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Abstract

Master of Science

Broadband beam shaping

by Leerin Michaela Perumal

Laser beam shaping is a venerable topic that enjoyed an explosion in activity in
the late 1990s with the advent of diffractive optics for arbitrary control of coherent
fields. Today, the topic is experiencing a resurgence, fueled in part by the emerg-
ing power of tailoring light in all its degrees of freedom, so-called structured light,
and in part by the versatility of modern day fabrication and implementation tools.
Since its development, structured light has become a priceless tool in various appli-
cations such as telecommunication, imaging and microscopy, industrial manufactur-
ing, quantum computing, optical trapping and medical treatments, to name a few.
With recent advancements in these various applications, broadband beam shaping
(creating structured light with many wavelengths) has become topical as it offers an
additional degree of freedom for one to manipulate. In this thesis we look at how
to generate broadband light using both digital and physical beam shaping optics. In
so doing we provide a method to introduce broadband beam shaping into various
applications that may benefit from either the compact size of a physical optic or the
dynamic ability of a digital.
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Chapter 1

Introduction

From the ancient mirrors adorning Egyptian tombs to the intricate glass prisms un-
veiling the vivid spectrum of sunlight, humanity’s enduring fascination with light
transcends the annals of history. Yet, beneath this captivation lies a profound quest
to not only scrutinise but also wield light for diverse objectives. The inception of
beam shaping can arguably be traced back to 213-211 BC, credited to Archimedes.
Employing polished metal pieces akin to mirrors, he redirected and concentrated
sunlight onto adversary ships [1–3]. Fast-forwarding to the 1700s, the groundbreak-
ing Fresnel lens emerged. Crafted by the French physicist Augustine-Jean Fresnel, it
was initially designed to focus incoherent light for lighthouses and became instru-
mental in guiding ships along coastlines [2, 4].

Although the chronicles of beam shaping extend far into history, its true resurgence
occurred in recent decades [5–8], coinciding with the emergence of microelectronics.
Improved lithography processes not only facilitated the production of smaller, faster
computer chips but also inaugurated a new era in beam shaping.

The advent of microelectronics enabled the numerical calculation of novel optical el-
ements using computers. Simultaneously, lithographic fabrication techniques, honed
for computer chip manufacturing, seamlessly transitioned into creating optical ele-
ments with small feature sizes. This catalysed innovations in the field, notably the
establishment and experimental validation of ’lossless beam shaping’ by Frieden in
1965 [9]. Frieden’s system, comprising two optical elements, transformed an inci-
dent Gaussian beam into one with a uniform intensity distribution, correcting any
phase distortions caused by light redistribution.

The true revolution, however, awaited the invention of the laser [10], paving the way
for contemporary beam shaping. Leveraging diffractive elements and computer-
generated optics, this era birthed ’structured light’ [11, 12] —unique optical states
crafted by tailoring light’s various degrees of freedom (DoFs). While the manipu-
lation of all DoFs is conceivable, current research primarily revolves around spatial
control of light’s amplitude, phase, and polarisation. Notable examples of structured
light modes include Bessel-Gaussian (BG), airy, vortex, flat-top, Laguerre-Gaussian
(LG), and Hermite-Gaussian (HG) beams [13].

Structured light can be meticulously fashioned either within the laser cavity [14],
generating shaped light directly from the source, or externally [15], employing so-
phisticated beam shaping tools. A plethora of physical tools has been employed for
beam shaping, ranging from refractive [16] and free-form optics [17] to geometric
phase liquid crystals [18–20] and metasurface elements [21–23]. However, modern
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approaches embrace computer-generated holograms (CGHs) and digital modulat-
ing devices, such as liquid crystal spatial light modulators (SLMs) [24–26] and digi-
tal micro-mirror devices (DMDs) [27, 28].

Since its inception in the late 1990s, structured light has sparked a transformative
revolution across diverse sectors, becoming a cornerstone in commercial, industrial,
and scientific applications [29]. One striking example of structured light’s impact
is its profound contribution to microscopy [30–35]. This revolutionary technique in-
volves generating a meticulously designed pattern of light with predetermined char-
acteristics. When applied to specimens with variations in thickness, surface profile,
or refractive index, a phase-shift is imparted in the structured light pattern. Areas
with minimal phase variation retain the original pattern, while regions experiencing
significant phase changes manifest observable distortions. Through careful analy-
sis of these distortions, intricate details about the specimen emerge, surpassing the
capabilities of traditional microscopy. Structured light has elevated microscopy by
enhancing surface profiling, enabling 3-D imaging, facilitating phase-contrast imag-
ing, and empowering advanced techniques like super-resolution imaging.

In the realm of optical communications [36–39], structured light finds utility as an
innovative information carrier. This is done by modulating the phase, amplitude, or
polarisation of light and assigning specific patterns or regions within the pattern to
represent distinct symbols or data bits. At the receiving end, the encoded light is de-
coded to reconstruct the transmitted data. For example, a circle could represent the
letter A, while a square could represent the letter B. By transmitting the following se-
quence of beams, circle-square-square-circle, across a link this can be interpreted by the
receiver as ’ABBA’. The potential data encoding capacity is theoretically boundless,
limited only by the multitude of unique structured light patterns that can be gener-
ated. This approach offers a substantial bandwidth advantage, and its resilience in
turbulent [40, 41] environments and complex media [42] renders it indispensable in
free-space and underwater communication systems.

Structured light’s versatility extends across various applications, including laser drilling,
nanopatterning, laser annealing, and photopolymerisation in manufacturing pro-
cesses [43–46]. Its influence has permeated medical procedures, such as surgery [47,
48], skin treatments [49, 50], and hair removal [51, 52]. Additionally, structured light
plays a vital role in the pharmaceutical and chemical industries, aiding in the iden-
tification and isolation of optically active compounds [53]. Within the research sec-
tor, the application of structured light transcends disciplinary boundaries, serving
pivotal roles in diverse fields such as quantum communication [54, 55] and optical
trapping [56–59]. The enduring impact of structured light continues to unfold, pro-
pelling innovation across a multitude of scientific and industrial domains.

In the wake of recent advancements across diverse fields, the spotlight has increas-
ingly shifted towards the potential of broadband structured light, owing to its addi-
tional advantages [60–67]. To unravel the rationale behind this shift, let us consider
the distinct advantages that broadband light offers in comparison to its narrowband
counterparts.

In microscopy, as an example, broadband light enhances resolution and contrast in
imaging because different wavelengths of light interact with specimens in unique
ways. This interaction reveals hidden details about the structure of the specimen.
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In microscopy, optimal wavelengths are often needed for samples, but with a broad-
band source, one can easily switch between wavelengths without making any changes
to the setup. This flexibility not only simplifies the process but also makes it cost-
efficient. In optical communication the wavelength of light is considered an ad-
ditional DoF to manipulate and carry information. For example, a red circle could
represent the letter A, while the same circle with a different colour, such as a blue
circle, could represent the letter B, leaving the ’square’ shape free to be used as an
additional means to carry information. Therefore, by using a broadband source,
one is able to increase the bandwidth [68]. Considering the advantages that struc-
tured light and broadband light independently offer to these applications, it should
be clear why focus has been placed on developing tools and techniques to generate
and detect broadband structured light.

Yet, the creation of broadband structured light poses a formidable challenge, given
that conventional beam shaping tools are typically tailored for specific wavelengths
or, at best, a very limited range. When light of a different wavelength is incident
on these optics it is imparted with the incorrect phase and incorrectly modulated. If
multiple wavelengths of light are simultaneously incident on the optic one will also
observe dispersion of the broadband beam. Hence, when shaping broadband light
there are two main challenges: (1) to impart the correct phase and thus modulate all
wavelengths in the same manner; (2) overcome the dispersion. Although this has
proven to be a challenging task, recent breakthroughs showcase researchers success-
fully generating broadband structured light. This achievement is made possible by
utilising tools and techniques that compensate for any manifestations arising from
wavelength-dependence within the setup. For example, according to the work inde-
pendently presented by Spangenberg et al. [65] and Cheng et al. [64], when a blazed
grating is used, despite the incident beam’s wavelength, the +1st order will always
have the correct phase, i.e., a broadband beam will be correctly modulated across its
entire spectrum at the cost of efficiency. The dispersion caused by the grating can
then be compensated for with the use of additional optics, such as a grating, prism
or lens. This innovative approach thus enables a singular setup to seamlessly ac-
commodate multiple wavelengths, rendering it not only versatile and cost-effective
but also the foundation for novel and exhilarating advancements in the field.

The task is now to choose between physical and digital broadband beam shaping
tools. The answer hinges on specific requirements dictated by the intended appli-
cation. In some cases, the compact, affordable, and user-friendly nature of physical
optics is advantageous, particularly in applications like microscopy and industrial
manufacturing. Conversely, fast, dynamic generation of multiple broadband struc-
tured modes, as demanded by communication systems, may favour the use of digital
tools despite their bulkiness. This thesis showcases the capability of both physical
optics and digital modulating devices in shaping broadband light. While the subse-
quent chapters delve into the practical demonstration of this concept, the remainder
of this chapter explores structured light and the underlying beam shaping theory
employed in its creation.

1.1 The theory of beam shaping

Whether one desires to shape incident light that is incoherent or coherent, monochro-
matic or broadband, the general concept can be summarised as follows: to transform
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FIGURE 1.1: The general beam shaping system. The source emits an initial beam, uin which
is incident on a beam shaping element. The beam shaping element modulates the beam, and
at some observation plane located a distance away, the desired output beam, uout is viewed.

an incident beam of light into a desired structured mode at an observation plane, a
beam shaping element is needed as depicted in Figure 1.1. When creating struc-
tured light from a coherent incident beam, the beam shaping element is designed
to manipulate the incident beam’s various DoFs, such as its amplitude and phase,
in a spatially controlled manner. To successfully shape light one is then left with
the task to: (1) determine the transmission function which mathematically describes
how the beam shaping element should operate, and (2) determine what is needed to
practically implement it. The remainder of this chapter addresses the first part and
establishes a general method to determine how the beam shaping element, and sys-
tem as a whole, should operate, while subsequent chapters focus on what is required
for its implementation.

1.1.1 Beam types

To establish how the beam shaping element should operate, it is essential to first
define the structured light pattern, uout intended for generation in the observation
plane. Light can be precisely tailored into a multitude of structured patterns, each
possessing distinctive properties. While the structured light ’menu’ offers a plethora
of possibilities, this thesis specifically focuses on four beam types: Hermite-Gaussian
(HG), Laguerre-Gaussian (LG), vortex, and flat-top beams [13].

Hermite-Gaussian modes. HG modes are a subset of symmetric solutions of the
paraxial wave equation in Cartesian coordinates (x, y, z), and are expressed as
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FIGURE 1.2: The simulated intensity profiles of HG beams with indices (n) and (m).
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where n and m are the indices in the x, y directions respectively, r =
√

x2 + y2 and
Hn, Hm are the generalised Hermite polynomials. Examples of the intensity profiles
of simulated HG modes for various n, m indices are shown in Figure 1.2.

Laguerre-Gaussian modes. LGs are a subset of symmetric solutions of the paraxial
wave equation in cylindrical coordinates (ρ, ϕ, z), and are expressed as
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where p and l are the radial and azimuthal indices, respectively and L|l|
p is the gen-

eralised Laguerre polynomial. Examples of the intensity profiles of simulated LG
modes for various l, p indices are shown in Figure 1.3.
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FIGURE 1.3: The intensity profile of a simulated LG beams for various azimuthal (l) and
radial (p) indices.

For both HGs and LGs the functional arguments take the form
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,

where w0 is the Gaussian (fundamental mode) radius at its waist plane (z = 0) and
λ is the wavelength of the light. The functional modes are commonly defined as fol-
lows: w(z) is the beam radius; R(z) is the radius of curvature; η is the Guoy phase
and zR is the Rayleigh range.

For both HGs and LGs, these complex modes reduce to the special case of the Gaus-
sian beam when their indices n = m = 0 and p = l = 0. In this case

G(r, z) =
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πw2(z)
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)
exp (iη(z)) exp

(
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2R(z)

)
exp(−ikz). (1.3)
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FIGURE 1.4: The intensity profile of a simulated vortex beams for various azimuthal (l)
indices.

HG and LG modes are both examples of beams that are considered propagation in-
variant. This implies that although their beam size may change with propagation
they retain their original structure, even when focused through a lens.

Vortex beams. Vortex beams [69, 70] are commonly used to define modes of light
that carry orbital angular momentum (OAM) and are identified by the azimuthal
phase term exp(ilϕ), where the topological charge, l defines the helicity of the phase,
for l × 2π phase twists about the azimuth and lh̄ of OAM per photon. Because the
azimuthal phase is undefined at the origin of the axis, this leads to an intensity null
in the centre. While the value of l is related to the amount of twists about the axis in
the wavefront per unit wavelength, the sign ± indicates if this twisting is done in an
anti/clockwise direction, hence l ∈ [−∞, ∞]. These modes are therefore referred to
as "twisted" light.

In the waist plane, a vortex beam is defined as [71]:

Vortex(r, ϕ) = G(r, 0) exp(ilϕ) (1.4)

where G(r, 0) = exp−( r
w(0) )

2 is a Gaussian envelope (from Equation 1.3, where
z = 0), r is the radial coordinate, w0 is the Gaussian beam waist and the term
exp(−ilϕ) is an azimuthal phase variation where l is some non-zero integer. If
one considers the intensity profile of a vortex beam there will be undesirable rings
around the central beam. These higher order radial modes can be removed by ma-
nipulating both the phase and amplitude of the incident beam [71], as in the case of
LGs. Examples of the intensity profiles of various simulated vortex modes for vari-
ous l indices are shown in Figure 1.4.

Flat-top beams. Consider the profile of a Gaussian beam. It has a peak intensity
towards the centre of the beam, which smoothly decays as one moves towards the
edges of the beam. In contrast to this are flat-top beams [9, 72–74] with a uniform
intensity distribution over most of the beam and a steep gradient towards its edges.
The flat-top beam can therefore be viewed as a Gaussian beam whose top half has
been "cut off". Although the profile of an ideal flat-top beam is simple its generation
is not as it needs an infinite spatial frequency spectrum. In fact, only approxima-
tions to the ideal flat-top can be practically realised. There are several approxima-
tions which exist: flattened Gaussian, Fermi-Dirac and super Lorentzian and super-
Gaussian. Each approximation is distinguished in the way that uniquely defines its
intensity normalisation constant. The super-Gaussian approximation as an example,
is defined as
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FIGURE 1.5: Examples of intensity and cross-sectional profiles of flat-tops (N = 2, 4, 10 and
50) that were generated using the Super-Gaussian approximation

SGN(r) =

√√√√ 4
1
N N

2πw2Γ
( 2

N

) exp
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−
( r

w

)N
]

, (1.5)

where Γ is the Gamma function and w is a radial size parameter. The Super-Gaussian
order, N, determines both the flatness of the peak and the steepness of the edges, re-
ducing to a Gaussian beam when N = 2 and becoming an ideal flat-top beam at
large N. These beams are not propagation invariant as they do not have a simple
analytical expression that includes z. This implies that they only have the desired
flat-top profile in a single plane. Examples of intensity and cross-sectional profiles
of flat-tops (N = 2, 4, 10 and 50), that were generated using the Super-Gaussian ap-
proximation, are shown in Figure 1.5.

1.1.2 Beam shaping techniques

Now that we have defined the types of beams we would like to generate in the ob-
servation plane, assuming that either a Gaussian beam or plane wave will be the
incident beam, we have all the information we need to determine the properties of
the beam shaping element needed in the system. To do this let us first look at how
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the beam shaping system could operate.

It is often not fully appreciated that, in principle, lossless and ideal beam shaping
can be done with just two phase-only optical elements separated by some distance
[75–77]. If instead the shaping is done in a single step then the output is imperfect
and/or lossy. One can appreciate this point by considering the simple telescope to
resize an optical field: two appropriate lenses (phase-only beam shaping elements)
can execute this ideally and in-principle losslessly, while a single lens will correctly
resize the beam but at the expense of the phase at the output plane so that the “shap-
ing” is imperfect. Another example is the creation of OAM vortex beams: single step
transformations using an azimuthal phase element results in the correct “vortex”
phase but leaves the amplitude as a free DoF where many radial modes are excited
with low power content in the desired ring of light [71, 78]. This can be overcome
and perfect reshaping achieved in one step, but then the process is lossy, requiring
amplitude control, as has been done for the creation of radial mode controlled vortex
beams [79]. A similar scenario is seen in another common beam shaping problem,
the conversion of a Gaussian beam to a flat-top beam subsequently implemented by
a variety of means [80–84].

This point is illustrated in Figure 1.6. In Figure 1.6 (a) a vortex beam is created in
a single step with the correct amplitude and phase, but in a lossy approach using
complex amplitude modulation on a single optical element. If a phase-only single
element is used, as in Figure 1.6 (b), then only one DoF can be controlled. Here it
is the amplitude structure of a flat-top beam, with the phase left as a free variable.
It requires a second phase-only element to correct this unwanted phase, as shown
in Figure 1.6 (c). Now the set-up has two phase-only elements separated by some
distance, but can in principle execute the desired transformation both ideally and
losslessly.

So in general, the beam shaping system can operate in one- or two-step manner. In
the case of one-step beam shaping, it can be ideal but lossy if both amplitude and
phase are controlled, while two-step beam shaping can be both ideal and lossless
with just two phase-only elements. In the context of this thesis the term “lossless”
has to be quantified. In practice beam shaping elements cannot be entirely lossless
but this is not an issue of the design but rather its implementation. The term is used
in the sense that the design is lossy or lossless.

Now that we have established how the beam shaping system could operate, the task
left for us is to determine the transmission function which mathematically describes
how the beam shaping element should operate.

There are two options available. In Method 1, we apply complex amplitude modu-
lation (CAM), that is, we alter both the amplitude and phase of the incoming beam
to tailor it to the desired output, which can be done in a single step with loss. If the
incoming beam is uin = Ain exp(iφin) and the output beam is uout = Aout exp(iφout)
then the transmittance function is

t =
uout

uin
=

Aout

Ain
exp(φout − φin), (1.6)
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FIGURE 1.6: (a) A Gaussian beam is modulated in amplitude and phase in one step by a
complex amplitude hologram (ϕ) to create a vortex beam, (b) a single phase only hologram
(ϕ1) converts a Gaussian beam to a flat-top beam in amplitude but without phase control,
and (c) a second phase-only hologram (ϕ2) can correct the phase to make a two-step ideal

and lossless process. Adapted from [14, 85]

with the requirement that the amplitude is normalised such that light is only re-
moved and not created. In many instances it is convenient to have the incident
beam be a plane wave so that uin = 1 and the beam shaping element is identical to
the amplitude and phase of the desired output beam.

In Method 2, two elements are used, both in principle phase-only, so that the execu-
tion can be lossless, in principle. The first element redistributes the energy to shape
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the desired amplitude, leaving the phase as a free variable, and the second element
corrects for the phase. The two elements are separated by some distance to allow
the energy redistribution, which is usually a focal distance from a lens incorporated
into the first element (the far-field being the farthest that one could propagate).

To derive the phase of the first element, ϕ we need to find a mapping function from
the input beam to the output beam that moves energy from a specific spatial region
of the input beam to a specific spatial region of the output beam while conserving
energy. It is the calculation of this mapping function, α, which lies at the heart of
the method. This has been outlined for the arbitrary creation of structured light [86,
87], and here we summarise the key steps. If the input beam is passed through an
element with phase ϕ and a lens, and both the input and output beam are energy
normalised to 1, then at the focal plane of the lens we have

P(X) ∝
∫ ∞

−∞
Ain(x)eiϕ(x)e−i 2π

λ f Xxdx. (1.7)

Recall that α(x) → X since it maps co-ordinates (and energy) from the input to the
output plane, so that

P(α(x)) ∝
∫ ∞

−∞
Ain(x)eiϕ(x)e−i 2π

λ f α(x)xdx. (1.8)

By setting ϕ(x) = 2π
λ f Φ(x) and γ = 2π

λ f we have that

P(α(x)) ∝
∫ ∞

−∞
Ain(x)eiγ[Φ(x)−α(x)x]dx. (1.9)

Equation 1.9 can be evaluated by the method of stationary phase as

P(α(x)) ∝ Ain(x)eiγ[Φ(x)−α(x)x]ei π
4

√
2π√

γΦ(x)′′
(1.10)

with
d

dx
[Φ(x)− α(x)x] = 0. (1.11)

If we have devised ϕ correctly then we have that |P|2 ∝ |Aout(X)|2 and so

|Ain(x)|2 2π

ϕ′′ = |Aout(X)|2 (1.12)

|Ain(x)|2
|Aout(α(x))|2 = ϕ

′′
. (1.13)

Which can be reduced to solving for α(x) (in 1-dimensional Cartesian coordinates)
as

dα(x)
dx

=
|Ain(x)|2

|Aout(α(x))|2 . (1.14)

This equation describes how energy can be mapped from the input profile to the
output profile in a manner consistent with the conservation of energy. The phase
ϕ(x) can then be easily calculated from the expression for α. The phase is

ϕ(x) = γ
∫ x

0
α(s)ds. (1.15)
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Once the first phase element has been designed there are two viable approaches to
designing the second phase element: in some approximations (short focal lengths
and smooth beams) the second phase element can be well approximated as the
complex conjugate of the first shaping element, otherwise the phase of the output
beam from the system can be calculated and the second element given an appro-
priate correction. For example, if the input field is now mapped to an output of
Aout exp(iθ) rather than Aout exp(iφout), then the second phase correcting element
requires a phase of φout − θ.

What remains is to consider the effects of broadband shaping. Imagine that the de-
sired transmittance function is t(x) = A(x) exp(iφ(x)) and that added to this is
a blazed grating of the form exp(i2πx/λx), where λx is the grating period in the
x−direction. One can show that the effect of designing the phase element for wave-
length λ0 but actually operating at wavelength λ is to alter the action of the trans-
mission function to [65]

t̂(x) =
∞

∑
m=−∞

sinc[π(m − λ

λ0
)]A(x) exp(im[φ(x) + 2πx/λx]). (1.16)

We see that in the first diffraction order, m = 1, we have the desired field but mod-
ulated in amplitude by a constant factor ζ = sinc[π(1 − λ/λ0)]. When λ = λ0 we
find that ζ = 1, as expected, decreasing as the difference in wavelength increases.
What this means is that the operation of the element will remain intact and wave-
length independent except for a decrease in efficiency as the design wavelength is
altered. There is however one downside. The angle at which light is diffracted is
still wavelength dependent, following the familiar rule for periodic structures of
mλ = λx sin θm, where θm is the angle of the m-th order. A consequence is that the
desired light will be created for all wavelengths, but they will appear to emerge at
different angles, thus at different positions in the far-field. This dispersion effect has
to be corrected in the experiment by using a compensating element such as a grating
or prism [64].

Now that we have established a general method to determine the transmission func-
tion of the broadband beam shaping element, i.e., how the beam shaping element
should operate, the task is now left to determine what optical components are needed
to implement the beam shaping. This will be the focus for the remainder of the the-
sis.

1.2 Thesis outline

The focus of this work was to create a system that could shape multiple wavelengths
of light either discretely or simultaneously and thus generate broadband structured
light, specifically HGs, LGs, vortices and or flat-tops. To do this, the task was broken
up into 3 objectives: (1) determine how the broadband beam shaping system (the
beam shaping technique) and element should operate, i.e., determine the transmis-
sion function. Then, create a broadband beam shaping system that uses (2) a digital
or (3) a physical beam shaping element to demonstrate the generation of broadband
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structured light through the implementation of the beam shaping techniques dis-
cussed.

In Chapter 1 we considered how beam shaping systems could operate through CAM
and phase-only modulation, and then established general expressions to determine
the transmission function of the necessary broadband beam shaping element. With
the basis set, the task is now to demonstrate broadband beam shaping using the
beam shaping techniques and physical and digital tools.

In Chapter 2 we consider the experimental tools and techniques needed to practi-
cally implement broadband beam shaping. The chapter begins by first character-
ising the broadband laser source as well as lenses, which are instrumental in any
optical experiment. The chapter then continues with a discussion and introduction
of physical beam shaping optics (refractive and diffractive) and digital beam shap-
ing devices, such as the SLM and DMD. With the foundation laid, all that is left to
do is showcase the practical demonstration of broadband beam shaping.

In Chapter 3 we look at using DMDs for broadband beam shaping. We begin by in-
troducing and discussing the operational mechanisms of the DMD. Since the DMD
is an amplitude-only device, the chapter continues by first establishing how to create
holograms, when encoded on the DMD, are capable of CAM despite the binary man-
ner of the DMD. The chapter then continues with demonstrating how to setup and
shape monochromatic light through phase-only and CAM modulation, resulting in
flat-top and LG beams for each case respectively. This concept is then extended to
broadband beam shaping. Although there are dispersion effects, solutions are inves-
tigated for both the phase-only and CAM cases to compensate this.

In Chapter 4 the objective is to showcase the practical demonstration of broadband
beam shaping with a physical optic. To do this, we resort to 3-D printing as a fab-
rication method. Due to the properties of the printing material, the printed optic is
only able to impart phase changes into an incident beam. Therefore we could use
the same encoding technique to create CGHs (usually intended for the SLM) which
serve as a design for the optic. The chapter begins therefore with a brief summary
of the encoding scheme, followed by a discussion of how the optics were fabricated.
Next, an analysis is done to determine the quality of the printed optics. Finally
the chapter concludes with a demonstration of how the optics can be used to shape
broadband light through phase-only modulation and CAM and thus generate vor-
tex and HG modes, respectively.

Chapter 5 then offers a conclusion and glance of future work that this could be ap-
plicable for.
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Chapter 2

Experimental tools for broadband
beam shaping

To experimentally do broadband beam shaping the general problem mentioned in
Chapter 1 and shown in Figure 1.1 is now altered, as seen in Figure 2.1: a source
(labelled 1) emits a broadband beam which is expanded and collimated or imaged
using two lenses (labelled 2). The incident beam, uin is then shaped by some beam
shaping element (labelled 3), which can be physical or a computer generated holo-
gram (CGH) that is displayed on a digital device. The structured beam is then
Fourier transformed using a single lens (labelled 4) or imaged using two lenses (la-
belled 5). In the observation plane the output beam, uout will have the desired struc-
ture and properties.

In this thesis we use or mention the following experimental tools: the argon-ion laser
which serves as the broadband source (labelled 1), achromatic and conventional
lenses (labelled 2, 4 and 5) and beam shaping devices (labelled 3) which include liq-
uid crystal on silicon spatial light modulators (LCoS-SLMs) and digital micro-mirror
devices (DMDs). The focus of this chapter is therefore to introduce and discuss the
operating mechanism of these experimental tools.

2.1 Broadband source: argon-ion laser

The first experimental tool needed to shape broadband light is a coherent broadband
source (labelled 1 in Figure 2.1). In this thesis we use a Stellar-Pro-L Select 300 argon-
ion laser that was manufactured by Laser Physics [88]. This particular laser emits the
following discrete wavelengths which can be independently selected as needed: 457
nm, 488 nm, 514 nm as well as a multiline - a single beam which is comprised of all
three discrete wavelengths.

2.1.1 Laser properties

Before using laser as the broadband source in our beam shaping system, we must
ensure that we know all its properties, namely: (1) the beam profile, (2) size and (3)
angles of propagation for each emitted wavelength and the multiline.

Beam profile. The first property of the laser we will consider is the beam profile. It is
important to know the beam profile of the incident beam (in this case the beam emit-
ted by the laser) in any beam shaping system so that one can correctly modulate it
to generate the desired structured mode at some observation plane. Based on the in-
formation provided by the manufacturer, the emitted beam should have a Gaussian
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FIGURE 2.1: A depiction of the general broadband beam shaping problem from a experi-
mental point-of-view. A source (labelled 1) emits a broadband beam which is expanded and
collimated or imaged using two lenses (labelled 2). The incident beam, uin is then shaped
by some beam shaping element (labelled 3), which can be physical or a computer generated
hologram (CGH) that is displayed on a digital device. The structured beam is then Fourier
transformed using a single lens (labelled 4) or imaged using two lenses (labelled 5). In the

observation plane the output beam, uout will have the desired structure and properties.

profile [88]. However, due to misalignments or other imperfections within the laser
cavity that arise from degradation with time, the emitted beam may be distorted,
hence it is important to check the purity of the emitted beam for each wavelength.

To determine this we used the experimental setup seen in Figure 2.2 a) which con-
sisted of two mirrors m1, m2 (to redirect and align the beam) and a charged coupled
device (CCD) camera that was fixed at some arbitrary distance z = 0.725 m after the
laser. The setup was aligned for λ = 488 nm, and this alignment was maintained
throughout the experiment even when a different incident wavelength was selected.
Images of the beams for each discrete wavelength and the multiline were captured.
An example of the captured colour images are shown in Figure 2.2 b).

Using the captured image we determined the beam profile by taking a horizontal
cross-section at some z plane of and plotting it as seen in Figure 2.2 c) for λ = 488
nm. To test the purity of the emitted beam, i.e., its likeliness to a Gaussian mode, we
fit the experimental data to a Gaussian curve

I = I0 exp
(
−2(x − x0)2

w(z)2

)
, (2.1)

where I is the intensity, w(z) is the beam size at 1/e2 (≈ 13.5%) of the maximum in-
tensity (as seen in Figure 2.2 c)), x0 is the distance the beam was shifted off-axis in the
x- direction, I0 is the peak intensity at the centre of the beam where I0 = 2P/πw(z)2

and P is the power of the incident beam. Across each of the various wavelengths,
the Gaussian curve fit the experimental data with an average R2 value of 0.999 and
a root-mean-square error (RMSE) of 0.009. The closer the R2 value is to 1, and the
RMSE value is to 0, the better the fitted curve represents the experimental data and
predicts future values. Hence, the fitted Gaussian curves have an excellent correla-
tion to the experimental data and thus confirms that across the various wavelengths
the laser does in fact emit highly pure Gaussian beams.
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TABLE 2.1: Derived minimum beam sizes , w0 per wavelength for the argon-ion laser.

Wavelength w0 (mm) ± 0.054 mm
457 nm 0.408
488 nm 0.448
514 nm 0.425

Multiline 0.421

Now that we know the emitted beams are Gaussian we can use the fitting param-
eters to determine the properties of the emitted beams such as the beam size, w(z)
and off-axis shift, x0 at various observation planes after the laser.

Beam size. Although we have an experimental method to determine the beam size
at the observation plane, it would be tedious to do this every time we needed to
know the beam size of a certain wavelength. Hence, we need a general expression
that can output the desired beam size given the propagation distance, z from the
laser and incident wavelength λ. This can be determined using the following ex-
pression

w(z) = w0

√
1 +

(
zλ

πw2
0

)2

, (2.2)

where w(z) is the beam size at some observation plane located a distance z away, λ
is the wavelength of the incident beam and w0 is the beam size at the beam waist (z
=0) which we will assume is located at the opening of the laser. The only issue with
using this equation is that w0 is unknown for each wavelength. Hence, if we deter-
mine this parameter, we have a general expression per wavelength that allows us to
know the beam size at any distance after the laser (assuming free space propagation).

To determine w0 we use the setup seen in Figure 2.3 a). This is the exact setup used
before in Figure 2.2 a). However the CCD camera is now mounted on a rail so that
it can be moved to various observation planes after the laser while still maintaining
the alignment (which was done using to λ = 488 nm). Using the same procedure as
before, we can take the horizontal cross-section of each beam’s intensity profile, fit it
to a Gaussian curve and use the fitting parameters to obtain the beam sizes of each
wavelength at various propagation distances.

Using the obtained information, one can plot the beam size versus propagation dis-
tance as seen in Figure 2.3 b). The experimental data was fitted against Equation 2.2
where w0 was considered an unknown parameter. For the multiline, however, λ
was considered an unknown parameter. On average the fitted curves matched the
experimental data with an R2 value = 0.951 and RMSE = 0.012, indicating a good
correlation. Therefore, using the fitting parameters we could determine w0 for each
beam. The results are summarised in Table 2.1. The average w0,ave = 0.426 ± 0.054
mm matches the expected value w0,ave = 0.375 mm provided by the manufacturer.
By substituting these values into Equation 2.2, one now has a general expression for
each emitted beam that will output the beam size at any propagation distance from
the laser.
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FIGURE 2.2: The process to determine the beam profile of each discrete wavelength and the
multiline emitted of the argon-ion laser. a) The experimental setup consists of the source,
mirrors m1 and m2 which are used for alignment, and a charged coupled device (CCD) cam-
era which is placed at some observation plane located a distance z away from the source.
The setup was aligned using λ = 488 nm. b) Colour images of the beams for each discrete
wavelength and the multiline when the CCD camera was fixed at z = 0.725 m. c) A hor-
izontal cross-section of the beam’s intensity profile (insert) along the dashed line is taken,
normalised and plotted for λ = 488 nm. A Gaussian curve is then fit to the experimental
data. The fitted curve fit the data with an R2 value of 0.9984 and a root-mean-square er-
ror (RMSE) of 0.0096, which indicates a that the emitted beam has an excellent likeness to a
Gaussian beam. This was repeated for the other discrete wavelengths and the multiline (not

shown), and similar results were obtained.
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FIGURE 2.3: Determining the beam size at the beam waist, w0 per wavelength. a) The setup
is identical to that used before in Figure 2.2 however, the measurements are taken at multiple
observation planes located a distance z1 → zn after the laser. Using the same Gaussian fitting
procedure as before we can retrieve the beam size propagation distances per wavelength.
Plotting the beam size, w(z) against the respective propagation distance, z and fitting this
data to Equation2.2, we end up with b). From the fitting parameters we can then determine
w0 for each wavelength. The inserts show the normalised intensity profiles for λ = 457 nm

at selected propagation distances.
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TABLE 2.2: Angle of deviation, θ (relative to λ = 488 nm) per wavelength for each emitted
beam from the argon-ion laser.

Wavelength θ (mrad) ± 0.001 mrad
457 nm 0.371
488 nm -
514 nm 0.377

Multilline 0.317

Beam shift and angle of propagation. The next property of the laser to consider is
the angle that the emitted beams (per wavelength) propagate with respect to each
other. Ideally the beams should travel co-linearly, but if this is not true it will have
an effect on the alignment, for example, and must be taken into account.

To determine the beam shift we used the same setup as depicted in Figure 2.3 a),
aligned the setup using the reference wavelength (λ0 = 488 nm) and repeated the
same process of capturing images of the emitted beam (per wavelength) at differ-
ent propagation distances. By plotting the horizontal cross-section of the intensity
image and fitting it to a Gaussian curve we can obtain the beam’s off-axis shift, x0
relative to centre of the camera (in the x−direction) at various propagation distances
after the laser. This process was repeated for each wavelength.

Figures 2.4 a), b) depicts the (absolute) off-axis shift relative to the centre of the cam-
era for the reference beam and non-reference beam, respectively. If the setup was
aligned with a high accuracy the centre of the reference beam would align perfectly
with the centre of the camera. However, due to a slight misalignment the reference
beam did not lie perfectly on the camera’s central axis. This was taken into account
by calculating the relative beam shift, ∆x = x0 − x′0, where x′0 is the off-axis shift
for λ0 (refer to Figure 2.2 c)). Plotting the absolute relative beam shift, |∆x| versus
the propagation distance for each wavelength resulted in Figure 2.4 b). Because we
expect the beam shift and propagation distance to have a linear relationship the data
was fitted to a linear curve. On average the fitted curves had an R2 value = 0.966
and RMSE 0.009, indicating a good match to the data.

Using the fitting parameters we could thus determine the angle, θ that each wave-
length diverges from λ = 488 nm. This can be determined using the following ex-
pression: θ = arctan(x0/z) , where x0 and z are the beam shift and propagation
distance, respectively. However because θ ≈ 0, θ ≈ (x0/z) = m, where m is the gra-
dient of the linear curve. The results are summarised in Table 2.2, where the average
divergence θave = 0.356 mrad ± 0.001 mrad. Considering that most CCD cameras
have a resolution of ≈ 1000 × 1000 and a pixel size ≈ 3.6 µm, this implies that for
every meter the beams propagate they will be shifted by ≈ 10 pixels. Not taking into
account the beam size, if we keep the total propagation distance from the source to
the observation plane in our system under 50 m, we will be able to observe the beam
even if the system was not aligned for that wavelength.

Now that we know the important parameters of the system in free space, let us
consider what happens when we add optics into the system.
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FIGURE 2.4: Determining the relative off-axis shift in the x−direction per wavelength. Using
the same procedure as before, a) we can plot the cross section of the beam, fit it to a Gaussian
curve and determine the off-axis shift, x0 in the x− direction with respect to the camera’s
axis. We then calculate the absolute off-axis shift relative to the reference beam λ = 488 nm.
If we plot |∆x| against the propagation distance z, and fitting it to a linear curve the result is
the following diagram. The inserts show normalised intensity profiles of the multiline beam
at selected propagation distances with the dashed line indicating the camera’s vertical axis.
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2.2 Lenses

The first optic we will add to the setup are lenses. Consider Figure 2.1. Lenses are
used before the beam shaping element to image or expand-and-collimate the inci-
dent beam (labelled 2), or they are used after the beam shaping element to Fourier
transform or image the outgoing beam (labelled 4 and 5, respectively).

To image the initial beam the lenses are arranged so that they are separated by a
distance equal to the sum of their focal lengths as seen in Figure 2.5 a). In this way
they form a 4 f -telescopic system that relays the beam at the initial plane to the im-
age plane. The beam in the image plane will have the same phase as the beam in the
initial plane, except it will be magnified by a factor M = (− f2/ f1) where f1, f2 are
the focal lengths of lenses l1 and l2, respectively. A 4 f -imaging system can also be
created using a single lens as seen in Figure 2.5 b). In this case the phase of the initial
beam is not relayed, and the beam cannot be magnified. Hence this configuration
must be used with caution.

When the beam shaping system requires a large incident beam with a uniform in-
tensity distribution and phase, as in the case of complex-amplitude modulation, an
expansion-collimation system is added prior to the beam shaping system. The sys-
tem is comprised of two lenses separated by a distance equal to the sum of their
focal lengths, where the beam is magnified by M = (− f2/ f1) where f1, f2 are the
focal lengths of lenses l1 and l2, respectively. To expand the incident beam, the first
lens must have a shorter focal length than the second lens. The first lens focuses the
beam, while the second collimates the beam as seen in Figure 2.5 c).

Now that we know the different ways we could arrange the lenses in an experimen-
tal setup, let us look at the different types of lenses we could use, namely conven-
tional and achromatic lenses.

Conventional lenses. In this thesis, we will refer to ’conventional lenses’ which are
plano-convex refractive lenses made of N-BK7 glass. Lenses can have various coat-
ings which filter certain wavelengths of light. However, we will use uncoated lenses
from ThorLabs which are designed for λ0 = 587.6 nm and can be used for wave-
lengths within the 350 nm - 2000 nm range [89].

The focal length of a conventional lens can be calculated as follows:

1
f
= (n − 1)

(
1

R1
− 1

R2

)
, (2.3)

where f is the focal length, R1 and R2 are the radius of curvature of the first and
second surfaces of the lens and n is the refractive index. For plano-convex lenses the
second surface of the lens is flat. Equation 2.3 is thus simplified to

f =

(
R1

n − 1

)
. (2.4)

The refractive index is given as n = c/λv where c is the speed of light, λ is the wave-
length and v is the frequency of the incident light. Because the refractive index is
wavelength dependent conventional lenses will focus the beam at a different plane
depending on the incident beam’s wavelength i.e., it has a different focal length, as
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FIGURE 2.5: The different lens arrangements. a) Two lenses, l1 ( f1) and l2 ( f2) are separated
by a distance equal to f1 + f2. Together they form an imaging system that relays the beam in
the initial plane to the image plane. The phase is maintained and the beam size is magnified
by a factor M = f2/ f1. b) A single lens l1 ( f1) forms an imaging system by relaying the beam
located 2 f before the lens, to the image plane 2 f after the lens. The beam size is maintained
but the phase is not. c) Two lenses l1 ( f1) and l2 ( f2), where f1 < f2, expand and collimate

the incident beam when they are placed a distance f1 + f2 apart.
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FIGURE 2.6: How lenses focus light depending on their wavelength (λ1 < λ2, λ3). a) Con-
ventional lenses focus the design wavelength, λ2 at the focal plane. b) Achromatic lenses

focuses all the wavelengths at the focal plane.

illustrated in Figure 2.6 a). This is commonly referred to as chromatic aberration and
usually leads to leads to a distortion of an incident broadband beam.

To use Equation 2.4 we must determine refractive index with respect to the wave-
length of the incident beam. This is done using the Sellmeier equation, which is a
mathematical formula used in optics to model how the refractive index of a material
changes with the wavelength of light. The Sellmeier equation is often expressed in
the form:

n2(λ) = 1 +
B1 λ2

λ2 − C1
+

B2 λ2

λ2 − C2
+

B3 λ2

λ2 − C3
(2.5)

where n is the refractive index, λ is the wavelength of the incident light, B1, B2, B3 are
the coefficients related to the material’s properties and C1, C2, C3 are the coefficients
related to the wavelengths of absorption. The coefficients are all experimentally de-
termined and dependent on the material.

For NBK-7 glass the Sellmeire equation becomes [89]:

n2(λ) = 1 +
1.03961212 λ2

λ2 − 0.00600069867
+

0.231792344 λ2

λ2 − 0.0200179144
+

1.01046945 λ2

λ2 − 103.560653
, (2.6)

and can be visualised as seen in Figure 2.7. From Equation 2.6, the refractive indices
of the lens for the various wavelengths are summarised in Table 2.3. As an example,
consider a ThorLabs lens with f = 199.3 mm (λ = 488 nm) and R1 = 103.3 mm. The
focal length for the various beams emitted by the argon-ion laser can be determined
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Y = 1.5222

FIGURE 2.7: The Sellmeier equation depicting the relationship between the refractive index
and wavelength of the incident beam for NBK-7 glass.

by substituting the respective refractive indices into Equation 2.4. The results are
summarised in Table 2.3. The multiline consists of multiple discrete wavelengths.
Every discrete wavelength in the multiline will be focused at different planes, hence
the multiline will have multiple focal lengths.

Achromatic lenses. To limit the effects of chromatic aberration achromatic lenses
were invented, and are typically designed to focus two wavelengths (typically red
and blue) or three wavelengths (typically red, green and blue) to a single plane, as
seen in Figure 2.6 b). Achromatic lenses will also focus wavelengths that lie within
the range of the design wavelengths to the same focal plane. Achromatic lenses,
are made of two individual lenses that are usually cemented together. One lens is
made from flint glass and has a concave shape. It is therefore highly dispersive.
The other lens is made of crown glass, has a convex shape and is less dispersive.
When mounted together, the dispersion of the one is counterbalanced by the other.
However, they are designed in such a way that the positive focusing power is not
completely cancelled out, and ultimately the achromatic lens will act as a weak pos-
itive lens that can focus multiple wavelengths. The achromatic lenses used in this
thesis [90] were designed for λ0 = 486.1 nm (blue), 587.6 nm (green) and 656.3 nm
(red), and can be used for any wavelength within the range of 400 - 700 nm.

Because the achromatic lens is made of two different materials, we cannot use Equa-
tion 2.4 to calculate the focal length of the lens in the same manner that we did for
the conventional lens. We must therefore experimentally determine the focal length
of the lens, i.e., the effective focal length. Assuming that the incident beam is Gaus-
sian and does not rapidly diverge (has a divergence angle, Θ < 1 rad), the effective
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TABLE 2.3: The refractive index and focal length of a conventional lens ( f = 199.3 mm for λ0
= 488 nm).

Wavelength (nm) Refractive
index

Focal length
(m)

Effective focal length
(m) ± 0.001 m

457 1.5247 0.1969 0.205
488 1.5222 0.1978 0.208
514 1.5205 0.1985 0.211
Multiline - 0.1981 0.195

focal length can be determined using the following formula

f =
w w′

0 π

λ
(2.7)

where λ is the wavelength of the incident beam, w is the size of the incident Gaus-
sian beam and w′

0 is the size of the beam at the beam waist after the lens as shown
in Figure 2.8 a). For Equation 2.7 to be valid: (1) λ << w for the paraxial approxi-
mation to hold, (2) w′

0 < w. According to the manufacturer the emitted beams have
Θ = 0.95 mrad and we have confirmed that the beams have a Gaussian profile [88].
Therefore without collimating the emitted beam we can use Equation 2.7 to deter-
mine the focal length of the lens.

However, to use Equation 2.7 we must know: (1) the incident beam’s size at the
plane of the lens, w and (2) the beam size at the beam waist after the lens, w′

0. We can
determine w by Equation 2.2 and substituting in the propagation distance z = 500
mm and the determined minimum beam size w0 values. As expected, the beam size
varied by a negligible amount, and thus has the same values as w0 - confirming that
our ’collimated beam approximation’ is valid. However, w′

0 is unknown. This can be
determined experimentally by measuring the beam size at various planes after the
lens. Then, using Equation 2.2 we can determine w′

0.

The experimental setup was built as seen in Figure 2.8 b). Here, the setup is similar
to that used in Figure 2.2 with the addition of an achromatic lens, l1 with a focal
length of f = 200 mm. The setup was aligned using λ = 488 nm. The CCD camera
was placed at a certain distance, z1 after the lens and a picture of the beam for each
wavelength was captured. This was then repeated at various distances from the lens.
Experimental images for λ = 488 nm are shown as inserts in Figure 2.8 c). Using the
same procedure as before, we could determine the beam size for each wavelength
at each observation plane. Plotting the beam size against the propagation distance
and fitting it to Equation 2.2 resulted in the plot seen in Figure 2.8 c) and allowed
us to determine w′

0. By substituting these values into Equation 2.7, we were able to
determine the focal lengths per wavelength for an achromatic lens where the design
focal length, f = 200 mm. To calculate the focal length of the multiline we required
the value of the wavelength. So, we assumed that all the beams would be emitted at
an equal intensity and thus approximated the wavelength of the multiline as the av-
erage of all the wavelengths, λav = 498 mm. The results are summarised in Table 2.4.
For comparison the same experimental procedure was repeated for a conventional
lens with a design focal length, f = 199.3 mm. The results are summarised in Ta-
ble 2.4.
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FIGURE 2.8: Determining the focal length of an achromatic lens experimentally. a) To calcu-
late the focal length we must first determine the beam size of the incident Gaussian, w and
the beam size at the beam waist after the lens, w′

0. To determine w′
0 the experimental setup

consisted of a source that is redirected by two mirrors m1, m2 through a lens. A CCD camera
took images of the beam at various observation planes after the lens, l1 ( f = 200 mm). First
an achromatic lens was used, then the process was repeated with a conventional lens. b) A
plot of the beam size with respect to the propagation distance after the lens and fitting the
data to Equation 2.2 allows one to determine the minimum beam size, w′

0 and thus the focal
length. Although the plot shown here is for only the achromatic lens, a similar plot was ob-
tained for the conventional lens. Experimental images of the beam ( λ= 488 nm) at various

planes are shown as inserts.
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TABLE 2.4: The experimental values of the beam size before the lens, w and beam size at the
beam waist w′

0 and effective focal length of an achromatic lens ( f = 200 mm) per wavelength.

Wavelength (nm) w (mm) ±
0.5 mm

w′
0 (mm) ±

0.5 mm
Effective focal length
(m) ± 0.001 m

457 0.408 0.786 0.223
488 0.448 0.765 0.224
514 0.425 0.856 0.225
Multiline 0.421 0.806 0.217

Consider the results from Tables 2.3 and 2.4 for both the conventional and achro-
matic lenses, respectively. If we only consider the results of the discrete wavelengths,
we see that in both cases the general trend is as follows: as the wavelength increases
so does the focal length. For the conventional lens we notice that the shift in the
focal length is between 2 - 3 mm. If we account for the experimental error which
arises from the measurement of the distance, z when determining the beam sizes,
the shift in the focal length is quite small and may even be considered negligible in
some applications. For the achromatic lens the focal length shift is approximately 1
mm — the same value as the associated experimental error. This implies that indeed
the achromatic lens does focus the various wavelengths to the same focal plane and
is more suitable for broadband beam shaping. Now let us consider the results for
the multiline. It is clear that in both cases the obtained results do not follow the
general trend and are in fact an outlier. We can consider the values of the beam size
to be reliable as the method used to determine it produced good results when used
for the discrete wavelengths. This implies that the error must lie in the way we de-
termined the focal length, in particular the approximation used where we assumed
that all discrete wavelengths that make-up the multiline have equal intensities and
the multiline’s wavelength is the average of all the discrete wavelengths. Based on
the results, the true value of the multiline’s wavelength must be smaller than the
average value to match the general trend. To truly characterise the multiline, one
should measure the intensity of each discrete wavelength. This will give the weight-
ing/contribution of each discrete wavelength to the multiline. One can then confirm
the value of the wavelength of the multiline by using a spectrometer.

2.3 Beam shaping elements

Consider Figure 2.1 again. The next fundamental piece of the beam shaping sys-
tem that we need is a beam shaping element that satisfies the transmission func-
tion (labelled 3). These beam shaping elements can be physical optics or computer
generated holograms (CGHs) that are encoded on a digital device such as spatial
light modulators (SLM) or digital micro-mirror-device (DMD). In this section we
will briefly introduce physical beam shaping optics and digital modulating devices.
An in-depth discussion and demonstration on how to generate CGHs and fabricate
physical optics for broadband beam shaping will be provided in subsequent chap-
ters.
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FIGURE 2.9: The refraction of light. a) A ray of light travels from a medium with a refractive
index n1 into a medium with a refractive index n2 where n1< n2. The incident beam initially
travels at an angle α1 with respect to the normal of the surface (shown with a black dashed
line), but at the interface it is refracted and now travels at an angle α2 with respect to the
normal. b) The surface is designed to refract the incident light rays in such a way that at
certain positions at the observation plane there will be a high density of rays and the inter-
ference pattern will be bright, while at other positions there will be scarcity of rays and the

interference pattern will appear dark.

2.3.1 Physical optics

The earliest demonstrations of beam shaping relied on physical optics with surfaces
that were designed to manipulate an incident beam’s phase and amplitude in a man-
ner that they interfered to produced a desired pattern/structure of light at an arbi-
trary observation plane [9]. In general, beam shaping optics can be classified as
refractive or diffractive based on their structure and operating principles.

Refractive optics. As the name suggests, refractive optics manipulate light through
the principle of refraction. Refraction is a phenomenon that occurs when light travels
from one medium into another with a different refractive index. In this process,
the speed of light changes and as a result the direction of the light wave is altered
according to Snell’s law:

n1sinα1 = n2sinα2 (2.8)

where n1 and n2 are the refractive indices of the initial and subsequent medium, re-
spectively, and α1, α2 are the angles of incidence and refraction, respectively, as seen
in Figure 2.9. Exploiting this concept and relying on the principle of conservation of
energy, refractive optics are designed using analytical methods to calculate a local
mapping (deflection angle) for each point of the incident beam so that desired inter-
ference pattern (structured beam) is created in the observation plane. For example,
consider the Figure 2.9 b). The surface is designed to refract the incident light rays
in such a way that at certain positions at the observation plane there will be a high
density of rays and the interference pattern will be bright, while at other positions
there will be scarcity of rays and the interference pattern will appear dark.

Traditionally refractive optics were used to shape collimated incident beams, how-
ever with recent advancements it became possible to shape Gaussian beams using
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FIGURE 2.10: An example of a refractive lens- spiral phase plates (SPPs). SPPs converts
incident light such with a flat wavefront into modes that carry orbital angular momentum
(OAM) and have a helical wavefront. The inserts are the intensity profiles of the incident

Gaussian beam and resultant vortex beam.

free-form optics [17]. In principle any desired structured mode can be realised us-
ing analytical methods, however the more complex the desired mode the greater the
complexity of the surface structure. Hence, for refractive optics physical properties
such as the thickness, surface curvature and refractive index will influence the op-
tic’s beam shaping ability [77, 91]. Fabrication of these optics requires an accuracy
and a surface roughness in the nanometer range, to ensure that the beam is correctly
refracted at each point along its surface [91]. To achieve such accuracy during man-
ufacturing requires highly specialised methods such as diamond turning, which is
expensive and thus not suitable for commercial use. The pros of refractive optics
is that they can be used for multiple wavelengths so long as the refractive index
doesn’t vary greatly [61]. However, they are limited in design and cannot be used to
achieve complex beam shapes. Refractive optics also tend to be quite bulky. Com-
mon examples of refractive optics include lenses or spiral phase plates (SPPs) which
converts incident light into modes that carry orbital angular momentum (OAM) and
have a helical wavefront, as seen in Figure 2.10 [58, 92, 93].

Diffractive optics. Diffractive optics rely on the wave nature of light to manipu-
late light through the principle of diffraction. Diffraction can be explained using
Huygens wave principle: assume that the incident beam is a plane wave. Every
point on the wavefront acts as a source of secondary wavelets that generate another
plane wave. If a portion of the wavefront encounters some obstacle like a slit, the
wavefront will be bent around the edges, as seen in Figure 2.11. Hence diffraction is
typically described as the bending of light around obstacles.

Consider Young’s famous double slit experiment, as seen in Figure 2.12. In this
case, 2 slits were placed a distance d apart, causing the incident plane wave to be
diffracted at two points. As the light from each point propagates, certain portions
will destructively interfere (rays 1, 2) while others will constructively interfere (rays
3, 4). This result in the formation of an interference pattern at an observation plane
some distance z away.

In principle if one knew how many slits to use and where to position them one could
manipulate an incident beam so that it forms any desired interference pattern (struc-
tured mode) at an observation plane. For example, assume that you would like the
incident beam to be focused at a point P some distance f away, i.e., all the trans-
mitted light must constructively interfere at this single point. How can we arrange
the slits to achieve this? Simply position the slits so that portions of light that are in
phase and constructively interfere with each other are transmitted, while portions
of light that are exactly out of phase and destructively interfere are blocked. In this
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FIGURE 2.11: Diffraction can be explained using Huygens’ wave principle: assume that the
incident beam is a plane wave. Every point on the wavefront acts as a source of secondary
wavelets that generate another plane wave. If a portion of the wavefront encounters some

obstacle like a slit, the wavefront will be bent around the edges

way we have manipulated incident light in an amplitude-only manner by carving
out the desired portions of light while discarding the rest, as seen in Figure 2.13 a).
The result is a Fresnel zone plate (shown in Figure 2.13 b)) which has been used ex-
tensively in the past to focus various wavelengths of light such as x-rays [94–96].

It is clear to see why this process is considered quite lossy. So how could one improve
the efficiency? The solution is this: instead of using material that would absorb the
portions of light that are exactly out of phase, use a material that has a higher re-
fractive index than the medium the incident beam is travelling in. This material will
delay the incident beam and impart a phase shift. If the thickness of the material is
meticulously chosen, the transmitted beam will now be in phase with the other por-
tions of incident light. Hence this phase-only approach is considered more efficient
as no light is lost during the process. In this case we have considered a binary case,
but in reality there are portions of incident light that have phases which lie between
these values and require material of different thickness.

Therefore, unlike refractive optics, diffractive optics have a surface that is composed
of multiple structures that are small when compared to the incident beam’s wave-
length. When designing a diffractive optic the structures must arranged in such a
manner that when an incident beam passes through them it will be diffracted and
interfere in a way, that at some observation plane, one will observe a beam with the
desired amplitude and phase. The height and spacing of the apertures are designed
based on the incident beam’s wavelength, hence the optic is wavelength-dependent
and should be operated with the design wavelength for optimal beam shaping. Be-
cause the amplitude and phase to be imparted in the incident beam is dependent
on the structures’ positioning diffractive optics can be designed for complex/exotic
beam shapes. Diffractive optics are also advantageous in systems that are limited
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FIGURE 2.12: Young’s famous double slit experiment. 2 slits are placed a distance d apart,
causing the incident plane wave to be diffracted at two points. As the light from each point
propagates, certain portions will destructively interfere (rays 1, 2) while others will con-
structively interfere (rays 3,4). This result in the formation of an interference pattern at an
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FIGURE 2.13: How the binary slits can be arranged to focus light, i.e., create a Fresnel zone
plate. a) By arranging the slits in a selective manner, one can focus the incident light at a
point P, located a distance f away. The slits are arranged to transmit light is in phase and
constructively interfere, while blocking portions of light that are out of phase and destruc-

tively interfere. This is the underlying concept of a b) Fresnel zone plate.
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in space as they are usually made of a single element, whereas multiple refractive
optics are usually needed for beam shaping. Due to the extremely small sizes of the
apertures, to fabricate a diffractive optic requires processes with high accuracy on
the order of nanometers. For a while this was not easy to achieve, however with
recent advances in etching and lithography methods (such as 3-D printing), now not
only is it possible create such optics, but complex designs can be achieved, allow-
ing for the possibility of complex structured beams to be generated. This will be
discussed and demonstrated in Chapter 4. Some common examples of diffractive
optics [97] include gratings, diffractive lenses [66] and metasurfaces [23].

To summarise the difference between refractive and diffractive optics (specifically
focusing lenses) consider the following analogy: multiple athletes (portions of inci-
dent light) are lined up together at the beginning of a straight race track. The goal
is for all the athletes to arrive at the finish line at the same time (be in phase and
constructively interfere at the observation plane). However, some athletes are faster
than others. To ensure that they all arrive at the same time we could do one of the
following: (1) ensure that only athletes that run at the same speed are allowed to race
(amplitude-only diffraction optics); (2) precisely add hurdles to the tracks of those
who run faster, so that they are delayed and arrive at the same time as those much
slower (phase-only diffraction optics); (3) reshape the race track itself (refractive op-
tics).

Although there are limitations and difficulties when fabricating physical optics, once
created they offer the advantage of being easy to use and integrate into systems (ei-
ther pre-existing or not) due to their compact size. However, they are static and can
only be used to generate a single mode. In certain applications such as microscopy
or imaging the advantage of its compact size and easy integration outweigh the
need for an optic that produces a variety of modes on hand. However, in other ap-
plications such as optical communication systems that require multiple structured
modes, this is not the case. For such applications a dynamic system and different
method of generating structured light is needed.

2.3.2 Digital beam shaping optics

It was for these reasons that researchers developed the modern art of beam shap-
ing using computer generated holograms (CGHs) [98] which are encoded on digital
modulating devices. These devices consist of an array of pixelated micro-structures
(such as micro-mirrors or liquid crystals) that are responsive to some external stim-
ulation such as an applied voltage. In this way the pixels can be individually con-
trolled and the micro-structures within them re-orientated to impart a desired am-
plitude and or phase change to an incident beam. All that is needed is a manner to
instruct each pixel as required. This is achieved through digital holograms, which
have a one-to-one mapping with each pixel in the device. In this way the hologram
serves as a set of instructions for each pixel, thus allowing for dynamic beam shaping
to be achieved. In this section we will consider two types of digital modulating de-
vices: (1) spatial light modulators (SLMs) , (2) digital micro-mirror devices (DMDs)
that operate in a phase-only and amplitude-only manner, respectively.
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Spatial light modulators (SLMs)

Liquid crystal on silicon spatial light modulators (LCoS-SLMs), commonly referred
to as SLMs are digital devices that can be used to manipulate light in a phase-only
manner [25]. SLMs are composed of two main parts: a pixelated display screen and
a driver unit that controls the screen, as seen in Figure 2.14 a). An SLM screen typ-
ically has a resolution of 1920 × 1080 pixels, fill factor (ratio of the area of active
pixels versus the entire screen area) >90% and a 8 µm pixel size. [99].

In an SLM, each pixel in the screen can be independently controlled and is com-
posed of liquid-crystals (LCs), as seen in the insert of Figure 2.14 a). LCs are organic
molecules that have an elongated oval shape and have a dipole nature, making them
responsive to external stimuli such as an applied electric field. LCs are also birefrin-
gent, i.e., they refract light with different polarisations in a different way, as depicted
in Figure 2.14 b). For example, assume a beam containing both horizontal and ver-
tical polarisation states is incident on the LC. Within the LC there is an optical axis,
and any light ray that has a polarisation state perpendicular to this optical axis (re-
ferred to as the "ordinary ray") will experience a fixed refractive index, no. A light
ray that has polarisation perpendicular to the ordinary ray (referred to as the "ex-
traordinary" ray) will experience a varying refractive index, ne that is dependent on
the orientation of the LCs as seen in Figure 2.14 c).

This is the underlying working principle of SLMs, as depicted in insert of Figure
2.14 a): apply a particular voltage, V(px, py) (where px, py are the pixel coordinates)
across electrodes to induce an electric field of a certain strength. Due to their dipole
nature, the LCs sandwiched between the electrodes LCs will re-orientate themselves
at an angle, θ(V(px, py)) with respect to the axis for that particular pixel. This ro-
tation in the LCs will result in a proportional change in the refractive index of the
effective extraordinary ray, n′

e(θ(V(px, py))) [25]

1
n′

e
2 =

(
cos(θ)

ne

)2

+

(
sin(θ)

no

)2

. (2.9)

This variation in the refractive index introduces a path delay as the extra-orindary
ray propagates through the LC, which leads to a phase change ∆ϕ , of the extraordi-
nary ray which can be calculated as follows:

∆ϕ =
2π

λ
∆nt, (2.10)

where

∆n = ne − no, (2.11)

and λ is the wavelength of the incident light and t is the thickness of the LC. Hence,
if the incident light is polarised in the direction of the extraordinary axis, by simply
adjusting the voltage applied to each pixel one is able to alter the refractive index in
such a way that a desired phase change is imparted to the incident beam. For this
reason SLMs are referred to as phase modulating devices, and are typically able to
impart a minimum phase change of 2π.
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FIGURE 2.14: The structure and operating principle of a spatial light modulator (SLM). a)
SLMs consist of a pixelated screen and driver unit that controls the screen. Each pixel in the
screen is composed of liquid crystals (LCs) that are sandwiched between electrodes (insert).
As a voltage is applied across the electrodes an electric field is induced. Due to the dipole
nature of the LCs, they will be re-orientated causing a phase change between [0, 2π]. b)
The Liquid crystals (LCs) in the SLM are birefringent. If an unpolarised beam of light is
incident on a LC, the ordinary ray will experience a fixed refractive index, no. However,
the extraordinary ray will experience a different refractive index ne. c) Depending on the
orientation of the LC, the incident light will experience a varying refractive index, ne which
a maximum when the optical axis is parallel to the incident beam (left), a minimum when it is
perpendicular to the incident beam (middle), and some value between when it is orientated

at an angle, θ (right).
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FIGURE 2.15: How grayscale holograms are used to cause a re-orientating of the liquid-
crystals and thus induce a desired phase shift. SLMs are encoded with grayscale images
called holograms (shown in the inserts) that have a one-to-one mapping with each pixel in
the screen. In a well calibrated device, the grayscale value of the hologram is interpreted
by the SLM driver as a particular voltage that must be applied to the pixel to induce an
electric field of a certain strength, and thus a rotation of the LCs to a specific angle. Hence
the incident light will be refracted in such a way that it will impart a phase shift ranging
between 0 → 2π. Thus, there is a correlation between the encoded greylevel and the induced

phase shift.

To impart the desired phase change in the incident beam, the SLM acts a secondary
screen which displays an 8-bit grayscale image (preferably in .bmp format), referred
to as a hologram, which is composed of 256 shades of grey ranging from black to
white. The encoded hologram has a one-to-one mapping with each pixel in the SLM
screen. Each grayscale value, L in the hologram is mapped by the driver to a partic-
ular voltage, V(px, py) that should be applied to that specific pixel to rotate the LCs
by an angle θ(V(px, py)) to produce a phase shift, ∆ϕ that lies between 0 (black) and
2π (white), as depicted in Figure 2.15. This implies that there are 2π/256 possible
phase increments that could be encoded per pixel in the screen and imparted to the
incident beam.

To ensure an accurate mapping between the hologram’s grayscale values and the
induced phase shift, one must calibrate the SLM as outlined in Appendix A. Fig-
ure 2.16 shows a comparison of experimentally generated HG modes when the SLM
was incorrectly and correctly calibrated to the wavelength of the incident light. Be-
cause the imparted phase shift, ∆ϕ is wavelength dependent (hence the need for
calibration), this implies that the mapping created during the calibration process is
wavelength-dependent too. In other words, if the incident beam of light has a wave-
length that differs from the calibration wavelength, the SLM should incorrectly mod-
ulate the incident beam, thus posing an issue in the case of broadband beam shaping.
However, in recent work Spangenberg et al. [65] successfully showed that if a blazed
grating is encoded on the SLM the mode in the +1st order will always have the de-
sired structure and phase at the cost of efficiency loss. Any dispersion effects were
then compensated for with the use of additional optics, in this case, a complemen-
tary digital grating.
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FIGURE 2.16: Comparison of experimentally generated HG modes when the SLM was un-
calibrated and calibrated to the wavelength of the incident light.

Digital micro-mirror devices (DMDs)

Another common digital beam shaping device used in the optics community is a dig-
ital micro-mirror device (DMD). Since its invention in the late 1980s by Larry Horn-
beck from Texas Instruments [100–103], DMDs have proven to be one of the most
successful micro-electro-mechanical-systems (MEMS) available and has become a
key component in all digital light processing (DLP) technologies.

DMDs were initially conceptualised as a deformable mirror [100]- an analogue de-
vice composed of a single mirror membrane that could be distorted in a pixel-like,
spatially controlled manner using an applied voltage, as seen in Figure 2.17 a). In
1993 the focus was shifted from a single mirror membrane to an array of micro-
mirrors that were mounted on torsion hinges and attached to electrodes that were
connected to a computer chip. When a voltage was applied the electrostatic force
caused the micro-mirror to be tilted in one of two directions [103, 104]. In this way
each micro-mirror in the array could be independently controlled in a digital man-
ner, as seen in Figure 2.17 b).

DMDs were originally designed with the purpose of replacing LCD technologies
in personal televisions, and within a year of its commercialisation it became clear
that DMDs could be used for high resolution projection technologies such as movie
cinema projectors [105–107]. DMDs gained much popularity since for its ability
to provide high-quality images with sharp details, vibrant colours, and high con-
trast ratios and have become an integral part in various display technologies such
as smartphones [108], virtual and augmented reality systems [109], industrial large-
scale display systems and even automotive head-up display (HUD) and headlight
systems [110], to name a few.

In 2003 Dudley et al. highlighted emerging DMD applications [111] which ranged
from projection to lithography. It was now clear that DMDs had the potential to ex-
tend far beyond its initial intended use. In fact, one of the earliest demonstrations of
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FIGURE 2.17: A comparison of the structures of a) deformable mirrors and b) digital micro-
mirror devices (DMDs).

this was when DMDs were used to reconstruct a digital hologram.

The appealing characteristics of DMDs rendered them attractive for beam shaping
applications. This led to the inaugural use of DMDs as a beam shaping tool. By 2010,
DMDs were effectively utilised as spatial light modulators with laser sources, thus
enabling the creation of unique intensity profiles like flat-tops [112, 113]. During
the same period of time, advanced techniques to implement digital holography on
DMDs were presented. A summary of three of the presented approaches is given
as follows. In the first approach, the ‘super-pixel’ method [114] involved grouping
multiple pixels together to form a larger pixel. The field in the observation plane
is then the cumulative result of responses from all super-pixels. The second ap-
proach, presented by Wai-Hon Lee [115] involves the generation binary computer
holograms while the third method is an iterative method for producing computer
generated holograms by means of the Gerchberg-Saxton algorithm [112].

With the use of these various methods the role of DMDs as spatial light modula-
tors became solidified and expanded the possibility of DMDs to generate structured
light modes like LG, HG, Bessel and Airy beams [28]. With the advancement of
beam shaping techniques it became possible to control more degrees of freedom
during the creation of structured light. For example, DMDs have been used in the
generation of vector vortex modes which are created by controlling the polarisation
of OAM-carrying beams [116]. In recent work, DMDs have proven useful beyond
just structured light generation. In fact, they have be used as a wavefront sensor
to characterise an unknown optical field [117, 118], thus acting as an alternative to
traditional wavefront sensing devices like the Shack-Hartmann [119, 120].

When compared to SLMs, DMDs relatively low cost, rapid refresh rate, and polari-
sation invariance make them a much more suitable tool for commercial applications
which involve beam shaping. However, when it comes to broadband beam shap-
ing although there has been some research done with SLMs the same cannot be said
for DMDs. Why is this the case when the DMD has no wavelength dependency in
its operating mechanism nor does it require any wavelength-dependent calibration?



2.3. Beam shaping elements 39

FIGURE 2.18: Image showing that a broadband beam of light is dispersed by a DMD even
when it is un-powered.

Due to the spacing between the micro-mirrors DMDs will diffract and thus disperse
any incident broadband beam, as seen in Figure 2.18. Considering that the DMD is
extremely inefficient (maximum efficiency is 6.2% [27]) and additional optics cou-
pled with precise alignment are needed, it is clear to see why DMDs are not usually
considered. Nevertheless, with the invention of new applications DMDs are now
being investigated as a potential tool for broadband shaping [64]. In Chapter 3 we
will look at how to use DMDs for broadband beam shaping and how to compensate
for the dispersion of the incident beam using a single lens.

However, before we do this, let us consider how to create broadband beam shaping
elements and what the effects are.

2.3.3 Considering wavelength-dependence

Regardless of whether we opt to use a physical or digital beam shaping element,
this general question remains - how can we design the beam shaping element so
that it imparts the correct phase across various wavelengths? As discussed in Chap-
ter 1, if a grating is added to the optic, in +1st order the beam will have the desired
structure and phase regardless of the wavelength of the incident beam. The effect,
however, of designing the phase element for wavelength λ0 but actually operating
at wavelength λ is to alter the action of the transmission function to Equation 1.16
[65] and thus change the intensity by a factor I = |ζ|2, where ζ = sinc[π(1−λ0/λ)].

Because we will be using argon-ion laser throughout this thesis we shall only con-
sider what happens when λ0 ∈ {457 nm, 488 nm, 514 nm}. Figure 2.19 depicts how
the intensity of the beam changes for various incident wavelengths, λ. We see that
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FIGURE 2.19: A plot depicting the effect on the intensity of the structured beam (in the +1st
diffraction order) when a phase element is designed for wavelength λ0 but one operates at

wavelength λ.

when λ0 = λ , ζ = 1 and the beam has a maximum intensity, as expected. As the dif-
ference in wavelength increases, ζ decreases and so does the intensity of the beam.
Since the laser emits discrete wavelengths of light, it is not necessary to consider a
wide spectrum of light. The results applicable for our purposes can thus be sum-
marised in Table 2.5 for λ ∈ {457 nm, 488 nm, 514 nm.} Examining the results high-
lights the pivotal role of the chosen design wavelength, λ0, in influencing the extent
of efficiency loss across different incident wavelengths. Notably, when the design
wavelength aligns with the central region of the incident wavelength spectrum, the
efficiency loss is notably lower compared to when the design wavelength is closer
to the extremes of the spectrum. Consequently, if efficiency is a priority, opting for
a centrally positioned design wavelength is advisable. However, it’s important to
note that in this thesis, the design wavelength is arbitrarily chosen, deviating from
this efficiency-centric recommendation.

To summarise, what this means is that the operation of the element will remain in-
tact and wavelength independent except for a decrease in efficiency as the design
wavelength is altered. There is however one downside. The angle at which light
is diffracted is still wavelength dependent, following the familiar rule for periodic
structures of mλ = λx sin θm, where θm is the angle of the m-th order. A consequence
is that the desired light will be created for all wavelengths, but they will appear to
emerge at different angles, thus at different positions in the far-field. This dispersion
effect has to be corrected in the experiment by using a compensating element such
as a grating or prism [64].
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TABLE 2.5: A summary (for discrete wavelengths) of the expected intensity of the structured
beam (in the +1st diffraction order) when a phase element is designed for wavelength λ0 but

one operates at wavelength λ

Design wavelength, λ0 Incident wavelength, λ

457 nm 488 nm 514 nm
457 nm 1.0000 0.8592 0.5866
488 nm 0.8757 1.0000 0.9112
514 nm 0.6593 0.9196 1.0000
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Chapter 3

Broadband beam shaping using a
digital micro-mirror device

This chapter is based on the paper:

Leerin Perumal and Andrew Forbes, "Broadband structured light using digital micro-mirror
devices (DMDs): a tutorial." (2023) Journal of Optics, 25 (7), pp. 4003

In this chapter we demonstrate how to shape multiple wavelengths of light using
computer generated holograms (CGH) written to DMDs. The chapter begins with
an overview on the structure and operating principles of the DMD followed by a
discussion on how to setup and align the DMD in an optical system. Next we be-
gin provide the basic theory behind generating binary holograms for the DMD that
contain both the phase and amplitude information that we wish to impart into some
incident beam. Using the generated holograms we then demonstrate how to shape
monochromatic light, and by extension broadband light. We will also consider and
discuss how to compensate for any manifestations, such as dispersion, that may
arise due to any wavelength-dependence present in the system.

3.1 DMD structure and operating principles

Digital micro-mirror devices (DMDs) are amplitude-only digital devices that can be
used for shaping light. DMDs consist of two main components: a micro-mirror ar-
ray (the screen) and a set of electronics (the driver unit) that controls the mirrors, as
depicted in Figure 3.1.

At present Texas Instruments is the sole manufacturer of all commercially available
DMDs and they offer a variety of models with various properties and resolutions.
In our lab, we have access to three models namely the DLP3000 [121], DLP6500 [122]
and DLP660 [123]. The important properties of each model are summarised in Ta-
ble 3.1.

From Table 3.1, one can see that the number of micro-mirrors in the screen, i.e., the
resolution, varies between different models. Another property that differs between
DMDs models is the layout of the micro-mirror array within the screen. There are
two distinct layouts: Cartesian and diamond, as seen in the Figure 3.2 a) and b), re-
spectively. In a Cartesian layout the micro-mirrors (depicted as white squares) are
arranged in a manner resembling a Cartesian grid, i.e., the mirrors’ axes (depicted
by green dashed lines with x, y) are aligned parallel to the axes of the base (de-
picted by black solid lines with x, y) the mirrors are attached to. In this layout, the
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Screen

Micromirrors

Driver unit

FIGURE 3.1: The DMD consists of two main components: the driver unit and screen (as
labelled). The screen consists of a micro-mirror array composed of individual micro-mirrors

(inserts). Panels 2 and 3, micrographs are courtesy of University of Rochester/URnano.

TABLE 3.1: Summary of the important properties for 3 common DMD models.[121–123]

Model Resolution
(number of
pixels)

Layout of
micro-mirror
array

Size of a
micro-mirror
(µm)

Tilt angle of
micro-mirror
(◦)

DLP3000 608 × 684 Diamond 7.56 12
DLP6500 1920 × 1080 Cartesian 7.56 12
DLP660 3840 × 2160 Cartesian 5.4 17

micro-mirrors have a separation distance d between adjacent micro-mirrors’ centres
(depicted by green arrows with solid lines) that is equivalent in both the vertical and
horizontal directions. In a diamond layout, however, the micro-mirrors are rotated
at a 45◦-angle relative to the base, making the square mirrors appear diamond-like.
To optimise the packing of the micro-mirrors in a diamond layout, the mirrors are
arranged so the separation distance in the vertical direction, 2d, is twice the distance
in the horizontal direction, d. The difference between the two layouts must be taken
into account when encoding holograms onto different DMD models. In this thesis
we used a DLP3000 which has a diamond layout; the square micro-mirrors had a
width and height of 7.6 µm and a separation distance, d = 10.8 µm between adjacent
micro-mirrors.

Micro-mirrors are small, highly reflective aluminium squares that pivot about their
diagonal and reflect the incident light. The movement of the micro-mirrors are made
possible by the torsion hinges they are attached to. However, the spring tips restrict
the micro-mirrors’ possible rotation angles. These torsion hinges connect the micro-
mirrors to electrodes which are further connected to circuit board. When a voltage
is applied, an electric field is generated between the electrode and micro-mirror, and
the electric force causes the micro-mirror to tilt in a particular direction along its
diagonal. When a beam of light is incident on the tilted micro-mirror the beam
will be directed in a +/- direction off axis. By convention the positive (+) state is
referred to as on and the negative (−) state is referred to as off. Micro-mirrors in
the on state direct light toward the desired direction and micro-mirrors in the off
state direct light in the opposite direction. When powered and operational all micro-
mirrors in the DMD must occupy one of the two states. However, when the DMD
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FIGURE 3.2: Based on the model, DMDs have different layouts of their micro-mirror arrays.
In a) a Cartesian layout the micro-mirrors (depicted as white blocks) are arranged in a man-
ner resembling a Cartesian grid where the micro-mirrors axes (depicted as dashed green
arrows with x and y) are aligned to axes of the base (depicted as solid black arrows with
x, y) that they are attached to. The separation distance between the micro-mirrors’ centres
in the x-direction, d is equivalent to the separation distance in the y-direction. In a b) dia-
mond layout the micro-mirrors are rotated at a 45◦ angle relative to base. In this layout the
square micro-mirrors appear ‘diamond like’. To maximise the packing efficiency, the separa-
tion distance between the mirrors’ centres in the vertical direction, 2d is twice the separation

distance in the horizontal direction, d.

is non-operational no voltage is applied. Hence the micro-mirrors will experience
no electric force and are in a ‘parked’ state where they are neither on nor off. In the
‘parked’ state the micro-mirrors are roughly parallel to circuit board the mirrors are
attached to. Figure 3.3 shows the possible orientations of the micro-mirrors. The
angle that the micro-mirrors are tilted when in the on or off state is dependent on the
DMD model, as shown in Table 3.1. In this thesis we used a DLP3000, hence when
powered, the micro-mirrors will be tilted ±12◦ relative to the normal of the circuit
board/base of the screen.

3.2 Computer generated holograms for DMDs

When powered, the micro-mirrors in the DMD screen can only occupy one of two
states (on or off ) and will therefore reflect the incident beam towards the desired
plane or away from it. Therefore, the DMD is considered a binary amplitude-only
device. If we wish to use the DMD to manipulate both the phase and amplitude of
an incident beam and thus generate some desired mode, we must be able to modu-
late the light in a spatially resolved manner. This implies that we require a way to
independently control each micro-mirror in the DMD’s screen. The solution lies in
binary computer generated holograms.

Two questions then remain: (1) how does one calculate the desired amplitude and
phase profiles, and (2) how does one convert that to a hologram which can be writ-
ten to a simple binary amplitude device such as a DMD?
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FIGURE 3.3: The three possible states of the DMD micro-mirrors: on, parked and off. When
non-operational the micro-mirrors are in the ‘parked’ state. When operational the micro-
mirrors will either be on or off and deflect the incident light in a +/- direction relative to

normal incidence.

3.2.1 Theory

We shall address the second part first. Imagine that in general you may want to
have a computer generated hologram that encodes both amplitude and phase, and
write this onto the DMD. To create such a hologram, begin with assuming that we
wish to create a complex field, given as: U(x) = A(x) exp(iφ(x)), where A(x) is
the desired amplitude structure and φ(x) is the desired phase. How can one write
a complex amplitude and phase to a simple binary on/off device to create such a
beam? Fortunately this problem was solved nearly half a century ago when sophis-
ticated match filters for pattern recognition were required, but only rudimentary
optical elements existed [115]. Although there have been other methods to gener-
ate binary holograms since then [114], here we consider the method outlined by Lee
[115]. Both a conventional hologram and a computer generated hologram (CGH) are
formed by the interference of a reference plane wave, R exp(−i2πx/λx) (where R is
the amplitude and λx is the grating period in the x direction) with an object wave,
A(x) exp(iφ(x)). For a conventional hologram this is done physically and the CGH
is done computationally. The hologram transmittance is proportional to

t(x) = R2 + A2(x) + 2RA(x) cos[2πx/λx + φ(x)] (3.1)

where the third term performs the object wave reconstruction. Unfortunately if only
a simple binary on/off amplitude-only hologram is possible, then the binary version
of the key reconstruction term becomes

t̂(x) =

{
1, for cos[2πx/λx + φ(x)] ≥ 0
0, otherwise

(3.2)

which mathematically can be executed by the function

t̂(x) =
1
2
+

1
2

sign {cos[2πx/λx + φ(x)]} , (3.3)
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returning 1 or 0 as the sign of the cosine function changes. We see that the amplitude
information is lost (as there is no need to insert the 2RA(x) term) since this on/off
oscillation is not amplitude dependent, so that the resulting train of on-off amplitude
pulses only holds the desired phase information. To get around this one introduces
a bias function for the clipping level, cos πq(x) instead of 0, which is equivalent to
subtracting it from the original function, namely [115]

t̂(x) =

{
1, for cos[2πx/λx + φ(x)]− cos[πq(x)] ≥ 0
0, otherwise

(3.4)

so that now the pulse train has leading and trailing edges in its pulses given by so-
lutions to 2πx/λx + φ(x) = 2πm ± πq(x). Now the challenge is to find the function
q(x). The Fourier series representation of this pulse train can be written as

T(x) =
∞

∑
m=−∞

Tm exp
(

i2πm
x

λx

)
, (3.5)

with

Tm =
sin[πmq(x)]

πm
exp[imφ(x)]. (3.6)

We see that the m = 1 term (T1) has the desired phase, φ(x), and an amplitude factor
sin[πq(x)]/π. Since we will normalise all amplitude to 1 anyway, if we simply set
A(x) = sin[πq(x)] so that πq(x) = arcsin[A(x)] then we have our solution.

The DMD hologram then becomes

HDMD(x, y) =
1
2
+

1
2

sign
{

cos[2π

(
x

λx
+

y
λy

)
+ φ(x, y)]− cos(arcsin[A(x, y)])

}
,

(3.7)
where now we have written it in two-dimensions (for a 2D pulse train). It is worth
unpacking this function. The encoding can be understood as larger pulse widths
in the pulse train leading to larger amplitudes being diffracted into the first order,
while local shifts in the pulse position allow for propagation phase control through
small path length differences. Note that the input to the pulse train is the desired
amplitude and phase of the output beam, which is now formed in the near-field, at
the plane of the DMD.

Up until now we have assumed that the DMD is completely efficient at produc-
ing modes with high purity. In reality, due to the gaps between the micro-mirrors,
some unmodulated light is reflected toward the desired plane. This unmodulated
light will mix with the modulated light and distort the desired beam. To overcome
this the desired beam is separated from the undesired diffraction orders by virtue
of the blazed grating (our reference wave), of the form exp

(
i2π(x/λx + y/λy)

)
with

grating periods λx and λy in the x and y directions, respectively. This alters the
diffraction angle of the desired light relative to the zeroth-order by θx = λ/λx and
θy = λ/λy, and is referred to as an off-axis design. Because this requires propaga-
tion, it is common to use a telescope to map angles to position in the Fourier plane
(located a focal length after the first lens in the system), separate out the desired
beam, and then return to the image plane of the DMD (located at the focal plane of
the second lens in the system) but now with only the desired field.
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The 1
2 + 1

2 sign(x, y) function binarises the output so that the function returns 1 for
(x, y) ≥ 0 or 0 (all else), ensuring the binary on/off input to the DMD as per Equa-
tion 3.4. The low efficiency of the DMD (< 6.4 % [27]) can be appreciated by noticing
that only the T1 component has the desired amplitude and phase, with the other
terms T2, T3 and so on all carrying unwanted light.

One can further explore this function by re-framing the problem in terms of the pulse
train itself. The one dimensional (1D) binary amplitude grating is a pulse train of the
form

T(x) =
∞

∑
m=−∞

rect
(

x − (m + p)λx

wλx

)
, (3.8)

where m represents each opening in the grating at the position p of width w, with
period λx. Now we wish to relate these pulse train parameters to the amplitude and
phase of the hologram. We can expand T(x) into a Fourier series to find [27, 124]

T(x) =
∞

∑
m=−∞

Tm exp
(

i2πm
x

λx

)
, (3.9)

and

Tm =
sin(πmw)

πm
exp(i2πmp). (3.10)

We can see that the coefficients Tm dictate the amplitude and phase diffracted into
the m-th order. If this binary amplitude grating represents the on/off states of the
light, then for instance, T1 is an amplitude and phase associated with the plane wave
at angular frequency 2π/λx, T2 is an amplitude and phase associated with the plane
wave angular frequency 4π/λx, and so on. Using T1 as an example, we see now that
we can find solutions for the unknown p and w from

1
π

A(x) exp(iφ(x)) = T1(x) =
1
π

sin[πw(x)] exp[i2πp(x)], (3.11)

from which we immediately find that we need to make the pulse width w and posi-
tion p spatially varying according to

w(x) =
1
π

arcsin(A(x)) (3.12)

p(x) =
1

2π
φ(x) (3.13)

relating the train parameters to the desired beam parameters. We see that indeed the
amplitude is now encoded into the width of each pulse, with the period holding the
phase information. The solution is identical in 2D by replacing (x) → (x, y) in the
arguments of all functions in the solutions i.e.,

w(x, y) =
1
π

arcsin(A(x, y)), (3.14)

p(x, y) =
1

2π
φ(x, y), (3.15)
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FIGURE 3.4: Computer generated hologram for creating a vortex beam by a complex am-
plitude function on a DMD. The main frames show the binary hologram with the inset de-
picting the simulated output in various diffraction orders. A cross-section of the hologram

is shown along the dashed green line as an inset.

so that now we have a two-dimensional pulse train.

Figure 3.4 illustrates an example of a complex amplitude function written to a DMD
(with desired transmittance t ∝ LG1

0(r, φ, θ)exp(i2πx/λx)). The panels show the
binary amplitude hologram and a cross-section along the dashed green line on the
right. The simulated outcome of the diffraction orders is also shown. In all cases the
desired beam is in the +1 order. The pulse train in Figure 3.4 now visualises the role
of the functions p and w.In the rest of the chapter we will use specific examples of
desired amplitudes and phases in order to make the treatment practical, and to do
so we select from the common beam types previously mentioned in Chapter 1

3.2.2 Writing the hologram to the DMD

Implementing the computer generated holograms on a pixelated device such as a
DMD entails the computation of a two dimensional matrix with dimensions that
match the resolution of the device’s screen. Each element in the matrix will have
a one-to-one mapping to a particular pixel (micro-mirror) in the device and must
therefore be scaled so that it is the size of the pixel. If matrix is generated with the
incorrect resolution or pixel size this will lead to an incorrect mapping between and
device. Since each micro-mirror can occupy one of two states when operational (the
on or off states), the DMD is considered to be binary in nature, hence the matrix
must be binary too, with each element having a value of 0 or 1. When this matrix
is encoded on the DMD, the driver interprets a value of 0 as an instruction for that
particular micro-mirror to occupy the off state, and a value of 1 for the micro-mirror
to occupy the on state.

To visualise the matrix, we assign colours to each value and thus create a binary
hologram. Because light is directed towards the desired plane when the micro-
mirrors are in the on state, the matrix element or pixel is assigned the colour white in
the hologram. However, because light is directed away from the desired plane when
the micro-mirrors are in the off state the pixel is assigned the colour black. Figure 3.5
illustrates the relationship between the generated binary matrix, the hologram and
the micro-mirrors’ states, while the left panel in Figure 3.4 depicts an example of a
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hologram (for an LG1
0 mode) that would be directly written to the DMD.
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FIGURE 3.5: Holograms act as a means to control each micro-mirror in the DMD’s screen.
First a binary matrix with the same dimensions as the DMD’s screen is generated. a) For
DMDs with a Cartesian micro-mirror array layout, each matrix element has a vertical size
equivalent to the micro-mirror’s height dy and a horizontal size equivalent to the micro-
mirror’s width, dx. b) For a DMD with a diamond micro-mirror array layout, the orientation
of the mirrors must be taken into account as mentioned by [27]. Hence each matrix element
is up-scaled by a factor of 1.699 in the vertical direction relative to the micro-mirror’s height
dy, i.e., each element will have a vertical size of 1.699(dy). However, each matrix element
will have a horizontal size equivalent to the width of the micro-mirror, dx. To visualise this
matrix, each value is assigned a colour i.e., the colour black is assigned to elements with
a value of 0 and white is assigned to the elements which have a value of 1. In this way a
binary hologram is created, which can be encoded on the DMD. Because each element in the
hologram has a one-to-one mapping with each micro-mirror in the DMD’s screen, in essence
the colour of the hologram element or pixel corresponds to the micro-mirror’s state. Hence,
when the element is coloured black it corresponds to the micro-mirror in the off state, and
when it is coloured white it corresponds to the micro-mirror in the on state. In this way one

can control the micro-mirrors in DMD.

The layout of the micro-mirror array must be taken into account when designing the
geometry of the pixel array, otherwise an elliptical distortion of the beam may be
observed. It was shown that for DMDs with a diamond layout, one simply needs
to upscale the initial matrix’s dimensions in the vertical direction to compensate for
this incorrect mapping. This scaling factor was determined in an iterative manner
until it converged to the ideal ratio of the vertical and horizontal pixel size of 1.6889.
In other words when encoding the hologram matrix, the vertical dimension (or y co-
ordinates) should be upscaled by a factor of 1.6889. When this is done, the hologram
matrix will be correctly mapped and the beam will no longer appear elongated. Fig-
ure 3.5 a) shows an appropriate mapping for a Cartesian micro-mirror array, with
Figure 3.5 b) showing an example for the diamond geometry, where the pixel size in
the vertical direction is up-scaled by a factor of 1.699. The outcome experimentally
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of using the incorrect or correct scaling is shown in Figure 3.6: in a) we see an elon-
gated beam when no scaling is applied but the hologram is displayed on a diamond
geometry device, with part b) showing the same hologram correctly scaled.

a) b)

0

1

FIGURE 3.6: The scaling/mapping between the hologram and DMD pixels results affects the
shape of the generated mode. a) Incorrect scaling of the hologram resulting in an elongated

beam, and b) correct scaling of the hologram resulting in a symmetric beam [27].

3.3 Setting up the DMD

Before using a DMD for beam shaping, we must first ensure that it is correctly setup
within an optical system. This section will focus on the experimental techniques
used to ensure the efficient and optimal beam shaping.

3.3.1 Mounting

It is recommended that the DMD be mounted to a 3-axis translation stage as seen
in Figure 3.7. This can easily be achieved by securing the base plate (labelled 2) of
the DMD to a right-angle bracket (labelled 3) with a single screw (labelled 4). This
bracket is then attached to translation stages. Using the screw gauges (labelled 5, 6
and 7) one can adjust the DMD’s position in the x, y and z directions, respectively.
The use of the translation stages make the alignment process easier. However, it is
not necessary. Instead, one could rather secure the base plate directly to a post which
is placed in a holder and fixed directly to the optical bench.

3.3.2 Connecting the DMD

To power a DMD one uses a power cable connected to a power brick. It is important
to note that various models use different voltages, and so the appropriate power ca-
ble and brick must be used. The power cable is plugged into the port (labelled 1) in
Figure 3.8. To switch the DMD on, one uses the button (labelled 2) in Figure 3.8.
One can connect and control the DMD using either a USB or an HDMI connection.
When using a USB cable, it can be plugged into the port (labelled 3) in Figure 3.8.
The DMD can then be controlled using software which can be downloaded from
Texas Instrument’s website. In principle the software allows for multiple DMDs and
devices to be simultaneously connected and controlled by a PC. However, due to
the poor optimisation of the software it is often unresponsive and prone to crashing.
Therefore, connecting to the DMD in this manner is not recommended.



52 Chapter 3. Broadband beam shaping using a digital micro-mirror device

𝑦

𝑧

𝑥

	6	

	5	

	7	

	4	

	1	

	2	

	3	

FIGURE 3.7: The recommended way to mount the DMD (labelled 1) is to secure the base
plate (labelled 2) to a right-angled bracket (labelled 3) using a screw (labelled 4). By adjusting

screws 5,6 and 7 one can reposition the DMD in the x, y and z directions, respectively.
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FIGURE 3.8: The driver unit of a DLP3000 DMD with labels highlighting the key components
needed to connect to the DMD. (1) The power cable port; (2) The power button used to switch
the DMD on; (3) USB port used to connect a PC to the DMD using a USB cable; (4) HDMI
port to connect to the PC using an HDMI cable. This allows the DMD to act as a second
screen to the PC; (5) Input source selection button used to choose the correct channel and

screen for display.

Instead, one could connect to the DMD using an HDMI cable which can be inserted
into the port (labelled 4) in Figure 3.8. This allows the DMD to act as a second
screen to the PC. The DMD can now be controlled using Matlab. The benefit of
this is that the hologram generation, displaying and capturing of a camera image
can all be done using a single program and even automated. To ensure that the
DMD is displaying the hologram it one must ensure that the correct input channel
is selected. This can be done by continuously pressing the button (labelled 5)1 in
Figure 3.8 until all inbuilt patterns have been cycled through and the HDMI input
channel is selected, allowing for the hologram to be displayed.

3.3.3 Optical setup before the DMD

A common working configuration for a DMD, shown in Figure 3.9, is to use an ex-
panded and collimated beam as the incident field. This ensures that the beam has
a flat wavefront with a uniform intensity distribution. It is important to note that
collimation is only necessary when doing amplitude-only and complex-amplitude
modulation as it involves the ‘carving’ out of the incident light to form the desired
shape. This is easily achieved with a suitable telescope prior to the DMD, as dis-
cussed in Chapter 2.

A collimated beam should have a constant beam size over a long propagation dis-
tance (more than a few metres). This can be verified in the lab by roughly measuring
the beam size just after the telescope and comparing it to the size of the beam after
it has propagated a distance > 3 m. If the beam sizes differ the separation distance
between l1 and l2 must be adjusted until they do match.
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FIGURE 3.9: A common optical setup before the DMD includes a telescope comprised of
two lenses l1 and l2 with focal lengths f1 and f2, respectively where f1 < f2. The lenses are
separated by a distance equal to the sum of the focal lengths. An aperture P1 is placed just

before the DMD to control the size of the incident beam.
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FIGURE 3.10: Due to the spacing between the micro-mirrors with the DMD screen, the inci-
dent beam will be diffracted into higher orders even though the DMD is not powered and
the mirrors in the parked state. When setting up the DMD, the reflected and incident beams

are then aligned through back reflection.

Once the incident beam has been successfully expanded and collimated an aperture,
P1 is added just before the DMD to control the beam size. By adjusting the aperture
one can ensure that the beam fits comfortably on the DMD screen. It is important
to note that the aperture should be kept fairly open to ensure that the beam is not
diffracted.

3.3.4 Optical considerations

Rough alignment. To ensure that the DMD is correctly aligned we position the DMD
until the incident beam sits roughly in the centre of the screen. Due to the spacing
between the micro-mirrors, the incident beam will be diffracted even when the DMD
is not powered and the micro-mirrors are in the parked state. Through the back re-
flection, the DMD is shifted until the reflected beam (0th order, which is usually the
brightest spot) is aligned to the incident beam as seen in Figure 3.10. In this configu-
ration the micro-mirrors are roughly perpendicular to the incident beam. However
when the DMD is powered, mirrors in the on and off states will reflect light at ±12◦

relative to the normal incident beam.

Sorting diffraction orders. When a hologram is written on the DMD, due to the
grating encoded in it, the light directed toward the desired plane will be separated
into diffraction orders where the +1st order (m = 1) mode has the correct phase and
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structure. To calculate the spatial position or angle of any of these orders, consider
the diffraction grating equation

mλ = λx sin θm, (3.16)

where m is the diffraction order number, θm is the diffraction angle for order m, λ
is the incident wavelength and λx is the grating period (here shown for the x direc-
tion). This is illustrated in Figure 3.11, where a binary grating applied to the DMD,
creates both m = ±1 orders as well as the unconverted m = 0 order, shown for a
Gaussian input. The angles for each order determine the location of the spots in the
Fourier plane, one focal length after a lens, and are given by x±1 = f θ±1 = ± f λ/λx,
and similarly for the y off-set if there is a grating in y with a period λy. The physical
separation of the beams allows one to select the desired order by a simple aperture.
A second lens to form the image plane of the DMD recombines the light back to a
single spot.

0
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1

0

Device plane Image plane

𝑓 𝑓 𝑓 𝑓

𝑙! 𝑙"Fourier plane
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𝜃#!	

𝑥!	

𝑥#!	

FIGURE 3.11: A Gaussian beam is incident on a binary grating displayed on a DMD, pro-
ducing new diffraction orders of m = ±1. A Fourier transforming lens maps angles (θ±1) to
positions (x±1) in the Fourier plane, while a second lens reverses the process to return to the

image plane of the DMD screen.

To ensure that there is no overlap between the orders, appropriate grating periods
of λx and λy in the x and y directions, respectively, should be chosen. If the grating
period is too low the orders will not be well separated, and if the grating frequency
is too high ghost orders (a replica of the higher order modes) will appear. In both
cases this will lead to an increase in background noise and/or a distortion of the
mode.

Before aligning the output from the DMD, one needs to locate the +1st order diffracted
beam. Against popular belief, the DMD does not act as a blazed grating [27]. Hence
the +1st order beam is not necessarily the brightest one, making it difficult to dis-
tinguish from the other orders. This can be solved by programming a converging
lens and a grating onto the DMD. To see how this works, consider the flow diagram
shown in Figure 3.12. An incoming Gaussian beam is imparted with a lens and grat-
ing phase, resulting in it forming a converging beam in the +1st diffraction order
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and a diverging beam in the −1st diffraction order (the 0th order is not influenced
by the hologram phase). As shown in the right-hand panel, the +1st beam will be
smallest near the focal plane of the programmed lens, and is therefore easy to locate.
So long as the grating period is not change, the desired order will remain in the same
position and can be selected with a judiciously sized and placed aperture.

1

0

0

+1

−1

FIGURE 3.12: When a Gaussian beam is incident on a DMD encoded with a grating and
converging lens, the output beam will diffract into orders that are converging, diverging or
unaltered, shown here for m = 0,±1. The desired +1st order will be the smallest in size
compared to the other orders at a distance close to the programmed focal length, making it

easy to identify and thus single out with an aperture.

Aberration correction. Aberrations are an inherent property of any optical element
or system that arises from imperfections introduced during the manufacturing pro-
cess and/or through wear-and-tear. Imperfections are not always noticeable and
easy to locate, yet they can severely distort a structured beam. An example of this is
shown in Figure 3.13 a) for a DMD that is both misaligned and aberrated. Correcting
the alignment by following the steps already outlined results in a marginal improve-
ment as shown in Figure 3.13 b), but the vortex splitting into many vortices is now
clearly evident by the five central intensity nulls along a diagonal line. Correcting
for the device aberrations produces the desired beam in Figure 3.13 c). This exam-
ple illustrates why aberration correction is a vital step when using DMDs. A good
way to describe the aberrations is to use the Zernike polynomials with weighting
coefficients to describe the wavefront as

Wab(x, y) = Wref(x, y)−
N

∑
j=0

CjZj(x, y) (3.17)

where Cj are the Zernike coefficients (units of waves) for the corresponding jth Zernike
polynomial Zj(x, y). A wavefront sensor can do this decomposition, but it is often
more convenient to use the structured light itself as a probe. To this end, vortex
modes with a low OAM value (l = 1) are extremely sensitive to any phase dis-
tortions. When observed in the Fourier plane these irregularities are converted to
amplitude distortions, making it easier to identify: take another look at the vortex
splitting in Figure 3.13 b). By adjusting the correcting phase until the beam is pris-
tine, the aberrations in the entire path to the detector are corrected, including that of
the DMD.

When doing aberration corrections a semi-empirical approach is the easiest to im-
plement. Often, first-order astigmatism is the main contributor of aberrations to the
system. Therefore, by encoding Zernike phase maps corresponding to first-order
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astigmatism, or any other prominent aberration, and manually adjusting the weight-
ing coefficients of these polynomials until the vortex mode appears ‘perfect’ in the
Fourier plane, one can correct for much of the phase error. The weighting coefficients
represent the root-mean-square (RMS) wavefront error attributed to the respective
aberration and they are independent of the number of polynomials used in sequence
[125]. In other words, coefficients of a term can be changed without it affecting other
polynomial terms.

It is important to note that in some cases, DMDs have a prominent defocusing aber-
ration associated with it. Unlike astigmatism or other aberrations, the defocusing
aberration cannot be corrected for in a traditional manner. To correct for the de-
focusing of the DMD a converging lens must be encoded with a focal length that
is exactly equal to the separation distance of the DMD and observation plane. The
weighting coefficient of the defocus Zernike polynomial should then be adjusted un-
til the mode is the smallest size.

Finally, to optimise the setup one must do a fine alignment to account for minute
misalignments. This cannot be easily seen if the beam is quite distorted, hence aber-
ration correction is usually done first. To do this the DMD is now encoded with a
hologram consisting of a grating (the same frequencies as before) and a mode with
a circular shape, for example a vortex l = 5 (in this case a high OAM value is prefer-
able). The modulated +1st order beam should be singled out using an aperture. If
the DMD is misaligned as seen in Figure 3.13 a), then as the aperture in the expan-
sion and collimation system is closed so the intensity of the beam will be reduced. To
correct for this misalignment the encoded hologram needs to be shifted in the x − y
plane until the beam appears perfect, as seen in Figure 3.13 c). This can be done by
shifting the x − y coordinates when creating the matrix for the hologram code. If the
shift required is large, the DMD itself should be shifted slightly using the translation
stages it is mounted on.

a) b) c)

0

1

FIGURE 3.13: Experimental images depicting the effect misalignment and aberrations have
on a structured vortex (l = 5) beam. a) Misaligned and aberrated, b) Aligned and aberrated,
c) Aligned and corrected for aberrations. The simulated/ideal beam is shown as an insert.

3.4 Monochromatic beam shaping

As previously mentioned, one can shape light through phase-only or complex-amplitude
modulation. In this section we explore how to use a DMD to shape monochromatic
light (one wavelength) using both methods. To do this we select two examples: (1)
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the creation of a flat-top beam from a Gaussian using a phase-only solution, and (2)
the creation of a LG beam by complex amplitude modulation from an input plane
wave.

3.4.1 Creating flat-top beams

In the first example, a Gaussian beam is incident on an element with desired the
phase-only transmittance t(r) = 1 exp[iφ(r)] followed by a lens with transmittance
tlens = exp

[
−ikr2/(2 f )

]
, where f is the focal length of the lens. The desired flat-top

beam is located at a distance f after the lens. To understand the role of the lens,
consider the following: When performing phase-only modulation the beam shaping
element, a DMD in this case, imparts a phase change to the incident coherent light
that causes a redistribution of the Gaussian’s intensity until it is uniform i.e., a flat-
top. Although this phase change occurs at the DMD’s plane, it is noticeable as an
amplitude effect as the beam propagates. Hence, when performing phase-only mod-
ulation the beam should be observed in the far field where it will have the desired
phase and structure of a flat-top. This process is illustrated in Figure 3.14. Using the
theory in Chapter 1, one can solve this problem in integral form to find

φ(r) = β

√
π

2

∫ √
2r

w

0

√
1 − exp(−ρ2)dρ. (3.18)

where

β =
2
√

2πw0w
λ f

. (3.19)

Here w0 is the 1/e2 Gaussian radius and w is the flat-top beam size. When β is large
(> 30) the solution is easy to implement, the flat-top will be of a high quality, and
the geometric approximations are valid. In this one-step solution, the first shaping
element converts the Gaussian into a flat-top beam while leaving the phase as a free
parameter, implying that we would need a second shaping element, such as a lens,
to correct the phase. We have not manually added a grating since this is already
assumed in Equation 3.7. Thus the desired hologram to be encoded on the the DMD
has the following form and can be visualised in the inset of Figure 3.14:

H1(x, y) =
1
2
+

1
2

sign
{

cos[2π

(
x

λx

)
+ 2π

(
y

λy

)
+ φ(x, y)]− cos(arcsin[1])

}
.

(3.20)
A simulation of the outcome is seen in Figure 3.15, where an incident Gaussian beam
(left) is converted into an output flat-top beam (right).

To demonstrate this process experimentally, we use the system as seen in Figure 3.16
a). In this experiment a monochromatic beam (λ = 514 nm) was imaged onto the
DMD using lenses l1 ( f = 100 mm), l2 ( f = 100 mm). Imaging the beam allows us to
control the incident beam size, an important factor when generating flat-top beams.
The DMD was encoded with a hologram depicted in Figure 3.16 b), consisting of
the desired phase, a grating and aberration correction, before binarisation for the
DMD. A lens (l3 with a focal length f3= 200 mm) and aperture were used to select
the desired diffraction order, with the lens acting as a Fourier transforming element
(as needed in this design approach). It would be ideal to place the aperture in the
Fourier plane as the beams are smallest in size, making it possible to discard most of
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Output Flat-top

FIGURE 3.14: A Gaussian beam is modulated in phase and passed through a lens, with the
desired output flat-top beam observed in the focal plane of the lens. The flat-top hologram
consists of a flat-top phase (following the theory) and a grating, which are then binarised for
display on the DMD. Aberration correction is not shown (but always applied) for pedagog-

ical reasons.
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FIGURE 3.15: The simulated results of converting an incident Gaussian (left) through phase-
only modulation to an output flat-top beam (right) using a hologram that would be encoded
on a DMD. The cross sections of the individual modes are shown with their respective in-

tensity profiles depicted as insets.

the ‘noise’ from unwanted orders, however because the scalar flat-top beam is only
formed in the Fourier plane the charge-couple device (CCD) camera must occupy
this position to allow us to observe the desired flat-top.

Figure 3.17 a) depicts the simulated and experimental flat-top beam’s intensity pro-
files while Figure 3.17 b) depicts the corresponding cross-sections. The beam size of
the incident Gaussian and desired flat-top was 0.48 mm and 0.50 mm, respectively
which corresponds to a β = 12. The experimental flat-top was measured to be 0.515
mm ±0.0068 mm and has a correlation value of 96.9% to simulation. Ideally one
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FIGURE 3.16: The experimental process of making a flat-top beam. a) The experimental
setup: a monochromatic beam (λ = 514 nm) was imaged onto the DMD using lenses l1 ( f
= 100 mm), l2 ( f = 100 mm). The DMD was encoded with b) a hologram comprising of a
flat-top phase mask, grating and aberration correction phase mask. The incident beam was
then modulated and diffracted into its various orders. A lens, l3 ( f = 200 mm) was placed
a focal length away from the DMD and Fourier transforms the modes. Slightly before the
Fourier plane, an aperture P1 was inserted to single out the +1st order. A CCD camera was

placed in the Fourier plane, allowing us to observe the desired flat-top.

would encode a flat-top with a larger β value. However, for the diffracted beams
to separate from each other so one can select the +1st order, propagation is needed.
Therefore, a lens with a longer focal length is preferred after the DMD. This un-
fortunately reduces the value of β. One could increase the beam size of the input
Gaussian beam to compensate for this, however due to space limitations we were
unable to do so in this instance.

3.4.2 Creating LG beams

In the second example, we want to create vortex beams in the manner illustrated
in Figure 3.18. In this case the incoming beam is expanded to be a near plane
wave, that is, constant phase (collimated) and amplitude normalised to Ain = 1.
The desired beam is to be created by modulating both the amplitude and phase
in proportion to a vortex beam of l = 1, therefore the transmittance function is
t(r, ϕ) = |LG1

0(r, ϕ, 0)| exp(iϕ), normalised so that the peak value is 1, to match
the incoming amplitude. The amplitude modulation carves out the desired func-
tion from the incoming field, similar to a cookie cutter, while the phase term imparts
the azimuthal variation. Noting that the azimuthal angle is ϕ = arctan(y/x), the
desired hologram for the DMD for this second case is
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FIGURE 3.17: Experimental results of a created flat-top (λ = 514 nm). a) The intensity profiles
of a simulated (top) and experimental (bottom) flat-top beam. b) Horizontal cross-sectional
comparison of the simulated and experimental beams, which have a correlation value of

96.9%.
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FIGURE 3.18: The process of making an LG beam: an expanded and collimated beam (plane
wave) is incident on a beam shaping element which structures the incident light through
complex-amplitude modulation. The beam then passes through a telescope that translates
the generated mode to the image plane. In an ideal case, such as a simulation the LG3

0 mode
can be generated by (inset) a hologram that comprises of the desired amplitude, phase and
lens masks as well as a grating. Using this hologram we are able to structure the incident
beam through complex-amplitude modulation. c) The simulated intensity profiles and cross

sections of the incident Gaussian and output LG3
0 beams are given.

H2(x, y) =
1
2
+

1
2

sign
{

cos[2π

(
x

λx
+

y
λy

)
+ arctan(y/x)]− cos

(
arcsin[|LG1

0(r, ϕ, 0)|]
)}

.

(3.21)
and can be visualised as depicted in the inset of Figure 3.18. By using this hologram
we are able to manipulate both the phase and amplitude of the incident beam and
generate the desired LGl=3

p=0 mode. In this case the vortex beam is created at the plane
of the DMD. One could simply allow it to propagate away, slowly separating from
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FIGURE 3.19: The simulated results of converting an incident Gaussian (left) through
complex-amplitude modulation to an output LG3

0 beam (right) using a hologram that would
be encoded on a DMD. The cross-sections of the individual modes are shown with their re-

spective intensity profiles depicted as insets.

the other diffraction orders, but this will introduce additional phases via the z de-
pendent terms in the LG function. Instead, one can image the DMD plane with a
telescope, relaying the desired mode away from the DMD to a more manageable op-
tical plane. By encoding the telescope digitally we are able to simulate the process of
manipulating the input Gaussian beam (left panel of Figure 3.19) through complex-
amplitude modulation into the desired LG mode (right panel of Figure 3.19).

To demonstrate this experimentally we setup the system as depicted in Figure 3.20
a). In this experiment a coherent beam (λ = 514 nm) was expanded and collimated
by l1 ( f = 100 mm) and l2 ( f = 300 mm). Aperture, P1 controls the size of the incident
beam. The DMD was encoded with the above mentioned hologram, however an
additional phase mask was added to correct for inherent aberrations in the system,
as seen in the Figure 3.20 b). When the collimated beam was incident on the DMD,
it was then diffracted and modulated. The diffracted beams then passed through l3
( f = 200 mm) where the +1st order was singled out by aperture P2, located in the
Fourier plane of l3. The +1st order then passed through l4 ( f = 200 mm) which im-
ages the beam. Using a CCD camera, the LG3

0 beam was observed in the image plane
of the DMD.

Figure 3.21 shows the experimental results for a LG3
0 mode. Figure 3.21 a) shows the

simulated and experimental intensity profiles and Figure 3.21 b) depicts their cor-
responding cross sections. The experimental mode has a correlation value of 92.6%
when compared to simulation. Using the cross-section one is able to measure the
distance between the peak intensities and thus determine the beam size. Since one
observes the mode in the image plane of the DMD, the size of the encoded LG mode
and the size of the experimental mode should be similar. In this case the encoded
LG beam’s size was set to 0.500 mm, and the experimental beam had a beam size
of 0.495 mm ± 0.004 mm. Hence, DMDs can indeed be used for monochromatic
complex-amplitude modulation.
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FIGURE 3.20: a) The experimental setup: a monochromatic beam (λ = 514 nm) is expanded
and collimated using lenses l1 ( f = 100 mm), l2 ( f = 300 mm) with aperture P1 controlling the
beam size. The beam is then incident on the DMD that has been encoded with b) a hologram
comprising the LG phase and amplitude, a grating and aberration correction. A telescope
made of lens l3 ( f = 200 mm) and l4 ( f = 200 mm) images the DMD plane to that of the CCD
camera, with an aperture P2 is inserted to single out the desired diffraction order. c) The

experimental output beam is shown with its intensity cross-section
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FIGURE 3.21: Experimental results of a created LG3
0 (λ= 514 nm). a) The intensity profiles of

a simulated (top) and experimental (bottom) LG beam. b) Horizontal cross-sectional com-
parison of the simulated and experimental beams, which have a correlation value of 92.6%.

3.5 Broadband beam shaping

In this section we extend the same tools and techniques to shape multiple wave-
lengths of light with a DMD. To do this we must remove or compensate for any
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wavelength-dependency in the theory, optics and system as a whole. We have al-
ready shown theoretically that a simple grating will remove any wavelength depen-
dency of the hologram, at the expense of a small efficiency drop and dispersion of
the grating itself. In this section we first demonstrate that indeed the shaping can be
wavelength independent, and then address the issue of dispersion compensation of
the grating.

3.5.1 Wavelength independent beam shaping

We first simulate the beam shaping problem, with an example an LG3
0 mode shown

in Figure 3.22. In this simulation the phase mask is created for a design wavelength
λ0 = 488 nm. The wavelength of the incident beam is then set to λ0 = 488 nm, fol-
lowed by two additional off-design wavelengths of λ = 457 nm and λ = 514 nm.
As expected, the results shown in Figure 3.22 a) show that all three modes have
identical amplitude and phase structure. For enhanced visualisation, we then con-
verted each image into its true colour using the ‘spectrumRGB’ function (available
on MatLab’s open source [126]) which takes an input wavelength value and outputs
an RGB value that corresponds to the wavelength’s true colour, as seen in Figure
3.22 b). The individual beams’ images were then imported as matrices in MatLab,
added together and normalised. The result was a digital broadband beam with the
correct amplitude and phase structure, depicted in its true colour, as seen in Figure
3.22 c).
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FIGURE 3.22: a) Simulated multi-wavelength LG3
0 modes, all created with a hologram de-

signed for λ0 = 488 nm. The intensity is shown in grayscale with the phase shown in
the insets. b) True colour visualisation of each mode using the ‘spectrumRBG’ function on
MatLab. c) The individually coloured simulation matrices are then added together and nor-

malised for an overlapped multi-wavelength beam.

To verify this process we used the setup seen in Figure 3.23 a), where this time the
desired mode was a broadband flat-top. In this section, and subsequent chapters
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where broadband beam shaping is done experimentally, we will use an argon-ion
laser which emits three discrete wavelengths λ = 457 nm, 488 nm, 514 nm and a
multiline where all three wavelengths are emitted and propagate co-linearly. We will
also use achromatic lenses which are designed to compensate for chromatic aberra-
tions.

The experiment was conducted as follows: a broadband beam composed of three
wavelengths (λ = 457 nm, 488 nm, 514 nm) was emitted from an Argon-ion laser.
Using two achromatic lenses, l1 ( f = 200 mm), l2 ( f = 200 mm) this beam was im-
aged onto the DMD which was encoded with the same experimental flat-top holo-
gram as seen in the inset of Figure 3.23 a), where λ0 = 488 nm. All alignment and
aberration correction procedures were performed using λ0. The broadband beam
was then Fourier transformed using achromatic lens l3 ( f = 200 mm) and aperture
P1 was used to select the +1st order of each wavelength. It is worth noting that the
grating frequencies in the encoded hologram had to be adjusted in an iterative man-
ner until all beams were adequately separated. In the Fourier plane a CCD camera
was used to view and capture an image of each beam independently, with the re-
sults shown in Figure 3.23 b). Using MatLab, these three individual images were
imported as matrices and converted to their true colours using the ‘spectrumRGB’
function [126]. The matrices were then added together and normalised. The result
is a digitally overlapped broadband flat-top as seen in Figure 3.23 c).
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FIGURE 3.23: Experimental setup and process to generate flat-top beams for various wave-
lengths. a) An Argon-ion laser emitted a broadband beam (consisting of λ = 457 nm, 488
nm, 514 nm) and was imaged onto the DMD a telescope with achromatic lenses l1 ( f = 200
mm) and l2 ( f = 200 mm). The DMD was encoded with a hologram (inset) and Fourier
transformed by achromatic lens l3 ( f = 200 mm). Before the focal plane, the +1st orders
of each wavelength were selected using aperture, P1. b) CCD camera intensities for each
wavelength. c) The images were then imported as matrices into MatLab where they were
converted into their true colour, added together and normalised, for the final digitally over-

lapped broadband flat-top.

A zoom in of the experimental results are shown in Figure 3.24. Figure 3.24 a) shows
the camera images at each wavelength (λ = 457 nm, 488 nm, 514 nm) where the de-
sign wavelength was λ0 = 488 nm. Figure 3.24 b) shows the intensity profile of the
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broadband flat-top beam generated through digital overlap of the individual flat-
tops for each wavelength. Figure 3.24 c) shows the cross-sectional comparison of
the individual flat-tops as well as the digitally recombined broadband (multiline)
flat-top beam. Apart from some noise, we see that the desired mode was produced
correctly for all wavelengths with the digitally recombined flat-top having a corre-
lation value of 89.2% with simulation.
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FIGURE 3.24: Experimental results of flat-top beams that have been generated for various
wavelengths. a) The simulated and b) experimentally generated flat-top beams for each
wavelength and the digitally overlapped broadband beam. c) A cross-sectional compari-
son of the experimentally generated flat-tops for each discrete wavelength and the digitally

overlapped broadband beam.

3.5.2 Experimental compensation of dispersion

In the previous section we demonstrated that by digitally overlapping each struc-
tured beam per wavelength we could achieve a structured broadband beam. The
task that now lies before us is to achieve this spatial overlap action experimentally.
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In an experimental setting we can recombine the individual structured beams by
adding an achromatic lens or achromatic telescope which can be used for single
plane recombination as seen in Figure 3.25 a), or we can add a compensating dis-
persive element, such as a corrective grating (this can be digital or physical) for true
collinear beam recombination as seen in Figure 3.25 b). We combine these notions in
a typical system as illustrated in Figure 3.25 c), showing the DMD grating as a disper-
sive element, a telescope that first maps angles to position before recombining them
back at an image plane, and an optional second dispersive element (complementary
element) to recombine the many wavelengths into a single multi-wavelength out-
going structured beam. This type of configuration is very common in ultrafast laser
beam shaping [127, 128]. The options are therefore: (1) if the multi-wavelength beam
is needed only at a single plane with full amplitude and phase control, then a simple
telescope will work, (2) if only intensity is needed at a single plane then this can be
reduced to just one lens, and (3) if the multi-wavelength beam must be collinear and
shaped then a telescope and grating pair is needed.

The outcome of this is shown in Figure 3.25 d) for cases (1) and (2): before the image
plane the beams disperse, recombine at the image plane, and then separate again af-
ter the telescope. Case (3) is illustrated in Figure 3.25 e). By adding a compensating
element such as a grating (either a digitally encoded grating or a physical) with the
same grating frequency as that grating encoded on the DMD, the dispersion will be
exactly counterbalanced, resulting in the individually structured beams travelling
co-linearly. Hence what we observe after in the image plane and thereafter is a sin-
gle structured broadband beam with the correct phase and intensity profile as seen
in the right image of Figure 3.25 e). Using a second grating allows for a collinear
beam, and has been done extensively with physical gratings [127, 128] and even
more recently in the context of complex-amplitude and phase-only modulation us-
ing a DMD [64].

However, let’s assume that for a particular application it is only important for the
broadband beam to have the desired intensity profile (not the correct phase) in a
single-plane. We can then use the simpler recombination method as illustrated in
Figure 3.26. The reason why this single lens imaging system recombines the indi-
vidually structured beams be understood by referring to basic ray-tracing theory.
Although the broadband beam will have the correct structure, it will not have the
correct phase because a second element has not been added to correct for the ad-
ditional phase gained during propagation. After the image plane, the individual
beams per wavelength will propagate separately as seen in the right inset of Fig-
ure 3.26.

We demonstrate this method experimentally, with the setup shown in Figure 3.27 a).
In this experiment an argon-ion laser emmited a broadband beam (comprised of λ
= 457 nm, 488 nm, and 514 nm) and was expanded and collimated by l1 ( f = 100
mm) and l2 ( f = 300 mm). Aperture, P1 controls the size of the incident beam, as
previously discussed. The DMD was encoded with a hologram generated for λ0 =
488 nm (shown in Figure 3.27 b) ) which was comprised of phase, amplitude and
aberration correction masks as well as a grating. When the collimated beam was
incident on the DMD, it was then modulated and diffracted into various orders per
wavelength. The diffracted beams then passed through an achromatic lens l3 ( f =
200 mm) which was located a distance twice the focal length (2 f ) away from the
DMD. In the Fourier plane of lens l3, the +1st order per wavelength. The +1st orders
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FIGURE 3.25: Experimental optical tools and techniques to compensate for the dispersion
of the broadband beam. a) A simple lens or telescope can recombine wavelengths at one
plane. b) A grating can combine wavelengths into a single collinear beam. c) A combina-
tion of both, where an incident broadband beam is wavelength separated by a grating on
the DMD. The dispersed beam is then incident on an achromatic lens placed a focal length
distance away from the DMD that maps the angles to positions, with a second achromatic
lens recombining the beams at a single plane, the image plane of the DMD. An optional sec-
ond dispersive element (complementary element) could be used to create a collinear shaped
beam. Examples of the outcome are shown using LG3

0 beams for d) just a telescope and e)
telescope and complementary element with an identical grating (physical or digital).

were then observed in the image plane of the DMD using a CCD camera. To ensure
that the CCD camera was placed in the correct plane it was shifted back-and-forth
until a single beam was observed.

The results for a LG3
0 mode (as an example) are shown in Figure 3.28 a) as camera
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FIGURE 3.26: An experimental method for structuring a broadband beam using a DMD and
a single lens so that it has the correct intensity at a single plane only. The panels below show
the beams at achromatic lens l1 (with focal length f ), at the image plane, and after the image

plane when the light separates due to propagation.

images, and in Figure 3.28 b) as beam intensity cross-sections for each discrete wave-
length, as well as the broadband ’multiline’. In c) the cross-sectional comparison of
the experimental multiline beam and the simulated result is shown and was found
to have a correlation value of 95.3%.

The noise in the recorded beams is worth discussing as it highlights a challenge in
these experiments. The noise in the system was as a result of the high grating fre-
quencies used to adequately separate the +1st orders for each wavelength. This was
necessary due to: (1) the space limitation, i.e, a large propagation distance to allow
the modes to naturally separate was not feasible; (2) the wavelengths are quite close
in value, hence when diffracted they are do not have a large initial spatial separation;
(3) the individual wavelengths and their respective orders were not evenly spaced
nor grouped together, for example, the +1st order of one wavelength could be over-
lapped with the 0th order of the another wavelength. Due to this effect a make-shift
aperture had to be used which was not as efficient at blocking out unwanted modes
or stray light as a traditional spatial filter, also contributing to the noise seen in the
intensity images. Longer focal lengths and thus longer distances would solve these
issues.

In Figure 3.28 we demonstrated broadband beam shaping and in-plane recombina-
tion for a specific case when the encoded mode was an LG3

0 mode. However, it is
important to note that any mode can be encoded and the same effect would be ob-
served. To demonstrate this we encoded an array of various LG modes with varying
azimuthal and radial indices. The experimental results for each discrete wavelength
and for the broadband multiline are shown in Figure 3.29.
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FIGURE 3.27: Experimental setup for demonstrating single-plane recombination. a) The
experimental setup consists of a monochromatic broadband beam that has been expanded
and collimated by two achromatic lenses l1 ( f = 100 mm), l2 ( f = 300mm), where the beam
size is controlled by aperture, P1. The beam is then incident on a DMD which has been
encoded with a hologram to generate an LG3

0 mode. The dispersed beam then propagates
to achromatic lens l3 ( f = 200 mm) that is located twice the focal length after the DMD. A
focal length after the lens a make-shift aperture is placed to select the +1st orders of each
wavelength. The beams then propagate a focal length away to the image plane where a
CCD camera is placed to observe the single-plane recombined, structured broadband beam.
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FIGURE 3.28: Experimental results demonstrating single-plane recombination. a) The inten-
sity profiles of each structured LG3

0 per wavelength, as well as the single-plane broadband
beam with the simulated case shown as inserts; b) the cross-sectional comparison of each
structured LG3

0 mode per wavelength with the broadband beam; c) a cross-sectional com-
parison of the experimentally generated broadband beam and the simulated case (shown as

insert), which correlate to each other by a factor of 95.3%.
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FIGURE 3.29: Experimental results demonstrating broadband beam shaping and single-
plane recombination for various LG modes with varying azimuthal (l) and radial (p) indices
for a) 457 nm; b) 488 nm; c) 514 nm; d) Multiline. Inserts depict the simulated case for each

mode.
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Chapter 4

3-D printing optics for broadband
beam shaping

In this chapter we look at how to shape broadband light using a physical optic which
we shall fabricate using the Quantum-X Nanoscribe - the world’s first greyscale
lithography 3-D printer. The printing material used to create the optic refracts visible
light, hence the optic must be designed in a phase-only manner where portions of
light are given a proportional phase delay where needed. The trick comes with try-
ing to design the optic so that it can manipulate both the phase and amplitude of the
incident beam. Fortunately this was already addressed by Arrizon [129]. Although
this encoding scheme is typically used to create CGHs which are written to digital
devices like SLMs, the holograms can be used as design template for a printed optic.
This chapter begins with an introduction to the Quantum-X and a discussion of its
operating principles followed by a step-by-step outline of how to design and print
the optics. The printed optics are then analysed and optically tested to see if they do
shape broadband light.

4.1 The Quantum-X Nanoscribe

The Quantum-X was debuted in 2022 by Nanoscribe [130]. It leverages the power
of two-photon polymerisation (2PP) to produce high-resolution, complex structures
on a nanoscale level thus making it an invaluable tool for applications in micro-
fabrication, nanotechnology, and scientific research. The Quantum-X can therefore
be used to craft micro-devices, optical components, and biomimetic structures with
a level of detail and accuracy that was previously unattainable.

4.1.1 How it works

To create these intricate structures, the Quantum-X relies on a process which entails
exciting photo-reactive molecules with a pulsed laser beam so that the printing mate-
rial, a viscous liquid called ’resin’, is converted into a polymer in a particular region
of interest. For the polymerisation process [131] to be initiated, the photo-reactive
molecules in the resin need to absorb enough energy to overcome the energy band
gap and thus occupy the excited state. In the Quantum-X a femtosecond pulsed
laser (λ = 780 nm) is used. If we consider the energy of a single emitted photon, it
is insufficient to fully excite a resin molecule from the ground state to the excited
state. However, due to the high photon flux density in the focal point of the beam,
as well as the frequency of the laser pulses, the molecule is able to simultaneously
absorb the energy of two photons. The total energy from both photons provides the
molecule with sufficient energy so that the molecule can now transition from the
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FIGURE 4.1: The process of 2 photon absorption for lithography. When absorbed, a single
photon is insufficient to excite the molecule from the ground state to the excited state. How-
ever, due to the high photon flux density in the focal point of the beam, the molecule can
absorb two photons simultaneously. The total energy provided by the two photons is suffi-

cient to excite the molecule from the ground state to the excited state.
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FIGURE 4.2: The process of how polymerisation occurs in two-photon lithography. A
pulsed laser beam with a wavelength in the near-infrared (NIR) regime will excite up-
conversion nanoparticles (UNCPs), i.e., photo-reactive molecules, which activates photo-
initiators. These initiators lead to the creation of monomers which link together, with the

help of cross-linkers, until the process is terminated and the desired polymer is created.

ground state to the excited state, thus initiating the polymerisation process. Hence,
this process is commonly referred to as two-photon-polymerisation (2PP), and is de-
picted in Figure 4.1.

The excited state acts a minimum polymerisation threshold needed to activate molecules
in the resin called "photo-initiators". When the photo-reactive molecules are excited
and these photo-initiators are activated, they will in turn cause the production of
free radicals (a highly reactive molecule that contains at least one unpaired elec-
tron). These free radicals now combine with monomers to form monomeric radicals
(a larger molecule that also has an unpaired electron), which act as repeating build-
ing blocks that link together, with the help of cross-linkers, to form long chains. This
generation and linking process continues until the long monomeric radical chains
combine with free radicals or photo-initiators, leading to the termination of the pro-
cess and the production of the final desired polymer.

If the intensity of the incident laser beam is too low, there will not be enough photons
present in the region of interest to excite the molecules and overcome the minimum
energy threshold. However, as the laser intensity is increased so does the concen-
tration of photons that exceed the minimum polymerisation threshold, as depicted
in the left panel of Figure 4.3. Therefore, a larger volume of the resin molecules will
be excited and polymerised, leading to a thicker printed polymer. It is important
to note that there is a maximum energy amount of energy that the resin molecules
can absorb before they become ionised i.e., there is a maximum laser intensity that
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FIGURE 4.3: Different laser intensities lead to different volumes of resin molecules hav-
ing sufficient energy to surpass the polymerisation threshold (left), which leads to different
voxel sizes (middle) and eventually different sizes and heights of the polymer that is printed

(right). Image taken from [130, 132]

can be used. Beyond this point, the resin will heat up and eventually burn, result-
ing in what is referred to as "explosions" which damage and distort the sample.
Therefore, between the minimum and maximum thresholds, by adjusting the laser
intensity one is able to freely change the volume of molecules that are excited and
polymerised within the resin and thus vary the thickness of the printed structure.

Due to the Gaussian distribution of the laser beam’s intensity, there will be a grad-
ual decrease of photon density towards the edges of the beam. Therefore, for a given
laser intensity there is a specific volume of resin molecules we can excite, which is
not necessarily identical to the area covered by the entire beam. The smallest possi-
ble volume of resin molecules that could be excited and polymerised for a specific
laser power is commonly referred to as the "voxel" as shown in the middle panel
of Figure 4.3, and can be considered as a volume pixel in 3-D printing. The voxel
size is dependent on additional printing parameters such as the scanning speed, for
example, which shall be discussed further on.

It is clear to see that by adjusting the laser intensity one is able to change the voxel
size and thus the size of the printed polymer. This can be compared to changing
the thickness of a pen. Once the polymer has been created in a particular position
with the desired shape and thickness, this is repeated over the region of interest on
the substrate until the entire desired structure has been printed, as seen in the right
panel of Figure 4.3.

4.1.2 Structure

The structure of the Quantum-X can be subdivided into its internal and external
parts, as seen in Figures 4.4 a), b) respectively. Internally, the Quantum-X houses an
optical system composed of a femtosecond pulsed laser (λ = 780 nm) which emits
a beam that is expanded and collimated by two lenses l1, l2. Mirrors m1, m2 then
redirect the beam in the x, y planes, respectively. The beam is then focused by an
objective lens onto the substrate which has photo-reactive resin on it. The substrate
is securely placed on a substrate holder that sits on a motorised translation stage.

Externally, the Quantum-X has the following: a hatch where the sample and sub-
strate holder can be loaded (insert); a touch screen which allows one to adjust the
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translation stage (shown in the insert) to move the substrate to the correct position,
select printing jobs, and observe the printing live from various camera angles; the
computer with the relevant GrayScribe-X and DeScribe-X softwares that are used for
setting the printing parameters and uploading designs onto the printer.

4.1.3 The general printing process

To create any desired structure using this printer, the general process, as illustrated
in Figure 4.5, is as follows: (1) prepare the substrate and design the desired object
and upload it to the software interfaces; (2) print the object; (3) develop and clean the
sample to expose the printed structure. If further analysis of the construction and
quality of the printed structure is required, then: (4) metallise the sample which can
now be characterised using microscopic imaging methods. In this section we will
discuss each step of this process in detail.

Substrate preparation and design upload. Typical 3-D printers require one to in-
put the design of the desired structure as a stereolithography (STL) file or computer
aided (CAD) model. However, the Quantum-X is the first 3-D lithography printer
that goes beyond these boundaries and is capable of interpreting a 2-D greyscale
image as a 3-D structural design. This is possible with the aid of Nanoscribe’s
GrayScribe-X software which identifies and assigns the greyscale value of each pixel
in the 2-D image as a value in the z plane (height). To accurately do this, the system
has to be well calibrated, which will be discussed further on. Once a full 3-D struc-
ture has been realised the software will then partition the model, either through
manual or automated actions, into printable portions. When the model is subdi-
vided in the x and y planes, as seen in Figure 4.6 a), this is referred to as "hatching",
and when the model is subdivide into printable sections in the z plane, as seen in
Figure 4.6 b), this is referred to as "slicing". Together the hatching and slicing dis-
tances dictate the size of the voxel.

The extent that the desired structure is partitioned can have a noticeable effect on the
quality of the final printed structure. By reducing the slicing and hatching distance,
i.e. subdividing the desired structure into smaller parts, the printer is able to repli-
cate finer structures and details of the desired object. Although, this will increase
the overall structural quality of the printed structure, this is at the cost of an increase
in the printing time. According to Nanoscribe, the print time scales according to
x−1 if the slicing distance is decreased, while the printing time scales according to
x−2 if the ratio between the slice and hatching distances are kept constant and are
decreased. For this reason, Nanoscribe suggests simultaneously adjusting other pa-
rameters such as laser intensity and scanning speed to improve the overall printing
quality without the hassle of a prolonged printing time.

Once the model has been correctly partitioned, there are additional parameters that
must be set, for example, the printing speed. A slower printing speed allows for a
larger volume of resin molecules to be excited, resulting in a larger voxel size and
printed polymer, whereas, a faster scanning speed results in a smaller volume of
resin molecules being excited, leading to a smaller voxel and printed area. This
implies that a faster printing speed will result in a structure that was printed in a
shorter period of time, but is less detailed and or accurate. On the other hand, a
slower printing speed will lead to a longer printing duration, with a detailed and
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FIGURE 4.4: The structure of the Quantum-X Nanoscribe. a) Internally the printer has a
femtosecond pulsed laser (λ = 780 nm). The emitted beam is then expanded and collimated
by two lenses l1, l2. Mirrors m1 , m2 then redirect the beam in the x, y planes, respectively.
The beam is then focused by an objective lens onto the substrate which is placed on a sub-
strate holder. With the aid of (insert) a photo-reactive viscous liquid called "resin", which it
is placed on the substrate, the desired structure will be printed. b) The external structure is
composed of: a hatch where the sample and substrate holder can be loaded (insert); a touch
screen which allows one to adjust the translation stage (shown in the insert) to move the
substrate to the correct position, select printing jobs, and observe the printing live from var-
ious camera angles; the computer with the relevant GrayScribe-X and DeScribe-X softwares

that are used for setting the printing parameters and uploading designs onto the printer.
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FIGURE 4.5: A summary of the general 3D-printing process. 1) prepare the substrate and
design the desired object and upload it to the software interfaces; 2) print the object; 3)
develop and clean the sample to expose the printed structure. If further analysis of the
structure and quality of the printed structure is required, then: 4) metallise the sample which

can now be characterised using microscopic imaging methods.
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FIGURE 4.6: The two methods for partitioning a model into printable sections. a) when the
model is subdivided in the x, y planes at a constant height in the z plane, this is referred to
as ’hatching’; b) when the model is subdivided in the z plane for a given region in the x, y
planes, this is referred to as ’stitching’. Together the hatching and slicing distances dictate

the size of the voxel.

accurate structure. However, with a slower printing speed one also runs the risk
of ionising the resin which causes overheating and explosions, as previously men-
tioned.

Other parameters that must be set are the size and position of the desired structure
on the substrate. This can be manually adjusted using the GrayScribe-X software.
Depending on the objective lens used, the laser beam has a maximum area that it is
able to print within , i.e. a field of view (FOV) before the substrate must be shifted. If
the desired structure is larger than this FOV, the model will be partitioned into print-
able areas that are equal in size to the FOV. Hence, when the model is printed it will
be composed of many printed areas that appear to be ’stitched’ together. Depending
on the size of the designed structure and the objective lens used, the discontinuity
between each adjacent printed area, i.e. the stitching lines, may be noticeable and
have a significant effect on the structure.

Printing. Once the design has been uploaded, the next step of the process is printing.
Before the printing begins all the necessary components must be prepared. First, an
objective lens must be chosen from the list of available options which are mentioned
in Table 4.1 and shown in Figure 4.7. Assuming that it is clean, the lens holder is
then slid into a groove in the opening hatch and secured in place with a clamp.

Next, the substrate is prepared. The Quantum-X is able to print on various trans-
parent and opaque substrates such as silica and fused silica wafers, and microscope
slides, as seen in Figure 4.8. Depending on the type and size of the chosen substrate,
the correct holder must be chosen so that the substrate fits exactly in the groove.
Then, by pulling on the attached lever, the substrate is clamped, ensuring that the
substrate remains stable throughout printing. These substrates are usually suffi-
ciently clean when used directly from their packaging. However, in some cases it
may be necessary that they are cleaned before use. This can be done by rinsing the
substrate with isopropanol and drying it with nitrogen gas.
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TABLE 4.1: A list of the possible objective lenses that can be inserted into the Quantum-X
Nanoscribe, with their respective field of views and the type of resin they require [130, 133].

Objective lens Field of view (µm) Resin type
x 63 200 IP-Dip, IP-Dip 2
×25 800 IP-S
×10 2300 IPX-S, IPX-Q
×5 5000 IPX-M, IPX-Q

Once the substrate is secure, a drop of resin is added. Depending on the objective
lens used, the correct resin must be used as shown in Table 4.1. It is important that
only one small drop is added to the substrate, as seen in Figure 4.9, to minimise the
presence of air bubbles in the resin as it may lead to distortions in the printed struc-
ture.

The substrate holder is then slid into a groove within the hatch which is designed to
position the holder on top of a translation stage. This makes it possible to automati-
cally move the holder to any position in the x, y, z planes. Using the control buttons
on the screen, as shown in Figure 4.10, the door of the hatch is locked. The substrate
is then loaded. Once the printer registers this it will require information about the
type of substrate and resin that is used. While viewing the live camera feed, one
then re-positions the substrate until the objective lens is submerged in the resin, as
seen in Figure 4.10. Finally the design is uploaded and the printing is started.

Development. When printing, only a portion of the resin is polymerised in a par-
ticular region of interest, while the rest of the resin is left unused. In this way the
printer is able to "carve" out the desired structure from the resin. Hence, to fully
expose the printed structure one must remove all excess resin present on the sub-
strate. This process is referred to as ’development’ and is done by submerging the
sample in a solvent called PGMEA (propylene glycol methyl ether acetate), as seen
in Figure 4.11 for approximately 10 minutes. The solvent will react with and dissolve
the remaining un-polymerised resin while leaving the polymerised resin unaffected,
thus exposing the printed structure. If the sample is removed too soon from the sol-
vent, it is likely that all excess resin will not be adequately removed and the printed
structure will not be properly exposed and therefore appear misshaped or warped.
However, if the sample is left in the PGMEA solution for extended periods of time
the solvent could weaken the polymer structure and thus compromise the quality
and distort the shape of printed structure.

Further cleaning of the substrate surface of other impurities, such as dust or finger-
prints, is done by submerging the substrate with solvents such as isopropanol, as
seen in Figure 4.11, and or acetone for an additional 5-10 minutes. The sample is
then partially dried using a gentle stream of nitrogen gas, and left to completely dry
out in a fumehood for 5 minutes.

Metallisation. If further analysis of the sample is needed (to determine its quality,
for example) additional steps in the printing process are necessary, beginning with
the metallisation of the sample. In this process the sample is coated with a thin layer
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FIGURE 4.7: The objective lenses that can be used in the Quantum-X. a) There are a selection
of a various objective lenses as summarised in Table 4.1. Shown here are the ×10, ×25 and
×63 objective lenses which are attached to a lens holder. b) The lens holder is slotted into a

groove in the hatch of the Quantum-X, and clamped into place using a lever.
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FIGURE 4.8: Printing can be done on various transparent or opaque substrates that can vary
in size. The substrates used for printing when using the Quantum-X are usually fused silica
wafers, (insert) microscope slides or silicon wafers. Depending on the type and size of these

substrates the correct holder must be used so that the substrate is secure during printing.

FIGURE 4.9: Before printing a small drop of resin (insert) must be added to the chosen sub-
strate. It is important that the correct resin is used for the chosen objective lens.
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FIGURE 4.10: Once the substrate is prepared, it is placed in the hatch of the printer where
it lies on an automated translation stage. The control buttons on the screen are then used
to prepare and begin the printing as follows: the door of the hatch is closed (yellow), then
the substrate is loaded (red). The printer will then require information about the substrate
and resin that is being used. While viewing the live camera feed (the camera angle can be
changed using the (blue) buttons), the substrate is re-positioned using the (green) buttons
until the objective lens is submerged in the resin. The design is then uploaded and the

printing started using the (pink) buttons.

FIGURE 4.11: To fully expose the printed structure one must remove all unused excess resin
present on the substrate. This process is referred to as ’development’ and is done by sub-
merging the sample in PGMEA (propylene glycol methyl ether acetate) (left) for approxi-
mately 10 minutes. It is then cleaned of any further impurities by submerging the sample in

isopropanol (right) and or acetone for an additional 5-10 minutes.
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of a heavy metal such as aluminium or gold, making the sample opaque and even
slightly reflective. Due to the high conductivity of the coated metal, when imaging
the sample it will now have an improved signal-to-noise ratio and enhanced con-
trast with an overall better image quality.

To metallise the sample we used a technique called physical vapour deposition
(PVD) [134] using a plasma sputtering high vaccuum metallising (PSHVM) spin
coating machine, as seen in Figure 4.12 a). The sputtering machine is made up of
the following parts: the chamber where the sample is placed; the vacuum pump
that removes all air within the chamber; the gas lines that feed some inert gas like
argon (Ar) into the chamber; the control buttons that allow one to change the pa-
rameters of the system and start the process; the display screen.

The PVD process is illustrated in Figure 4.12 b), which can be summarised as fol-
lows. The process begins with a metal target, which is typically composed of the
material you want to deposit as a thin film. This target is placed inside a chamber.
The sample you wish to metallise is also placed on a stage in the chamber, which
is directly opposite the metal target. The chamber is then sealed to maintain a low
pressure and pumped to create a vacuum. This is done to prevent contamination
and control the deposition process more precisely. An inert gas such as argon (Ar)
is then introduced into the vacuum chamber. By applying an electric field to the
gas, the gas becomes ionised (Ar+) and a plasma is created. The high energy plasma
consists of ions and electrons. A voltage is applied both to the target metal and the
stage that the sample rests on, with the target metal acting as a cathode (-), and the
stage as an anode (+). The positively charged ions in the plasma are attracted to
and thus accelerate toward the target metal. When these ions collide with the target
surface, they transfer their energy to the atoms within the target metal. This energy
causes some of the target atoms to be dislodged or sputtered from the target surface.
The target atoms then condense on the substrate and forms a thin film on the sub-
strate. The process can be precisely controlled by adjusting parameters such as the
gas pressure, the material of the target metal, power applied to the plasma, and the
distance between the target and substrate.

The target material and the applied current directly influence the thickness of the
sputtered material which coats the sample. Figure 4.13 is a plot of the thickness of
the sputtered material (Au or Ag) versus time for various applied currents (30 mA
or 45 mA), when the chamber is maintained at a pressure of 0.05 mbar and the inert
gas used is Ar. From Figure 4.13 we see that when the current is higher, the time
needed to achieve a thicker sputtered material is shorter. This is because the higher
the current, the more ions present in the chamber to dislodge metal atoms from the
target material. If we compare the trends for both gold (Au) and silver (Ag), we see
that when using a gold target more time is needed to achieve a thicker sputtered
material. Gold and silver have an atomic weight of 196.97 and 107.86 atomic mass
unit (amu), respectively. This is implies that gold is heavier than silver. Hence, it
requires more energy to dislodge gold atoms from the target surface than it does to
dislodge silver atoms. In this thesis when metallising samples we used a Ag target
with the applied current set to 30 mA and the sputtering time set to 120 seconds.
This implies that our samples are coated with a metal layer that is ≈ 5 nm.
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FIGURE 4.12: Diagrams of the plasma sputtering high vacuum metallising (PSHVM) spin
coating machine and the physical vapour deposition (PVD) process which are needed to
metallise a sample. a) The sputtering machine is composed of the following parts: the cham-
ber, the vacuum pump, the gas lines that feed some inert gas like argon (Ar) into the cham-
ber, the control buttons and the display screen. b) The PVD process relies on a sample and a
target metal being placed in a chamber. Once the system is pumped and a vacuum created,
argon gas (Ar) is introduced. The gas is ionised (Ar+) and a plasma is created. The ions
accelerate toward the target metal and dislodge the atoms in its surface. These atoms are

sputtered on the sample which lies across the target metal.
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FIGURE 4.13: The thickness of the sputtered material (Au or Ag) versus time for various
applied currents (30 mA or 45 mA), when the chamber is maintained at a pressure of 0.05
mbar and the inert gas used is Ar. Results provided were courtesy of IMT, Karlsruhe Institute

of Technology.

4.1.4 Calibration

As shown in Figure 4.3, a given laser power corresponds to a voxel of a certain size.
As the laser power is increased, so does the size of the voxel. This implies that vari-
ous printing heights and thickness can be achieved within a single layer. However,
there is a maximum laser power that can be used before the resin is burnt. This im-
plies that there is a maximum height that can be achieved in a single printing layer.
To create higher structures, these layers must be stacked upon each other. The laser
power range between when the polymerisation threshold is overcome and the burn-
ing of the sample is referred to as the ’dynamic range’ and varies between resins.

When a 2D greyscale image (the design of the desired structure) is uploaded to the
GrayScribe-X printing software, each pixel’s greyscale value is interpreted as a cer-
tain height value. When the system is calibrated the generated file serves as a map-
ping of input height values to output applied laser powers. If the desired height
surpasses the maximum voxel size, then multiple layers must be printed. Hence, a
calibration file serves as the translation of greyscale values to laser power, only for
a set of given parameters such as the resin, scan speed and slicing and hatching dis-
tance. If any of these parameters are changed, the system must be re-calibrated.

To calibrate the system, one begins by uploading a prescribed printing design from
Nanoscribe composed of a 3 x 3 array of convex lenses, to the GrayScribe-X software,
as seen in Figure 4.14 a). The uploaded design is in the form of a 16-bit greyscale im-
age with 65 000 shades of grey. The size of each lens is set so that the entire array lies
within the field of view of the objective lens. In this case we performed a calibration
using a ×63 objective lens, so each lens was set to a size of 40 µm with a spacing of 15
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µm between. One then sets the printing parameters such as the resin, substrate, scan-
ning speed, hatching and slicing distances, and the maximum laser power. The resin
used was IP-Dip, and a fused silica wafer was used as the substrate. The parameters
were then set as follows: the scan speed was 60 000 µs, the hatching distance was 0.3
µm, the slicing distance was 0.5 µm and the maximum laser power was 75 mW.

A pre-loaded reference calibration file is then selected and the design is uploaded
to the printer with the above mentioned parameters. The design is then printed
as usual and once completed, the sample is developed and metallised. Using a 3-
D measuring laser microscope (any other topography measuring system could be
used instead) a model of the printed structure is created as seen Figure 4.14 b), and
a height map (insert) of the printed structure is generated. The file is then uploaded
to the GrayScribe-X software which converts it into a greyscale image and compares
this greyscale image to the pre-loaded design lens-by-lens, as seen in Figure 4.14 c).
In so doing the software is able to determine the relationship between the greyscale
value in the initial design to the applied laser power and the resulting height of the
structure that was printed. This relationship is visualised as a plotted curve of the
print height versus the applied laser power per lens, as seen in Figure 4.15 a). An
average of all the plotted curves is then created, which serves as the final calibration
curve, as seen in Figure 4.15 b).

4.2 Fabrication of beam shaping optics

The various resins used by Quantum-X exhibits refractive properties across the en-
tire visible spectrum. By exploiting this property of the material we can strategically
deposit the resin so portions of the incident light are imparted with the relevant
phase shift and thus produce the desired mode in some observation plane. This
implies that should we want to manipulate both the phase and amplitude of the in-
cident beam, it must be done using a phase-only approach.

Fortunately this problem was already solved by Arrizon [129] and has been used
extensively since then to create computer generated holograms, for example, which
can be written to phase-only devices such as SLMs. Because the Quantum-X is able
to interpret greyscale images as a printable design, one can generate the hologram in
a similar manner and directly upload these holograms to the printer. Once printed,
the optic should shape the incident beam in the same manner that a phase-only
digital device would.

4.2.1 Hologram encoding scheme

To generate the hologram we shall use Arrizon’s encoding scheme which can be
summarised as follows:

Consider an arbitrary amplitude, A(x, y) ∈ [0, 1] and phase, ϕ(x, y) ∈ [−π, π] to be
imparted into an incident beam of light. The entire field can be expressed in the fol-
lowing form:

Udes = A(x, y)ϕ(x, y) (4.1)
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FIGURE 4.14: A summary of the calibration process of the Quantum-X Nanoscribe. a) A
greyscale reference design composed of a 3 x 3 lens array is uploaded to the printer and
resized. Each greyscale value per pixel in the picture corresponds to a certain laser power
to be applied to achieve the desired height. The design is then printed. b) Using a 3-D mea-
suring laser microscope a model of the printed structure is created as seen and a height map
(insert) of the printed structure is generated. c) The file is then uploaded to the GrayScribe-X
software which converts it into a greyscale image and compares this greyscale image to the
preloaded design lens-by-lens. In so doing the software is able to determine the relationship
between the greyscale value in the initial design to the applied laser power and the resulting

height of the structure that was printed, resulting in a final calibration curve.
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a)

b)

FIGURE 4.15: Generated calibration curves for the Quantum-X. a) A plot depicting the re-
lationship between the applied laser power (LP) in milliwatts (mW) and effective printed
height, z (µm) per lens structure and, b) a plot of the average laser power applied vs the

printed height, which serves as the final calibration curve and is uploaded to the printer.
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However, since it is only possible to impart a phase change to the incident beam, this
implies that the effective amplitude change must become the input of some function
that will map the desired amplitude profile to an appropriate phase effect. In other
words, the hologram can be expressed as

H(x, y) = e(iψ(A,ϕH)) (4.2)

where the encoded phase is dependent on ϕ = ϕ(x, y) and A = A(x, y). This implies
that by finding equations that have the same form as Equation 4.2, we will be able
to produce the desired complex field by using a phase-only approach. Since the
hologram is defined by some periodic function, it can be expanded as a Fourier
series of the desired phase ϕ

H(x, y) =
∞

∑
−∞

Ca
qeiqϕ (4.3)

which now expresses the same periodic function as a sum of trigonometric functions
with various weightings, Ca

q . These coefficients have a dependence on the desired
amplitude and can be determined numerically using the following equation

Ca
q =

1
2π

∫ π

−π
eiψ(A,ϕ)e−iqϕdϕ (4.4)

Assuming that it is desirable for the modulated field to be in the +1st-order i.e.,
q = 1, then Ca

1 = Aa where a>0 is a constant. This enforces two restrictions on the
encoded hologram phase, namely:

∫ π

−π
sin(ψ(A, ϕ)− ϕ)dϕ = 0 (4.5)∫ π

−π
cos(ψ(A, ϕ)− ϕ)dϕ = 2πAa (4.6)

In totality, all functions that obey these restrictions will satisfy the transmission func-
tion and correctly modulate the incident field. However, now consider a subset of
these functions which have an odd symmetry

ψ(A, ϕ) = f (A)sin(ϕ(x, y)) (4.7)

where f () is an unknown function. When the encoded phase is written in this form,
it is possible to expand the hologram function using the Jacobi-Anger identity (a
method for expanding exponents of trigonometric functions)

H(x, y) =
∞

∑
m=−∞

Jm( f (A))eimϕ (4.8)

where Jm() is the m-th Bessel function of the 1st kind. By comparing Equations 4.3,
4.8 we notice that

Ca
q = Jm( f (A)) (4.9)

Since the desired field will be found in the +1st-order i.e., q = 1 we can apply the
condition that Ca

1 = Aa, such that
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J1( f (A)) = Aa (4.10)

Therefore, by numerically inverting the function we are able to determine f (A) and
thus determine the amplitude structure to be imparted which has been correctly
mapped to a phase-only effect. In this way, the hologram now has the following
form:

HSLM(x, y) = J−1
1 (Udes(x, y))sin(ϕ) (4.11)

where Udes(x, y) is the desired field defined in Eq 4.1. This technique is true for val-
ues up until a maximum where a = 0.58. This corresponds to the maximum of the
1st-order Bessel function and thus restricts the value of f (A) to a range that lies be-
tween [0, 1.8]. This therefore limits the optic to only implement phase changes that
lies between the [-1.17π, 1.17π] which can be helpful for imparting phase changes
that are not a whole multiple of 2π.

It is important to note that due to the possible manufacturing flaws or damage, the
optic will not be entirely efficient at converting the incident light into the desired
mode. For this reason one must separate the light that has been modulated from
the light that has not. One method for achieving this is to shift the modulated light
off-axis by encoding a grating. The grating also provides a way to spatially separate
the various diffraction orders and thus single out the +1st-order which will have the
desired phase and structure, which is especially important when doing broadband
beam shaping (refer to Chapter 1). In other words, to generate the hologram for
practical purposes ϕ → ϕ + 2π(gxx + gyy) where gx, gy are the grating frequencies
in the x and y, respectively. By adjusting these relative values, one can adjust the
spatial separation between the various diffraction orders.

4.2.2 Design considerations

Dimensions. To generate the hologram, we must know what the resolution and
pixel size is. When generating a hologram to be encoded on a digital modulating
device, the resolution and pixel size is set to match the dimensions of the device’s
screen, so that it has a one-to-one mapping with each pixel in the screen. However,
to generate a hologram that is going to be printed, the resolution must be chosen to
match the exact size of the desired optic. The pixel size, on the other hand, is equal
to the smallest printable volume that can be printed and is therefore dictated by the
printer’s smallest voxel size which is 200 nm.

Using the Arrizon encoding scheme mentioned earlier, we are now able to generate
the holograms needed for printing beam shaping optics. Figure 4.16 illustrates how
to generate holograms for a phase-only vortex (l = 1) and HG1

2. To create optics
that shape the incident beam through phase-only modulation, as in the case of the
vortex mode, the hologram must comprise of a phase mask and grating as seen in
Figure 4.16 a). We add a grating to ensure that should the printed optic have an im-
perfections, the desired mode is shifted off-axis and can be easily isolated without
any noise. To create modes through complex-amplitude modulation as in the case
of HG modes, the hologram is composed of an amplitude mask, a phase mask and a
grating as seen in Figures 4.16 b). In both cases the holograms were generated for an
optic where λ0 = 514 nm and its size was 1500 µm × 1500 µm in the x, y - directions
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FIGURE 4.16: Examples of how to generate holograms, that when printed, generate modes
through phase-only and complex-amplitude modulation. a) A hologram to generate a vor-
tex (l = 1) through phase-only modulation comprises of a phase mask and grating. b) A
hologram to generate a HG1

2 through complex-amplitude modulation comprises of an am-
plitude mask, a phase mask and grating. All the holograms were generated for an optic

where λ0 = 514 nm and is 1500 µm × 1500 µm in size in the x, y - directions, respectively.

to ensure that it can be easily located on the substrate when performing experiments.

Thickness. When using a digital device for beam shaping, the hologram is a 2-D
image that is displayed on the device’s screen. However, if we print the hologram
to create a physical optic it must take on a 3-D nature. This implies that we must
consider additional factors, such as the dimension of the optic in the z - direction,
i.e., its thickness.

To determine the correct thickness each spatial position must experience a relative
phase shift that is described by the continuous phase function. To ensure that the
optic has the correct thickness, t we can use Equation 2.10:

t =
λ0∆ϕ

2π(n − ni)
(4.12)

Where t is the thickness of the optic, λ0 is the design wavelength, ∆ϕ is the de-
sired phase shift to be imparted, n is the refractive index of the printing material
(the resin), ni is the refractive index of the surrounding material. The surrounding
medium is air, hence ni = 1. If we assume that the maximum phase shift to be im-
parted is a multiple of 2π, due to the periodicity of the continuous phase function,
then ∆ϕ = 2πm where m ∈ N . This implies that the optic will have a maximum
thickness, tmax and can be determined using Equation 4.12:

tmax =
λ0m
n − 1

. (4.13)

If we assume that λ0 = 514 nm, we can determine the refractive index of the resin
for λ0. The resins that are used for printing with the Quantum-X are specially engi-
neered and have a unique chemical composition. Information regarding its proper-
ties such as the refractive index cannot be assumed or compared to any other mate-
rial, and must therefore be provided directly by Nanoscribe. The results provided
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TABLE 4.2: A list of printing resins (when in solid state) and their refractive indices for
various wavelengths at 20◦C. Experimental results provided by Nanoscribe[133].

Wavelength (nm) Refractive Index
IP-Dip IP-S IPX-S

405 1.579 1.535 -
479.3 1.564 1.522 1.519
546.1 1.556 1.517 1.513
589.3 1.552 1.514 1.510
643 1.548 1.511 1.508
780 1.543 1.507 1.504
950 1.539 1.504 1.501

were as follows for the various resins when they are in a solid state at 20◦ C.

Using the experimental results from Table 4.2 and Matlab’s data fitting tools we can
fit a curve to the data provided, as seen in Figure 4.9. The fitted curves match the
data trend with R-squared values between 0.98 - 0.99. Although there are more ac-
curate approaches to determining the refractive index such as using the Sellmeier
coefficients, due to the limited information available for this material, this approach
should be sufficient to approximate the refractive index for a certain wavelength that
lies within the range of the data.

To print the optics we opted to use the ×63 objective lens and IP-Dip resin be-
cause this objective lens prints with the highest precision (200 nm) possible with
the Quantum-X Nanoscribe. Using Figure 4.17, we approximate the refractive in-
dex, n ≈ 1.556 for λ0 = 514 nm. We set the printing parameters so that the printed
optic will have a maximum thickness tmax= 25 µm (m = 27). Setting the m value
to >10 ensures that the printed optic is structurally stable and produces the desired
phase shift despite possible structural flaws that may arise from fabrication imper-
fections. However, m values >30 significantly increases the printing time. Hence, we
arbitrarily chose a value within the range m ∈ [10, 30].

4.2.3 Printing the optics

To print the optics, the generated holograms were uploaded to the GrayScribe-X soft-
ware to prepare the print job. Depending on the dimensions of the substrate chosen
and the size of the desired optic, one can upload and prepare many designs on a sin-
gle substrate as seen in Figure 4.18 a). Once the design has been uploaded, it must be
appropriately scaled and positioned. If the size of the optic spans multiple fields of
view, it will require many printed areas to be stitched together. Because we required
the finest precision possible when printing these structures, we opted to use the ×63
objective lens. This implies that the field of view is limited to between 150 - 200 µm,
hence the optic which was designed to be 1500 µm × 1500 µm must be subdivided
into a 10 × 10 printable areas, as seen in (insert) of Figure 4.18 a). Other parameters
such as the hatching and slicing distances, printing speed and laser power were then
set and are summarised in Table 4.3.
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FIGURE 4.17: Refractive indices for various wavelengths for different printing resins when
in solid state at 20◦ C. The experimentally measured refractive index values are in (red) [133],

and curves fitted to the data with an R-squared value > 0.98 are in (black).
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FIGURE 4.18: A summary of the printing process to make the desired beam shaping op-
tics. a) The design is uploaded to the GrayScribe-X software to be scaled, hatched and
sliced. Many optical elements can be uploaded, allowing for an array of optical elements
to be printed on a single substrate. Here 9 unique optics are printed (each optic has its own
colour), and x3 copies of each are made, leading to a total of 27 optics. Each optic was set to
be 1500 µm × 1500 µm. Because the ×63 objective lens was used, (insert) the optic was sub-
divided into a 10 x 10 array of (150 µm x 150 µm) printable areas that are stitched together. b)
After setting the printing parameters, uploading the design to the printer and preparing the
substrate, the printing is done. 2 sample sets were printed- one for analysis, and the other
for practical use. c) The samples were then developed in PGMEA followed by isopropyl. d)

One sample was then metallised so it can be imaged and analysed.

After setting the parameters and uploading the design to the printer, the substrate
had to be prepared as previously discussed. Here, we chose to use a microscope slide
because its rough surface when compared to the silicon or fused silica wafers, offers
a better surface adhesion for the printed structure thus improving overall structural
stability. For optical testing, microscope slides are also easier to mount into a setup.

Once prepared and placed in the printer, as seen in Figure 4.18, the printing be-
gan and lasted for approximately 26.5 hours, i.e., approximately an hour per optic.
Thereafter a second set of optics was printed, for analysis purposes. Both samples
were then developed and one sample was metallised as seen in Figures 4.18 c), d).

4.2.4 Analysis

In this section the aim is to determine the quality of the printed optics. To do this the
metallised sample was imaged and examined using a laser microscope (LM), scan-
ning electron microscope (SEM) and various microscopy and analysis techniques.
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TABLE 4.3: A summary of the printing parameters and their chosen/set values. These values
were used for printing of any and all beam shaping optics in this chapter.

Parameter Set value
Objective lens x 63

Resin IP-dip
Substrate Microscope slide

Length per optical element (x -direction) 1500 µm
Width per optical element (y -direction) 1500 µm

Height per optical element 25 µm
Hatching distance 0.3 µm

Slicing distance 0.5 µm
Laser power 78 mW

Printing speed 60 000 µm/s

For example, using a LM one can view the printed optic and adjust the illumina-
tion settings to view it in the darkfield (where the background is dark and structures
are light) or in the brightfield (where the background is light and the structures are
dark), as seen in Figure 4.19 for vortex (l = 3) and HG1

2 modes. Further on we will
show how the LM, by illuminating the sample with various intensities and imaging
it layer-by-layer, can be used to construct a 3-D digital model while one can image
structures down to a nanometer level using a SEM. In this way we are able to view
the optic from various perspectives and determine important information such as
the dimensions and surface roughness of the printed optics. For the rest of this sec-
tion we will focus solely on and analyse the vortex (l = 1) optic to avoid redundancy.

Length (x) and width (y). When using the LM, the software used to control the mi-
croscope also has analysis tools that can be used to determine the size of the sample,
in this case the printed optic, in the x, y - directions. To do this one simply select
two points of interest and the software will output the distance between those two
points. The printed optic’s dimensions were 1499 µm and 1500 µm in the x- and y-
directions, respectively as seen in Figure 4.20. The slight difference in value is due
to how the points of interest were selected on the software, and can be considered as
negligible error (± 1 µm). Hence, the optic’s size exactly matches that of the design
hologram which was encoded to have a length and width of 1500 µm in the x- and
y- directions, respectively.

Next, to determine other properties of the printed optic, such as its thickness, we
used the LM. By changing the intensity of the incident laser beam, the software is
able to image the optic layer-by-layer and reconstruct a digital 3-D model of it as
seen in Figure 4.21 a).

Thickness. All optics were designed to have a maximum thickness, t =25 µm in
the z- direction. To verify this, using the digital 3-D model, a height map can be
generated as seen in Figure 4.21 b). The minimum colour in the colourmap is set to
the minimum thickness of the sample and is related to the base of the optic, i.e the
substrate. The maximum colour represents the overall maximum printed thickness,
which was measured to be tmax = 24.653 µm. By taking a horizontal cross-section
in the x-direction (red) and a vertical cross-section in the y- direction (green) of the
height map, we end up with the following profiles as seen in Figure 4.21 c).
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FIGURE 4.19: A comparison of the holograms that were previously generated for a vortex
(l = 3) and HG1

2 mode (left), and the microscopic images of the respective printed optics.
Images of the printed optic were taken both the darkfield (middle) and brightfield (right). In

all cases the scale is 500 µm.
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FIGURE 4.20: Determining the dimensions of the printed optic which was designed to pro-
duce a vortex (l = 1) mode. The hologram, seen in the (insert), was designed to have a length
(x-direction) and width (y-direction) of 1500 µm. The printed optic’s size in the x-direction
(length) and y-direction (width), were measured to be 1499 µm and 1500 µm, respectively.
The slight difference in value is due to how the points of interest were selected on the soft-
ware, and can be considered as negligible error (± 1 µm). The scale bar in the image is 200

µm.
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By measuring the difference between the peak and base of arbitrary points (labelled
[1] and [2]) in the respective cross-sections, we determined the average maximum
thickness of the optic to be tmax,ave = 23.154 µm. This difference from the design
value is likely as a result of how the sample was developed. During development,
the sample remained in the PGMEA solvent for too long which degraded and disin-
tegrated the surface. This is not usually a problem for larger samples whose surfaces
are not as exposed nor delicate. However, due to the intricate design of the optic,
this effect is noticeable. It is important to note that these samples were metallised,
but the thickness of the sputtered material is only 5 nm and can be considered neg-
ligible to these results.

One could always reduce the time that the sample is kept in the PGMEA solvent dur-
ing development to ensure that the structure is not severely degraded. However, the
more intricate the structure, the more gaps or openings for excess un-polymerised
resin to fill. If this resin is not entirely dissolved and removed during the develop-
ment process, resin deposits will disfigure the structure in a randomised pattern, as
seen in Figure 4.22.

Spacing between structures. When generating the hologram that was used as a
design for the vortex (l = 1) optic, a grating was encoded with a period λx= 10
grooves/m. Since the optic was designed to have a length of 1500 µm, this corre-
sponds to a grating spacing, dx= 150 µm in the x− direction. Hence, another way to
characterise the optic and verify the printing quality would be to measure the spac-
ing between adjacent structures in a region of interest where the structures are linear,
evenly spaced and thus mimics the encoded grating as seen in Figures 4.21 b), c) (la-
belled [3]). The distance between adjacent structures was measured to be 147.810
µm, as seen in Figure 4.21 c). The optic was designed in an identical manner in
the y−direction, hence a similar result was measured. The difference between the
measured and encoded grating spacing is because the encoded phase mask, which
is included in the hologram, distorts the grating spacing. Hence to truly verify the
grating spacing, one must use these results in conjunction with optical tests.

Surface roughness. The roughness of an optical surface is important because rough
surfaces cause light to scatter and may lead to noise and or cause aberrations to the
generated mode. To determine the roughness of the same vortex (l = 1) optic, we
examined it using a SEM as seen in Figure 4.23. When magnified ×1700 the printing
steps within the structure became visible and the structure no longer had a smooth
appearance, as seen in Figure 4.23 a).

To determine the surface roughness of the optic (without taking into account the
stitching lines), we magnified the area on the structure marked in green, as seen in
Figure 4.23 b). The printing steps were then visible enough to be measured and was
found to be approximately 231 nm. The size of the printing steps, i.e., the surface
roughness lies on the order of 200 nm, which is to be expected as the smallest voxel
i.e., the volume "pixel" size for the ×63 objective lens is 200 nm. This proves that the
printing resolution of the Quantum-X is indeed within range of 200 nm .
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FIGURE 4.21: Analysing a vortex (l = 1) printed optic using a laser microscope (LM) to
determine the thickness, and spacing between structures. a) By illuminating the optic with
different laser intensities, the optic was imaged layer-by-layer and a digital 3-D model was
constructed. b) Using the digital 3-D model a height map can be generated, where the mini-
mum and maximum colours represents the minimum and maximum thickness of the optic,
respectively. c) By taking a cross section of the height map in the (red) horizontal, x- and
(green) vertical, y -directions, we determined the average maximum printed thickness across
the optic to be 23.154 µm by measuring and taking the average of the distance between ar-
bitrary peaks and the base (labelled [1] and [2]). By measuring the distance between the two
adjacent peaks (labelled [3]), which was determined as 147.810 µm, we verify that the optic
does have a grating period λx = 10 grooves/m which corresponds to a grating spacing d =

150 µm.
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FIGURE 4.22: A visual depiction of the effect of undissolved resin on the surface of the optic.
Resin deposits disfigure and distort the surface of the optic in a random manner. The scale

bar for the first image is 20 µm, while the scale bar for the second and third are 10 µm.
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a)

b)

231.0 nm

FIGURE 4.23: SEM images depicting how to determine the true printing resolution of the
Quantum-X when a ×63 objective lens is used. a) A printed optic to create a vortex (l = 1)
was magnified ×1700 where the scale bar is 10 nm. Looking at the structure, it no longer
appears continuous as the grid or ’steps’ lines are visible. By studying the area marked in
green, b) at a magnification of ×34250 , where the scale bar is 200 nm, the distance between
these steps, i.e., the surface roughness is measured to be 231 nm. This proves that the print-

ing resolution of the Quantum-X is indeed within range of 200 nm .
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4.3 Optical testing

In the previous section we analysed the printed optics from a printing/manufacturing
perspective and determined that the holograms were correctly printed and have the
properties, such as the size, that was desired. Now, in this section we will analyse the
optics from an optical perspective to determine if it can indeed shape many wave-
lengths of light and produce the desired modes. To do this we select two optics: the
vortex (l = 1) and HG2

1 to serve as examples of where phase-only modulation and
complex-amplitude modulation have been used.

4.3.1 Mounting and aligning the sample

Mounting. To test the sample, it must be added in the optical setup in a manner
where it can be shifted in the x, y planes as well as tipped and tilted for alignment
purposes. The mount that we used is shown in Figure 4.24, and was assembled in
the following manner: the sample was slid into a microscope slide holder and se-
cured by turning screw 1. This holder sat on a stage that could be tipped and tilted
using screw 2. The stage was mounted on a translation stage that could be turned
using screw 3. As the screw is turned the translation stage moves up and down in
the y-axis. This can be used to adjust the height of the sample. This translation stage
is mounted to another which lies in the x, z-plane. By turning screw 4 this translation
stage will move back and forth in x-direction. This can be used to adjust the position
of the sample relative to the incident beam.

Alignment. If the incident beam and sample are misaligned, the beam will appear
to have an uneven distribution of the intensity, as seen in Figure 4.25 a). To align
the sample to the incident beam, it can be shifted in the x− and y- directions using
the translation stages until the intensity of the mode is evenly distributed, as seen
in Figure 4.25 b). If many optics are printed on the microscope slide, as in our case,
then one can swap to a different structured mode by simply shifting the microscope
slide using the translation stages.

Astigmatism. If the observed mode appears to have astigmatism it is likely because
the substrate is tilted with respect to the optical axis. This can be corrected for by
using tip-and-tilt screws (labelled 3 in Figure 4.24) until the back reflection of the
sample is aligned to the optical axis. The beam will then appear symmetric.

4.3.2 Experimental setup

To test the optics we set up an experiment as seen in Figure 4.26. All the printed op-
tics were designed for λ0 = 514 nm, hence the setup was created and aligned using
λ0. The setup was as follows: a beam of light (λ0 = 514 nm) was expanded and colli-
mated (when testing optics that rely on complex-amplitude modulation) or imaged
(when testing optics that rely on phase-only modulation) using lens l1 with focal
length f1 = 100 mm, and lens l2 with focal length f2 = 300 mm.

The beam was then incident on the microscope slide which was composed of an
array of 3-D printed optical elements. It is important to note that the beam was
magnified so that it was large enough to cover the entire area of a single optic, but
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𝑥

𝑦

FIGURE 4.24: The ideal manner to mount the 3D- printed sample.The sample is placed in a
holder and kept in position by fastening screw 1. This holder sits on a stage that can be tip
and tilted using the screw 2. The stage is mounted to a translation stage that can be turned
using screw 3. As the screw is turned the translation stage moves up and down in the y-axis.
This can be used to adjust the height of the sample. This translation stage is mounted to
another which lies in the x, z-plane. By turning screw 4 this translation stage will move back
and forth in x-direction. In this way, when added to the optical setup, one is able to adjust

the position of the sample as needed — making alignment easier.

Aligned
b)

Misaligned
a) 1

0

FIGURE 4.25: The effect of misalignment of the sample to the produced mode. a) When the
sample is misaligned and or tilted with respect to the optical axis, the produced mode may
appear to have astigmatism with an uneven intensity distribution. b) This can be corrected
for by adjusting the alignment of the sample, and will result in a mode with an evenly dis-
tributed intensity and symmetric shape. In both cases the simulated desired HG mode is

shown in the inserts.
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not so large that it illuminated neighbouring optics, as seen in Figure 4.26 a). This
ensured that the desired mode experienced no interference from modes produced
from neighbouring optics.

Once incident on the hologram, the beam was diffracted into multiple orders, as
seen in Figure 4.26 b). In this case, the beam was aligned to an optical element that
produces an HG2

1 mode. A lens l3 with a focal length f3 = 200 mm was then placed a
distance f3 away and aligned to the +1st-order. Since all the printed optics were de-
signed to have a grating with the same grating frequency, we can maintain the same
alignment as we shift the sample to swap between different optics and generated
modes.

When using an optical element that relies on phase-only modulation to produce the
desired mode, for example a vortex (l = 1) mode, the rest of the setup was as fol-
lows: close to the Fourier plane a pinhole was placed to select the +1st order with
the minimum amount of noise. Ideally the pinhole would be placed in the Fourier
plane, but this position was occupied by the CCD. By placing the CCD here, we
were able to view the mode in far-field. The intensity image of the beam was then
captured.

When using an optical element that relies on complex-amplitude modulation to pro-
duce the desired mode, for example a HG2

1 mode, the setup after the l3 was swapped
to the configuration seen in Figure 4.26 c). In this case the pinhole was shifted to the
Fourier plane. A mirror, m1 was then added to redirect the beam to lens l4 with focal
length f4 = 200 mm. The beam was then imaged and viewed using a CCD camera
which was placed a distance f4 away after l4. As seen in Chapter 3, in the image
plane, the dispersed broadband beam will be recombined. Therefore, to ensure that
the CCD is placed in the correct plane, it was shifted until all the beams appeared
as a single mode. Images were taken for each printed element in the sample per
discrete wavelength whilst still maintaining the alignment for λ0 = 514 nm.

4.3.3 Experimental results

The experimental results for an optic created to generate a vortex (l = 1) mode
through phase-only modulation are shown in Figure 4.27. In Figure 4.27 a) the cam-
era images (intensity profiles) are shown for each discrete wavelength. Because one
observes the modes in the Fourier plane, to achieve a ’broadband’ beam, we must
digitally overlap each mode. In Figure 4.27 b) the intensity profile of the digitally
overlapped mode is shown. In Figure 4.27 c) the intensity cross-sections for each
discrete wavelength and the digitally overlapped mode are shown. In Figure 4.27 d)
the cross-section of the the experimental ’broadband’ mode (which is achieved by
digitally overlapping the experimental modes) is compared to the simulated ’broad-
band’ mode (which is achieved by digitally overlapping the simulated modes) and
was found to have a correlation value of 96.9%.

Figure 4.28, on the other hand, shows the experimental results for an optic that
generates an HG2

1 mode, and serves as an example of an optic that uses complex-
amplitude modulation. In Figure 4.28 a) the camera images (intensity profiles) are
shown for each discrete wavelength and the broadband ’multiline’. Figure 4.28 b) the
intensity cross-sections for each discrete wavelength and the multiline are shown,
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FIGURE 4.26: The experimental setup used to optically test the beam shaping ability of the
3-D printed optics (sample). Lenses l1 ( f1 = 100 mm), l2 ( f2= 300 mm) expand and collimate
(for complex-amplitude modulation) or image (for phase-only modulation) the beam, which
is incident on the sample. The size of the beam must be large enough to cover the entire area
of the optic, but not illuminate neighbouring optics, as seen in a). The grating encoded in
the optic causes the beam to diffract into various orders, as seen in b). Lens l3 ( f3 = 200
mm), located a distance f3, is aligned to the +1st-order, and Fourier transforms the beam. If
doing phase-only modulation, slightly before the Fourier plane a pinhole is added to filter
out noise. The beam is the then viewed in the Fourier plane using a CCD which is located f3
after from l3. If doing complex-amplitude modulation, the pinhole is placed in the Fourier
plane. As seen in c), a mirror m1 then redirects the light towards a lens l4 ( f4 = 200 mm)
which images the beam. The CCD is placed a distance f4 after l4 to observe the mode in the

image plane.
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Horizontal cross-section of the experimental vortex (l =1) modes 
per wavelength

Horizontal cross-section of digitally overlapped simulations vs 
experimental vortex (l =1) modes
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FIGURE 4.27: The experimental results for an optic that generates a vortex (l = 1) mode
through phase-only modulation. a) The camera images (intensity profiles) are shown for
each discrete wavelength. Because one observes the modes in the Fourier plane, to achieve
a ’broadband’ beam, we must digitally overlap each mode. b) The intensity profile of the
digitally overlapped mode is shown. c) The intensity cross-sections for each discrete wave-
length and the digitally overlapped mode are shown. d) The cross-section of the experimen-
tal ’broadband’ mode (which is achieved by digitally overlapping the experimental modes)
is compared to the simulated ’broadband’ mode (which is achieved by digitally overlapping

the simulated modes) and was found to have a correlation value of 96.9%
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TABLE 4.4: Measured beam sizes per wavelength of HG2
1 modes produced by a 3-D printed

optic

Wavelength Beam size (mm) ± 0.008 mm
457 nm 0.319
488 nm 0.441
514 nm 0.426

Multiline 0.410

while Figure 4.28 c) shows the cross-section of the experimental and simulated broad-
band mode which was found to have a correlation value of 94.8%.

When creating the HG optic the design wavelength, λ0 = 514 nm and the desired
beam size was set to 0.4 mm. In the image plane we expect the modes to have the
same size as the desired/encoded beam size. Using Figure 4.28 b), the beam sizes of
the experimental modes can be determined by measuring the peak-to-peak distance
between the maximum intensity values. The results are summarised in Table 4.4.
Although the beam sizes for wavelengths other than λ0 differs slightly from the de-
sired beam size, the broadband beam had a beam size that matched the encoded
beam size quite well.

The noise in the recorded beams is worth discussing as it highlights a challenge in
these experiments. Due to the limitations when making the optic, one cannot encode
a grating with a very high frequency, as the fine structures would easily break-off or
require a very long printing time. Hence, a grating with a small grating period was
encoded. However due to the space limitation, a large propagation distance was not
feasible to allow the modes to naturally separate. Because the wavelengths are quite
close in value, when diffracted, they do not have a large initial spatial separation and
their respective orders are not evenly spaced nor grouped together, for example, the
+1st order of one wavelength could be overlapped with the 0th order of the another
wavelength. Due to this effect a make-shift aperture had to be used which was not as
efficient at blocking out unwanted modes or stray light as a traditional spatial filter,
which contributed to the noise seen in the intensity images. Longer focal lengths
and thus longer distances would solve these issues.

In Figures 4.27, 4.28 we demonstrated broadband beam shaping specific cases when
the printed optics produced a vortex (l = 1) and HG2

1 mode. However, it is impor-
tant to note that any mode can be printed and the same effects would be observed,
hence we printed many optics on the same microscope slide. In Figure 4.29 we con-
sider 3 additional modes, namely a vortex (l = 3), LG2

1 and HG1
1. Microscopic images

of 3 additional optics are show where the images were taken in the light-field, hence
all printed structures will appear dark and the substrate will appear light, the in-
verse of the holograms shown in the insert. The simulated and experimental results
per discrete wavelength are also shown.

In summary, when a computer generated hologram, which is typically used for digi-
tal modulating devices (like SLMs), is uploaded and 3-D printed (taking into account
other factors such as thickness and size) the resultant physical optic will have a struc-
ture that resembles the 2-D generated hologram. When tested, the optic behaves in
the same way that the encoded hologram does, and is therefore able to shape mul-
tiple wavelengths. In this way a simple, compact optic capable of broadband beam
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FIGURE 4.28: Experimental results for an optic that generates an HG2
1 mode through

complex-amplitude modulation. a) Camera images (intensity profiles) are shown for each
discrete wavelength and the broadband ’multiline’ with simulations given as inserts. b) The
intensity cross-sections for each discrete wavelength and the multiline are shown, while in
c) the cross-section of the experimental and simulated broadband mode which was found to

have a correlation value of 94.8%.
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FIGURE 4.29: Broadband beam shaping can be achieved for various modes with 3-D printed
optics. Here we showcase additional examples in the following columns: a) vortex (l = 3), b)
LG2

1 and c) HG1
1. The holograms used as a design template are shown for the various modes.

Microscopic images of 3 optics are shown where the images were taken in the light-field,
hence all printed structures will appear dark and the substrate will appear light- the inverse
of the holograms (insert). The scale bar is 500 µm. The simulated mode and experimental

results per discrete wavelength are also shown.



4.3. Optical testing 111

shaping is realised.
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Chapter 5

Conclusion and prospectives

5.1 Conclusion

The focus of this work was to create a system that could shape multiple wavelengths
of light either discretely or simultaneously and thus generate broadband structured
light. To do this, the task was broken up into 3 objectives: (1) establish how a sys-
tem should operate and what it should consist of to generate the desired structured
beams then, (2) create a system that uses a digital beam shaping element and (3) a
physical beam shaping element.

In Chapter 1 we considered how beam shaping systems could operate through CAM
and phase-only modulation, and then established general expressions to determine
the transmission function of the necessary broadband beam shaping element.

In Chapter 2 we considered the experimental tools and techniques needed to practi-
cally implement broadband beam shaping. The chapter began by first characterising
the broadband laser source as well as lenses, which are instrumental in any opti-
cal experiment. The chapter then continued with a discussion and introduction of
physical beam shaping optics (refractive and diffractive) and digital beam shaping
devices, such as the SLM and DMD. With the foundation laid, all that was left to do
is practically demonstrate broadband beam shaping.

In Chapter 3 we looked at using digital devices, specifically DMDs for broadband
beam shaping. Because the DMD is an amplitude-only device, we began by first es-
tablishing how to create holograms, when encoded on the DMD, that are capable of
CAM despite the binary manner of the DMD. The chapter then continued with first
demonstrating how to setup and shape monochromatic light through phase-only
and CAM modulation, which resulted in the generation of flat-top and LG beams for
each case respectively. This concept was then extended to broadband beam shaping
where additional considerations such as dispersion effects needed to be addressed.
We offered solutions to compensate these effects and demonstrated it for a specific
case.

In Chapter 4 the objective was to demonstrate broadband beam shaping with a
physical optic. To do this, we resorted to 3-D lithography printing as a fabrication
method. Due to the properties of the printing material, the printed optic was only
able to impart phase changes into an incident beam. We can therefore used the same
encoding technique used to create CGHs intended for the SLM to create a design
for the optic. The chapter began therefore with a brief summary of the encoding
scheme, followed by a discussion of how the optics were fabricated. Next, an anal-
ysis was done to determine the quality of the printed optics. Finally the chapter
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concluded with a demonstration of how the optics could be used to shape broad-
band light through phase-only modulation and CAM and thus generate vortex and
HG modes, respectively.

To conclude, we successfully demonstrated broadband beam shaping through two
techniques namely phase-only and complex amplitude modulation which was im-
plemented using both physical optics and digital modulating devices. In this way
we have explored and now offer a way to introduce broadband beam shaping into
various applications that may benefit from the compact size of the physical beam
shaping optic or the dynamic ability of the digital, which will hopefully act as a
basis for new and exciting developments.

5.2 Future work

In this work we looked into tools and techniques for broadband beam shaping co-
herent light in the visible regime (400 nm - 700 nm). One of the first extensions of this
work would be to shape broadband incoherent light. When using spatially coherent
light from lasers for beam shaping one often observes speckles which arises from the
destructive interference between adjacent sampling points and acts as noise. This
can be problematic especially for a particular application where high precision is
needed. However, incoherent light does not have this same issue and is in fact more
resilient against obstacles in its path. Incoherent light sources are also easily accessed
and more economical. Hence, beam shaping broadband incoherent light has become
quite topical lately and has in fact been already demonstrated by Wang [62, 63] using
3-D printed optics. Although there has been some progress made in the field using
physical optics true demonstrations using digital modulating devices such as DMDs
or SLMs remains to be explored. One particular application where such an approach
may be beneficial is in optical communication systems.

Another avenue which deserves exploration is extending this work to wavelengths
beyond visible light, specifically towards the X-ray regime. Many imaging systems
rely on the use of spatially incoherent X-ray sources that emit a range of wavelengths
(energies). To maximise the imaging resolution, the beam is allowed to propagate
quite far to improve the coherence, and a single wavelength is usually filtered. Most
of the incident light is discarded, making it a highly inefficient process. If an optic
which shapes incoherent broadband X-ray waves could be created and added to the
system this would significantly improve the efficiency. This concept is of high inter-
est at the moment as it holds much potential.

Recently broadband X-ray optics (achromatic and apochromatic X-ray lenses) and
monochromatic beam shaping optics for coherent X-rays have been demonstrated,
but none have combined the two methods, nor extended it to incoherent sources
yet. Building upon this work we would like create optics that can shape incoherent
broadband X-rays. To do this, we must first create optics that can shape monochro-
matic X-ray waves. We have recently begun investigating the fabrication of such
optics and have considered using the Quantum-X Nanoscribe.

Although the properties of printing resin are quite well known in the visible regime,
this is not the case in the X-ray regime. Nevertheless, recent work has proven that
the resin can indeed be used for the fabrication of X-ray optics, even though it has
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FIGURE 5.1: A microscopic image of a printed converging lens designed to focus x-rays (λ0
= 0.52 nm)

weak refractive properties. To overcome this multiple optics are used so that when
combined they effectively produce the desired beam. Using this concept as a guide,
we designed our first X-ray optic — a set of ×10 converging lenses (λ0 = 0.52 nm)
with a combined effective focal length of 0.5 m. Figure 5.1 shows a microscopic im-
age of one of the printed lenses present in the set.

From this brief overview, it should be clear that the techniques used to shape broad-
band light can be used beyond the coherent, visible regime to explore unimaginable
avenues. Broadband beam shaping is therefore an invaluable tool that holds the
potential to make a significant impact on current and future applications.
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Appendix A

Supplementary information on the
calibration of a Spatial Light
Modulator (SLM)

This appendix discusses the experimental procedure used to calibrate the spatial
light modulator (SLM) to a specific wavelength, λ. Before using the SLM for beam
shaping it is imperative that it is well calibrated as the phase shift, ∆ϕ imparted into
the incident beam is dependent on the wavelength λ. The calibration process thus
generates a mapping to ensure that the 256 greyscale values used in holograms cor-
rectly corresponds to the voltage needed for proper liquid crystal (LC) orientation,
resulting in the desired phase change between [0, 2π] (or a multiple of 2π). For ex-
ample, a hologram with greyscale value = 0 corresponds to no imparted phase shift.
If the greyscale value = 128, ∆ϕ = π while a greyscale value = 255 corresponds to
∆ϕ = 2π.

The calibration process is conducted experimentally, as illustrated in Figure A.1. To
achieve calibration, two lenses, denoted as l1 and l2, with focal lengths f1 and f2
(where f1 < f2), are positioned to expand and collimate the incident beam. The cen-
tral intensity of the resultant plane wave is directed onto a physical mask featuring
double pinholes, generating two identical plane waves that are incident upon two
halves of the SLM screen.

Each half of the SLM screen is encoded with its specific constant phase screen, essen-
tially a hologram comprising a single greyscale value. Subsequently, the modulated
light reflected from each half of the SLM screen passes through a lens, l3 (with focal
length f3), inducing interference between the two beams in the Fourier/focal plane,
located a distance f3 away. Given that the interference pattern in the Fourier plane
tends to be relatively small, an objective lens is introduced to magnify the beam,
allowing for thorough observation using a webcam, as shown in the insert.
One half of the screen displays a constant phase mask that is black (greyscale value
= 0) that corresponds to no induced phase shift i.e., ∆ϕ = 0 while the other half of the
SLM screen cycles through the various greyscale values.

The phase difference between the modulated beams influences the position of the
interference pattern. Therefore, as the hologram on one half of the screen cycles
through the different greyscale values, the phase difference between the two beams
varies and the interference pattern shifts laterally along the plane, as depicted in the
inserts of Figure A.2. The shift in the interference pattern, ∆Int is related to the rela-
tive phase shift ∆ϕ as follows:
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FIGURE A.1: Experimental setup of the calibration procedure for an SLM. A beam (λ = 633
nm) is polarised and attenuated using a half wave plate (HWP) and neutral density filter
(NDF). The beam is then redirected using mirrors M1, M2 towards an expansion-collimation
setup composed of lenses L1, L2. The resultant plane wave is incident on a physical mask
with 2 pin holes. This leads to two beams being produced which are each incident on one
half of the SLM screen. One half of the screen is encoded with a constant phase mask /
greylevel, while the other cycles through various shades. These beams are then Fourier
transformed using lens L3 to observe them in the far-field where they overlap. An objective
lens is added in the Fourier plane to magnify the interference pattern that is viewed with a

webcam.

∆ϕ =
∆Int
0.5 T

(A.1)

where T is the period of the interference fringes.

Using the Holoeye phasecam software and a webcam, this lateral shift of the inter-
ference pattern is recorded by identifying a minimum in the interference pattern and
then tracking it as the holograms are changed. Figure A.3 shows the shift in the in-
terference pattern before and after calibration. The plot (shown in red) has 256 rows
which correspond to the intensity of the interference pattern for that particular grey
value.

Using Equation A.1 one can determine the phase change induced by the default volt-
ages as a function of the greyscale values. The mapping between the voltages and
greyscale values are contained in a "gamma file", which are applicable for a specific
wavelength (usually in the NIR spectrum). Using this gamma file, a correction re-
sponse is calculated and applied manually or automatically - which is possible with
some models. Once this correction response has been applied, a new gamma curve
and its corresponding phase shift curve is measured. If the phase shift curve ade-
quately matches the desired/reference pre-loaded phase shift curve, then the new
experimentally measured phase shift curve is set as the default for the SLM. How-
ever, if this is not the case the calibration process is repeated. In our calibration
process the desired phase shift was 2π. Before calibration the measured phase shift
was 4.59π and after calibration the measured phase shift was 1.96π. The plots are
shown in Figure A.4
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FIGURE A.2: To calibrate the SLM, one half of the screen is encoded with a constant phase
mask (black in this case, which refers to a phase shift of 0), while the other half of the screen
cycles through various greyscale levels, and thus different phase shift values. This results
in a difference in the phase between the two reflected beams, leading to a lateral shift of the

interference pattern in the Fourier plane.
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FIGURE A.3: Interference pattern shifts a) before and b) after the SLM was calibrated.
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FIGURE A.4: Comparison of the reference (black) vs measured phase shift before (orange)
and after (red) calibration.

Assuming that the SLM has been correctly calibrated, it can now impart any desired
phase change, and thus modulate an entire complex field (amplitude and phase)
of an incident beam to create a desired structured mode. Figure 2.16 illustrates the
effect of using an un-calibrated and calibrated SLM when doing beam shaping.
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