.9 the new excitation beamline is incorporated into the UCP setup. This last
section of the chapter is focused on the implications of this new addition to the setup, and
a few important aspects are discussed.

Positioning of the achromatic lenses f4 and f5
As can be seen in Fig 5.9 the center of the MOT is located above the center of the vacuum
port, but the mirror inside the accelerator is not. This implies that the two achromatic
lenses f4 and f5 are positioned out of the center of the vacuum port. A bottom view of
this configuration is shown in Fig 5.10.

The distance along the optical axis from the MOT to the mirror inside the accelerator
is 52 mm and the diameter of the vacuum port is 137 mm. A simple calculation gives the
maximum size of the rectangular beam that fits through the vacuum port in combination
with the lenses f4 and f5. Let a be the short axis of the rectangular beam, so the long
axis b is given by the ratio of the size of the display of the SLM, b = 1.78a. Invoking
Pythagoras’ rule for the blue triangle as shown in Fig 5.10 gives an equation for a(

137

2

)2

=

(
1.78a

2

)2

+
(

52 + (
a

2
)
)2

Solving a gives the short axis of the rectangular beam at the position of the vacuum port,
a = 25.35 mm. Therefore the maximum rectangular beam that fits through the vacuum
port is short axis×long axis×diagonal = 25× 45× 52 mm.

Since the achromatic lens f5 is positioned 38 mm under the vacuum port, the maxi-
mum rectangular beam through f5 is short axis×long axis×diagonal = 29×51×59 mm. So
besides the numerical aperture of the accelerator the configuration of the lenses f4 and f5
in combination with the vacuum port also limits the maximum beam size that can be used.

Rectangular beam shape and numerical apertures
After reflection by the SLM the beam has a rectangular shape. Therefore, the NA of
the beam in the short axis is different than the NA in the long axis direction. The re-
flected rectangular beam from the display of the SLM is Lξ × Lη = 8.64 × 15.36 mm.
This results in a NA of the beam after f3 = 90 mm of short axis×long axis×diagonal
= a× b× c = 0.048× 0.085× 0.098.
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Figure 5.9: New excitation beamline of the UCP setup. After reflection on
the SLM the desired intensity pattern is generated in the focal plane of lens
f3, where the zero order spot can spatially be filtered. Lenses f4 and f5
image this intensity pattern at the position of the MOT.

In Fig 5.11 it is shown how the beam propagates through the different elements in
the excitation beamline. The elements in this figure are depicted as infinitely thin and
distances are measured from the optical center of the elements. In practice the achromatic
lenses are 19.6 mm thick and the BSC is a 25× 25× 25 mm cube.

With the distances given in Fig 5.11 we can calculate the NA of all the elements in
the beamline. Since the NA of the rectangular beam is also known, it is easy to calculate
the beam size at the position of the elements. In Table 5.4 an overview is given. For the
calculation of NA of the mirror an opening of 75/

√
2 mm is chosen since the mirror has a

diameter of 75 mm, but is positioned with an 45◦ angle. The numbers in Table 5.4 state
that the beam should fit through the optical components, but there is almost no tolerance.
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Figure 5.10: Bottom view of the vacuum port with the achromatic lens
f4, f5 and the rectangular laser beam. The achromatic lenses should be
positioned 52 mm out of the center of the vacuum port since the mirror
inside the accelerator is not centered above the vacuum port. With the
blue, dashed triangle the maximum beam size can be calculated.

Note that the beam going through the BSC is divergent, this might have a slight effect
on the 50/50 splitting performance since the specs are not expected to be met for beams
with an angle of incident larger than 3◦. This will result in a slightly larger or smaller
intensity of the beam. This should not cause any problems since the intensity of the ex-
citation laser can be controlled.

Table 5.4: Parameters of the different optical components in the excitation
beamline. The effective aperture and the distance from the focal point
determines the NA of an element. With the NA of the rectangular laser
beam (a× b×c = 0.048×0.085×0.098) the size of the beam at the position
of the elements can be calculated

Element Effective aperture Distance from NA Beam size [mm]
size [mm] focal point [mm] a× b× c

BSC 25 80 0.16 8× 13× 15
λ/4 wave-plate 25 100 0.13 10× 17× 20

Mirror 75/
√

2 183 0.14 18× 31× 36
Lens f4 and f5 82 300 0.135 29× 52× 59

Modification of the trapping beamline
By placing two achromatic lenses (f4 and f5) under the vacuum chamber, the optical
path of the trapping laser is also changed. This should be compensated such that the
trapping laser at the position of the MOT is not significantly different in comparison with
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Figure 5.11: The excitation beamline has rectangular shape after reflection
by the SLM. Therefore the numerical aperture is different in the short and
long direction of the rectangular resulting in a different diffraction limit.

the current setup. The simplest method for this is to place a compensating lens in the
trapping beam, this lens will be denoted as ft. The configuration of this modified setup for
the trapping laser is shown in Fig. 5.12. Before the compensating lens ft the laser beam is
considered parallel and after the two achromatic lenses the beam should be parallel again
with the same beam diameter. Therefore, the two achromatic lenses, f4 and f5, together
with ft should construct a 1:1 telescope.

Therefore, the focal length of ft should be equal to the front focal length of the two
achromatic lenses. By definition, rays passing through the front focal point of a combina-
tion of two lenses will emerge from the second lens parallel to the optical axis. Therefore,
lens ft has to focus the beam through the front focal point. The front focal length fff
is the distance from the front focal point to the first optical surface and is given by [25,
p. 137]

fff =
f4(d− f5)

d− (f4 + f5)
,

where f4 = f5 = 300 mm are the focal lengths of the two achromatic lenses and d is the
distance between f4 and f5 measured from the center.

Substitution of f4 = f5 = 300 mm and d = 5 + 19.6 = 24.6 mm the front focal length
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dfff f5=300 mm

f4 f5ft

Figure 5.12: The compensating lens ft constitute together with the two
achromatic lenses f4 and f5 a 1:1 telescope for the trapping laser. The
lens ft should have a focal length equal to the front focal length fff of the
combination of f4 and f5.

is fff = 144 = ft mm. The trapping lens should be positioned at twice this distance from
the achromatic lens f4 which is 288 mm.

Summary
The current UCP setup can be modified to incorporate the SLM in the excitation beamline
with the optical system as shown in Fig. 5.9. Three important aspects of this modification
are:

• The numerical aperture of the rectangular beam is limited by the numerical aperture
of the accelerator, and the positioning of the lenses f4 and f5 with respect to
the vacuum port. The NA of the beam is 0.048 × 0.086 resulting in a theoretical
diffraction limit of 16× 9.1 µm and a resolution of 8× 4.5 µm

• The new design employs achromatic lenses to reduce aberrations and achieve spot
sizes of the order of the diffraction limit.

• In order to compensate for the two achromatic lenses, a compensating lens ft = 144
mm should be positioned in the trapping beamline at a distance of 288 mm from
achromatic lens f4.

Note that the measurements in chapter 4 are partially performed with a f3 = 65 mm
lens resulting in a NA of the rectangular beam of 0.066 × 0.11. In this chapter f3 = 90
mm, which is determined by the numerical aperture of the accelerator. The NA of this
beam is a factor 0.72 smaller than for f3 = 65 mm and therefore it should not be expected
that the same performance is achieved with the complete optical system as presented in
this chapter.

However, the diffraction limit and resolution of a system scales with 1/NA. Therefore,
a reasonable estimate for the performance of the optical system as presented here, are the
values found in chapter 4 multiplied with a factor 1.4. Spots would than become 8 µm
and the resolving power would be 70% for a mutual distance of 14 µm. Extrapolation
of Fig. 4.10 results in a resolving power of 60% for a mutual distance of about 6 µm.
Multiplied with 1.4 this would give a resolving power of 60% for a mutual distance of
about 8.5 µm in the setup presented in this chapter. Of course these values should be
verified by experiments.
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Chapter 6

Conclusions and Outlook

In this thesis relevant aspects of the Holoeye PLUTO NIR2 spatial light modulator used
to generate two particular intensity profiles are presented. Measurements are performed
where the SLM is used to generate arrays of spots, and the influence of several parameters
on the quality of the spots is analyzed. In addition, Gaussian intensity profiles are ana-
lyzed. In order to generate these two intensity patterns at the position of the ultracold
atomic gas in the magneto-optical trap, an optical system is designed to incorporate the
SLM in the current UCP setup.

As presented in this thesis, the generation of light patterns employing a SLM is not
straightforward. There are several practical issues which should be taken into account and
the quality of the intensity patterns depends on several parameters. All relevant aspects
and findings, together with the most important considerations about the incorporation in
the UCP setup, are listed in this chapter.

A setup as shown in Fig. 4.1 is built, where the SLM imposes a spatial phase mod-
ulation to the incident 780 nm laser beam, and a lens is utilized to convert this phase
modulation in an intensity modulation. The theory of diffraction is applied with which
the modulated wave field emerging from the pixelated SLM and the intensity measured in
the focal plane of the lens is related by a discrete Fourier transform. Basic properties of a
Fourier transform state that superimposing a linear phase pattern on the SLM results in
a translation of the intensity pattern, where the amount of translation is proportional to
the slope of the linear phase. Superimposing a quadratic phase function is equivalent to
adding a lens in the plane of the SLM display, where the curvature of the quadratic lens
phase determines the focal length of the imposed lens.

The SLM is configured with the 5-5 sequence and the dynamical voltage range is
adjusted to 1.36 − 2.98 V. These settings, together with a qubic gamma curve, result in
a linear electro-optical response with a maximum phase shift of 2π radians for a 780 nm
laser.

Intensity patterns generated with the pixelated display of the SLM inherently result
in a zeroth order spot. This zeroth order spot has a fixed position and its shape can be
described by a combination of sinc functions. There are two important aspects which can
be learned from the intensity profile of the zeroth order spot. (1) The smallest achievable
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feature size is determined by the dimensions Lξ × Lη of the SLM display and the focal

length f of the lens, and is given by the diffraction limit: ∆x×∆y = λf
Lξ
× λf

Lη
. For f = 65

mm this results in a minimum resolvable feature size of 5.8× 3.3 µm in the focal plane of
the lens. (2) The finite size of the pixels results in an envelope sinc function with a width
of 49 mm. Therefore it does not significantly influence the intensity pattern on a scale
of 1 mm which is the typical size of the atomic gas in the MOT and the the pixels can
be regarded as point sources. Besides modulation of the phase, the SLM also modulates
the amplitude of the incident light. The amplitude modulation behaves sinusoidally as a
function of the applied phase shift with an amplitude of approximately 8.5%. The influ-
ence of the amplitude modulation on the generated Gaussian profiles and arrays of spots
is not investigated. From the performed measurements, the array of spots do not seem to
be affected, but the Gaussian profiles may slightly be disturbed.

The influence of parameters set by the user on the quality of the array of spots are
analyzed and an overview is shown in table 6.1. When the FWHM of the incident beam
is 12.75 mm and an achromatic lens with a focal length of 65 mm is used, spots can be
created with a FWHM of 6 µm which are still 70% resolvable when the mutual distance
is 10 µm. Intensity fall-off to the edges of the signal window due to vignetting becomes
larger than 10% for a radial distance of 0.4 mm, which is in the order of the size of the
atomic gas.

Gaussian intensity profiles can be made with a minimum FWHM of 28 µm. The Gaus-
sian profiles are not completely rotationally symmetric, i.e. σm,x < σm,y. The maximum
difference measured between σm,x and σm,y is 9%. For σ < 50 µm, the standard deviation
set by the user σs is smaller than the measured standard deviation σm. However, for
σ > 50 µm the standard deviations are equal within 5%.

Finally, a design is presented for incorporation of the SLM in the current UCP setup
as shown in Fig. 5.9, where achromatic lenses are used to create the intensity pattern
at the position of the atomic gas. Achromatic lenses are used to reduce the aberrations.
The trapping beam line must be modified with a f = 144 mm compensating lens. The
numerical aperture of the 780 nm excitation laser beam in this setup (with f3 = 90 mm)
is 0.048 × 0.086 which is a factor 0.72 smaller than for the situation where f3 = 65 mm.
Therefore the performance of the complete optical system is expected to differ a factor
1.4 in comparison with the values found for f3 = 65 mm. With this estimate, the spots
would become 8 µm and an estimate of the resolving power would be 70% at a mutual
distance of 14 µm. Extrapolation gives a resolving power of 60 µm for a mutual distance
of about 8.5 µm.

Concluding, it is shown that the SLM is able to generate the intensity pattern which is
required to perform position-dependent excitation. However, the complete optical system
to generate this pattern at the position of the rubidium atoms must be built with a smaller
NA and is not tested yet. As shown in the measurements, the diffraction limit is often not
achieved. Abberations and misalignment can affect the quality of the generated intensity
profile and therefore it is recommended to test the intensity patterns generated with the
complete setup.
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Table 6.1: Analyzed parameters and effect on the quality of the spots. W
is the FWHM of the spots and Inorm the normalized power. S(W ) and
S(Inorm) are the standard deviation of W and Inorm

Parameter Quality aspect Remarks

f2 and f3 Spot size For f2 = 750 mm and f3 = 65 mm
W=6.0 µm and S(W ) = 0.72 µm.
Due to a discretization error the S(W)
is expected to be much smaller.
S(Inorm) = 0.04.

Number of spots Homogeneity For more than 2500 spots the S(W )
and S(Inorm) increase significantly.

Spot spacing Homogeneity For f2 = 750 mm and f3 = 1000 mm
the homogeneity decreases for
decreasing spacing between the spots.

Resolving power For f2 = 750 mm and f3 = 65 mm
the resolving power is still 70% for
10 µm spacing.

Vignetting Signal window For a lens f3 with a diameter of 25.2
mm and a distance of about 40 cm
from the SLM, the Inorm of the
spots starts to decrease more than
10% for a radial distance r > 0.4 mm.

Aberrations Distance between the spots For increasing radial distance, the
distance between the spots
decreases which results in a
deformed grid of spots.

Resolving power For f2 = 750 mm and f3 = 65 mm
the resolving power is still 90%
for a radial distance of 0.75 mm.

Also vignetting due to the numerical aperture of the accelerator is not investigated.
It is shown that the finite size of the lens creates an intensity fall-off and the numerical
aperture of the accelerator is expected to have the same effect. This can be analyzed by
building a test setup and adding an aperture with a radius of 20 mm at the virtual position
of the accelerator, and measuring the intensity fall-off to the edges.
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