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Abstract

Controlling at will different properties of light has allowed the advancement
and emergence of numerous fields of the scientific research. The possibility of
arbitrarily modify parameters such as the amplitude or the phase of a laser
beam has helped to adapt the light sources to the specific requirements of
each user for different applications. Consequently, the development of new
techniques to carry out this control has become an essential task that benefits
a large number of industrial and research processes.

Spatial light modulators (SLMs) are devices that allow real time and direct
control over amplitude, polarization, or phase. Generally, SLMs are capable of
modulating one of these parameters. However, several devices are usually
necessary to control more than one parameter at the same time, or failing
that, the development of a technique that allows this control to be performed
with a single device.

This thesis is focused on spatial manipulation of laser beams with a phase-only
SLM. To achieve it, it is essential to arbitrarily modify the corresponding
complex field with this kind of devices. In addition, it is intended to introduce
new methods to improve existing encoding techniques. In that sense, the
experimental implementation of a method known as double-phase is
improved and optimized. With that goal in mind, the behavior of SLMs is
studied in order to adapt, as far as possible, their real experimental phase
response to an ideal one. Finally, in order to get results comparable to other
well-known optical techniques the optimized double-phase method is used in
several applications.

This thesis is focused on spatial manipulation of laser beams with a single
phase SLM. To achieve it, it is essential to arbitrarily modify a complex field
with this kind of devices. In addition, it is intended to introduce new methods
to improve existing techniques. In that sense, the experimental
implementation of a method known as double-phase is improved and
optimized. With that goal in mind, the behavior of SLMs is studied in order to
adapt, as far as possible, the experimental response of these devices. Finally,
the optimized method is used in several applications to obtain real results
comparable to other well-known optical methods.



Abstract

Among the most notable results obtained during this thesis, it is worth
highlighting:

1.

The experimental development and improvement of a double-phase
method.

The introduction of a novel spatial phase multiplexed technique able
to generate arrays of foci with extremely high precision in the position
and peak energy of foci.

The development of a new calibration technique for phase-only SLMs
to increase the accuracy and control capabilities of these devices.
The application of the optimized double-phase method to enhance
both non-linear microscopic through the introduction of a complex
lighting scheme and non-linear optical processes (e.g., second-
harmonic generation or filamentation) by means of an accurate
control of light parameters.
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Chapter | - Introduction

I.1 - Motivation

Photonics is an indispensable part of our lives. From communications, to
medical tests, through electronic displays, many aspects of our daily lives have
improved thanks to the research carried out in this field. In fact, the European
Commission considers it as one of the key enabling technologies because of its
importance in a wide range of industrial sectors [1]. This means that photonics
is currently one of the priority technologies, and will continue to be so at least
in the near future. Its current impact is undoubted: for instance,
communications and information as we understand them today could not be
possible without photonics. Nowadays, fiber optic is essential for the rapid
transmission of information and it is expected that this will continue in the
coming years to meet the ever-increasing demands of the telecommunication
industry. In addition, healthcare is largely benefited from photonic
technologies. Both for the detection of diseases and for their treatment,
photonics provides innovative tools to help the development of new cures and
early-stage diagnosis. It is estimated that the impact of photonics in this field
represents an economic saving of as much as 20% [2]. In addition, the number
of elder people is expected to increase progressively in the coming years. In
particular, the number of people in the UE over 65 will have grown by 70% in
2050. In the case of people over 80, this value raises to 170%. This group of
people is one of the most vulnerable and dependent on health care, increasing
the importance of this field in the near future. Electronic displays is another
technology that depends largely on the ability to control the light. Information,
communication, and navigation are some of the multiple fields that employ
devices which require displays. These displays seek to offer more and more
features. Additionally, it is expected that in next years, newly created
technologies will be consolidated. Augmented reality, virtual reality or micro-
displays in glasses will become part of our society requiring new milestones
both in resolution and in size reduction. Relevance of photonics is reflected at
the economic level. According to the European agency Photonics21, photonics
employs 300,000 people and generates € 69 billion in Europe alone, and the
global market is expected to reach € 615 billion in 2020 [3]. All these data show
that photonics is not only an important part of our lives, but also of our
economy.
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With an increasing demand on performance for photonics-based devices,
most applications are faced with problems related to inadequate manipulation
of the light beam, housing a barrier for a wider settlement. Smart control over
light propagation is an important question that undoubtedly needs to be
addressed to overcome the current barriers and take full advantage of the
potential of optical methods. Digital spatial light modulators are devices that
provide fine-grained control of light, allowing the creation of light patterns
with user-controllable characteristics. The devices consist of an array of pixels,
each of which can individually control the phase or amplitude of light passing
through it or reflecting off it. Millions of pixels provide numerous control
freedoms for tailoring the wavefront of light in a programmable manner paving
the avenue to overcome the limitations of current photonics technologies, e.g.
for healthcare and laser manufacturing. Despite the large prevalence of spatial
light modulators in current photonic devices, there is a need to enhanced light
control and decrease the operational burden over photonic tools extending
significantly the range of applications.

.2 - Spatial beam shaping

Photonics is currently considered as one of the key enabling technologies. That
means that there are many industrial and scientific applications that benefit
from it and, as a result, controlling the physical behavior of light is a topic that
is currently highly demanded and relevant.

The typical Gaussian laser beam available at the output of a standard laser is
not the most appropriate for many applications. For this reason, it is
interesting to redistribute the irradiance and phase of a laser beam. This
process is known as beam shaping and is commonly achieved by using either
static or dynamic diffractive optics. A classic example of this process is to
transform a Gaussian beam into a beam of uniform irradiance (Fig. I.1).
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Gaussian
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Fig. 1.1 — Example of a beam shaper (BS). The Gaussian beam obtained at the
output of a laser source is redistributed to obtain a uniform irradiance beam.

Some industrial applications benefit from a uniform irradiance pattern with a
flat top profile and very steep edges (Fig. |.2). This shape is commonly known
as flat-top beam or top-hat beam. In contrast to a Gaussian beam, where the
intensity decays from a maximum level of intensity near the beam axis to zero,
the intensity of a top-hat remains constant. Some fields, such as material
processing, benefits from a beam of uniform intensity that allows precise
control of the process [4]. Other useful patterns for other applications include
shaped lines, rings, and arbitrary array patterns.

Irradiance

/N

_

Gaussian beam
Top hat beam

N

X axis

Fig. 1.2 — Comparison between the irradiance profile of a

Gaussian beam and a top-hat beam along the x-axis.
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Nevertheless, beam shaping is not only restricted to 2D distributions of light.
Non-diffracting beams are used in some applications to improve certain
characteristics. For example R. Lu et al. [5] generate a Bessel beam to include
it as the illumination source of a two-photon laser-scanning microscope. In
that way, they are able to scan not just a surface but a whole volume,
improving the temporal resolution of the system.

Regarding the techniques used to carry out the beam shaping, there are
several ways to define the complex distribution of the light beam. For example,
in the case of non-diffractive beams, these can be generated by an annulus
located in the back focal plane of a lens. As this annular aperture is the Fourier
conjugate of the Bessel beam, this configuration generates a Bessel mode [6].
However, it can also be generated in other ways, for instance by using
interferometric techniques [7] or with an axicon [8]. An axicon is a conical
shaped lens that produces a certain phase shift over the incident beam in a
way that all the waves are inclined at the same angle to the optical axis, that
is, the beam is formed by waves that propagate on a cone shape and interfere
to generate the Bessel mode profile (Fig. |.3). This results in the generation of
a narrow beam of light along the optical axis [9]. Both axicon and annulus can
be obtained by different ways either statically or dynamically.

—

Fig. 1.3 —Schematic of an axicon lens

Static optical components are created to accomplish a certain target whereas
dynamic components are characterized by being able to change their behavior
in real time to perform multiple goals. An example of a static element is a
diffractive lens manufactured with lithographic techniques. The main
advantage of this method is the high accuracy with which they can be
generated, with errors of the order of tenths of microns. The main drawback
lies in the impossibility of being modified once it has been generated. That is
why the specifications of the diffractive lens must be clear before making it,
because if an error is made, a new one must be constructed. In addition, if the



21

specifications of the experiment change, the lens is no longer useful. An
example of dynamic component is an SLM. An SLM is a device able to
manipulate light in two dimensions by using a matrix of pixels. An electronic
controller manages each pixel independently allowing spatially varying
modulation over a beam of light. Such control allows the programmable
generation of user-defined light distributions to fulfill multiple purposes. Two
main SLM technologies are employed for this purpose: micro-electro-
mechanical system (MEMS) based arrays or liquid crystal (LC) spatial light
modulators. MEMS devices contain moving parts and are characterized by a
very high switching speed, generally at multi-kHz frequencies. Two examples
of MEMS devices are digital micromirror devices (DMDs) and deformable
mirrors (DM). On the other hand, LC SLMs are based on the special properties
of liquid crystals and do not contain moving parts. This is associated with
maximum laser energy utilization and high throughput potential [10].

Hence, SLMs are used massively as dynamic components due to the option to
encode different patterns. Following the previous example, it would allow the
diffractive lens to be modified several times per second; however, the size of
the pixel (about 6-8 um) limits the resolution of the encoded lens. This example
is applicable to different situations where a specific diffractive optical element
(DOE) is required and can be generated by encoding it onto a programmable
device or physically built as an optical element. Here, other details must be
considered. For example, the economic cost. A wide range of SLMs with
notable differences in price is available in the market. Although the economic
cost of a high-end or mid-range device could be more expensive than a static
element, e.g. a commercial photomask, the photomask can only encode a
certain pattern while the SLM can encode any desired pattern. In the long
term, the SLM can be used in many different applications for several purposes,
being a good investment over time compared to static elements. In particular,
SLMs are employed in a myriad of applications as microscopy [11], holographic
imaging [12], laser micro-processing [13], optical beam photolithography [14],
guantum information [15], and holographic optical trapping [16], among
others.
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Beam shaping

with SLMs

Fig. 1.4 — Applications of beam shaping with SLMs.

To achieve these multiple objectives it is necessary to manipulate the laser
beams in an appropriate manner. In that sense, we talk about amplitude
modulation, phase modulation, and simultaneous amplitude and phase
modulation (or complex modulation). Depending on the device used, each
modulation may be more or less simple to obtain. For example, obtaining
binary amplitude modulation with a DMD is trivial, it is enough to send a binary
pattern to this device and form an image of the DMD plane. However, this
procedure has important limitations. For high-power demanding application
(e.g., laser micro-processing) it is better to confine all available light in one or
more foci rather than getting them by image formation, since most of the light
would be lost. In these situations, wavefront modulation obtained with a
phase-only SLM is a higher versatile tool. For this reason, it is necessary to use
techniques that allow us to obtain not only the desired patterns, but also the
parameters that each application requires [17].

A classic example of that is the encoding of DOEs into SLMs to obtain arbitrary
light distributions reconfigurable in real-time. This allows to simulate the
behavior of classic diffractive optical elements. Another example is
holography, where the hologram can be optically captured in a traditional way
or computer generated. Furthermore, computer generated holograms (CGHs)
can be encoded into a SLMs to manipulate laser beams. The common
procedure is to define the requested amplitude or phase pattern on the target
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plane and calculate (e. g. by means of the Fourier transform) the hologram
that reconstruct the desired pattern. Among other methods, iterative
algorithms are widely employed for that purpose. Gerchberg-Saxton (GSA) [18]
and Yang-Gu [19] algorithms are two examples of classical iterative methods
to get approximate solutions to the desired pattern. Other techniques owing
to achieve an accurate amplitude pattern have been developed. This is the
case of generalized phase contrast (GPC) [20], which is basically an
interferometric method employed to visualize phase variations as intensity
changes at an output plane.

.3 - Beam shaping of femtosecond pulses

A femtosecond laser is a light source that emits electromagnetic pulsed
radiation with durations on the domain of femtoseconds (10*>s). Therefore, it
falls into the category of ultrashort pulsed lasers. Femtosecond pulses are
extremely short events; in fact, they are among the shortest processes created
by humans. Some natural processes also happen in very short periods of time
(e.g. synaptic transmissions). To time-resolve these kind of events, a faster or
similar procedure is needed. To generate femtosecond pulses, multiple waves
of different frequencies are coherently summed. Thus, the resulting wave has
a broad spectral bandwidth. The general rule is, the shorter the pulse the larger
the spectral bandwidth. A femtosecond pulse can have a spectral width of
dozens of nanometers while the spectrum of a continuous laser is almost
monochromatic. The addition of the multiple waves in a short pulse also
results on the addition of their low average energies into a high peak power.
Amplified laser systems can reach peak powers of the order of gigawatts (GW).
Finally, the coherence length of femtosecond pulses is short compared to
conventional laser sources. Some applications like optical coherence
tomography are benefited from the reduction of this parameter [21].

Similar to conventional laser beams, femtosecond pulses increase their
possibilities of use when being manipulated to meet user-defined
specifications. Due to their nature, the femtosecond beams can be modified
in the spatial [17], the spectral [22] and/or the temporal domain [23] to fulfill
the particular requirements of an application. In this thesis, we focus on
programmable spatial beam shaping. Among the most noticeable applications
of femtosecond spatial beam shaping, one can find optogenetics [24], ultrafast
processing of materials [25], microscopy [26], non-linear optics [27], and more.
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l.4 - Objectives and thesis outline

The proposed research is driven after the observations of shortcomings in
current state-of-the-art. Over the past decades, powerful optical waveform
synthesis methods have been developed and demonstrated a strong impact as
experimental tools providing unprecedented control over ultrafast laser
waveforms. However, spatial optical manipulation of ultrashort pulses
according to user specifications is usually achieved only over the output
irradiance or over the full complex field thorough approximated solutions. We
have detected that there is a lack of simple and versatile encoding techniques
to precisely manipulate complex ultrafast beams. In this thesis, we address this
challenge under several perspectives, starting from a simple method to
calibrate an SLM and finishing with real applications of shaped ultrafast beam.
Our main aim is to develop versatile tools based on phase-only SLMs that
widespread the powerful optical waveform synthesis of femtosecond beams
and extend its applications. Specifically, the objectives of this thesis are the
following:

1. Implement a method to encode complex fields from a single phase
mask sent to a phase-only SLM.

2. Apply this encoding method in real applications that may involve
tangible improvements over existing techniques.

3. Compensate for possible experimental problems of phase-only SLMs
that reduce the efficiency and accuracy of the developed method.

4. Introduce alternative encoding strategies for modifying laser beam
parameters.

This memory is structured as follows:

In chapter 2, an analysis on the different types of devices capable of modifying
the properties of light is carried out, going deeper into the devices based on
liquid crystal displays that only modulate the spatial phase. In order to
understand the real behavior of a laser beam after impinging onto a SLM, some
of the unwanted effects that can occur when working with these devices will
be described. Next, it is explained how to mitigate, some of these problems.
With that in mind, it is explained why it is important to periodically calibrate a
device, and some examples of how to do it are presented. Lastly, it includes a
new method to calibrate an SLM in an easy way and with an extremely simple
setup is presented.
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In chapter 3, the concept of beam shaping and how to obtain an arbitrary
irradiance pattern over a certain plane is introduced. In that context, a brief
introduction is included containing some of the most used techniques to
generate an arbitrary irradiance pattern: iterative algorithms, phase contrast
methods, and focusing diffractive elements. Finally, a method able to generate
three-dimensional distributions of foci in arbitrary positions is described.

Chapter 4 takes another step forward and deepens into the techniques capable
of shape not only the irradiance, but the complete complex field. Special
emphasis is placed on the so-called double phase methods, including an in-
detail description of the theory related with the technique. To conclude, a new
version of a well-known double-phase method [28], is presented,
demonstrating its usefulness with pulsed infrared illumination, and handling
of common experimental issues to maximize efficiency.

Chapter 5 summarizes the most common applications of the encoding
methods that allow controlling the phase and amplitude simultaneously.
Subsequently, two applications of the encoding method are detailed. The first
one uses Fresnel holograms to generate a set of foci with micrometric
precision. The encoding technique ensures an optimal codification of both
amplitude and phase of the complex field, allowing to generate an illumination
pattern with full control over the transversal and axial positions. The second
application employs the encoding method to generate wide-field arbitrary
light distributions, controlling amplitude and phase of pre-defined regions-of-
interest. In both cases, the illumination patterns have been used to generate
non-linear effects with potential application to non-linear microscopy.

Chapter 6 sets out the conclusions of this thesis. It summarizes the contents of
this manuscript, list the main contributions of this work, and detail some of the
future perspectives of double-phase methods.
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Chapter Il - Programmable spatial light modulators

In this chapter, a brief review about some spatial light modulating devices is
presented. Then, we focus on phase-modulation devices, describing their
characteristics, some of their recurring problems and how to calibrate them to
solve part of these problems. Finally, we present a novel technigue to do this
calibration with a remarkably simple method.

A device that is able to modulate amplitude, phase or polarization of light
waves spatially and/or temporally is considered an SLM. There is a wide variety
of different devices depending on the technology with which they are
manufactured. According with this criterion, we can classify SLMs on different
groups. In this thesis, we will focus on the devices based on micro-electro-
mechanical-systems and especially the devices based on liquid crystal screens.
In the next paragraphs, we will see how do they work and some of their most
typical uses.

I.1 - Technologies

MEMS

MEMS is an incredibly general term that includes a lot of different devices,
commonly assembled with moving parts, developed for applications including
biomedical [29], inkjets [30], microphones [31], gyroscopes and
accelerometers [32], and of course, optics.

For optics both single-mirror and multi-mirror arrangements can be found
[33]. Included in the single-mirror group, galvanometric mirrors are among the
most common micro-devices. They are made of an optical mirror mounted
over a galvanometer-based scanning motor and a sensor that gives feedback
about the position of the motor to the controller. This arrangement allows
one-dimensional scanning. Another widespread configuration consists of two
mirrors mounted over two different motors allowing two-dimensional
scanning.

Galvanometric mirrors are considered as single mirrors as the whole beam is
reflected following the same trajectory. On the other hand, other devices as
deformable mirrors and arrays of mirrors own a large number of actuators
allowing individual control of each of them. In that way, it is possible to apply
a different angle of reflection on each one of these mirrors/actuators.
Deformable mirrors are reflectors with a membrane whose shape can be
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conveniently deformed by using an array of actuators. Each actuator covers a
region of the membrane, so that the more quantity of them, the higher
resolution they afford. These devices are widely used in wavefront shaping
applications due to their versatility and high resolution wavefront correction
[34].

There are other kind of active matrix-based devices based on different
technologies. Probably one of the most successful is the digital micromirror
device from Texas Instruments, which is basically an array of millions of highly
reflective mirrors that swap between two tilted positions (+12° and -12°) with
respect to the normal surface of the DMD. A complementary metal-oxide-
semiconductor (CMOS) board controls all mirrors.

Fig. 1l.1 — Picture of the screen of a DMD.

Thanks to their relative fast pattern rates (in the order of tens of kHz),
polarization independence and the large spectral response of the mirrors,
DMDs shine on certain applications like laser beam shaping [35] or pattern
representation. Using its ability to shape light, different works aimed to
generate Laguerre-Gaussian modes [36] or non-diffractive beams [37] have
been presented.

Prior to discussing about LC SLMs, it is important to comment about other
devices not included on these groups, but still very relevant in some fields. This
is the case of acousto-optic modulators (AOM). AOMs are devices based on
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the acousto-optic effect. Light is propagated through a transparent crystal (or
glass) attached to a piezoelectric transducer. This piezo generates a strong
oscillating electrical signal and excites a sound wave, which travels through the
crystal leading to a change of the refractive index of the medium. This device
can be employed for several purposes: for instance, as an intensity regulator,
or as a deflector able to quickly change the position of a beam in one direction.
In that way, it is possible to employ them to scan one sample over two
dimensions by employing two of these devices [38,39]. Recently, it has been
demonstrated its utility as a two-dimensional spatial wave front shaper [40].

Liquid crystal on silicon

Some materials present a behavior halfway between conventional liquids and
solid crystals. Their molecules are oriented according to one direction (like a
crystal) but they have the ability to move or rotate like a liquid. They are known
as liquid crystals. Among other applications, these materials are widely used in
video projection and optoelectronics. A liquid crystal display (LCD) contains a
LC layer that is employed as a birefringent material with the option of changing
the birefringence index depending on the voltage applied to the LC cells. A
birefringent material is an element whose refractive index depends on the
polarization and propagation direction of light. In case of crystals with a single
optic axis, the ordinary axis (perpendicular to the optic axis) presents a certain
refractive index whereas the extraordinary axis, which is in turn perpendicular
to the ordinary axis, presents a different one. Liquid crystal on silicon (LCoS)
SLMs take advantage of birefringence to provide an electrically variable index
of refraction for light polarized along the extraordinary axis, while light
polarized along the ordinary one is not changed.

Liquid crystals can be found on three different phases: smectic, nematic, and
cholesteric. Here we are going to focus on nematic LCs, since they are the most
relevant for achieving the goals of this thesis. In nematic LCs, molecules are
oriented in a certain way, but the positions they occupy within the volume of
the material are random. There are different ways to modulate light depending
on the structure of the LC layer. Several structures are employed in nematic
LCoS devices, such as twisted nematic (TN), vertical aligned nematic (VAN), and
parallel aligned (PA), among others. On the TN mode, molecules are typically
aligned on a 90° twist helical structure. This means that the orientation of the
molecules varies 90° between the bottom and the top of the LC cell. This
structure can be altered by applying an external electric field, so that a
controlled change can be generated both in the birefringence of the LC and in
the polarization of the incident light (Fig. 11.2).
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OFF

Fig. 1.2 — Example of a LC TN cell. Left part shows the alignment of the
molecules (blue lines) where no field is applied. Right part shows the
alignment where an electric field is applied. B1 and B2 represent the borders
of the cell. The yellow line represents light. As two crossed polarizers are
placed in B1 and B2, in left image light is able to pass by the second polarizer
thanks to the change in the polarization caused by the molecules. In right
image, no change in the polarization is caused and light is unable to go
through the second polarizer. Image adapted from [41].

In VAN mode, LC molecules are aligned perpendicular to the surface of the
alignment layer. In this way, when no field is applied, no changes in the
direction of the polarization are originated. Placed between polarizers, almost
all light is blocked by the analyzer resulting in a quasi-pure black color. For that
reason, this mode is widely used in displays, obtaining a high contrast ratio.
When an electric field is applied, molecules tend to align following it changing
the polarization of light and allowing passing through the polarizers. In PA
mode, molecules remain parallel to each other and to the alignment layer if no
electrical field is applied. When the field is applied, the molecules tend to align
in the same direction causing a change in the birefringence of the medium. A
relevant difference between VAN and PA modes is the slower response time
and higher threshold voltage needed in VAN to obtain the same phase-
modulation [42]. Hence, PA mode is widely used in phase-only devices. Finally,
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ferroelectric LCDs (FLCD) are also employed. These devices use molecules in
the smectic phase instead of the nematic one. In this case, the position of the
molecules is not entirely random, but they line up forming layers. Typically,
FLCDs allow positioning the molecules in two stable states extremely fast
compared to the previous types. In this way, they offer a fast but only binary
modulation. Nevertheless, to achieve non-binary modulation some strategies
have been developed [43].

The first devices based on LCD were passive matrix displays, with the capacity
to control dozens of cells, and were used to design low-power watches and
calculators. This evolved to active matrix systems, since they allow to control
millions of pixels independently, what made them very useful for front- and
rear- projection systems. LCoS devices were also originally created as displays
for video projection. Reflective LCoS technology is an active matrix LCD that
uses a liquid crystal screen placed over a silicon backplane. This backplane
applies an electric current on the liquid crystal molecules to control their
orientation, allowing the device to modulate the phase and polarization of light
directly. The backplane also has a high reflectivity surface, so light that passes
through the screen impinges onto the surface and is reflected back.

These kind of cells can modulate amplitude by using a couple of polarizers and
a polarizing beam-splitter cube. The first polarizer is employed to linearly
polarize the incident light field, while the second one is used to analyze it after
passing through the LC cell. This second polarizer should be oriented
perpendicular to the initial polarization of light. The polarizing beam-splitter
cube is employed to separate the incident light from the reflected light. To
achieve the amplitude modulation, the LC cell rotates the polarization of the
incident light allowing it to be transmitted through the second polarizer. Thus,
by controlling the polarization it is possible to define the level of light
attenuation produced by the second polarizer. To modulate amplitude with PA
cells, the extraordinary axis of the LC molecule should be aligned 45° to the
direction of the light polarization, allowing a maximum polarization rotation of
90°. Phase modulation can also been performed. For instance in PA, it can be
achieved if the extraordinary axis and the direction of the light polarization are
aligned. In this case, the LCD acts as a voltage controlled variable retarder. This
is commonly known as ECB (electrically controlled birefringence). Further
information can be found in [42,44-46].

Although it is possible to modulate amplitude and phase with an LCoS device,
one can notice that each modulation requires a mutually exclusive alignment
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of the polarization over the extraordinary axis. Therefore, since both
modulations are not independent, it is not possible to do it directly with a
single LC device. This limitation makes necessary to develop some approaches
to achieve full complex modulation with only one device, as will be shown in
next chapters.

All devices based on the technologies shown before have their own
advantages and disadvantages. LCoS SLMs are widely used for optical
modulation due to their high optical efficiency and high number of
independent pixels at the price of a low refresh-rate (typically from 10 to 200
Hz). On the other hand, DMDs offer a solution to this problem with devices
operating in the order of kHz; however, the disadvantage in this case comes
from the binary modulation on the amplitude provided by them. Most LCoS
SLMs are managed by a controller that supports 8-bit phase images, allowing
256 gray levels. This means that the device is capable of applying 256 different
states. DMDs, in contrast, operate as purely binary amplitude modulators
being more suitable for amplitude-only modulation. Other MEMS based
devices as deformable mirrors share some characteristics with DMDs, for
instance its frame rate is similar to the one mentioned for DMDs. Its main
drawback lies in the number of actuators. Mid-range deformable mirrors have
hundreds of actuators, which implies a considerably lower number of degrees
of freedom with respect to the other technologies, which offer millions of
them.

So far, several alternatives have been described. During this thesis, phase-only
LCoS SLMs have been selected for being the ideal device to complete the
proposed objectives. If we are looking for complex modulation with a single
device, LCoS SLMs are the ideal devices because they allow achieving this
objective with efficiencies higher than other devices. Additionally, our interest
is focused on encoding the complex field with the highest possible efficiency,
accuracy and resolution, and that is achieved using LCoS SLMs. As these kind
of devices are selected for this thesis, we will go deeper on some of the most
common experimental troubles that one faces when working with them.
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Fig. I1.3 — Picture of the screen of a phase-only SLM.

1.2 - Common experimental issues

Although LCoS SLMs allow complete control over the phase of a light wave,
they are not ideal devices and show some unwanted effects that can slightly
modify the desired phase. Here we will discuss two fairly recurring problems:
pixel cross-talk and phase flicker, which are responsible of reducing the phase
modulation response.

Pixel cross-talk

It is usually assumed that the phase generated by each of the pixels of the LC
is independent of the neighboring pixels. Actually, this is not the case for two
reasons. First, each one of those pixels receives a different voltage to obtain
the desired phase retardation, but as these devices suffer from crosstalk
between contiguous pixels, gradual voltage changes appear at the frontier
between them. This is caused because the electric field generated by each
pixel is not limited to the area of that pixel, and the molecules of contiguous
pixels are influenced by it. Secondly, the molecules present in the LC layer
generate elastic forces that prevent quick spatial variations in the phase
response of the SLM [47].

To compensate these effects, several techniques have been developed. For
instance, one proposal lies in the use of polymer walls to isolate each pixel and
separate them, keeping each electric field into the pixel area and eliminating
gradual changes in the field [48]. Another possibility is to try to minimize the
effect by varying the voltage profile applied to the cells [49]. In holography,
some works have been reported using optimization algorithms considering
these effects to try to improve the overall result [50]. We have studied this
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problem and proposed an alternative strategy to mitigate its effects. Further
details about this work can be found in [51].

Phase flicker

One may think that during the entire time that a frame is active in, for example,
a phase-only LCoS SLM, the encoded phase is constant. Actually, during that
time several phenomena happen making it not so. First, it is important to
explain how the gray level control is performed. Assuming that a model with
an 8-bit resolution is used, the user has a range of 256 gray levels that he/she
can use. The device receives an input with those 256 gray levels encoded in a
signal that can be analog or digital. In the first case, that signal is used directly
for the representation of the level of gray in each of the LC cells. In the second
case, things are more complicated. The gray level is encoded in a binary signal
using a technique called pulse width modulation (PWM). This technique
generates, for each analog gray level of the signal, a binary train of pulses with
a frequency in the order of the KHz. The pixel of the LC screen interacts with
each one of these pulses, causing the molecules thereof to rotate. Due to the
viscosity of the material, the molecules are not able to complete the rotation
before a new pulse arrives and, therefore, a time-averaged voltage is
observable for LC molecules; however, that pulse train produces certain
fluctuation in the orientation of the LC molecules. This effect generates
temporal fluctuations over the phase modulation on the order of a few
milliseconds. Measurements performed with substantially higher integration
times are less affected by the phase flicker. However, using a fast detector
operating at high frequencies, the effect may alter the results and be harmful
[52]. In addition, a reduction of the diffraction efficiency has been
demonstrated when DOEs are encoded onto LCoS SLMs due to this effect [53].

On the other hand, when working with parallel-aligned devices there is a risk
that a certain hysteresis will be generated in the molecules by applying a field
continuously to them. For this reason, field inversion signals are generated,
which alternate positive and negative values and which are added to the
original pulse train. This effect happens both in analog and digital devices,
adding an alternative source of flicker effect to them.

1.3 - Characteristics of spatial light modulators

Manufacturers are striving to improve the features of their devices
continuously [54]. In general, a list of the most relevant characteristics of this
type of modulators should include, among others, parameters like phase shift,
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spatial resolution, diffraction efficiency, refresh rate, reflectivity, flatness, and
damage threshold.

The maximum phase shift indicates the maximum modulation that the SLM can
perform over the 256 gray levels available on a common SLM (8-bit pixel
values). It is advisable that the devices are capable of modulating at least a
phase shift of 2m to cover the entire range of phases. However, some devices
are capable of modulating beyond that range. Please, see Fig. Il.4. This could
be useful to perform multiple tasks simultaneously with the modulator.
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Fig. 1.4 — Example of phase modulation. Measured intensity (in arbitrary
units) is shown as a function of the phase. The measurement shows a phase
shift of 3t for the employed wavelength.

Spatial resolution and pixel size are two synonym terms. One could confuse
spatial resolution with the number of pixels of the device (which is also usually
known as resolution), nevertheless they are different terms. As SLMs are
pixelated devices trying to encode continuous 2D patterns, what they are
really doing is encoding an approximation of the desired pattern. By reducing
the pixel size, this approximation would be more similar to the continuous
pattern. The number of pixels multiplied by the pixel size results in the active
area (or screen size). Obviously, it is possible to increase the active area of the
screen by increasing the number of pixels. However, this only gives a larger
region to work with, which can be useful in case of large beams. Nevertheless,
the most common situation is to employ beam expanders to increase the
beam width to fit the actual size of the SLM so, in principle, this is not a
common problem. Reducing the pixel size while maintaining the active area
would lead to an interesting increase in resolution.
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The response time is the average time that the SLM needs to change its phase
from zero to 2m (or vice versa). That is, the time it takes to make a phase
change effective. Note that, a common protocol to measure this value consists
in using a setup with the SLM placed between crossed polarizers. In this way,
the SLM output can be obtained as intensity modulation. The response time is
defined as the transition time from 10% to 90% of the final intensity.
Therefore, this measure is only affected by the liquid crystal layer and not by
other factors as the data transmission from the computer.

The frame rate indicates how many patterns is able to encode the SLM each
second. Most common value is 60 Hz. The refresh rate indicates how often the
voltage applied over the liquid crystal layer is updated.

The flatness of the device is a fairly self-explanatory term. It is a measurement
of the depth differences among the different parts of the surface of the SLM.
Resistance is important where a high power laser beam is irradiating the SLM.
It shows how much power by unit area is the SLM able to handle without
physical damage or irreversible changes.

The fill factor is a measure of the size of the gaps between the mirrors or pixels
of the device. The higher this value, the less gap between mirrors and the
greater the amount of light reflected back to the system, directly influencing
the modulator's efficiency. Reflectivity is the estimated percentage of light at
the output of the modulator with respect to the input light.

PLUTO-2 Spatial Light Modulator - Microdisplay Features

Display Type: Reflective LCOS (Phase Only)
Resolution: 1920 x 1080

Pixel Pitch: 8.0 pm

Fill Factor: 23 %

Active Area 15.36 x 8.64 mm (0.7" Diagonal)
Addressing 8 Bit (256 Grey Levels)

Signal Formats DVI - HDTV Resolution

Input Frame Rate 60 Hz

Fig. Il.5 — Characteristics of an SLM display. SLM Pluto — Holoeye.
Obtained from [55].
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Finally, diffraction efficiency is a very important keyword in the SLM field. It
indicates how much light is affected by the action of the modulator. It is
defined as the quotient of the first-order diffraction light level divided by the
zero-order diffraction light level when a blazed grating is encoded into the
screen of the SLM [56]. Several technical aspects play a role in this factor (fill
factor, reflectivity...). All these characteristics as well as the problems discussed
above are relevant when it comes to obtaining an optimized value of
efficiency, and neglecting one of them would entail an important reduction of
it.

But not only manufacturers are trying to increase that parameter by improving
the related features, also researchers are developing technics that reduce the
influence of these kind of harmful effects [52]. Among those efforts, one part
focuses on making sure that there is a correct relation between the desired
phase and the addressed value for that pixel. That is the goal of calibration of
SLMs: adjust precisely the experimental response of the modulator to the
theoretical curve that relates the addressed gray levels with the modulated
phase.

1.4 - Calibration of spatial light modulators

Calibration of SLMs is almost a mandatory task when an SLM is employed
within an optical system. Otherwise, discrepancies may appear between the
desired phase pattern and the computer generated one. Usually
manufacturers include look-up-tables (LUTs) to supply an initial curve function.
However sometimes it is not provided, and even when they do, it may be not
too precise due to several factors: first, the effect produced by the LC cell over
the incident light depends on its wavelength. Secondly, the response of the
modulator may change after a period, so it is advisable to re-calibrate the SLM
from time to time or when a new light source with a different wavelength will
be employed.
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Fig. .6 — Example of calibration mask. Hamamatsu. 840 nm

Among the techniques proposed in the literature to calibrate this type of
devices, two main groups can be distinguished: Interferometric-based
methods and diffractive technigues.

The techniques included in the first group are characterized by performing the
calibration generating interference patterns. These patterns are analyzed to
obtain the phase response curve/calibration. Among other architectures, both
Michelson [57] and Mach-Zehnder [58] interferometers have been
successfully employed to carry out this task. Moreover, calibration techniques
based on single-path interferometers have also been demonstrated as reliable
methods to perform this task [59].

Methods based on diffraction usually encode DOEs that interact with light and
generate a diffraction field. This field can be used to retrieve the phase shift
that the light undergoes due to the action of the modulator. Sometimes these
DOEs can be used just to measure one parameter (e.g. intensity) in the far field
[60]. Finally, there are some techniques that exploits the capacity of the phase-
only SLM to be converted into an amplitude modulator by setting it between
two crossed polarizers [61].

Spatial calibration

In general, technigues explained above are enough to properly calibrate an
SLM, improving the efficiency of the modulator. In these techniques it is
assumed that the phase response of a pixel is the same for each pixel of the
SLM regardless of its position. However, some other methods suppose that
local variations may appear. These variations are mainly attributed to
differences in the thickness of the LC layer, and other causes such as local
heating produced by the incident light or by inhomogeneities on the electric
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drive scheme [62]. Several works have been done to characterize the spatial
response of these devices by defining space dependent LUTs. For instance in
Engstrom et al. [62] a three-dimensional LUT is proposed, where the two first
coordinates define the position of the pixel, while the last one is used for the
desired phase. In Reichelt [58], a polynomial expression defines the behavior
of the SLM depending on the position and the desired phase value. In this case,
a polynomial evaluation must be carried out each time that a value is sent. This
type of calibration is more complex and time-consuming, so it is advisable to
do them only if necessary.

I.5 - Diffraction-based phase calibration of SLM with binary

phase Fresnel lenses

We proposed a phase calibration diffractive technique. Interferometric
techniques involve a very precise alignment and suffer from sensibility to
vibrations. Moreover, the methods shown above require a large number of
optical elements. In [58], polarizing beam splitters, linear polarizers and two-
lens Kepler type are included, apart from other common optical elements;
while in [57] two polarizers, a beam splitter, a piezo mirror, a shutter, and a
camera are required. On the other hand, diffractive-based methods may be
affected by non-diffracted light, which introduces a harmful effect at the zero
diffraction order and by residual intensity modulation. In our proposal just a
single beam-splitter and an intensity detector is enough to get the calibration.
As it does not use an interferometric arrangement, it is very insensitive to
vibrations or other environmental fluctuations unlike two-arm
interferometers.

The main idea of this technique lies in the encoding of a set of binary phase
Fresnel lenses (BPFLs) into the phase-only SLM and measure the resulting
irradiance foci with the detector. In this case, a charge-coupled device (CCD)
camera is employed to measure the foci but another intensity-recording
device (i.e. a bucket detector) can be used. A schematic of the setup is shown
in Fig. 11.7.
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SLM

Fig. Il.7 — Experimental setup employed for phase calibration of the
phase-only SLM. Only a camera and a beam-splitter cube are needed in
addition to the SLM.

The BPFL is a lens made of a set of concentric rings that alternate their phase
between two values (81 and ;). The diffraction efficiency nm can be expressed
in mathematical terms as

- i S 2 IS‘2“%)
e "

where m =1 represents the selected focus. Each lens generates several foci
located at different axial positions, and m = 1 denotes the main focus or the
one with the highest intensity. According to Eq. (I.1), it is evident that the
diffraction efficiency of the lens depends on the difference 92 —91 between

the two phase levels.
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Fig. 1.8 — BPFL example. The concentric rings alternate their phase
values between U1 and 92

To perform the calibration, two curves must be compared: an experimental
one, which relates the level of gray sent to the device with the irradiance of
the foci measured by the CCD, and another theoretical one, which relates that
same irradiance to the phase, according to the Eqg. (1.1). To obtain the
experimental calibration curve, a series of steps, which are detailed below
must be carried out. The objective is to obtain a curve that allows to know
precisely O, in the generation of BPFL affects to the intensity of the measured
focus.

The first step consists in the generation of the BPFLs that have to be sent to
the modulator. In all of them, 01 will take the value 0, while &; will take a
different value for each BPFL. To optimize the final result and obtain a
calibration curve as accurate as possible, it is advisable to generate 255 BPFLs
from 1 to 255; however, a faster calibration can be obtained by generating a
reduced number of lenses. In this way, fewer points will be enough to obtain
the gray level - radiance curve and less time is needed to make the
measurements.

The second step is to synchronize the modulator with the camera (or the
device used to measure the irradiance). Then, it is possible to send the BPFLs
generated in the previous step to the modulator. As the spot widths remains
the same for all BPFLs, the criteria used to measure diffraction efficiency is
unique for all measurements. In our case, the 1/e? criterion was employed to
define the beam width.
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Once the experimental curve has already been achieved (Fig. 11.9.a), the
theoretical one can be obtained from Eq. (I.1). This curve is represented in Fig.
[1.9.b. The main difference between both figures is that the first relates the
irradiance and the gray level while the second one links the irradiance with the
phase. The comparison between both curves allows the correlation of the gray
levels with the phase. To fit both curves, it must be taken into account that for
each gray level sent to the SLM, a phase value associated to that gray level is
encoded at the LC layer. In that sense, and thanks to the theoretical basis
explained before, the point of maximum irradiance can be related to a phase
difference between ¥; and 9, of i, and the minimum with a phase difference
of 0 or a multiple of 2m. Please, note that depending on the modulator model,
the phase shift that the modulator can encode may be greater than 2m. One
should also keep in mind that the experimental curve should be normalized to
improve the result as the irradiance values are measured in arbitrary units.
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Fig. 1.9 — Experimental results. a) experimental curve obtained by
sending 255 BPFLs. b) theoretical curve obtained. c) calibration curve
obtained fitting the gray levels and the phase values.
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The next step consists of separating each of the minimum-maximum or
maximum-minimum sections, in the experimental curve, as they are related to
phase shifts of it (from 0 to i, from 1 to 2i, and so on). The irradiance values
of those sections are substituted into Eq. (1.1) linking the gray level used to
obtain a certain irradiance value with the phase. The reason to split in sections
is because a real function must be obtained. At this point, the resulting
function of joining the different sections accurately indicates the phase
encoded in the modulator according to the level of gray sent to it, which is
precisely the curve that we want to obtain as a result of the calibration, and
can be employed as a LUT function (Fig. 11.9.c). From Fig. 11.9.b one can realize
that the phase-only SLM calibrated here is able to encode a phase shift of 3m.

To test the validity of the presented method, a comparison (Fig. 1.10) with one
of the best-known techniques [63] has been made. In this technique, 255
Ronchi grating patterns, designed in a similar way to the BPFLs, are sent to the
modulator; the setup is almost identical to the one employed in our
experiment but including an extra refractive lens. The irradiance is also
measured analogously to our experiment, using the same 1/e? criterion.
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Fig. 11.10 — Comparison between the proposed technique using BPFLs
(red dots) with a well-stablished calibration method using Ronchi gratings
(blue line).

At a glance, one can realize that both results agree satisfactorily. In detail, the
calculated root mean squared error between the two methods is
approximately 6%. Differences are mainly produced due to laser fluctuations
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in both position and energy. These results provide a clear proof that the
method offers reliable data for phase calibration purposes.

In order to prove the utility of the technique in other experimental conditions,
other tests has been performed with different specifications: further periods
for the BPFLs, a different criterion for the beam width (instead of the 1/e?),
and selecting a different focal plane (m # 1) for the focal measurements. The
results obtained, in all cases, yield root mean squared errors less than 5%.
Moreover, to predict how different amplitude distributions affects the
technique, simulations have been made. The result of the simulations confirms
that this parameter does not influence the calibrations function, which is
something expected as relative irradiance measurements are performed.

This method has some restrictions: the pixel size of the SLM limits the
minimum size of the rings that make up the BPFLs. This prevents the
generation of a main focus very close to the SLM, since rings smaller than the
pixel size of the SLM are needed. This technique requires at least two pixels to
properly encode a ring, leading to a closest distance of, approximately, 150
mm. On the other hand, in this technique all the pixels of the modulator are
involved in the calibration. That means that the LUT obtained is global and is
used equally in all pixels, regardless of their spatial position on the screen;
however, as discussed before, it is possible that not all pixels respond in the
same way. For most applications and devices this is not a problem, since the
decrease in diffraction efficiency is not significant. More information about the
results obtained with this experiment can be found in [64].
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Chapter I11 - Beam shaping using phase-only SLMs

The action of modifying the amplitude and phase of the complex field that
describes the electromagnetic wave nature of laser beams is known as beam
shaping. For some applications it is usually enough to take care of the
irradiance distribution at a certain plane. In these cases, the effects of the
phase can be disregarded, simplifying in that way the beam shaping process.
In this chapter most relevant techniques used to spatially manipulate the
amplitude of a laser beam with phase-only SLMs are summarized. After that,
an own novel method to do that is described. It allows generating arbitrary
three-dimensional distributions of foci with high accuracy setting over
fundamental laser beam parameters e. g., focal positions, peak energy, etc.
Such energy distributions were tested as useful illumination patterns to
investigate multifilamentation processes in fused silica.

[1.1 - Conventional encoding techniques

Computer-generated holography

Thanks to holography, it is possible to record and later reconstruct a certain
irradiance distribution or even the complex field of a light beam by the
interference of two coherent light beams. One of the biggest advantages of
holography is that it is capable of capturing the 3D geometry of a scene and
reconstruct it as a 3D image. For this reason, it has become one of the most
used techniques when desired distributions of light are requested.

Computer-generated holography is a technique based on holography. Instead
of optically capturing the hologram, a computer is used to numerically
calculate it. The calculated hologram can be encoded in a digital device to
reconstruct the desired distribution. Therefore, the idea is quite easy: define a
target complex field and then apply the two-dimensional Fourier transform.
Nevertheless, the full complex field is required to perform this task because
the two-dimensional Fourier transform is complex. To overcome above
limitation several encoding methods have been proposed. Among those
techniques, some of them perform transformations before the generation of
the hologram. The idea is to encode the original pattern with only one phase
element. This is the case, for instance, of a technique known as one step phase
retrieval [65]. It is based on the addition of a phase term to the source image
before the generation of the hologram to obtain a hologram formed by a single
phase term. Similarly, the sampled phase-only hologram method [66], employs
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a lattice to down-sample an image to obtain a hologram with uniform
amplitude. Therefore, only the phase component contains information about
the image and can be directly encoded into a phase-only SLM. Although these
methods offer acceptable results, the transformations performed to the
original image make them not optimal, but an approximation. Something
similar occurs with one of the classic methods to solve this problem: iterative
Fourier transform algorithms (IFTA).

Iterative Fourier transform algorithms

Beam propagation is affected by the phase modulation of the SLM, since the
interference of the different parts of the beam influences the intensity profile
at a certain distance. The main issue is that only one phase modulation is not
enough to obtain an exact beam shaping. So iterative algorithms employ
inverse Fourier transforms to calculate the best phase pattern at the SLM that
reproduces the desired target intensity at the sample plane.

Among the most relevant algorithms for beam shaping are the classical
Gerchberg-Saxton [18] and Yang-Gu [19] algorithms. The GSA and similar ones
work in an iterative procedure; that is, they start with a certain phase ¢,
which is Fourier transformed to get a complex field |Ay|ei. The amplitude
|Ag| is compared with the target amplitude |B]. If the difference between both
is less than the defined error, the algorithm ends. Otherwise, |4, is replaced
by |B], getting the complex field |B|eo. This result is inversely transformed,
obtaining the complex field |a;|e‘?1. Then, the input beam function |b| is
imposed at the result, resulting in |[b|e!®1. At that point, the algorithm repeats
the steps already discussed. This loop is repeated n times, until the algorithm
converges or the maximum number of iterations N defined by the user is
reached. This limit prevents the algorithm to be blocked when convergence is
not reached, possibly because the algorithm tends to fall in local minimums or
due to a too strict convergence threshold. Another classical iterative algorithm
is known as direct binary search [67]. This approach employs an IFTA-based
algorithm to minimize the mean squared error between a binary hologram and
the reconstructed image.

The GSA was originated in the 70's and has some drawbacks that have led
researchers to develop improved versions of it. One of the biggest
disadvantages of this technique is precisely that convergence is not
guaranteed [68]. One way to prevent the algorithm from falling into a local
minimum lies in varying the starting point since the result depends, to a large
extent, on the initial phase ¢@g. In fact, the most advisable thing is to try to
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approximate that value as much as possible to the final value. This is only
possible from an approximate solution or from a solution to a similar problem.
Otherwise, an estimation or insertion of a random value should be carried out.
Another drawback of this technique is that, in principle, only the desired
intensity can be defined at the output plane and, therefore, the obtained
phase is random. This deficit of phase control generates speckle noise due to
the destructive interaction of contiguous patterns with different phases,
forming high contrast regions and degrading the quality of the projected
pattern. This is negative for most applications but is especially harmful in
certain cases such as multiphoton microscopy, where two-photon excitation
depends on the square of the light intensity and, therefore, these irregularities
may cause image blurring.
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Fig. 11l.1 — Schematic of an IFTA. The squares represent the states while the
arrows mean transitions. The double-lined state is the starting point.

Another problem generally associated with the GSA is its inability to generate
multiple intensity levels within the different parts of the pattern due to the
impossibility of manipulating the amount of energy put into them. Due to the
above-mentioned drawbacks, numerous improvements have been made to
the original algorithm. For example, the Yang-Gu algorithm is a generalization
of the GSA. While GSA is able to solve the amplitude-phase retrieval problem
using linear unitary transform systems. Yang-Gu includes a non-unitary optical
system remaining identical for a unitary transform system. Hence, the former
algorithm is able to converge in cases in which the GSA is not capable, and is
more stable in the presence of random noise [19].
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Other examples include the weighted Gerchberg-Saxton (WGS) [69], which
introduces a new parameter referred as weight, that allows to reduce the
amplitude deviations from the average amplitude of the electric field.
Additionally, some techniques have been developed to add phase control to
WGS, resulting in an algorithm known as weighted Gerchberg-Saxton with
phase control (WGS-PC) [70]. This algorithm has been probed to
simultaneously control both the phase and amplitude of the generated
patterns with almost perfect uniformity over the amplitude of the field.
Previous algorithms typically constraint only the amplitude whereas WGS-PC
also constraints the phase of the projected pattern. The main limitation of this
technique lies in the ability of generate only 1-D curved patterns dropping
dramatically its efficiency when 2-D patterns are employed. In addition,
techniques able of generating multiple energy levels have been reported [71].
By adding a weighting parameter to define an objective intensity to the GS
algorithm, it is possible to obtain a hologram with different relative intensities
that allows, for example, generating a uniform light distribution on the
irradiance pattern regardless of the distribution of the light source or the
position-dependent diffraction efficiency of the LC-SLM. Finally, it is possible
to independently manipulate multiple incoherent light beams with different
wavelength by using a single phase element [72]. In this method, each 2m
hologram is calculated separately and, by using an SLM with a high modulation
range (=10m), these holograms are combined on a multi-level hologram. In that
way, the final multi-level hologram reconstructs the original patterns at
preselected wavelengths, at the cost of losing diffraction efficiency.

Generalized-phase contrast

To measure the intensity of light it is enough to use wavelength sensitive
detectors that are capable of quantifying the amount of energy received. A
CCD sensor would be an example of one of these devices. However, measuring
the spatial phase of an incident light beam is more complicated. CCD detectors
are not sensitive to phase variations so it is necessary to employ techniques
that generate phase-dependent intensity variations. For example, by using
interferometric methods to measure unknown phase distributions [73]. The
Zernike phase contrast technique is a method to measure phase perturbations
based on the use of a Fourier plane phase-shifting filter.

Generalized phase contrast is the generalization of the Zernike’s method. It is
a similar technique, also based on interferometry, but not limited by the
operational constraints of Zernike's method which provides an extended range
of phase contrast [20]. In short, GPC generates an amplitude pattern that is
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sensitive to the phase distortions given at the input plane of an optical imaging
system. Hence, it can be used to measure these phase distortions by recording
irradiance patterns at the output plane. Also, for beam shaping purposes:
instead of measuring a phase from an irradiance pattern, encoding a phase
mask on a spatial light modulator will produce an arbitrary intensity
distribution at the output plane. In particular, an on-axis spatial filtering
operation in the Fourier plane of a 4f imaging system is employed to convert a
phase disturbance at the input of the system into an irradiance distribution at
the output plane.

Laser beam
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Fig. 11l.2 — Typical GPC setup. At the input plane (IP) an SLM is placed encoding
an input phase mask. L1 and L2 form a 4f imaging system. At the output
plane (OP) an intensity pattern formed by the interference of the non-
diffracted light and the image of the object placed at the IP.

A typical system used in this method is shown in Fig. Ill.2. Basically two lenses
(L1 and L,) form a 4f optical system. At the input plane of the system, an SLM
is placed. At the Fourier plane, a phase contrast filter (PCF) is introduced. The
PCF introduces a phase shift within a radius located in its central part, while in
the rest of its surface it allows the passage of light without being modified. The
phase mask encoded into the SLM is employed to control the distribution of
light among the surface of the PCF. Light is focused by the first lens (L) at the
on-axis (central) region of the PCF is considered as focused light. Light
distributed along the rest of the surface of the filter is considered as scattered
light. The focused light acts as the reference wave of a common-path
interferometer (CPI), coherently mixed with the scattered light to generate the
arbitrary amplitude distribution at the output plane of the imaging system
[74].

Unlike the aforementioned CGHs, where each point of the hologram receives
contributions from the entire input pattern, here the output image is formed
by point-to-point mapping, commonly reducing the efficiency of the method.
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This technique is suitable for CPI due to the capacity of this type of systems to
increase tolerance to vibrations and air turbulences with respect to systems in
which both arms travel in different ways. From a general point of view, GPC
has several applications besides synthesizing gray-level light patterns [75],
including the generation of multiple optical tweezers [76] or optical security
[77].

[11.2 - Shaping techniques for focusing diffractive elements
Another way to obtain arbitrary irradiance patterns is by using a specifically
designed DOE. In particular, Davis et al. [78] used an SLM to encode a grating
with variable depth. In that way, they are able to control the diffraction
efficiency of the grating, allowing for the amplitude modulation of either the
first order or the zero order. While this kind of methods successfully modulate
the amplitude of a light beam, the diffraction efficiency is low because they
require to send a large part of the light to the remaining diffraction order.

Among DOEs, focusing diffractive elements (FDEs) can be considered as simple
Fresnel holograms that generate controlled irradiance spots at a certain
distance from the reconstruction plane. Encoding two-dimensional and three-
dimensional arrays of FDEs in a single Fresnel hologram is interesting because
it allows to generate complex irradiance distributions useful for multiple
applications, including formation of Bessel beam arrays [79] or femtosecond
laser processing [80]. Also parallel generation of non-linear effects in both the
axial [27] and transversal direction [81] enables the application of this type of
techniques to fields such as multiphoton microscopy [82] or filamentation [83].
A wide number of encoding methods has been reported recently to generate
the appropriate set of parameters for each application. For instance, in [80] a
set of Fresnel lenses is spatially multiplexed onto a single DOE to perform
three-dimensional laser processing. In this manuscript, an algorithm aimed to
equalize the intensities of all spots is included due to the relevance of this
parameter for material processing applications. The algorithm is dedicated to
finding the optimal combination of central focal points for a set of lenses.
Another approach implements shifted phase vortices to generate arrays of
diffraction-limited non-Airy spots [84]. Similar techniques have demonstrated
their usefulness for the formation of multifocal arrays of non-diffractive
beams. For instance in [79], a hologram made up of multiple overlapped
axicons is employed to generate an array of Bessel beams. In [82], a two-
dimensional array of foci is formed by the combination of a microscope
objective and a pre-calculated phase pattern encoded into an SLM. The SLM is
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placed at the conjugated plane of the back aperture of the microscope
objective. This method allows increasing the scan speed of the microscope by
using multiple foci simultaneously. In addition, the combination of similar
strategies with axial-confinement methods has been reported [85],
demonstrating the ability of the method to temporarily separate the spots.

I11.3 - Diffractive control of 3D multifilamentation

In 2016, we presented a work where the ability to encode diffractive phase
elements (DPEs) capable of generating three-dimensional filament
distributions with separations of the order of a few micrometers was
demonstrated [86]. Filamentation is a phenomenon by which a beam is able
to propagate a distance greater than the Rayleigh distance associated with
that pulse. Two main processes influence this phenomenon, first the plasma
tends to generate a defocus in the beam, and on the other hand, the Kerr
effect tends to focus it. Generation of multiple filaments in a fused silica crystal
has been investigated in several articles [87,88] in which arrays of filaments
are generated using arrays of lenses; however, these systems may not be the
most suitable for certain applications for several reasons. First, it is not capable
of generating filaments in certain positions. For example, the distance
between two filaments cannot be less than the sum of their radii. It is possible
to use additional optics to solve this issue, but that implies using an
unnecessarily complex setup. Secondly, the energy of each filament depends
directly on the distribution of the beam energy in the plane of the lens. This is
because each filament is generated by a lens located in a different spatial
position. Lastly, the implementation of the lens array causes a reduction of the
numerical aperture due to the reduction of the lens diameter.

In this contribution, a diffractive technique capable of generating three-
dimensional filament distributions, which does not suffer from the
aforementioned problems, has been proposed. A DPE, that contains the
information of a set of spatially multiplexed diffractive lenses, is generated and
encoded in a phase-only SLM. A femtosecond laser impinges the SLM and the
diffracted light is focused inside a fused silica. In that way, each encoded lens
generates a filament inside the fused silica with a control over its position of
the order of a few micrometers. To obtain similar irradiance levels for each
filament, all lenses are spatially multiplexed and distributed uniformly along
the SLM surface. In that way, it is possible to obtain similar amounts of energy
at the focal points of the encoded Fresnel lenses even if the laser irradiance is
not uniform at the SLM plane.
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Other techniques based on spatially multiplexed Fresnel lenses have been
reported previously. For example, in [89,90] the encoded pattern is generated
by the random sampling of several lenses. The lenses are created in advance,
and an algorithm is responsible for assign randomly each pixel (or group of
pixels) to a different lens. Energy can be controlled by increasing or reducing
the number of pixels employed for each lens. A similar approach been
reported in [91]. In this case, the final result is optimized by applying the WGS
algorithm. However, these methods are based on iterative algorithms that
obtains an approximate solution rather than the ideal solution or suffer a
guadratic reduction of diffraction efficiency by increasing the number of
lenses.

In our proposal, to encode the phase element in the SLM, it is necessary to
calculate N off-axis lenses and N complementary binary masks M, (x,y),
where x and y represent the coordinates of a Cartesian coordinate system,
that meet the condition ¥N_; M,,(x,y) = 1, where n =1 ...N represents
each lens. These masks are used to sample the different lenses, defined by
@ = mody {m[(x — x0)? + (y — y9)?1/(fado)}, in such a way that pixels
that encode each lens do not overlap on the spatial domain. The function
mod,;yields modulo 2, f,, is the focal length for the nth lens, and 4, is the
central wavelength of the employed light beam. Finally, x — x4 and y — y,
represent the arbitrary displacement of the center of the lens that produces a
dependent displacement of the focused light that generates the filament.

Multiplying the lenses ¢, by the masks M,,, that we must remember that do
not overlap, we multiplex them spatially. In this way, the DPE contains the
information corresponding to all the lenses. Therefore, the DPE is the result of
sampling the binary masks to the different lenses and adding the result, as is
shown in expression (I1.1)

N
DPE(x,y) = z on(x,y) * My (x,y) (I1.1)

n=1

To define the masks M, the easiest way is to divide the surface of the
modulator in superpixels formed by m*m = N pixels. For example to
generate N = 4 filaments, each superpixel would be made up of 2 * 2 pixel
cells. (See Fig. lll.3.a). It is not necessary N to be power of another number, it
is possible to generate any number of filaments using asymmetric masks;
however, for this example it is easier to represent it with a number N power
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of m. Then, once the surface of the modulator is divided into super pixels, it is
time to generate the different masks M,,. For example, in Fig. Ill.3.b, mask M,
is shown, all pixels corresponding to the first row and the first column of each
super pixel has been assigned the value 1, while all other pixels remain with
the value 0.

Fig. Ill.3 — a) Example of a mask formed by 2*2 superpixels. b) Pixels
located in the first row and first column of each superpixel are set to 1.

Each other mask (M,, M5, and M,) is generated analogously, using one of the
other pixels of each super pixel for each one of these masks. For example
for M, the pixel set to 1 can be the one corresponding to the first row but
second column in this case. Then, each lens is multiplied by its corresponding
mask; that is: ¢4 * My, @5 * M, and so on. Since the value in the masks is
always 1 or O, the value in the auxiliary pattern will be either 0 (when the value
in the mask is 0) or the same value as in the phase element ¢,, (when the value
in the maskis 1). The result in the example will be four auxiliary patterns shown
in Fig. I11.4.

a)

Fig. 1.4 —a) Example of the four auxiliary patterns generated for a 2*2
superpixel arrangement.
a), b), ¢), and d) represent the result of @1 * M4, @5 *M,, @3* M3, and @4
* My respectively. The values 1, 2, 3, and 4 inside the matrices represent that
this phase value comes from @4, ©,, @3, and @4 respectively.
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Pixels shown in black contain the value 0, while colored pixels now contain the
phase value of the corresponding lens. For example, in Fig. lll.4.a each pixel
represented as 1 does not necessarily contain the value 1, but rather the value
contained in ¢, (x,y), where x and y indicate the position of that pixel into
the matrix.

The last step to obtain the final DPE is to sum the auxiliary patterns between
them, as indicated in the Eq. (Il.1). As can be seen in the example shown in Fig.
l1.4.a, each pixel only contains phase information of one of the lenses and,
therefore, it is obvious that each Fresnel lens is encoded by a different set of
pixels of the SLM. This means that the control of the different parameters of
each lens (position, focal distance, efficiency, etc.) can be carried out
independently.

Fig. Ill.5 — Final DPE obtained from the sum of the auxiliary patterns shown in
Fig. I11.4.

The number of lenses that can be encoded in a single DPE is strongly related
to the pixel size of the SLM. This is because the ¢ (x, y) lens is calculated as a
continuous function but when it is encoded into the modulator, it is
discretized. Therefore, the smaller the pixel size, the smaller the error and the
greater the efficiency of the lens and the energy at the focal point. On the
other hand, the more lenses encoded in a single DPE, the fewer pixels are used
to encode it and, therefore, the lower the efficiency of it. In this case, with a
pixel size of 8 um, up to nine lenses can be encoded simultaneously. Note that
to generate the non-linear effect present in the filamentation process it is
necessary to reach a certain energy threshold.

Several experiments were performed to show the potential of the developed
method. First, the ability to control at will various parameters such as the
position and number of filaments, distribution of energy, etc. was
demonstrated. Secondly, the system was used to study the mutual coherence
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between filaments developed in fused silica. In these experiments, the optical
system used is shown in Fig. Ill.6. It basically consists of a 4f imaging system,
composed by a couple of lenses with focal lengths f; = 300 mm and f, =
150 mm, in which an SLM has been placed on the input plane. To send
properly the incident beam emitted by a Ti:Sapphire femtosecond laser to the
SLM, the beam is appropriately enlarged using beam expanders to fit the
whole SLM surface. Moreover, to impinge the SLM with normal incidence, a
pellicle beam splitter is placed so that it reflects light towards the SLM, but
allowing the passage of the reflected light. In the SLM, the DPEs described
above are projected. An image of those DPEs is formed in the output plane of
the 4f system. This allows us to get access to positions near the DPE. Finally,
a fused silica sample is placed at the central focal distance of the different
lenses encoded into the DPE in such a way that all the filaments are generated
inside the sample. Moreover, the DPE has been generated with specific focal
lengths allowing all the filaments to remain inside the fused silica. Non-
diffracted light does not focus by the lenses and, therefore, does not
contribute to the filament formation. To record the images used in these
experiments, two CCD cameras are located on one side and behind the fused
silica. By using different optical elements (lenses, microscope objectives),
images of the filaments are formed onto the CCD cameras. The first one was
placed beside the fused silica, parallel to the propagation axis of the filaments,
and it was used to record the images of the filaments inside the sample. The
second camera was placed after the rear face of the fused silica, perpendicular
to the propagation axis, and it was employed to record images originated by
the interference of several filaments. The magnification of these images has
been adjusted to cover the entire surface of the CCD.
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Fig. I.6 — Optical setup employed for the generation of multiple filaments. L,
and L,: lenses. f; and f,: focal distances of Ly and L,. OP: Output plane of the
4f imaging system. FS: Fused silica.

The objective of the first experiment is to demonstrate the validity of the
method to generate multiple filaments in fused silica with arbitrary spatial



56 Chapter |ll - Beam shaping using phase-only SLMs

distribution and controlled energy. Specifically, experiments that demonstrate
the ability to generate different filament distributions, varying both the
position and the number of filaments and the ability to equalize the amount of
energy of each filament independently have been carried out.

Fig. .7 shows four different spatial distributions of filaments. Each
distribution has been achieved using a different DPE, encoded in the SLM as
mentioned above. These DPEs focus the light inside the fused silica generating
the non-linear effect that gives rise to the filament. Fig. 1ll.7.a shows the
starting point: nine filaments separated 128 um between them are generated
by a DPE composed of nine converging lenses with the same focal length f =
245 mm. To test the ability of the method to modify the number of filaments
generated, a distribution of five filaments is shown in Fig. IIl.7.b. In this case,
when generating the DPE, four of the nine convergent lenses have been
changed by divergent ones (f =—500mm). In this way, the energy
associated with these lenses can be neglected since it is far from reaching the
threshold necessary to generate non-linear effects inside the fused silica.
Similarly, in Fig. Ill.7.c and 3.9.d, different distributions have been generated
by changing convergent lenses for divergent ones. Specifically in Fig. lll.7.c it is
shown that the distance between filaments can be different. Separation
between the upper and the nearest filament is 384 um, while the separation
between the central filament and the nearest ones is 128 um. In Fig. l11.7.d it
is shown that the distribution does not have to be symmetric.

a)

Fig. Ill.7 — Recorded images corresponding to the first experiment: four
different distributions of filaments generated in fused silica

In all four images, filaments are in almost the same axial positions. Variances
are in the order of the pixel size of the employed SLM (8 um). Really to obtain
this result it is necessary to adjust the focal lengths of the different lenses that
make up the DPE. Due to several factors including a slightly different optical
path and small misalignments of the beam onto the SLM plane, each filament
is generated in a different axial position if all the lenses are encoded with the
same focal length. To correct it and obtain the desired result, the focal
distances are modified experimentally in real time, achieving a uniform result.
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Something similar happens with energies. In principle, all lenses should be
equally efficient; however, due to the experimental conditions it is possible to
find that some filaments are more intense than others are. The encoding
technique allows to control the energy of each filament independently, thus
achieving that the energy variances on the filaments of Fig. Ill.7 are smaller
than 8%. For this purpose, the diffraction efficiency of each lens can be
reduced to obtain a similar amount of energy for each filament by introducing
a new parameter a. This parameter, which ranges from zero to one, modulates
the quadratic phase (¢,,) of the lens when multiplied by it. In that way, when
o takes the value one, the lens remains unchanged but when it takes a lower
value, the lens becomes less efficient generating a less energetic filament.

In addition, should be mentioned that the broadband spectral illumination
employed (760 nm — 840 nm) significantly influences the results obtained.
Diffractive lenses focuses each wavelength of the ultrashort pulse at a
different axial position. All lenses used here are optimized for the central
wavelength (800 nm), but only for that wavelength. In the temporal domain,
due to the difference of propagation time between pulses coming from the
different parts of the lens, an increase in the temporal duration of the pulse is
expected. On the other hand, the same thing should not happen using
refractive lenses, where the Rayleigh range is supposed to be shorter.

Fig. Ill.8 — Images of filaments demonstrating the correction ability of the
encoding technique. a) and c) images without axial position correction. b)
and d) images with position correction.

Fig. 111.8.a and Fig. 111.8.c show two sets of nine and five filaments respectively
without correction. In both cases, the focal length of all the lenses that make
up the DPEs used to generate these filaments is the same (f = 245 mm). To
obtain the images 3.10.b and 3.10.d, the focal lengths of each lens have been
modified individually to correct it and to harmonize the axial positions of the
filaments. In particular for Fig. 111.8.d, the focal lengths used are, from top to
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bottom: f; = 243.7 mm, f, = 245.0 mm, f; = 246.0 mm, f, = 245.0 mm,
and fs = 245.6 mm.

Once the ability of the method to generate a given number of filaments with
arbitrary energies and positions has been demonstrated, the optical system
has been used to investigate the mutual coherence between filaments in fused
silica. When two or more filaments are close enough, interference effects may
appear between them. In the next experiment, and due to the ability of the
method to place the filaments in the desired position with pixel-size precision,
the effect of different filament distributions over the interference pattern has
been studied.

The optical setup used in this experiment is the same as in the previous one
(shown in Fig. I1l.6) but adding a bandpass filter suited to allow the passage of
light from the non-linear generation and block non-converted infrared light.
The two cameras located next to and behind the fused silica sample allow
recording images of the filaments and the interference pattern
simultaneously.

Fig. 11l.9 shows the interference pattern generated by two filaments for four
different lateral separations: 80 um, 128 um, 256 um, and 512 um. In the
upper part of the figure, the filament distributions within the fused silica
recorded by the lateral CCD are shown. In the upper right corner of each
image, separation I between the filaments displayed in that image is shown.
In the bottom part of the figure, the interference patterns generated by the
corresponding filament distributions are shown. These patterns correspond to
the typical longitudinal fringe patterns. In addition, the period of these fringes
is related to the distance between filaments, as expected: the longer the
separation, the shorter the period and vice-versa.

Furthermore, interference patterns contain more information. For example,
although the separation between filaments affects the period of the fringes, it
is apparent that the same is not the case with the visibility of the pattern. In
Fig. 111.9 one can see that in all the images, the visibility of the interference
pattern is very similar, so it is apparent that this parameter is not dependent
on the lateral distance between filaments, which guarantees a high coherence
between them.
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500 pm 500 ym 500 pm

Fig. 111.9 — Two filaments located at the same plane and their corresponding
interference patterns with increasing lateral separations.

An arbitrary 3D distribution of filaments generates more complex interference
patterns. In Fig. I1l.10, images of three filaments distributed as the vertices of
an equilateral triangle are shown; therefore, the distance between filaments
is the same. Similarly to Fig. lll.9, pairs of images filaments-interference
patterns are shown in the top and lower part of Fig. 1ll.10 respectively. In
addition, distances among filaments are the same as before but following the
3D distribution. .From the perspective of the lateral CCD, the filaments are
generated in different planes, so it seems that apparent variations of intensity
in the filaments appear. However, all filaments have the same energy and this
effect is produced by the different location of the filaments.

1=128 um

500 ym

Fig. Ill.10 — Three filaments generated on a 3D distribution and their
corresponding interference patterns with increasing lateral separations.

In this case, the interference pattern is different: instead of horizontal fringes,
there is now a hexagonal-like distribution of spots. However, the correlation
between the lateral separation of the filaments and the period of the
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interference pattern is similar to before. In both cases, one can see that
interference patterns are color-dependent. During the experiments, it became
clear that the distribution of colors in the patterns is dependent on the axial
plane of generation of the filaments due two main reasons: a different
penetration depth, which leads to a change on the dispersion introduced by
the fused silica and different chromatic aberrations at the focal regions,
obtained for different focal lengths.

It was previously mentioned that the lateral distance between filaments does
not affect the visibility of the interference pattern. The next experiment is
aimed to demonstrate that the axial separation of two filament, on the other
hand, does affect that parameter. For this, several different images were taken
using a DPE to generate two filaments in different axial positions. Specifically,
five different images were recorded. In them, the axial distance d between the
two filaments varies from —800 um to +750 wm thanks to the variation of
the focal distance of the lens associated with the lower filament from
241.8 mm to 248.0 mm. Note that the set of lenses that make up the imaging
system decreases by a factor of two the transversal extension of the DPE at
the output plane of the optical system. Consequently, the axial magnification
of the system is 1/4. For this reason, a variation in the focal distance of
approximately 6 mm entails a variation in the axial position of the filament of
approximately 1.5 mm.

b) e)

500 pm i 500 um

L™y, | R

Fig. 111.11 — Comparison between the interference patterns generated (middle

row) by two filaments with different axial separations (top row). Additionally,
RGB irradiance profiles are included (bottom row).
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The results of that experiment are shown in Fig. lll.11. Recorded images of the
filaments are shown at the top part of the figure. The axial separation between
the filaments is in accordance with the distances mentioned above. In the
central row of the figure, the interference patterns generated by the
corresponding filaments are shown. In order to easily compare the
interference patterns, irradiance profiles taken at the central part of the
interference patterns have been included.

One can notice that a different profile has been generated for each channel
(red, green and blue) of the camera. This is because the interference patterns
have a different behavior for each color. In addition, to improve this
comparison, the values of the profiles have been normalized to the highest
value, which corresponds to the red profile of figure c). This proves a higher
visibility for this case, when there is no axial distance between the two
filaments. Additionally, this is confirmed when the visibilities are calculated
with the profiles shown in the figure, resulting in the values 0.15, 0.29, 0.95,
0.35, and 0.19 from a) to e) respectively for the red channel. Again, the
maximum value corresponds to that of figure c) confirming that the visibility is
reduced as the distance between filaments increases. Something similar
happens with the other channels (green and blue) where, in all cases, the
highest visibility is determined when both filaments are as close as possible.
From a) to e), obtained results are 0.04, 0.05, 0.88, 0.05, and 0.06 for the green
channel and 0.06, 0.10, 0.68, 0.12, and 0.07 for the blue one.

These results show additional information: they not only indicate the
dependence of the visibility with the separation between filaments, but they
also show a different visibility behavior for each RGB band. Taking Fig. lll.11.c
as an example, and seeing the visibility values for the red (0.95) and green
(0.88) channels, it seems clear that the red channel is less affected by
variations on the axial position of the filaments than the green channel, since
in Fig. 111.11.d the red value has dropped to 0.35 while the green one has
decreased much more (0.05). When the axial position of both filaments is
modified to increase the penetration depth of them within the fused silica, the
visibility of each RGB channel varies in a different way. This may be produced,
among other reasons, by the visible change in the azimuthal distribution of
colors (conical emission) in the interference pattern caused by the variation of
the penetration depth. When filaments are generated at different penetration
depths, the intensity distribution of the spectral components varies. As the
visibility of the interference patterns is related to the spatial and temporal
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overlapping conditions, it is affected by the modification of the penetration
depth of the filaments within the fused silica.

To demonstrate this effect, Fig. Ill.L12 shows the interference patterns
generated by three distributions of filaments at three different axial positions.
In all three cases, both lateral and axial separations remain unchanged, being
216 um the lateral one while there is no axial separation.

Fig. lll.12 — Interference patterns generated by two filaments with no axial
separation at different penetration depths within the fused silica: a) 2 mm, b)
5mm, c) 7 mm.

According to the results obtained in Fig. 111.12, it is clear that the predominant
wavelength in the interference pattern is dependent on the penetration
depth, since the main color of the image varies as this parameter is modified.
This dependency is influenced by several factors: material dispersion, initial
pulse chirp, or extension of the focal length [83]. As an example, in the time
domain, changes in the material dispersion entail alterations in the temporal
width of the pulse. Undoubtedly, this affects the way that the filaments are
generated within the fused silica, and thus modifying the associated
interference patterns. Finally, it is important to remark that, to avoid a
significant difference of chromatic aberrations, the focal length of the lenses
used to generate the filaments is the same for all three measurements, and
the moving element is the fused silica placed over a motorized stage.
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Chapter IV - Complex field encoding

In the previous chapter, a brief study on different methods to control the
amplitude of a beam in a given plane was carried out. This chapter is focused
on the methods that allow controlling amplitude and phase of laser beams
simultaneously, especially on those techniques based on double phase
method, or double phase hologram.

IV.1 - General overview

Above-mentioned techniques are limited to the control of the irradiance at the
output plane. However, for some applications, it would be interesting to
control not just the amplitude, but also the phase of the light wave. As
reviewed on the previous chapter to reconstruct an irradiance pattern, one of
the most popular solutions relies on the encoding of complex holograms.
Nevertheless, complex modulation in a single phase-only SLM is not trivial.
Therefore, it is necessary to use some method to modulate both the phase and
the amplitude of the light wave. The first idea is to use two devices, one that
modulates amplitude, while the second is used for the phase. For instance, in
[92], two liquid-crystal televisions were combined with an afocal imaging
system and aligned for a pixel-to-pixel matching. Tudela et al. reported a
similar technigue employing two ferroelectric LC SLMs to encode a complex
Fresnel hologram [93]. Subsequently, other more sophisticated methods that
also employ two modulators to shape arbitrary complex fields appeared. For
example, in [94] two nematic SLMs are employed in a lensless configuration to
shape simultaneously amplitude (using optical polarizing elements) and phase.
In [95], two DOEs are encoded on conjugated Fourier planes. The first one is
employed to redistribute the intensity of an incoming light beam to an
arbitrary pattern by on-axis diffraction (using the GSA). This pattern is
projected to a second SLM, placed at the Fourier plane of a 4f imaging system,
which is employed to perform the phase modulation of the Fourier
components. In the same manuscript [95] the authors propose an alternative
arrangement using just one SLM. They suggest encoding the two masks side
by side in the same SLM. For this, they substitute the first lens by a slightly
tilted concave mirror that reflects the light back to the SLM; the mirror sends
the beam to the area of the SLM that encodes the phase. Zhu et al. reported
another example of complex encoding with two SLMs in 2014 [96]. Again, one
SLM is conjugated with a second one by an imaging system. By using a set of
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polarizers, they are able to control the polarization direction of the input beam
throughout the entire system. In that way, the first SLM controls the amplitude
of the light at the output plane of the system, while the second one only affects
the phase. In all these cases, two identical devices have been used.

Single-phase SLMs are perfect for easily encoding phase patterns, while DMDs
are basically aimed to manipulate the amplitude. The combination of these
two elements in the same optical setup can create a fully complex modulated
wavefront [97]. Several disadvantages are implicit with these strategies. First,
the economic cost of two optical devices makes it advisable to use another
technique that only requires a single device. Moreover, when one device
should be imaged onto a second one, there is a high dependence between the
alignment precision and the quality of the reconstruction. In particular, the
corresponding pixels of both devices must be coupled to avoid unwanted
problems.

Complex modulation with a single DMD has also been probed successfully [98].
A method called superpixel employs this kind of devices combined with a
spatial filter to independently modulate amplitude and phase at a very high
frame rate, since DMDs are comparatively much faster than SLMs. The main
idea is to merge groups of micromirrors into superpixels and use a 4f imaging
system made up of two slightly off axis lenses. The spatial filter, placed at the
Fourier plane of this 4f system, is employed to block the high spatial. In that
way, the phase response of each micromirror on a superpixel is dependent on
its position within the DMD, and the response of a superpixel at the output
plane can be obtained from the sum of the micromirrors. The efficiency is the
main drawback of this kind of methods, since reported values are around 5%.

Compared to DMDs, SLMs are slower devices; however, multiple techniques
developed to encode complex fields in phase-only devices are more efficient
than their counterparts for DMDs. Some of the iterative techniques discussed
in the previous chapter are able to have certain control over the phase of the
complex field. This is the case of the aforementioned WGS-PC, an IFTA with
phase control. In a similar way, another iterative method, but this time based
on a conjugate gradient minimization technique has also been reported as
alternative to generate patterns with independent control over the phase and
the amplitude of light [99]. Basically, this algorithm defines a cost function
based on the difference between the calculated electric field and the desired
pattern. Unlike IFTA based algorithms, which are based on Fourier transformes,
this is a minimization algorithm that calculates the error for each pixel. A point
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in favor to this technique is that the minimization approach facilitates
convergence. In general iterative algorithms, present some notable
disadvantages. Specifically, obtained results are only an approximation of the
target complex field. In addition, compared to other techniques more
computing time is necessary for reliable results.

Another approach proposed a spatial cross-modulation method (SCMM) [100].
SCMM uses a phase-only SLM and a random phase diffuser to encode a
complex object as a scattered phase image by letting the object to transmit
through the random diffuser. Basically the technique is executed in two steps:
digital encode step and optical decode step. The first one is developed
completely by computer algorithms and its objective is to obtain a phase
pattern to be encoded into the SLM. To do this, they arbitrarily define both the
amplitude and phase of a complex field, which is Fourier transformed. Then
the result is multiplied by the spatial phase distribution of a random phase
diffuser. Through an inverse Fourier transform of the above result, a diffusion
image is obtained at the output plane of the system. Finally, the amplitude of
the diffusion image is ignored whereas the phase term is conjugated to obtain
an image referred to as cross-modulated image. This cross-modulated image
is the final element encoded into the SLM. The second step is intended to be
experimental. The SLM is placed at the input plane of a 4f imaging system with
the random diffuser placed at the Fourier plane. In that way, the desired
complex field is retrieved at the output plane of the 4f imaging system. As one
can notice, this method is quite similar to phase conjugated techniques. Some
advantages of this method are the suppression of speckle noise and a high
diffraction efficiency. As the encoded pattern lacks of the abrupt phase
discontinuities typical of other methods, most of the light is confined to a
single diffraction order and there is no need to filter out other orders. There is
a compromise between the quality of the reconstruction and the pixel size of
the object. The higher the ratio between the spatial resolution of the diffuser
and the desired complex object, the greater the quality of the reconstruction.
In order to increase that ratio, it is possible to reduce the resolution of the
target object, despite this is generally not desirable.

A theoretical exact solution was proposed by Bolduc et al. [101]. However,
computational cost was so intensive that, in practice, they needed an
approximation for experimental realization. This finally results in an
adjustment of [78], with an additional phase term, allowing the method to
control both phase and amplitude. Nevertheless, this adjustment no longer
provides an exact solution. More recently, a random technique was employed
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to sample two functions [102]. The first function contains the phase of the
desired complex field, whereas the second one is a diverging optical element
aimed to control the amplitude by redirecting undesired light out of the optical
axis. Two complementary random binary patterns are generated to choose,
for each pixel, which function is encoded. This technique does not require
iterative algorithms or computational costly calculus making it suitable for
certain applications, such as visual optics [103].

IV.2 - Double phase techniques

A large part of techniques developed to encode complex fields are based on
the well-known double phase hologram (DPH) theory. First proposed by Hsueh
et al. in 1978 [104], basically describes how to perform the decomposition of
a complex hologram into two phase terms. This method will be explained in
more detail later, but for now, we will review some techniques, reported in
recent years, based on this strategy.

Among the different options, one possibility is based on the encoding of the
two phase terms in two spatially separated areas of the SLM, which are
superposed using a grating filter at the Fourier plane of a 4f imaging system
[105]. This technique is based on the splitting of the SLM surface in two
symmetrical regions. Something similar was proposed by Liu et al. [106]. They
suggested to encode two position-shifted amplitude holograms in a single
SLM, and couple them by adding a grating at the Fourier plane. It displays a
complex Fresnel hologram at the output plane. Other technigues sample the
phase terms to encode both phase terms simultaneously along the full surface
of the modulator. For instance, one reported technique consists in the
alternative encoding of the two phases in a single spatial light modulator. In
that way, two adjacent pixels contain information about the two phase terms.
Then, by using polarization sensitive components, these pixels are superposed
for interference [107]. This solution provides a direct optical transform of pure
phase values into complex values with high diffraction efficiency. A similar
approach employs an additional carrier spatial frequency and a spatial filter
[108]. On the same direction, but this time combining four neighboring pixels
into one superpixel, it is possible to decouple the modulation of the phase and
the amplitude to be able to modulate them independently [109]. These pixels
are aligned in a way that their phases are shifted n/2. Two of them are
employed to construct the amplitude term whereas the remaining two
modulate the phase. A spatial filter at the Fourier plane of a lens is employed
to superpose the fields from the individual pixels. In general, this pixel
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combining method entails a loss of spatial resolution by half of the pixels of
the SLM. Arrizdn also reported a modification of the double-phase technique,
also based on encoding of complex values over two neighboring pixels. It
allows to perform the complex modulation with twisted-nematic LCD, but it
requires at least a 2r range of modulation [110].

As one can guess from the previous references, the encoding of DPH theory
can be done in several ways: using two cascading modulators, using two SLMs
properly placed in a two-arm interferometer, or by encoding both terms onto
the same SLM to make them latter interfere as a CPI. This last option has
several advantages over the other alternatives: first, it is more cost-effective,
as long as the additional elements needed to make the interference are
cheaper than a second SLM. Secondly, a CPI has some clear benefits over a
two-arm arrangement, as it is more robust against mechanical vibrations,
temperature changes, or optical misalignments.

Double phase methods has been successfully used for different applications
including generation of speckleless holographic displays [111], optical trapping
of micro-particles by generating controllable light capsules [112], demonstrate
the Talbot self-imaging in the azimuthal angle [113], shaping three-
dimensional vector beams with arbitrary intensity distribution and controllable
polarization [114], and generation of specifically designed Airy beams like
elliptical Airy beams [115] or multifocus autofocusing Airy beams [116].

IV.3 - Shaping the amplitude and phase of laser beams

Our contribution [117] combines double-phase hologram theory with a
spatially filtered 4f optical system. To fully understand how the method works,
it is important to go deeper into the double phase hologram theory. It states

that any complex field U(x, y) = A(X,y)€“*" can be rewritten as:

] (X, y) — Bei[w(X'Y)+6(X'y)] + Bei[¢(X1Y)—9(XVY)] (111.1)
where
O(x,y) =cos [A(X, Y)/ A, ] (11.2)

A is the maximum of A(x,y)and B=A_ /2. Hence, for A, =2 and
B =1, the complex field U (x, y) can be obtained from the coherent sum

of the uniform waves %™ ande'*¥) where:
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F(X ) =o(X y)+0(x,Y) (111.3)

and

(X%, Y) = (X y)-0(x,y) (111.4)

Note that, the desired complex field only depends on two phase terms (

G (X,y) and (X, Y)), which is easier to achieve with phase-only modulators.

In our proposal, to get a single phase mask, both uniform waves e4*¥) and
e 2Y) gre spatially multiplexed with the help of two checkerboard patterns
M;(X,y) and M,(X,y) (Fig. IV.1). These patterns can be regarded as
complementary binary gratings. It means that the condition

M, (X, ¥)+M,(X,Y) =1 holds.

ML

Fig. IV.1 — Example of two complementary checkerboard
patterns employed to sample ©; and §, phase patterns.
a) represents M; whereas b) represents M.

M, (X, )40 1 M, (x, y) g% 0 = giet) (I11.5)

In this way, a single phase element e (X, y) is obtained:

a(X,y) =M, (X ¥)4 (X y)+M,(x, y)&%(x ) (11.6)

However, at this point, information of both uniform waves, contained in the
phase elementa(x,y), is not mixed but spatially separated. To force the
interference to take place, a spatial filter able to block all diffraction orders but
the zeroth one is employed. After the spatial filter, the spectrum of the
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encoded phase H(u,v) = F{ei“(x'y)} and the spectrum of the complex field

F {U (x, y)} are linked by the expression:

H(U1V)P(U,V)=w (111.7)

where F{ } represents the Fourier transform operation, (u,v) refers to
coordinates on the frequency domain and P(u,v) holds for the spatial filter

placed at the Fourier plane of the imaging system. Then, at the output plane

of this imaging system, the retrieved complex field UREr (X, y) is obtained by the
convolution of the defined complex field U (x,y) with the Fourier transform

of the filter mask:

U U, Yy eF{P, |
RET (mag mag) {P(u,v)} (111.8)

mag is the magnification of the imaging system. Finally, ® represents the
convolution operation. This demonstrates that, apart from a slight loss of
spatial resolution caused by the convolution operation, the complex field
U (X, y) is fully retrieved at the output plane of the imaging system.

The experimental setup designed to generate arbitrary complex fields is shown
in Fig. IV.2. As previously mentioned, the base of the setup is a 4f imaging
system. The beam of a Ti: sapphire laser is conveniently attenuated with
neutral filters and magnified with a beam expander (both elements are not
shown in the figure) to fit the size of the SLM screen and avoid any potential
damage. A beam splitter (BS) is used to send the laser beam to the SLM with
normal incidence. The SLM, which is encoding the phase element (X, y),

reflects back the beam towards the 4f imaging system. In addition, the SLM

position coincides with the input plane of the system. Two lenses L, =300mm

and L, =150mm make up the imaging system, resulting in a magnification in

the output plane of mag =1/2.
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Fig. IV.2 — Experimental setup employed to generate an arbitrary complex
field. The SLM, placed at the input plane of a 4f imaging system is encoding a
phase mask that generates the complex field at the output plane, where a
CCD camera is placed to record the amplitude.

At the Fourier plane of Ll, a spatial filter is placed to filter all diffraction orders

but the zeroth one. In our setup, a circular iris is employed for this purpose. It
is advisable to adjust the aperture of the iris experimentally: once an arbitrary
complex field has been defined, and the corresponding phase element
a(X,y) has been encoded, one should vary the diameter of the aperture

until the best image is obtained at the CCD camera. To measure the phase
several options can be considered, including using a specific device (for
instance: a Shack-Hartmann sensor). In our case, the CCD is employed to not
only record the amplitude, but also the phase. In this regard, a polarization-
based phase shifting technique is employed [118]. As this technique requires
two additional polarizers, both elements has been added to the experimental
setup. The first one should be located before the SLM, whereas the second
one is placed just before the CCD. The setup employed to simultaneously
measure amplitude and phase is shown in Fig. IV.3.
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Fig. IV.3 — Experimental setup employed to measure the complex field
generated by the method. In addition to the previous setup, two polarizers (P)
are included. The first one is located before the beam splitter (BS), and the
second one is situated just before the CCD.

Basically, the idea around the phase shifting technique lies in recording four
different interferograms with different phase shifts between the light
diffracted by the SLM and the zero order (or non-diffracted light). The first
polarizer allows passing a similar amount of both vertical and horizontal
polarized light. In the case of our SLM, only horizontally polarized light is
diffracted by it, so increasing the amount of vertically polarized light also
increases non-diffracted light. As the final objective is to record the
interferograms, the first polarizer is rotated to equalize both signals and thus,
maximize the quality of the interferograms. The second polarizer is employed
to mix both horizontally and vertically polarized signals in such a way to get
interference. For this purpose, the polarizer is also rotated to equalize the two
beams. To record the first interferogram, the phase mask «(x, y) is sent to

the SLM and the CCD registers the received intensity. For obtaining the other
three measurements, the phase masks a(x,y)+7 /2, a(x,y)+x, and

a(X,y)+3x/2,aresentto the SLM. Finally, by using Eq. X and X, amplitude

and phase of the generated complex field are retrieved.

A(x,y)=\/[l3(x,y)—ll(x,y)]2+[l4(x,y)—lz(x,y)]z (11.9)

|4(X! y)_IZ(X’ y):| (|||.10)

o) = ama”[ 1L(% Y)—L(% Y)

where I, , I, , 13 ,and |, are the four interferograms recorded following the

previously mentioned procedure.
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In Fig. IV.4, an example of an experimental result is shown. On the top part of
the image (Fig. IV.4.a and 4.4.b), defined amplitude and phase of the complex
field are respectively shown. The amplitude image is the well-known Lenna
image (which was not so controversial at the time this experiment was
performed), whereas the phase image is the picture of a little girl. In Fig. IV.4.c,

appear the four interferograms 1, , I, , |5 ,and 1,, employed to retrieve the

complex field using Eq. (lll.9) and Eq. (l11.10). Fig. IV.4.d and 4.4.e are the
obtained amplitude and phase at the output plane of the system.

A(X,Y) o(x,y)

A(X,y) retrieved (p(X,y) retrieved
e) /2

-1/2

Fig. IV.4 — Experimental results using quasi-monochromatic illumination. a)
Desired amplitude of the complex field. b) Desired phase of the complex field.

c) Interferograms 1, , 1, , 13, and 1, recorded with the phase shifting

technique [118]. d) retrieved amplitude of the experimental complex field. e)
retrieved phase of the experimental complex field.

For this experiment, to emit a quasi-monochromatic laser radiation, the
Ti:Sapphire laser is employed out of the mode locked condition. In particular,
the measured full width half maximum of the intensity is about 10 nm
(centered at 800 nm).

The quality of the obtained images is determined by the similarity between the
desired and the retrieved images. The difference between the defined phase
and the experimental one in the central region of the image is about 7% on
average. The normalized amplitude is also compared, resulting in a measured
error close to 8%. The main reasons behind these discrepancies are the non-
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uniform intensity of the incident laser beam and the distortion given by the
loss of spatial resolution due to the filtering process. One can expect a more
accurate reconstruction of the complex field if the complete surface of the
SLM is filled with uniform light.

Spatial resolution is affected by the pixel pitch of the SLM. Obviously, the
smaller the pixel size of the SLM, the better the spatial resolution of the
obtained amplitude and phase patterns. However, reducing the pixel size is
not trivial because reducing the spatial separation among them can increase
the effect of an electric field addressed to a pixel over the contiguous pixels.
This inconvenience will be less and less important when SLMs with smaller
pixel sizes appear. In another vein, a known and recurring problem in this type
of methods is related to pixel cross-talk. Basically, it should be remembered
that abrupt phase changes between contiguous pixels of the SLM can generate
unexpected phase responses. The use of checkerboard patterns to intercalate

the phase terms & and 3, generates the abrupt variations that favor this

effect. To minimize this issue, pixels of each checkerboard pattern are grouped
in superpixels or pixel cells (Fig. IV.5).

According to Eq. (IIl.6), phase mask a(X,y)=4(xy) if M;(Xy)=1, and
a(X,y)=%(x,y) if M,(X,y)=0(please, note that checkerboards patterns M,

and M, are complementary).

a) 1x1 b)
HERBR
iR

N B
S HERCCHR
Fig. IV.5 — Example of grouping pixels into superpixels. Two M, checkerboard

patterns are shown: a) pixel cell = 1x1. b) pixel cell = 2x2.

Checkerboard patterns shown in Fig. IV.5.a and 4.5.b represent different
options for the mask M. In the first case (Fig. IV.5.a), no superpixel grouping

is employed, so two contiguous pixels would always have different values. This
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is, the first pixel (the one at the top left corner) has a value 0: M,(0,0)=0, and

then, because both masks are complementary: M,(0,0)=1. As the pixel cell is
1x1, all their adjacent pixels will take the value 1. For instance, the pixel
M,02)=1. According to Eq. (I.6), then (0,0)=%(0,0) while
2(0,2)=9(0,1). The phase variation between both pixels be abrupt resulting
in pixel cross-talk effects. The phase variation would be almost certainly less if
2(0,00=93(0,0) and (0,1)=4(0,1), as phase variations among contiguous

pixels of the same phase mask tend to be smoother.

Instead of using 1x1 checkerboard patterns, what we proposed is to group
those pixels into superpixels. In that way, a group of nearby pixels belongs to
the same pixel cell. For instance, in Fig. IV.5.b, the pixels of the SLM has been
clustered into 2x2 superpixels. The first pixel (the one at the top left corner)
has one pixel on its right and another one below that pertains to the same

superpixel. In this example, M,;(0,0)=1 and M,(0,1) =1, as both belong to the
same superpixel. Therefore, in Eq. (I1.6) @(0,0)=93(0,0) and (0,1)=3(0,2)

which commonly results in a smaller phase change.

On the one hand, we have found that above process effectively reduces the
harmful effect of pixel cross-talk. On the other hand, from Eq. (I11.8) increasing
the size of the superpixel decreases the spatial resolution of the retrieved
amplitude and phase patterns. Therefore, the choice of superpixel size implies
a compromise between alleviating cross-talk effects and reducing the spatial
resolution of the complex field generated. An SLM with a lower pixel width
would allow reducing the pixel cross-talk effect, without a significant loss of
spatial resolution.

Another important parameter related with the SLM is the phase range. The
available range could limit the capability of the SLM to encode the desired
amplitude A(Xx,y) or phaseg(x,y). In our case, the phase of the complex

field is defined from —mt/2 to /2, which implies an absolute phase range of .
The same happens with the amplitude, defined by an arccosine function, and
therefore in the range (0, 1/2). The final mask is calculated by adding and
subtracting the arccosine of the amplitude to the phase terms (Eq. (l1.3) and
Eqg. (I11.4)) resulting in a final total range of 2m. In short, that means that a
minimum phase shift of 21 is needed to obtain the results presented here.
However, if only a device with lower phase range is available, it is possible to
apply some constraints during the encoding process. In the opposite case, if
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an SLM with a higher range is available, one can encode the phase with greater
precision.

A second experiment was performed, but this time, instead of using quasi-
monochromatic illumination, ultrashort pulsed illumination was employed. In
a very similar way to the previous results, only one single phase mask
a (X, y) is employed to modulate the different spectral components of the
broadband light source. Although the laser radiation remains centered at 800
nm, this time the spectral bandwidth is about 100 nm full width half maximum.

Axy) P(x.y)

A(X,y) retrieved (P(X,y) retrieved
e | w2

B B

Fig. IV.6 — Experimental results using ultrashort pulses. a) Desired amplitude
of the complex field. b) Desired phase of the complex field. c) Interferograms

I, 1,, |5, and |, recorded with the phase shifting technique [118]. d)

retrieved amplitude of the experimental complex field. e) retrieved phase of
the experimental complex field.

At a glance, one can notice that the results are quite similar besides of the
differentillumination employed. Obviously, minor differences can be observed
on both amplitude and phase images with respect to the previous experiment.
The metrics show a slight reduction of quality compared to the previous
measurements. The measured gray levels differ about a 9% of the theoretical
values (versus a 7% in Fig. IV.4). The difference among the expected and the
reconstructed phase of the complex field is also moderately higher in this case.
The comparison results in a bigger difference using ultrashort pulses (about
10%) than quasi-monochromatic illumination (8%). However, the small
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difference reported by these results suggests that the proposed technique is
also able to manipulate ultrashort pulses.

A very interesting topic related with this kind of techniques is the management
of the zero order. As it was previously mentioned, the zero order can introduce
some unwanted distortions to the recorded complex field since it contains
non-diffracted light. In that way, it is not possible to control with the SLM
neither the amplitude nor the phase of this type of light. Commonly, when
using on-axis optical systems, non-diffracted light remains spatially distributed
along the whole image. In any case, there are options to try to minimize this
harmful effect. Some approaches take advantage of the inalterability of that
light to remove it from the system. For instance, it is possible to separate the
zero order noise from the zero order information by designing an off-axis
optical system [111]. In this case, a blazing grating is added to the mask
a(X,y) for this purpose and, once the noise and the information are

separated, the noisy part is blocked by a spatial filter at the Fourier plane of
the 4f imaging system commonly employed on this type of systems. Although
it is true that the non-diffracted light is significantly reduced and the diffraction
efficiency should be, theoretically, the same, in practice there is a reduction of
this parameter. The problem lies on the pixelated structure of the SLM. An
ideal grating can maintain a diffraction efficiency of almost 100%. However,
the ideal grating is a continuous function that ranges from O to 2t with perfect
precision. The SLM can only approach this function since it cannot encode this
continuous profile over such small intervals due to the pixel size of the SLM.
The smaller the pixel size, the better the approximation made since the
diffraction efficiency of the grating depends largely on the number of levels
that used to approach a phase shift of 2r. On the -1st order, a two level grating
produces diffraction efficiencies about 40%; four levels produce diffraction
efficiencies about 81%, whereas eight levels can produce diffraction
efficiencies about 95% [119].

Phase a} Phase b)

2n n

X X

Fig. IV.7 — Ideal grating (a) vs four levels discretized grating (b).

In Fig. IV.7 a comparison between the phase profile of an ideal grating
(continuous) and the phase profile of a multi-level phase structure, in this
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case a four level profile, is shown. In this figure, it is visible why the number
of levels is so relevant in the diffraction efficiency of the grating: the more
levels, the more accurate is the approximation to the ideal grating. So, to sum
up: this technique is advisable if at least eight phase levels are available to
encode each 2mt range, otherwise one should assume that there would be a
relevant intensity reduction.
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Chapter V - Applications of complex field encoding

This chapter describes some of the applications in which modulators are an
important part to achieve the proposed objectives. Specifically, those
applications resulting from complete control of the complex field are especially
relevant for the purpose of this thesis. First, many of the applications of the
spatial complex beam shaping are revised. After that, we focus on microscopy
since several efforts done during this thesis have been focused on that field.
Finally, two published manuscripts resulting from that work are presented.

The first one generates an arbitrary distribution of three-dimensional foci. In
this case, Fresnel lenses are coherently added resulting in a complex field. The
distribution of foci was used to generate non-linear effects in arbitrary
positions within a three-dimensional volume. That could be used, for instance,
in the illumination path of a microscope. In the second manuscript, the double
phase method is employed to generate complex illumination patterns to
trigger non-linear effects in extended ROls. Additionally, control over the
phase is used for various purposes, including correction of aberrations and
interference analysis.

V.1 - Main applications

Over the last decades, SLMs have been used extensively in many fields. These
devices have been included to improve many topics and have allowed the
development of new techniques that broaden the number of achievable
applications. Two examples are aberration correction and optical pulse
shaping. Commonly, optical setups introduce a certain distortion in the phase
of the beam. Small misalignments or imperfections on the surfaces of the
different optical elements are usually behind these types of aberrations,
reducing the performance of the designed setup. An SLM can be used to pre-
compensate some optical aberrations. For instance, if the phase-only SLM is
imaged onto a certain plane, it can correct the aberrations at this plane by
encoding the conjugated phase of the measured aberration (see. Fig. V.1).
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Tt Tt
0 0
Tt Tt

Fig. V.1 — Recorded phase of a laser beam without (left) and with aberrations
correction (right).

Moreover, the same SLM can be used to solve this problem while performing
another task simultaneously (encoding a lens, generating a CGH, etc.). This is
especially useful for certain purposes including focusing systems, where the
aberrations can cause the beam to not focus to a sharp spot, or hologram
projection, where sometimes it is difficult to reconstructing sharply focused
images. In addition, when the beam is expected to pass through an object, the
SLM can be employed to correct the optical aberration introduced in the
object. In this way, one can correct the aberrations in the human eye [120] or
improve laser machining inside of an object [121].

Pulse shaping is also benefited from SLMs. The pulses emitted by a
femtosecond light source are extremely short events. In fact, there is no
electronic device able to directly manage them because there is no device able
to work with response times on the order of the femtoseconds. This leads to
the development of techniques that allow the control of these pulses in the
time domain. Thanks to SLMs, it is possible to achieve programmable
compression of chirped optical pulses, arbitrary pulse retardation and other
desirable effects. To do that, the pulses can be transformed to the frequency
domain by means of Fourier transforms, then it is possible to filter the desired
frequencies, and finally brought back to the temporal domain with an inverse
Fourier transform [122]. Although this can be done without phase control,
independent control of both amplitude and phase on the frequency domain
can enhance the control over the waveform.

In addition to the applications just mentioned, arbitrary manipulation of the
complex field of a wavefront has opened up new avenues for several
applications. Probably one of the most intuitive is holographic display [123]. An
arbitrary scene is defined and then, using diffraction theory, the complex field
at the hologram plane is calculated. This complex field can be encoded into the
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SLM to reconstruct the three-dimensional scene by using the techniques
mentioned on the previous chapter. Other relevant application is the
generation of holographic tweezers [124,125]. In this case, the precise handling
ensures fine control over scattering and gradient forces with very high
efficiencies. In optical information processing, the SLM is employed to
modulate a two-dimensional optical signal that becomes an information
carrier [126]. Arbitrary spatially variant polarization modulation of a light wave
can be obtained by dividing the surface of the SLM on two, and by double-
passing a beam through these two areas [127]. Moreover, material processing
is another interesting application. If there is enough energy available it is
possible to process a material once the shape of the laser beam can be
controlled in an optical setup. This can be done for instance with a focusing
system and a scanning device. Unlike scanning methods that are more time-
consuming, an SLM can speed up the procedure since it can process a wide
region simultaneously. In addition, the use of the SLM can be combined with
those scanning methods to increase the processing area while still reducing
the temporal requirements of the algorithm [128]. Here, the SLM is employed
to dynamically generate many lower energy beams from a single laser beam.
Multiple spots can be independently manipulated allowing to carry out precise
micro-structuring processes with increased throughput and efficiency. For
instance in Fig. V.2, an example of laser material processing is shown. In this
case, the ablation process of each pattern is performed simultaneously in the
whole surface in a single-shot regime.

Fig. V.2 — Example of three laser-processed patterns. Top row shows the
experimental results whereas the low row shows the desired pattern. Image
adapted from [129].
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V.2 - Microscopy

Finally, it is truly relevant the contribution of this type of techniques to
microscopy due to its versatility [11]. In microscopy, SLMs can serve several
purposes: they can be employed to control the illumination over the sample
or in the imaging path, even both simultaneously. As this thesis is aimed to the
generation of arbitrary complex fields, here we focus deeply on the use of
SLMs for this purpose.

But prior to investigate different ways to take advantage of the complex field
encoding on microscopy, it is worth commenting on some other uses where
SLMs are employed to enhance the images recorded by a microscope or even
to develop some new techniques. For instance, the ability of phase-only SLMs
of controlling the phase at will enables the use of techniques that increases
the image contrast. The main idea lies on the use of SLMs as Fourier filters. By
placing a modulator properly in a certain configuration (i.e. at the Fourier plane
of a 4f imaging system), it is possible to control the spatial frequencies,
enabling the use of different contrast enhancing techniques. It is not difficult
to find reports where a modulator is employed to improve the contrast of the
images. Existing techniques can be adapted to be used with SLMs. This is the
case of differential interference contrast [130]. Previously, this method use to
employ Wollaston prisms to record two slightly displaced coherent images.
These images are overlapped in a certain plane generating an interference
pattern. The SLM substitutes these prisms to generate and overlap the two
images of a sample. The ability of the SLM to vary dynamically the encoded
masks allows changing the orientation, displacement, phase shift between
images, and other parameters, enabling a fast acquisition of the interference
patterns. In a similar way, under some conditions, placing the SLM in the
Fourier plane of a focusing system allows to directly control the Fourier
components of the beam. Blocking or shifting the zeroth-order Fourier
component gives rise to different methods known as dark field microscopy or
phase contrast microscopy, enabling several ways to obtain enhanced images
[131].

Focused on situations in which SLMs are employed into the illumination path,
but for tasks other than performing an irradiance shaping, we can find
techniques like optical diffraction tomography (ODT) [132]. ODT is a technique
based on illuminate a certain sample under several angles of incidence and
detect the intensity of the diffracted far field from different points of
observation. From this set of bi-dimensional images, it is possible to
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reconstruct the three-dimensional distribution of the sample after a proper
numerical procedure. To vary the inclination angle of the illumination over the
sample, one can choose among different options including DMDs [133],
galvanometric mirrors [134] or LC-SLMs [135].

Another improvement is related to aberrations correction. Several effects
produced by the optical system can deform the point spread function (PSF) of
the objective. Slight misalignments, dirt on the surface of the optical elements,
or other unwanted situations can produce defocus or displacements on the
focal spot, preventing from obtaining an ideal PSF for the illumination of a
microscope. SLMs can correct it by encoding a phase mask designed to correct
those aberrations [136,137]. Thus, they allow to generate arbitrary
illumination patterns and even to change them dynamically to perform
sequential measurements. Simultaneously, the beam shaping can be
complemented with the correction of the aberrations to improve the
irradiance pattern generated over the sample. Nevertheless, this ability to
change the PSF not only can be employed to obtain an ideal focus, but also to
gain advantage of specifically designed ones. For instance, a double helix PSF
was demonstrated as a useful tool to obtain three-dimensional single-
molecule fluorescence images beyond the optical diffraction limit [138].

Finally, due to the capability of modulators to control both amplitude and
phase, SLMs are an excellent tool to control the irradiance (and phase) profile
of the illumination over the sample. In this way, SLMs can be employed to
encode DOEs able to perform some tasks. For instance, the precise control that
SLMs provide about some physical parameters (e.g. amplitude and phase)
allows controlling light propagation inside scattering media. This kind of
materials generates a random scattering effect to the light that passes through
them. This is mainly produced by non-uniformities present inside the whole
volume of the medium. Experimentally, this effect hinders taking images of
objects when a turbid media is involved. Recently, SLMs have been employed
to pre-compensate the mentioned optical distortions improving the results
obtained under these conditions. One of the first moves in that direction was
done when focalization of coherent light through a deep layer of turbid media
was demonstrated [139]. The main idea was to employ an SLM and a photo-
detector in closed-loop configuration to find the phase mask that optimizes
the desired output. Later, a crucial step was taken when it was demonstrated
the possibility of measuring the transmission matrix of any turbid medium
[140], enabling not only the spatial correction, but also the temporal
distortions induced by scattering [141], and the polarization state of the light
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after the medium [142]. The ability to generate a focal spot through these
media is extremely relevant to achieve certain targets. For instance, if one is
able to generate and displace a focus over a certain sample, it is possible to
scan it. In that way, non-linear microscopy can employ these kind of
techniques to recover images of a sample placed inside a turbid media [143].

But DOEs cannot only shape a single spot, but a set of them, even in different
planes [144]. For instance, in this case the combination of Dammann lenses
with gratings are employed to generate several 2D distributions in different
planes, resulting in a 3D distribution of focus. A similar result can be obtained
using a tuned version of the above-mentioned GSA. In [145], a hologram is
designed to obtain multiple irradiance distributions located at different axial
positions. These foci arrangements may be suitable to generate fluorescent
effects to probe a 3D medium.

However, scanning techniques are known for their limited temporal
resolution. In a single spot configuration, for each position of the focus, only
one “pixel” of the retrieved image is obtained. Thus, to obtain the full image,
a large amount of measurements should be performed. In fact, the higher the
resolution, the higher the number of measurements needed to obtain it. The
techniques reviewed in the previous chapters are perfect candidate to
generate targeted illumination over a sample, speeding up the process. In last
years, several techniques have been reported demonstrating, for instance,
their usefulness to obtain fluorescence images of neurons, [26,146].

A different approach to obtain three-dimensional microscopic images is based
on stereoscopy. The SLM is employed to generate a fringe pattern over the
sample, and a detector is used to measure the deformed pattern caused by
the surface of the sample [147,148]. Then, usually a computer is employed to
calculate the image of the sample. However, unlike other techniques, this one
relies on the surface of the sample to obtain the image. On the positive side,
this allows to retrieve not only the image but also the topography of the
sample. By contrast, this technigque cannot deep into the sample. Moreover,
as just a mere fringe pattern is needed on the illumination side, other
amplitude-only systems as DMDs are being employed to fulfill the same
function [149].

There are more applications in which SLMs are involved in one way or another
to achieve a proposed objective or to improve the results but a complete list
them all is beyond the scope of this thesis.
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Finally, it is important to remark a couple of contributions published during the
completion of this thesis. The first one proposes an arbitrary generation of
multiple foci using the complex field encoding technique discussed in the
previous chapter [117]. The second one employs the same technique to
demonstrate, among other things, the possible application of the technique to
nonlinear microscopy applications.

V.3 - Generation of 3D foci distributions with complex Fresnel

holograms

Our first proposal uses Fresnel holograms to generate multiple arbitrary foci
with micrometrical precision [150]. The main idea beyond this work is to
generate a hologram from the coherent sum of multiple Fresnel lenses and
encode the amplitude and phase of the complex field obtained from this sum.
Thanks to the encoding technique, that ensures an optimal codification of both
amplitude and phase of the complex field, the hologram is able to generate an
irradiance pattern with full control over its transversal but also the axial
positions. Other techniques can be employed for the same purpose: for
instance, an array of lenses can be encoded into the SLM to obtain an array of
foci. In addition, other techniques able to generate an arbitrary distribution of
amplitude can also be employed to generate the foci distribution, as the foci
is essentially an amplitude spot. However, as far as | know, none of these
techniques truly encodes the complete complex field necessary to generate
multifocal irradiance patterns, but obtain acceptable approximations of it.
Those techniques that employ lens arrays or that multiplex them spatially
generally are based on encoding only the phase information of the lenses. In
the case where iterative algorithms are used, they only obtain an approximate
pattern of the ideal solution. Compared to the techniques mentioned above,
one able to reconstruct both amplitude and phase with pixel-level precision
could increase the accuracy of the position and the quality of the generated
foci.

Specifically, the reported technique proposes a three-step process to obtain
the hologram that generates the desired three-dimensional distribution of
foci. The first step is aimed to obtain a complex field U (x, y) from the coherent

sum of N weighted lenses:

N .
DK, (x, y)er (IV.1)
n=1
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In that way, each lens function is described as K, (x,y)e”"™¥  where
K, (X, y) represents the amplitude of the lens and y, (x,y) is the phase that
can be defined by this expression:

7,(%Yy) = mod{fr[(x—gn )2 +(y—nn)2}/(/1fn),27z} (IV.2)

where mod holds for the modulo function, & and 7, are the spatial

coordinates of the center of the lens, f_ represents the focal length of the

lens, and x and Y are the transversal coordinates. At this point, it is trivial to
encode just the phase term onto the phase-only SLM. However, this would
result in a loss of information leading to an inaccurate foci generation. The
optimal reconstruction is obtained when the full complex field is encoded into
the SLM. For that reason, in the second step the previously described
technique [117] is employed. As one can know at this point, this technique is
suitable to encode the full complex field. The second and third steps are
related to the technique: while the second step rewrites the complex field to
obtain the two phase terms (as expressed in Eq. (IV.1)), the third one uses the
above-mentioned binary masks M, and M, to spatially sample the two phase

terms @(Xx,y)+86 and (X, y)—86 (see Eq. (IV.2)).

The experimental setup designed to test this technique is conditioned by the
encoding technique. Note that, to mix the two sampled phase terms from Eq.
(IV.2), a 4f imaging system is needed. At the Fourier plane of the imaging
system, a spatial filter should be placed to coherently sum the two phase
terms, forming a CPI. Finally, at the output plane of the imaging system, the
complex Fresnel hologram is retrieved.

As two different experiments were planned, two different experimental setups
were needed. The first experiment was aimed to test the capabilities of the
technique. For that reason, a phase element & containing a set of three-
dimensional distributed foci was generated. The foci were positioned in such
a way that they form the characters of the word UJ/ (the acronym of the
university). All foci were distributed among three different planes by setting
different focal lengths on the defined lenses ( f, =400mm, f, =600mm, and
f, =800mm ). Thus, all the foci corresponding to the character U were
generated using the focal length defined by f, , whereas the corresponding to
the characters J and / were generated by using the focal lengths defined by f,

and f,, respectively. The phase element & was obtained following the three-
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step process described previously, resulting in the desired pattern that
generates the foci distribution. The phase element is shown in Fig. V.3.

Fig. V.3 — Phase element & encoded into the SLM to generate the three-
dimensional distribution of foci.

The setup is shown in Fig. V.4.
SLM Laser beam Output

L, Plane

Fig. V.4 — Optical setup used to generate a three-dimensional distribution of
points from a single phase element employing a 800 nm wavelength centered
laser source.

SF: Spatial filter. L1 and L2: lenses. M1 and M2: mirrors.

In all experiments the beam of a Ti:Sapphire femtosecond laser centered at
800 nm is used as the illumination source. The original bandwidth is about 40
nm; however, the beam passes through a bandpass filter to reduce it to +10
nm before impinging onto the SLM surface. By reducing the bandwidth to
quasi-monochromatic, possible unwanted effects generated by the diffraction
and propagation of the different wavelengths of the illumination source are
avoided. Additionally, a set of neutral filters are also included within the setup
to control the energy. As it was described above, a 4f imaging system is
mandatory to obtain the complex field. For that reason, the SLM is placed at
the input plane of a 4f imaging system formed by lenses L, and L, with focal

lengths L, :f =1000mm and L, : f =500mm. The reason for employing these
long focal length lenses is to reduce the angle of incidence of the beam with
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respect to the SLM display (less than 4 deg). At the output plane, the complex
Fresnel hologram is obtained. Taking in account the focal lengths of the lenses
(400 mm, 600 mm, and 800 mm), and the axial demagnification produced by
the 4f imaging system (1/4), these foci can be found 100 mm, 150 mm, and
200 mm after the complex Fresnel hologram. To be able to record images at
the three planes, a CCD camera is mounted over a motorized stage. The stage
allows displacing the camera over the three positions along the axial axis.
Finally, at the Fourier plane of the imaging system, the spatial filter (a hard iris)
is shown. Note that this element is essential to carry out the coherent mix
between the both waves sampled onto the SLM, as a CPI.

The images recorded at the three planes are shown in Fig. V.5.

Fig. V.5 — Arbitrary three-dimensional distribution of foci obtained with a
single phase element. Each image is obtained at a different axial plane. a)
shows the image recorded 100 mm after the reconstruction plane. b) and c)
show the recorded images after 150 mm and 200 mm, respectively.

Fig. V.5.a shows the character U, recorded at the first plane (d = 100 mm)
whereas in Fig. V.5.b and Fig. V.5.c are represented the characters J and /, on
images recorded at distances d = 150 mm and d = 200, respectively. At a first
glance, the results reproduce properly the desired distribution in all three
images. To measure the quality of our result, the following metrics will be used:
Precision in the position of the foci, uniformity in the intensity of the foci, and
size of the foci. The expected position and the measured position match
correctly. To compare these values, the expected position is estimated by the
corresponding position within the mask & encoded into the SLM. According
with Eq. (IV.2), &, and 7;, represent the coordinates of the center of the lens.
These data are modified according to the demagnification of the 4f imaging
system. Finally, these values are compared with the recorded images
confirming that both are very similar. In all foci, the error between the
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expected and the measured position is less than three pixels. The uniformity
of the intensity of the foci can be easily measured by comparing the images
recorded by the camera. The higher the measured gray level, the brighter the
focus. The maximum intensity difference measured between two foci in these
images is 20%, which is in accordance with our target. The final metric is the
size comparison between the spots. To measure the size of the foci, the 1/¢?
criterion is employed. The results obtained indicate that the measured size is
different for each one of the images. In Fig. V.5.3, the foci that make up the U
character have an average radius of 35 um. In Fig. V.5.b and 5.5.c, the average
radius of the spots are 48 um and 59 um, respectively. However, one must
take into account that each image has been taken in a different plane. Thus,

according to the equationAa)ZﬁMzAf /(77600), the focus size depends,

among other factors, on the focal length of the lens. In particular: the
increment on the radius (A ), depends on the central wavelength (
A =800nm) and the quality factor of the beam (M, =2), on the radius of the

beam at the Fresnel hologram plane (@, =2.16mm), and finally by the focal
length difference among planes (in this case Af =50mm ). By using this

expression, based on the first measurement, the expected increment on the
size of the foci for the other planes have been calculated (Aw=12um).

Finally, this value indicates that the expected sizes on the other planes (150
mm and 200 mm) are 45 um and 57 um, which highly agrees with the
measured values (48 pm and 59 um). To sum up, 70 spots are generated in
three different axial planes with high accuracy and uniformity. Although the
results are positive, some minor variations between the theoretical and the
experimental results are found. These variations can be caused by several
reasons: the incident beam is not quite uniform and the optical system can
introduce unwanted aberrations. In addition, the SLM can also introduce some
error due to the problems discussed in chapter 2: pixelated surface, pixel
cross-talk, etc. Finally, the recording device has also a pixelated structure,
leading to an additional source of inaccuracies.

The aim of the second experiment is to demonstrate the ability of the method
in certain applications. Particularly, it could be employed on laser material
processing or non-linear microscopy. As an initial proof-of-concept, the
purpose of this experiment is to generate non-linear effects in a suitable
material. To perform it, the setup shown previously on Fig. V.4 is slightly
modified to include a second 4f imaging system to reduce the size of the
reconstructed complex field to a micrometric scale. Specifically, an additional
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lens (L,, f =400mm) and two microscope objectives (MO,and MO,) are
placed after the output plane of the first imaging system, where the complex
Fresnel hologram is reconstructed. To do that, a phase pattern is encoded into
the SLM again. Nevertheless, in this case, all lenses are designed with the same
focal length, so in this time all foci are generated at the same axial position.
This position is taken as the input plane of the second imaging system, which
is formed by lens L, and a 20x microscope objective (MO, ), and leads to a
final demagnification of the beam of 1/73. At the output plane of the system,
aType 1 g—BaB,O, (BBO) crystal is placed. A second microscope objective (

MO,, 50x) is placed after the BBO to collect all light: second-harmonic

generated and fundamental light. In order to filter the non-converted light, a
blue filter is introduced into the setup just before the CCD camera.
Additionally, the bandpass filter employed on the previous experiment to
reduce the bandwidth of the laser is removed. The new setup can be seen in
Fig. V.6.

SLM Laser beam L Output
2
Plalne
[|= ____J
.
,l, 1 >

C[D-qjﬁﬁm

Fig. V.6 — Optical setup used to generate an arbitrary distribution of points
over a non-linear crystal. Wavelength of recorded light is centered on 400 nm.
SF: Spatial filter. L1 - L3: lenses. M1 and M2: mirrors. BBO: non-linear crystal.

BF: blue filter.

As it was mentioned above, all foci are generated at the same plane. The main
reason is because in this experiment we wanted to show a fundamental
arbitrary pattern and then, thanks to the BBO crystal, the same pattern but
with second-harmonic light. To do it, the same procedure explained and used
in the first experiment was employed to generate a 30 foci distribution similar
to the structure of a common neuron. The generated foci distribution is
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displayed at Fig. V.7.a. Note that, in this image, fundamental light (800 nm)
and not second-harmonic is shown.

10 um A 10 um

Fig. V.7 — Images obtained for the second experiment. a) shows the obtained
distribution using fundamental light. b) shows the same distribution using
second-harmonic light, after placing a BBO crystal.

In the left-bottom part of both images, the original neuron image is included
as a sample of how the foci distribution should be. In the top-right part, the
alpha mask encoded into the SLM is also incorporated. In line with the above-
mentioned results, the foci that make up this distribution have relative
intensity discrepancies less than 20% and transversal displacements below
three pixels.

In the next step, a BBO crystal (0.01 mm thickness) has been added over the
showed distribution of foci, generating the light distribution shown in Fig.
V.7.b. In this case, the second-harmonic light depends on the square of the
incident light and, therefore, the intensity variations are increased. In
particular, the maximum irradiance disparity is now 30% compared to the
previous 20%. In addition, other circumstances can help to raise this value; for
instance, the different phase matching conditions related to the generation of
the foci or the use of a laser with a large amount of spectral components. On
the other hand, the positions of the foci are not affected by the BBO crystal,
and show a similar behavior as in the previous experiment. Finally, size of all
the foci following the 1/e® criterion are less than 2 um, and all of them are
contained within a transversal region of 55x55um , which is quite similar to the

size of a large amount of cells. (rat hepatocytes = 20 um [151], skin cells
diameter = 30 um [152], etc.).
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This proof-of-concept experiment shows that this method could be used at the
illumination path of a non-linear microscope used to excite specific
micrometric regions of a suited biological sample. One relevant point of this
method is the ability to encode as many as foci as the available energy allows.
This is, the number of foci is not restricted by the encoding method or the lens
generation function. Moreover, their positions are also not limited by the
technique, as two spots can be as close as one wishes. The only limitation is
the interference produced by two overlapping foci. However, in other
methods, an increase on the number of lenses entails a reduction of their
radius with the consequences associated with it.

V.4 - Micrometric complex illumination patterns for non-linear

microscopy applications

Our second proposal was published in 2019 and includes several different
aspects [153]. The main idea is the use of the complex field encoding technique
to generate an arbitrary amplitude and phase distribution able to trigger non-
linear effects. The intensity pattern reconstructed by the presented technique
has been demonstrated as more uniform, in comparison with other wide-field
techniques as CGH or IFTA-based algorithms. As previously stated, there is a
quadratic dependency between the incident light and the non-linear
excitation. Therefore, the uniformity of the irradiance pattern is extremely
important to obtain a high-quality image based on the non-linear signal. In that
vein, a proof-of-concept experiment was carried out to show the capabilities
of this idea, demonstrating both single-photon and second-harmonic
generation (SHG) with structured illumination over large-area regions of
interest (ROIs). Additionally, other experiments were performed to
demonstrate the usefulness of controlling not only the irradiance but also the
phase at the sample plane.

Specifically four experiments were completed. The first one was realized to
show the ability of the method to generate a high-uniformity long-region
irradiance pattern, the ability to encode a multi-level gray image, and finally to
define the region of interest for all experiments. For that reason, only single-
photon images were recorded in this first step. The second experiment was
aimed to show the ability of generating second-harmonic light on a large
region. In comparison with the previous manuscript, where SHG was carried
out on an arbitrary selection of spots, here it is performed on the whole ROI
simultaneously. The purpose of the final two experiments is to show the
possibilities unlocked by the phase control. First, it has been used to
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compensate for possible aberrations introduced by the optical system or the
beam itself. Secondly, we exploit the encoding technique to obtain an
interference pattern generated by the illumination and the sample. In that
way, it is possible to use the reported method to extract useful information
about the sample.

In all four experiments, the employed setup is very similar, although there are
some minor differences among them. For instance, for the SGH experiment, a
second-harmonic crystal is employed, which is not needed on the single
photon experiment. The setup is basically formed by two 4f imaging systems,
and is quite similar to the one shown in Fig. V.6. Lenses L, and L, form the

first 4f imaging optical system, which objective is to generate the arbitrary
complex field at the output plane of the imaging system. As in previous setups,
the SLM is placed at the input plane, whereas at the Fourier plane, a spatial
filter is required to filter all diffraction orders but the zeroth one and to
coherent sum the two phase terms resulting on the double phase equations.
The second imaging system is employed to arbitrarily demagnify the size of the
pattern to fit the sample or the selected ROI. Itis formed by lens L, and a 20x
microscope objective (MO, ), and forms a reduced image of the generated
complex field (input plane) over the sample plane (output plane). Depending
on the requirements of the experiment, additional elements would be placed
at the sample plane. For instance, in our second test, a BBO crystal is placed to
trigger SHG. Finally, a second microscope objective (50x, MO, ) is used to form
an image of the sample plane over a CCD. In the non-linear experiments, a
band-pass filter is placed after the BBO to let pass by the second-harmonic
light and filter the fundamental one. The setup is shown in Fig. V.8.



94 Chapter V - Applications of complex field encoding

Output Plane

Fig. V.8 — Optical setup employed to obtain the desired complex field using
the proposed method. The blue area is a 4f imaging system used to generate
the complex field at the PhPx plane. The green region is another 4f imaging
system employed to reduce the size of the pattern to the microscopic scale. L1
— L3: Lenses. SF: Spatial filter. FM1 — FM2: Flip mirrors. MO1 — MO2:
Microscope objectives. BF: Blue filter.

The image clearly distinguishes the two imaging systems. The blueish part is
the one addressed to generate the arbitrary complex field. This part is formed
by several optical elements, including L, and L, . As the focal lengths of these
elements are f(L,) =1000mmand f (L,) =500mm, the complex field U (X, y)
reconstructed at the output plane of this system has a transversal
magnification of 1/ 2. On the other hand, the green background shows the
demagnifying section. The magnification of this part is given by the optical
elements L, and MO,, but these elements can be exchanged depending on
the requirements of the experiment, in particular: the size of the examined
sample. In our case, the focal length of L, is 400 mm. Finally, other elements
are employed within the setup but are not included in the figure. This is the
case, for instance, of neutral filters, which were used to reduce the intensity
of the light, avoiding harmful effects over the SLM surface or over the sample.
Note that, the final demagnification of the system is 1/73, which means that
all final energy is confined into a micrometric region.

As discussed below, another method has also been used to compare the
quality of our technique. In this case, an IFTA-based CGH was employed to
assess the performance of the reported method in comparison with a well-
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stablished technique. For that reason, the experimental setup was slightly
modified when the CGH experiments were carried out. These modifications
can be observed in Fig. V.9.

Output Plane

CGH

Fig. V.9 — Optical setup employed to obtain the complex field using a
hologram generation technique. The blue area here reconstructs a hologram
over the CGH plane. The green region accomplish the same objective as in the

previous setup. The shaded elements represent the elements removed from
the system with respect to the previous one. L1 — L3: lenses. SF: Spatial filter.
M1 —M2: Mirrors. MO1 —MOZ2: Microscope objectives. BF: Blue filter.

The flip mirrors (now shaded) were removed from the system (flipped)
allowing the light to pass by. In this way, light impinges onto the mirrors (M,
and M, ) increasing the optical path of the setup. Note that, the CGH is
reconstructed at a certain distance after the output plane of the first imaging
system. Due to the addition of this delay line, the distance between the CGH
and L, is the same than the previous distance from L, to the complex field

U(X,y), maintaining the magnification of the system.

The selection of the optical components on the magnifying system is essential
to achieve a rough arrangement of the illumination pattern. However, the fine
adjustment is performed with the SLM, not only to shape the beam, but also
to reduce the size to precisely fit the sample. For that reason, the first step
should be the selection of the ROI, and only after that, the complex field
U (X, y) can be defined.

In our case, an exemplar of a Daphnia was chosen for this purpose. In Fig. V.10,
an image of the selected specimen taken in a conventional microscope is seen.
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Fig. V.10 — Image of the specimen employed to select the ROI.

However, as one can see at the scale bar, the size of the sample is a little bit
large, reaching almost the micrometric scale. As our method is capable of
generate a micrometric complex field and this experiment tries to push the
limits of it, we have adapted by choosing just the eye of this exemplar (Fig.
V.11.a) and selecting a ROI that fits this area (Fig. V.11.b). Once the shape of
the pattern is defined, it is possible to start the experiments.

Fig. V.11 — Left part: zoom at the eye of the Daphnia. Right part: the brightest
part shows the selected ROI for the experiments.

To start with, a single photon experiment was performed. The main objective
of it is to show briefly the precision of the arbitrary irradiance pattern
generated. In that way, a high quality shaped illumination could be employed
in a microscope, but also to trigger non-linear effects over an extended area.
In this regard, the uniformity of the pattern is extremely important due to the
guadratic dependence between the incoming irradiance and the output
intensity. An irregular original pattern leads to a very uneven harmonic second
signal. An example of this will be shown later. In addition to the generation of
the arbitrary irradiance pattern, the ability to manipulate at will the phase
within this pattern is also shown.
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Fig. V.12 — Example of an encoded complex field (top part) and the recorded
amplitude and phase for the generated phase mask (bottom part).

Fig. V.12 shows the result of this test. In the top part of the figure (named as
theory), both the amplitude and phase of the desired complex field is shown.
The amplitude pattern is shaped as the ROl defined previously. Moreover, it is
composed by four different energy levels distributed among four similar size
quadrants inside the ROI. This intends to show not only the ability to shape at
will the pattern, but also the possibility of spatially control the irradiance or
the "gray-levels" within the beam. The phase is defined by an arbitrary
function. Actually, any phase could have been chosen but in this case, it is given

by the analytical function @(X,y) =7/ 23in[27zx/(5/1):|cos[27zy/ (5/1)].

The recorded experimental complex field is shown in the low part of Fig. V.12
(named as experiment). Note that according the scale bar, the selected ROI
dimensions are about 60x60 pm?. In the upper image of Fig. V.12, the scale bar
represents the size of the pattern at the SLM plane. Both experimental
amplitude and phase results quite agree with the theoretical ones, however
small discrepancies are found. In particular, the root-mean-square error
(RMSE), which is obtained from the square root of the mean squared
difference between the expected values and the measured ones, yields results
of 6.8% for the amplitude and 14% for the phase measurement. Several
aspects contribute to increase this error. First, the transversal profile of the
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employed laser beam irradiance is not homogenous. Secondly, as one can see
in the experimental setup (Fig. V.9), this laser beam is not impinging the SLM
parallel to the normal incidence, but forming a small angle instead (about 3
degrees). Finally, and related with the encoding technique, the spatial filter
placed at the Fourier plane of the first imaging system slightly reduces the
spatial resolution. The reason is that at the output plane of the imaging system,
instead of the complex field, we can find the convolution of the complex field
(reduced and spatially reversed) with the Fourier transform of the spatial filter.

To record these images (Fig. V.12 - experiment) a polarization-based phase
shifting technique [118] was employed. This technique allows reconstructing
amplitude and phase at the sample plane by the measurement of four
interferograms but requires the use of additional optical elements. Specifically,
two polarizers are enough to achieve it. The first one is a halfwave plate
employed to rotate the original direction of polarization before the SLM. To
correct align it, it should rotate all frequency components 452 with respect to
the SLM director orientation. A broadband halfwave plate is recommended
due to that reason. The SLM only modulates incident light polarized parallel to
its director orientation. By rotating the beam 452, we ensure that about half
of the light is being diffracted by the SLM while the other half is not. As
mentioned previously, this technique is based on the measurement of four
interferograms, and these are generated by the interference of the diffracted
(object beam) and the non-diffracted light (reference beam). Taking advantage
of the SLM, uniform phases with equidistant steps between them are to the
phase element & . In that way, for the first interferogram |
added, but for the other three ( I

added, respectively. To generate the interference between the object and the
reference beams, a second polarizer is used. In this case, a mere broadband
linear polarizer is needed after the lens L, to recombine both beams. At this

., No phase is

,» Iy, and 1), phases /2, , and 31/2 are

point, the diffracted and non-diffracted beams should propagate with
perpendicular polarization directions. This polarizer regulates the amount of
light that passes through it. In order to optimize the interferogram, the proper
position of the polarizer should be 452 with respect to both beams so that they
have similar intensity after it. As an example, the four interferograms recorded
for these experimental results are shown in Fig. V.13.
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Phase-shifted interferograms
/2 T

Fig. V.13 — Four interferograms recorded by using the phase shifting
technique. Above each image, the phase shift added by the SLM is displayed.

This procedure has demonstrated the ability to generate an arbitrary
amplitude and phase complex field. The phase pattern could range
continuously from —mt to 1. This means that a wide series of different phases
can be found in the image. On the other hand, the amplitude pattern is made
up of only four different energy levels or “gray-levels” although the technique
theoretically allows up to 256. In order to test that, a second single photon test
was carried out, but this time with a flat phase. Following with the ROl defined
previously, a gray levels image of a mushroom with the silhouette of the ROI
was encoded into the SLM. In addition, as one of the most commonly
demanded patterns for certain applications is a uniform pattern, it was also
performed a test with a flat amplitude pattern. Both results are shown in Fig.
V.14,

Phase mask Theory Experiment

-11/2

Fig. V.14 — Example of a couple of desired (central column) and obtained

(right column) amplitude patterns. The left column displays the & mask

employed to generate the pattern. The top row shows a uniform pattern
using a single intensity level whereas the bottom row employs 256.
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The first row shows the irradiance pattern that we want to obtain at the
sample plane (left) and the one we recorded with our experimental system
(right). This pattern corresponds to the shape of the Daphnia’s eye with a
uniform intensity. At a first glance, it seems that both images are very similar
because the experimental image has high contrast, a well-defined edge, and
quite uniform filling. The RMSE confirms that, yielding a 7% difference among
them. However, this pattern is free from coherent noise since it is constructed
by conjugating the SLM plane with the sample plane, so other issues cause
these discrepancies. Specifically, the main sources of the error are aberrations
caused by the experimental setup (dust found on the surface of the optical
elements, slight misalignments, etc.) and the irradiance profile of the
illumination at the SLM plane, as non-uniformities at this plane will result in
non-uniformities at the sample plane. The second row tries to implement a
256 gray-level image that requires full control over the reconstructed
amplitude at the sample plane. As an example, the ROl shape resulting in the
image shown in Fig. V.14.c has trimmed the image of a mushroom. In Fig.
V.14.d one can see the recorded image. In this case, the reconstruction is
moderately weaker than the previous example, as the RMSE parameter
indicates (10%), which is still a very acceptable result. Note that the size of this
image is about 60x60um?, so the system is able to resolve very small details

as the white dots present in the cap of the mushroom (about 5 pm). Taking in
account the pixel size of the SLM (8 um) and the magnification of our system,
the minimum feature size that is able to resolve is 0.87 pm. To sum up, both
results reach a desirable result. The first one could be easily employed on any
system that only cares about a single level of excitation whereas the second
one open new paths to some useful applications on different fields. For
instance, it allows performing simultaneous micro-processing of different
materials with diverse ablation thresholds, or also allows to excite non-linear
effects over several fluorophores with different excitation thresholds.

In the next step, the non-linear experiment was performed. Basically, it is just
a proof-of-concept test to show non-linear excitation using the reported
method. The main purpose is to generate second-harmonic light in a
controlled region defined by the ROl employed in all the experiments shown
here. In this way, the irradiance pattern is the one shown in Fig. V.14 3, that is,
a uniform irradiance pattern with the shape of the ROI.

In left part of Fig. V.15, we show the experimental results of generating the
desired amplitude, which is (obviously) quite similar to the result shown in Fig.
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V.14.b. In addition, at the right part, the second-harmonic signal generated
using this pattern is shown.

Fundamental illumination pattern Measured pattern with SHG light

X (um)

Fig. V.15 — Example of a SH image (right) generated by a BBO crystal
illuminated by the irradiance pattern showed at the left part of the image,
and generated using the proposed technique. Below the images, the intensity
profiles measured along the yellow lines are included.

The image is almost fully flat and free from speckle noise, however, as one
might expect, the acquired SHG pattern is slightly worse than the fundamental
result. This occurs because of the non-linear crystal amplifying the non-
uniformities of the incoming light. To better illustrate the uniformity of both
patterns, the irradiance profile is included at the bottom part of each image.
These irradiance profiles shows the measured intensity level along the yellow
lines displayed more or less at the central part of the ROIs. In this case, the
RMSE along these profiles yields a 12% error on the fundamental pattern and
23% with SHG.

We think that our method shines when compared to other techniques used to
generate amplitude illumination patterns. With this purpose on mind, the
same measurement was performed but this time with a CGH synthetized by a
Gerchberg-Saxton IFTA-based algorithm [18]. As the algorithm, needs a certain
propagation distance to achieve the reconstruction, a delay line was included
in the setup to control distance between the second imaging system and the
reconstructed CGH. In this way, the IFTA algorithm has enough space to obtain
the hologram while the magnification of the system is not affected. This setup
is shown in Fig. V.9. The design of the holograms was made following a two-
step procedure. In the first step, the phase was the only free parameter during
the iterations performed by the IFTA algorithm. Giving full freedom to the
phase results in a better approximation. However, as the SLM is a digital device
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that can only encode a certain number of phase levels, a soft restriction is
applied in the second step to limit the amount of phase levels that make up
the hologram. As all IFTA-based algorithms, a convergence threshold should
be defined to stop the execution of the program. In this case, the execution
finishes when the RMSE resulting of an iteration enhance the previous result
by less than107®. The recorded hologram and the second-harmonic image
obtained with the CGH illumination are shown in Fig. V.16.

Fundamental illumination pattern Measured pattern with SHG light
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Fig. V.16 — Example of a SH image (right) generated by a BBO crystal
illuminated by the irradiance pattern showed at the left part of the image,
and generated with a standard CGH algorithm. Below the images, the
intensity profiles measured along the yellow lines are included.

At first sight, both results are clearly worse than the ones obtained using the
proposed technique. The hologram resembles the defined ROl but is far from
being uniform. The most noteworthy feature is that there has been a clear
reinforcement of the edges, but the coherent noise prevents the filling to be
free from speckle. The second-harmonic image is still worse due to the
mentioned quadratic dependence between the incident light and the SHG. In
this case, not only the borders are reinforced, also the central part shows
almost no light. The transversal profiles are also included in these images,
displaying the irradiance measured along the yellow line. These profiles
confirm that the result obtained with our technique is better than with the
CGHs. If the RMSEs previously measured between the profiles shown and a flat
profile was 12% and 23% for the single-photon and SHG, respectively, the
RMSEs calculated here are 62% and 77% (single-photon and SHG). Just a
naked-eye exploration is enough to determine that these latter profiles are
noticeably irregular and, especially the second one lacks of intensity in the
central part.
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Although only amplitude results are shown, the full complex field U(x, y) was

encoded into the & phase mask. In particular, the phase was selected to
compensate the possible optical aberrations introduced by our system or by
other means. For this, the phase was measured in the sample plane (after
encoding a flat phase onto the SLM), conjugated and then introduced as the
phase term of the complex fieldU (X, y) .

Finally, just comment that to obtain the second-harmonic images, a BBO
crystal was placed at the output plane of the second 4f imaging system (shown
in Fig. V.8 and 5.9). The dimensions of the crystal are 5Smm*5mm™*0.02mm,
and after this crystal, a blue filter was placed to remove all light but that
converted by the BBO.

Up to now, we have just briefly mentioned the control over the phase enabled
by the proposed technigue. However, it allows plenty of different possibilities.
Probably, the most obvious may be the aberration correction. The optical
elements that make up the setup or the laser source itself may introduce some
unwanted phase aberrations that can be potentially harmful in some
applications. Just measuring the phase profile at the sample plane and adding
a phase term to the generation of the complex field U(x,y)is enough to

correct them. To perform this measurement, the phase shifting technique
[118] employed in other experiments is useful here too. However, in this case,
a two-arm interferometer (Michelson type) is designed and implemented
instead of the one-arm employed before. This type of interferometer allows
the detection of the optical aberrations introduced by the optical system.
Modified setup is shown in Fig. V.17.

The most noticeable difference is the addition of a broadband beam splitter
that divides the beam into the mentioned two arms. The object beam is sent
from the beam splitter to the SLM, reflected back and reaches again the beam
splitter, but this time passing through it. At the same time, the reference beam
is reflected by a silver mirror placed at the same distance of the beam splitter
as the SLM. The silver mirror is placed over a precise micrometric displacer to
adjust the position to match both optical paths. Note also that in this setup,
the laser beam impinges perpendicular to the LC display. This setup is
developed to complete a proof-of-concept test. Here, the interferometer is
able to measure aberrations introduced by the SLM, as this is the only element
present on the test path not found on the reference path. In this way, once
the aberrations are retrieved, it is possible to correct them by simply encoding
the conjugate of this phase with the proposed method.
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Laser beam‘

Output Plane

Fig. V.17 — Optical setup including a Michelson type interferometer. Setup is
designed to form the desired pattern over the sample using the proposed
technique.

BS: Beam Splitter. M: Mirror. L1 — L3: Lenses. SF: Spatial filter. FM1 — FM2:
Flip mirrors. MO1 — MQO2: Microscope objectives. BF: Blue filter.

In Fig. V.18 two examples performed with this arrangement are shown. The
first one simply does what has just been said: measure the phase in the sample
plane and correct it to obtain a flat profile. Fig. V.18.a shows the wanted phase,
Fig. V.18.b shows the measurement without correction, and after the
correction, we obtain the pattern shown in Fig. V.18.c. The second one is more
complex: the objective is to correct these aberrations while encoding an
arbitrary phase pattern. Prior to the measurement, the phase function
displayed at Fig. V.18.d was encoded into the SLM. After that, without phase
correction, the phase recorded presents some unwanted aberrations (Fig.
V.18.e). Finally, after the proper adjustment, the final measured phase is
shown (Fig. V.18.f). The amplitude pattern is the one employed in previous
experiments. It is shown at the bottom-left part of the images of the first
column. In addition, the retrieved amplitude image is also displayed at the
bottom-left part of all four phase measurements.

This figure just indicates how important the phase correction is to better
approximate the desired phase pattern. Additionally, it also shows the
possibilities that our method offers, being able of encoding a phase function
and correcting the aberrations simultaneously.
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Fig. V.18 — Example of phase compensation. Top row (a-c) displays a desired
uniform phase pattern (a), the measured phase without compensation (b),
and the measured phase after compensation (c). Bottom row (d-f) displays an
arbitrary phase pattern (d), the measurement before compensation (e), and
after compensation (f).

The fourth and last experiment is aimed to demonstrate some applications of
the phase control. For instance, in non-linear excitation of large area ROIs, the
possibility of arbitrarily modify the phase can enable the gathering of
additional information about the sample. With that on mind, we designed an
experiment where two adjacent ROIs were defined to excite simultaneously
second-harmonic signal. Then, after a certain defocusing distance, an
interference pattern produced by the signals that come from the two ROIs is
recorded [154]. The purpose of this experiment is to analyze and demonstrate
the dependence on the phase shift of the ROIs over the interference pattern,
and then claim the utility of the reported method to generate the interference
patterns at will due to the possibility of independently control both amplitude
and phase.

The experiment results are shown in Fig. V.19. Here, four images were
recorded for four different phase shifts between the two ROls. At the top-right
part of the image, small representations show the shape and the phase of both
ROIs. The green color represents a phase value of 0, whereas the yellow,
orange, and red represent 1/2, m, and 3m/2, respectively. The inner ROI
remains green in all pictures, while the outer one varies with /2 steps. This
means that the phase shift in Fig. V.19.a between both ROIs is 0, in Fig. V.19.b
is /2, in Fig 5.19.c is i, and in the last one is 31/2. Although here only four
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different phase shifts have been recorded, the technigue allows encoding a
much wider range, only restricted by the gray levels addressed to the display
of the SLM.

Fig. V.19 — Phase-dependent measured interferences. Four different images
were recorded with four different phase shifts between two ROIs. Phase shifts
are displayed at the upper-left part of each image. ROIs are included at the
top-right corners.

As it might be expected, Fig. V.19.a shows only a defocused image of the
amplitude pattern generated by the addition of the two ROIs and no
interference between them. This is typical since both ROIs have the same
phase, so there is not phase shit between them. In practical, we are just
encoding one ROl with a flat phase. Things change when the phase of the inner
ROl is modified. The top-left part of the four images indicate the phase shift ¢

among the two regions. The most relevant fact of this experiment is that, as
one can see in Fig. V.19.b-d, the structure of the interference pattern depends
on the phase shift between ROls. Obviously, the closer to the border between
the two ROls, the greater the effect of the interference and, therefore, the
greater the difference between images in that area. In this experiment, the
camera was placed 115 mm away from the sample plane, letting the
interference to happen, but not deforming significantly the shape of the ROls.
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At this point, interference between both ROIs has been demonstrated.
However, one may think that the results shown in Fig. V.19 are not caused by
the interference effect that we claim, but by a border effect. In order to avoid
it, the last experiment is aimed to ensure that the amplitude differences are
undoubtedly produced by the interference between the two ROIs and can be
controlled with the phase shift. The main difference in comparison with the
previous test is that there is now a small ring separating both ROIs. In that way,
the interference pattern can only be generated by the propagation of both
ROIs and not by a border effect at the sample plane. The separation between
the ROIs has an additional effect: the propagation distance needed to obtain
the interference is increased. Then the defocused image does not fit the size
of the CCD. To solve this issue, a convergent lens ( f =100mm ) was placed

after the reconstruction plane to adjust the image size over the CCD. The
camera was placed in an arbitrary position where the image meet all size and
propagation requirements.

A set of images were recorded with the same procedure as before: one ROI
remains with an invariant phase whereas the other takes different values. Four
of these images are shown in Fig. V.20. Following the same scheme as before,
the inner ROI remains with a uniform phase taking the value zero while the
outer region takes several different values. In the figure, we show the values 0
(Fig. V.20.a), /2 (Fig. V.20.b), it (Fig. V.20.c), and 3m/2 (Fig. V.20.d).

Fig. V.20 clearly shows the presence of interference fringes in the region
comprised between both ROIs. Now, these fringes cannot be generated by
border effects so it demonstrates the interference due to the propagation.
Moreover, as one might expect, this pattern is dependent on the phase shift.
The top-left part of each image shows the phase shift encoded in this image.
The top-right part shows the encoded pattern following the color rules
described for the previous figure. The main conclusion extracted from this
experiment is the possibility of employing this technique to control of the
generated complex field over the sample plane for several applications: not
only to correct aberrations, but also to extract phase information from a real
sample (i.e. a biological one).
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Fig. V.20 — Example of interference between two ROIs spatially separated.
Different phase shifts between ROIs are employed for each image (displayed
at the upper-left part of each image). ROIs are also included at the top-right

corners.

Once the experiments have been performed and reviewed, is time to extract
some conclusions from them and make some considerations about the
system. The first one should be the efficiency of the method, and the
comparison with the one obtained with the IFTA-based CGH. This gives an idea
of the position of our method with respect to other techniques. However,
losses of energy are not only caused by the encoding method, but also by other
different factors. For instance, beam splitters are a main source of energy
reduction if they are employed to impinge the SLM perpendicular to the
display surface. Otherwise, an obliquus orientation also entails a minor but
also noticeable reduction. The SLM itself is probably the major origin of issues.
The manufacturer usually notifies certain parameters related with this topic.
For instance, the reflectivity indicates the ideal amount of light thrown back by
the mirror of the SLM. In our case is 65-75%; however, this parameter depends
on different conditions as the angle of incidence mentioned just a few lines
above or the employed wavelength. This basically means that if the
wavelength of the laser beam employed doesn’t fit the conditions for which
the coating is prepared, then the reflectivity drops. Fig. V.21 and 5.22 shows
the different versions of two different SLMs models. Each version of each
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model has the same chipset, communications interface, and LCD, offering thus
the same spatial resolution but the mirror they use to reflect the light back
(note that these are not transmissive SLM but reflective ones) are different.
Most common mirrors are dielectric or aluminum, and the coating employed
on them is different according to the version. In addition, this parameter
affects on other characteristics of the SLM as the maximum incident power
allowed, since a high reflectivity implies a lower absorption.

PLUTO-2 Phase Modulator Versions

350 400 450 500 550 600 650 700 750 800

1000 1200 1400 1600 1800

Fig. V.21 — Versions of the SLM Pluto-2 from Holoeye.
Image obtained from [55].
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Fig. V.22 — Versions of the X10468 series from Hamamatsu.
Image obtained from [56].

The fill factor is another parameter that influences the efficiency of the
method. Represents the capacity of the SLM to modulate all light reflected.
For instance, the part of the light that passes through the gaps between the
pixels of the SLM is not affected by it and cannot be controlled by the
technique, becoming non-desired light. The fill factor is very high (93%) for our
device. Finally, the diffraction efficiency is between 65% and 95% according to
the manufacturer specifications. More information about these parameters
can be found in chapter 2. To sum up, putting all these numbers together, we
get a final light efficiency of about 50% just for using the SLM.
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To obtain the real efficiency of our method, we have measured the average
power of the beam before the SLM and in the sample plane. The first result,
with the patterns employed in left parts of Fig. V.15 and Fig. V.16, reports a
32% efficiency of our method in comparison with a 23% obtained with the
CGH. However, our method is size-dependent: a bigger pattern leads to a
greater efficiency of our method. This is caused because the SLM plane is
conjugated with the sample plane, so the bigger the pattern at the sample
plane, the more available light at the sample plane. For that reason, a second
measurement was performed but only using a very reduced region of the SLM
(less than 10% of the total pixels). In this case, the hologram remains with the
same efficiency 23%, but our method has dropped until 18%. Nevertheless,
this value is quite similar even in an almost extreme situation, as employing
less than 10% of the available pixels represents an unnecessary loss of spatial
resolution.

In the next step, we try to determine the contribution of the diffracted and
non-diffracted light to the final images. There is an uncertain amount of light
not affected by the SLM phase modulation. In some cases, the non-diffracted
light is extremely helpful and enables some possibilities as we have seen with
the phase shifting measuring technique [118]. However, generally the effect it
produces is detrimental to the experiments, since it only reduces the quality
of the images. There are several ways to deal with this zero order. The first one
is to try to reduce it as much as possible. As it was previously discussed, part
of this light comes from a wrong polarization direction of the beam impinging
in the SLM. This contribution can be greatly reduced by simply adding a
halfwave plate to set the polarization direction of the beam parallel to the SLM
director orientation. Unfortunately, part of the zero order comes from the
contribution of non-avoidable sources, i.e. the fill factor. In that regard, one
possibility is to design an off-axis optical system, encode a blazing grating at
the SLM and filter all but the first diffraction order at the Fourier plane. This
solution removes the zero order reducing the efficiency of the method (see
chapter 3 for more details). Other possibilities rely on an alternative design of
the optical setup to minimize the impact of the non-diffracted light. In our
setup, we have opted for this latter possibility. Specifically, we have designed
the optical system to force the beam enter the microscope objective (MO;)
under low-focusing conditions. The common arrangement, where the beam
enters the objective under plane-wave configuration, causes the objective to
focus non-diffracted light on one intense spot. In our setup, non-diffracted
light exits the microscope parallel to the optical axis and not focusing. In this
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way, this light is distributed among the surface of the sample. This results in a
quasi-uniform increment of light in all pixels of the image. In the next step, we
tried to determine the contribution of the diffracted and non-diffracted light
in our patterns. The procedure was to measure the average energy with and
without zero order (by using the aforementioned off-axis design). In principle,
the difference among both value should correspond to the contribution of the
zero order. However, as the off-axis measurement entails a loss of energy
(because the encoded blazed grating is not ideal), the contribution of the zero
order is overestimated in these results. This calculus indicates that the
contribution of the diffracted light is 41% for the reported technique and 44%
for the CGH measurement.
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Chapter VI - Conclusions

Along this thesis, a complete overview about encoding techniques employed
to spatially manipulate the complex wavefront of femtosecond pulses has
been presented. In particular, it is focused on those techniques developed for
phase-only SLMs. These devices have been demonstrated as a very powerful
tool for a wide range of applications. They are able to control the amplitude or
phase of a light wave, but not both simultaneously. Multiple techniques have
been reported to take advantage of these devices to achieve complete control
over the complex field of laser beams. In particular, a brief discussion about
the different technologies to build SLMs has been carried out. Some of the
most common technical problems that one can find when working with phase-
only SLM have been investigated. Additionally, why and how to calibrate an
SLM is reported. Furthermore, a list of techniques employed to generate
arbitrary amplitude patterns is included. For some applications, it is essential
to control the entire complex field, not just the amplitude. For this reason,
several encoding techniques that allow manipulating the amplitude and phase
of laser beams are also included. Finally, one can find in this thesis a list of
some relevant applications of beam shaping with SLMs.

VI.1 - Summary of contributions

The main contributions of this thesis can be divided into three main branches.
First, a phase-only SLM is calibrated using a simple but novel technique. The
proposed calibration method is based on the encoding of a set of binary
Fresnel lenses onto the SLM. A detector is placed at the focal length of these
lenses to measure the irradiance of each focus. This calibration was used to
optimize the phase response of the device in further experiments. Main
advantages of this technique are the lack of an interferometric optical setup,
thus avoiding the typical experimental problems associated to these kind of
arrangements (sensitivity to environmental fluctuations, need to an extremely
precise alignment...) and the reduction of optical components employed in
comparison with other calibration methods. In our method, the optical system
is quite simple and fast to align. Lastly, as data is measured near focal points,
the harmful effect of the zero-order is greatly reduced due to a major
contribution of diffracted light.

In a second group, some encoding techniques were developed to arbitrarily
control the wave beam. First, | show a technique to generate a three
dimensional distribution of foci within a fused silica sample able to carry out
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filamentation inside the crystal. The foci are produced by a DPE made up of a
set of spatially multiplexed lenses. The possibility of independently controlling
each of these lenses allows us to precisely managing the position of each focus.
The main benefit relies in the small separation between filaments that one can
achieve with this method. Such separations permit the study of the mutual
coherence among filaments due to the interference among each other. In this
group, based on the double phase hologram theory, an approach to generate
arbitrary complex fields on a certain plane is demonstrated. It employs binary
amplitude and complementary masks to perform a spatial sample of the two
pre-calculated phase elements. This sampling process allows the encoding of
these phase elements onto the SLM. With respect to previous
implementations of this method, its application to spatially modify ultrashort
pulses is demonstrated for the first time in this thesis. This method presents
some advantages derived from the double-phase theory. Among them, the
most relevant is that instead of other techniques like IFTAs, we fully encode
the complex field. This leads to an effective reduction of speckle noise and
spatial irregularities on the illumination pattern. Moreover, the phase control
enables some interesting additional features of the system. Apart from the
correction of possible aberrations introduced by the optical system, it can be
an important tool in nonlinear experiments.

Finally, the proposed techniques are used to achieve promising results in
experimental applications. In particular, it is included a contribution where we
generate an arbitrary micrometric complex field by using one of the reported
methods. This complex field is very convenient for being used within the
illumination path of microscopes due to the full control achieved on complex
field. In this context, some results that includes second-harmonic generation
and two-photon excitation are shown. Additionally, another report presented
generates a three dimensional array of foci using this technique. In this case,
the phase element encoded into the SLM is calculated using the double phase
hologram theory, achieving a very precise control of the focal distributions at
the desired planes. Here, experimental results demonstrate that the arbitrary
pattern can be used to generate second-harmonic effects on selected regions.
By illuminating two spatially separated regions of interest within a sample, it is
possible to measure the interference pattern of both regions after light
propagation to an arbitrary defocusing plane. This interference pattern is
phase-dependent and can be controlled by means of the proposed technique.
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VI.2 - Future work

Despite all the advances presented in this manuscript, the topic is still a long
way ahead. During the development of this thesis, some interesting ideas have
emerged and can be realized in the near future. In this section, potential future
challenges and improvements in this field are presented to help, as far as
possible, future research. One of those ideas lies in the combination of the SLM
with a DMD. When performing non-linear experiments, the quality of an image
resulting from illuminating a large region of a sample can be seriously affected
by the scattering introduced by the sample itself. Scanning systems are less
sensitive to this effect because the illuminated region is smaller and it is easier
to determine the source of the light; however, the temporal resolution of
scanning systems is poor in comparison with our proposal. Since phase-only
SLMs have a frame rate of 60 Hz, these devices are not the most appropriate
for this task. A faster device would enable the real time acquisition of those
processes; however, in the meanwhile we should develop new strategies to
achieve faster measurements. Since some processes can only be measured in
real time (e.g. synaptic transmissions), improving scan speed is a topic of
interest. The addition of a DMD to our system would allow the development
of new innovative techniques combining the complex spatial shaping
performed by the phase-only SLM with the fast frequency refresh times
(dozens of kHz) of DMDs. In that sense, for example, the combination of high
accuracy multifocal distributions generated by our encoding method with the
micrometric spatial modulation due to DMDs can be highly appropriate. For
instance, it would allow to reduce the speckle in the recorded images as well
as processing information in real time. Once a DMD is included in the system,
the element that limits the acquisition speed is the camera. In single-pixel
systems, it is common to combine DMDs with point detectors, much faster
than conventional cameras [155].

Anotheridea arisen during this thesis is the application of some of the reported
techniques over real biological samples. The developed strategies have been
tested here with non-linear crystals but, in principle, after proper preparation
similar results should be obtained over biological specimens. In particular, non-
linear microscopy still faces multiple challenges that limit quality of retrieved
images e.g., increase the depth of penetration in biological tissue, reduce the
scattering, avoid the white noise and improve optical sectioning etc. In
addition, targeted illumination allows not only to image samples, but also to
trigger trendy strategies like photoactivation of neural circuits [156].
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Finally, some promising results were obtained in micro-processing of materials
[129]. The application of complex field shaping techniques to this topic can
enhance it significantly by speeding up the processing of materials. The first
steps taken in this regard had develop several ideas to obtain further results.
Specifically, the work done proposes a single-shot processing system that
allows rapid surface micro-processing of materials using a technique based on
the double-phase theory. One of these ideas proposes a different approach.
Instead of generating a wide-field pattern, the objective is to generate a three-
dimensional array of foci to perform a volumetric processing of a material.
That way, instead of processing the surface of the object, its interior could also
be processed. The same procedure could be employed to generate
nanoparticles with laser ablation. In this case, the foci distribution could be
generated on the surface of the desired material to achieve the ablation of the
material in the form of nano-sized particles.
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Appendix A: Challenges and recent hints of phase-
only SLMs

Predictions about the future of the SLMs are optimistic: the market is growing
[157] driven by industrial and scientific topics and, therefore, it is expected
that companies will continue to improve the devices they launch for sale.
Manufacturers have to face some challenges to improve their products. For
instance, laser induced damage threshold is a crucial parameter for
applications with high-energy requirements. Recently, some water cooled
devices have appeared [158], leading to a dramatic increase of the energy
safely handled by the surface of the SLM: from 2W / cm?in the past up to more
than 50W /cm?[159]. In any case, these values are achieved only in water-
cooled devices, with the added complexity of introducing the cooling system
within the setup. While it is true that for some applications such as material
processing this is enormously relevant, there is still work ahead to increase the
damage threshold for all devices. Another parameter that can bring relevant
improvements is the resolution, as the more resolution and the smaller the
pixel size, the better the approximation of the encoded phase to the
theoretical one. Actually there are available on the market 4K devices with a
pixel pitch smaller than 4 um and a very high fill factor (about 90%) [160].
Increasing the resolution has some tricky limitations: first, obviously, it entails
a considerable increase in the production cost, but also the reduction of the
pixel size is limited by the influence of contiguous electric fields. Speed is
probably the weakest spot of LCoS SLMs. Recent MEMS-based SLMs are able
to achieve 21 phase modulation at 10 kHz, almost 100 times faster than LC-
based SLMs [161]. However, this device lacks the resolution the LC-SLMs have.
Increasing the speed of LCoS SLMs is going to be a tough task. The video
interface employed in the vast majority of SLMs is either digital visual interface
(DVI) or high-definition multimedia interface (HDMI). The main difference
between the two is that while the former limits the maximum resolution to
1920*1200, the latter can even distribute a 4K (4096*2160) signal on the
HDMI 2.0 version. These interfaces ensure a frame rate of 60 Hz for the higher
available resolution and the technology seems to continue to improve without
problems: The HDMI 2.1 version guarantees 120Hz for 4K signals [162]. As 4K
images are almost four times bigger than the maximum resolution available
for the DVI interface. That means that an HDMI cable is capable of sending
those images almost four times faster. Finally, other options such as preloading
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the images on the device to show them sequentially later could be explored.
That is the good news. The bad news: This is not the only bottleneck. In fact, it
might not even be the most restrictive. The response time of the modulator,
this is, the time it takes for the LC panel to reach the desired modulation could
be the real problem. In Fig. A.1, one can see the response time of the
Hamamatsu X10468 series (obtained from [56]).
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Fig. A.1 — Response time of the Hamamatsu X10468 series SLMs. Obtained
from [158].

As discussed above, the response is defined as the time needed to switch from
10% to 90% of a 2m phase shift (rise time) or from 90% to 10% (fall time), and
it is usually determined by the properties of the LC material, the voltage
applied to the cells, temperature, and thickness of the LC layer. There are
several conclusions that can be drawn from the figure. First, the rise time and
the fall time are completely different, being greater the fall time in all cases.
Secondly, some values are higher than desired. Assuming the best case, a rise
time of 5 ms for the first column (v-01). Even in that case, the modulator could
encode a maximum of 200 patterns every second, which is clearly inferior to
the speed reached by its binary competitors. But not all is lost. Recent studies
have reported new panels with sub-millisecond response times [163], and in
the market one can already find devices that use alternative backplanes and
try to fit the optimal parameters to achieve a reduction on the response time
[164]. In addition to the mentioned relevant parameters (LC material,
thickness, temperature, and voltage), there seems to be a strong dependence
on the response time with the wavelength (see Fig. A.1 and [163]. This can
hinder the task of manufacturing faster modulators for some applications that
need certain wavelengths. A different approach is explored in [165]. It exploits
the transient nematic effect, where the response of the molecules of the LC in
a phase change from ¢, to ¢, is similar to a logarithmic curve (growths

quickly at first, and then it relaxes). To benefit from it, a two-step phase change
from ¢, to ¢, to ¢, (Where ¢, >¢, ) can be defined. In that way, it takes

advantage of the higher initial growth and saturates at the truly desired phase
level ¢, , avoiding the final part where the molecules relax. Another novelty

reported in [165] is based on the idea that ¢, and ¢, + 2z are equivalent, and
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sometimes the phase shift between ¢, and ¢ +27is faster than the

transition from ¢, to ¢, .

To sum up, there is still room for improvement in the characteristics of SLMs.
The manufacturers continue to improve their devices periodically and,
therefore, it is expected that the technology keep improving. As faster, more
efficient, more resilient and higher resolution devices appear, new horizons
will be explored: new possibilities will appear on the current topics, but also
new fields can be interested in include SLMs within their setups. Therefore, it
is important to keep abreast of the new developments that occur in this field.
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Resumen en castellano

Modificar a voluntad las distintas propiedades de la luz ha permitido el avance
y aparicion de numerosos campos de la investigacion cientifica. La posibilidad
de definir, de forma arbitraria, pardmetros como el patréon de irradiancia o la
fase de un haz Iaser ha contribuido a adecuar las fuentes de luz a los requisitos
concretos de cada usuario para sus distintas aplicaciones. Como resultado, el
desarrollo de nuevas técnicas que permitan realizar este tipo de control se ha
convertido en un tema esencial que beneficia a gran cantidad de campos, que
se pueden aprovechar de estas nuevas mejoras para incrementar el control
sobre la fuente de luz empleada en sus investigaciones y procesos industriales.

Los moduladores espaciales de luz (SLMs por sus siglas en inglés) son
dispositivos que permiten cierto control directo de estas propiedades.
Generalmente, los SLMs son capaces de modular en tiempo real y de forma
programable uno de estos parametros (amplitud o fase). No obstante, para
controlar los dos parametros al mismo tiempo es necesario el empleo de varios
dispositivos, o en su defecto el desarrollo de alguna técnica que permita
realizar este control con un solo dispositivo.

Objetivos

Esta tesis estd enfocada a revisar las técnicas mds notables que permiten
realizar una manipulacién completa (amplitud y fase) de un haz laser
empleando solamente un SLM capaz de controlar la fase. Ademas, se pretende
introducir nuevos métodos que mejoren de alguna forma las técnicas ya
existentes. Por otra parte, se resumen algunas de las aplicaciones mas
notables de este tipo de técnicas, demostrando asi la relevancia de la
manipulacion de haces laser. Por ultimo, para aumentar el control sobre el
proceso de manipulacion, se pretende estudiar también el comportamiento
de los SLMs con el fin de adecuar, en la medida de lo posible, el
comportamiento experimental de estos dispositivos a la codificacion tedrica.
De esa manera, es posible mejorar la eficiencia y la resolucién del patrén
generado por el modulador.
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Resumen en castellano

En concreto los objetivos de esta tesis son los siguientes:

1.

Implementar un método capaz de manipular el campo complejo de un
haz a partir de una Unica mascara de fase codificada en un SLM de sélo
fase.

Emplear este método de codificacion para obtener resultados
experimentales en aplicaciones novedosas.

Estudiar el comportamiento de los SLMs de sélo fase con el objetivo
de comprender su funcionamiento experimental y poder compensar
los posibles problemas experimentales que pueden reducir la
precisiéon vy la eficiencia del método desarrollado.

Estudiar métodos alternativos de codificacién, tanto para la
manipulacién de campos complejos como para la manipulacién del
patron de irradiancia, con el objetivo de aumentar el conocimiento
general sobre el campo y ayudar a la comparaciéon del método
desarrollado con técnicas similares.
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Effects of mitigation of pixel crosstalk in the encoding of complex
fields by using double-phase method

Miguel Carbonell-Leal,2 and Omel Mendoza-Yero®*
3GROC-UIJI, Institute of New Imaging Technologies, UniversitatJaume I, Castello, Spain, Postal Code 12071

Abstract. In this contribution we report on the unwanted effects of pixel crosstalk and its mitigation on the
experimental realization of double-phase method with phase-only spatial light modulators. We experimentally
demonstrate that a generalized sampling scheme can reduce non-uniform phase modulation due to the pixel crosstalk
phenomenon, and consequently improve the quality of amplitude and phase images obtained with this encoding
method. To corroborate our proposal, a couple of experiments addressed to reconstruct amplitude-only as well as fully
independently amplitude and phase patterns under different spatial sampling schemes were carried out. In this context,
we also show how a novel implementation of the well-known polarization-based phase shifting technique can be
employed to measure the encoded complex field using only a conventional CMOS camera.

Keywords: diffractive optics, beam control, phase modulation, interferometry, liquid crystal devices, pixel
crosstalk.

*Omel Mendoza-Yero, E-mail: omendoza@fca.uji.es

1 Introduction

At present, there are a wide variety of reported optical methods addressed to optically manipulate
the complex field of laser beams by using spatial light modulators*4. Among them, those ones
based on the use of parallel aligned liquid crystal on silicon (PA-LCoS) SLMs have gain special
attention not only because of their relative high efficiency, but also due to their proved ability to
accurately modify the physical behavior of laser beams by using just a single phase element
encoded into a phase-only SLM3*7814 |n this context, among many other applications and/or
signal displaying methods, computer generated-holograms have been synthetized by means of
conventional iterative Fourier transform algorithms®®, employing a search, also iterative, algorithm
able to generate binary holograms'®, by using a complex amplitude modulation method for 3D
dynamic holographic display*’, by the application of the one step phase retrieval approach which

allows a rapid computation of phase-only holograms*8, by down-sample the intensity image with



uniform grid-cross lattices®, or more recently by adding a periodic phase pattern to the source
image®. Here, we deal with a particular interferometric method?! aimed to encode and retrieve the
complex field of coherent laser beams. This method has been widely and successfully employed
in several experimental tasks including, but not limited to, demonstrate the Talbot self-imaging in
the azimuthal angle??, generate speckleless holographic displays?, trap magnetic microparticles
employing Bessel-Gauss beams?*, shape optical vector beams?®, or experimentally investigate the
propagation and focusing characteristics of Airy beams®?’. In all these applications the
implementation of the above-mentioned encoding method?*was carried out with the help of a
commercially available PA-LCoS SLM. So, light undergoes phase modulation due to a change in
the refractive index of the nematic liquid crystal (LC) material. Specifically, the phase shift is
associated with the tilt of the SLM molecules when a signal voltage is applied between the front
and the back faces of each LC cell. In addition, main design features of these devices ensure, in
principle, that the phase modulation process is done with almost no coupling of amplitude
modulation or change in the polarization state of the incident light, which is highly desirable for
applications involving interference or diffraction phenomena.

However, PA-LCoS SLMs are not ideal devices but show some effects that cause degradation of
the phase modulation response. For instance, temporal fluctuations of the LC molecular orientation
as a function of time causes depolarization effects, deteriorating the diffraction efficiency of
SLMZ, Another harmful effect is related to the Fabry-Perot multiple beam interference generated
by the intrinsic layer structure of the LC device?® that may originate non-linear phase modulation
or even some coupling of amplitude modulation. In this context, there is a particular unwanted
effect that becomes critical for applications that require encoded patterns with abrupt phase

discontinuities, e.g., diffraction gratings with few phase levels or phase distributions associated



with high scattering media. In the literature, this widely-studied phenomenon3%3® known as
fringing field effect (or pixel crosstalk effect) can produce variations in the orientation of LC
molecules at adjacent cells, and consequently modify its expected phase response. Hence, as in the
double-phase method?! the encoded element is generated by the spatial multiplexing of two phase
patterns at Nyquist limit, one might expect that its experimental realization with PA-LCoS SLMs
does not lack from pixel crosstalk effects.

In this contribution we experimentally show that pixel crosstalk effects do deteriorate the
amplitude and phase patterns obtained due to the application of the double-phase method?. To
alleviate these problems, a generalized sampling scheme able to significantly reduce non-uniform
phase modulation without compromising the accuracy of the method is proposed. In order to avoid
the influence of the zero order coming from the SLM on the measurements done throughout this
work, a fixed blazed grating was added to each phase element sent to the SLM, in the same manner

as proposed in?3,

2 Fundamentals of the proposal

The theory underlying double-phase method?! can be briefly described as follow. Any complex

field represented in the form U (x,y)=A(x,y)e!?®*¥) can be also rewritten as:

U(x,y)=e/00Y) 4 eldxy), 1)

where,
(%, y)=p(x, y)+cos " [AX, Y)/ Anaxl 2
Hx, y)= (%, y)—cos T AX, Y)/ Anayl ©)

In Egs. 1-3, the amplitude and phase of the two-dimensional complex field u(x,y) is given by

A(x,y) and o(x,y), respectively. In addition, A, =2 holds for the maximum of A(x,y). From



Eq. (1), it is apparent that U(x,y) can be obtained from the coherent sum of the uniform waves

el?Y) and ¢4*Y) To do that using just a phase-only SLM, above uniform waves are spatially
multiplexed with two-dimensional complementary binary gratings (please, see Fig. 1). This allows
us to get a single phase element (x, y) as follows:

M, (x,y)e' oY) 1 M, (x,y)e ?OY) —gie(xy), (4)
where,

a(x,y)=M (X, Y)O(X, ¥)+M,(x, y)Hx, y), ()
At this point, the interference of above-mentioned uniform waves cannot happen if we do not mix
the information contained in the phase element «(x, y). This is carried out by using a spatial filter
able to block all diffraction orders but the zero one. Here, it should be mentioned that for the off
axis setup employed in this work the filtering process is done around the order at which blazed
grating achieves its maximum diffraction efficiency.
It can be shown that, after this filtering process, the spectrum of the original complex field at the
Fourier plane can be exactly retrieved. Consequently, at the output plane of the imaging system,
the retrieved complex field ugz;(x,y), (Without considering constant factors), is given by the
convolution of the magnified and spatially reversed complex field u(x,y) with the Fourier
transform of the filter mask, that is:

Ugret(% y)=U(-x/Mag,—y/Mag)® F{P(u,v)}, (6)

In Eq. (6), the convolution and Fourier transform operations are denoted by the symbols ® and
F{ }, respectively. Additionally, the term mag represents the magnification of the imaging
system, whereas P(u,v) is the filter function with coordinates u and v in the frequency space. So,

from Eqg. (6), in theory, the amplitude and phase of the original complex field is fully retrieved,

except for some loss of spatial resolution due to the convolution operation.
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In practice, the real physical behavior of phase-only SLM devices under extreme pixel-to-pixel
phase modulation conditions can originate discrepancies between the theory and experiment. This
mainly happens because the phase information associated with each uniform wave is spatially
multiplexed at the Nyquist limit. However, if the period of the binary gratings is not taken at the
Nyquist limit, but the spatial frequency separations of diffraction orders are great enough to avoid
overlapping among them, the Whittaker-Shannon sampling theorem ensures that, for bandlimited
functions, the reconstruction of the spectrum at the Fourier plane is still accomplished exactly.

Hence, the utilization of phase elements «(x,y) computer generated from binary gratings with

more than 1 pixel per cell should alleviate unwanted crosstalk effects.

3 Experimental corroboration of the proposal

In order to show the effects of pixel crosstalk on the retrieved complex field and how mitigatethem
we carry out a couple of experiments. The optical setup used for both experiments is shown in Fig.
2. As light source, we use a quasi-monochromatic laser beam of 10 nm spectral width and centered
at 800 nm.Before it impinges onto a reflective phase-only PA-LCoS SLM (Holoeye Pluto
optimized for 700 nm-1000 nm, resolution 1920 x 1080 pixels, pixel pitch 8 pm, and phase range
37 ), the beam is conveniently attenuated with neutral filters (NF), and spatially magnified by
using a commercial (BEO6R) reflective 6X beam expander (BE). Then, the beam is sent to the
SLM forming a small angle with the normal to the LC surface of about 4 degrees, and is back
reflected towards the entrance of a 4f imaging system. The input plane of this optical system
coincides with the SLM plane. The 4f imaging system is made up of a couple of refractive lenses
(L1 and L) with focal lengths of 1 m and 0.5 m, respectively. This pair of lenses gives a transversal
demagnification of 2 at the output plane of the imaging system. This reduction allows us to directly

measure the irradiances with a CMOS camera (Ueye UI-1540M, 1280 x 1024 pixel resolution and
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5.2 pixel pitch). Non-diffracted light was removed from the setup by using a blazed grating having
a fixed period p=160 um, and encoded from — to ~with 20 phase levels per period. At the
Fourier plane, the beam is transmitted through a low-pass spatial filter that consists of a hard
circular iris (ID12Z/M). The iris size was adjusted each time to fulfill the filtering condition.

In the first experiment, an amplitude-only pattern given by a mushroom image is encoded with
double-phase method?tinto the SLM by using three different sampling gratings. This encoding
process is exemplified in Fig. 1 with a trivial example. For this experiment we employ binary
gratings of 1x1, 4x4, and 10x10 pixels per cell. The measured amplitude images are shown in Fig.
3.

If we compare the original image given in Fig. 3(a) with the remaining ones, it is clear that image
quality is affected by the non-uniform phase response of the SLM. At the Nyquist limit (see Fig.
3(b)), the recorded image has the best resolution, but its brightness is so high that contrast becomes
really poor. When pixel-cell size is increased up to 16 pixels per cell, the image contrast and
sharpness are greatly improved at expense of a little decrease of resolution, please see Fig. 3(c).
This can be regarded as an optimal situation, because crosstalk effects are mitigated and image
resolution is still acceptable. However, if pixel-cell is increased too much, like in Fig. 3(d) with
100 pixels per cell, problems related to the loss of resolution predominate over any potential
improvement in the image quality.

In the second experiment, we use double-phase method?! to reconstruct a non-trivial complex field
under the sampling configuration of 1x1, 2x2, and 5x5 pixels per cell. In this case, an original
implementation of the polarization-based phase shifting technique3* is applied to measure the
retrieved complex field. This implementation can be explained by the following three steps. In the

first one, after multiplying the phase element «(x,y) by an additional two-dimensional binary



grating ms(x,y), some pixel-cells of «(x,y) are periodically eliminated. Particularly, m,(x,y)
has double the period of m,(x,y)or m,(x,y). In Fig. 4, this first step is shown by means of two
examples corresponding to trivial cases given in Fig. 1.

In the second step the blazed grating is added to the modified phase element o, (x, y). Finally, in

the last step the interferograms are determined with the help of four uniform phases with values of

0, /2, m, and 37/2 radians, previously multiplied by the complementary of m,(x,y), that are also
added to «,, (x, y) before sending it to the SLM. The interferograms are formed after recombining

both the light coming from the eliminated pixel-cells (reference beam), and the light modulated by
the SLM at the remaining pixel-cells (object beam). The main advance of this procedure is that
there is no need of extra optical elements (like polarizers) to obtain the interferograms. However,
this is done at expense of a loss of resolution of the retrieved images because now the filtering
process is more severe. That is; the filtering condition should be accommodated to the period of

M,(x, y) instead of that corresponding to m,(x,y) Or M,(x,y).

For this experiment, the amplitude and phase of the complex field are given by images of a young
boy and girl, respectively, see Figure 5(a) and (b). Additionally, in Fig. 5(c), (e), and (g) appear
the recovered amplitude images when employing binary gratings of 1x1, 2x2, and 5x5 pixels per
cell, whereas the corresponding phase images are given in Fig. 5(d), (f), and (h).
From the experimental results shown in Fig. 5, one can confirm again that pixel crosstalk produces
negative effects in the quality of the recorded complex field. In particular, the contrast of amplitude
patterns are clearly deteriorated when decreasing the pixel-cell size whereas, phase patterns seem
to be poorly changed by the same reason. This last fact can be better undertook if we rewrite the
phase element as:

a(x,y)=p(x, y)+0(x,y), ()
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where,

O(x,y)=M, cos_l[M} -M, cos_l[M} , (8)

From Eg. (7) and (8) one can realize that, in the double-phase method?®! the original phase o(x, y)
is fully encoded into the SLM. In addition, the employed optical imaging system ensures a replica
of »(x,y) at the output plane. So, any loss of resolution of phase images should be mainly caused
by the filtering process. However, the term @(x, y) is directly related to the encoding of amplitude
information, which can only be retrieved by means of the interference among nearby pixels. So,
as the interference process strongly depends on the phase values of these pixels, the amplitude
images are definitively more spoiled by the pixel crosstalk effects than phase ones. These
conclusions were supported by the calculus of the rmse between the original and measured
patterns. It yields rmse of 23.5%, 21.6% and 19.5% for the amplitude patterns encoded with binary
gratings of 1x1, 2x2, and 5x5 pixels per cells, whereas for the corresponding phase patterns, the

numbers were 7.9%, 8.2% and 9.1%.

4  Conclusions

In this manuscript we have discussed and partially compensated the effects of pixel crosstalk on
double-phase method?* implemented with phase-only PA-LCoS SLMs. Our experiments show that
non-uniform phase modulation due to pixel crosstalk may deteriorate the quality of reconstructed
images which basically reaching less sharpness and contrast than expected. Hence, to mitigate
unwanted crosstalk effects we propose and experimentally demonstrate a generalized sampling
scheme which preserves the accuracy of the original double-phase method. We found that a slight
increase of the grating’s period beyond the Nyquist limit significantly reduces crosstalk effects. In

addition, light efficiency should be also benefited from the better phase response of the liquid
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crystal display through the availability of more diffracted light. However, this is always happen at
expense of decreasing the spatial resolution of the reconstructed hologram in the manner described
by Eq. (6). In this contribution, the measurements of the amplitude and phase patterns associated
with the complex field were carried out with a novel implementation of the polarization-based
phase shifting technique3*,

We believe that results shown here can be useful to improve next experimental realizations of the
double-phase method?!with phase-only PA-LCoS SLMs. At this point, it is apparent that degree
of damage in the reconstructed images should depend on the employed SLM and its technical
specifications. That is why, the selection of an optimum period for the binary gratings can vary

from one SLM to another, and it is clearly influenced by the final application.
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Caption List

Fig. 1Examples of the design process of trivial phase elements «(x,y) obtained with sampling
gratings having pixel-cells of 1x1, 2x2, and 4x4 pixels, respectively.

Fig. 20ff-axis optical setup used to investigate the effects of pixel crosstalk in double-phase
method. Acronyms of included elements are NF (neutral filters), BE (beam expander), SLM
(spatial light modulator), and L1 and L2 (refractive lenses).

Fig. 30riginal amplitude pattern (a) and corresponding ones (b), (c), and (d) recorded with
sampling gratings of 1x1, 4x4, and 10x10 pixels per cell, respectively.

Fig. 4Examples of two modified phase elements «,, (x,y) obtained after a convenient sampling
process with a binary grating M, (x, y).

Fig. 50riginal amplitude (a) and phase (b) images, and corresponding amplitude (c), (e), and (g)
and phase (d), (f), and (h) images recorded for sampling gratings of 1x1, 2x2, and 5x5 pixels per

cell, respectively.
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Diffraction-Based Phase Calibration of Spatial Light
Modulators With Binary Phase Fresnel Lenses

Omel Mendoza-Yero, Gladys Minguez-Vega, Lluis Martinez-Ledn, Miguel Carbonell-Leal,
Mercedes Fernandez-Alonso, Carlos Dofate-Buendia, Jorge Pérez-Vizcaino, and Jesus Lancis

Abstract—We propose a simple and robust method to deter-
mine the calibration function of phase-only spatial light modula-
tors (SLMs). The proposed method is based on the codification of
binary phase Fresnel lenses (BPFLs) onto an SLM. At the princi-
pal focal plane of a BPFL, the focal irradiance is collected with a
single device just able to measure intensity-dependent signals, e.g.,
CCD camera, photodiodes, power meter, etc. In accordance with
the theoretical model, it is easy to extract the desired calibration
function from the numerical processing of the experimental data.
The lack of an interferometric optical arrangement, and the use
of minimal optical components allow a fast alignment of the setup,
which is in fact poorly dependent on environmental fluctuations. In
addition, the effects of the zero-order, commonly presented in the
diffraction-based methods, are drastically reduced because mea-
surements are carried out only in the vicinity of the focal points,
where main light contributions are coming from diffracted light
at the BPFL. Furthermore, owing to the simplicity of the method,
full calibration can be done, in most practical situations, without
moving the SLM from the original place for a given application.

Index Terms—Calibration, diffractive optical elements (DOEs),
spatial light modulator (SLM).

1. INTRODUCTION

PATIAL light modulators (SLMs) can be regarded as excel-
S lent tools to manipulate at will the amplitude and phase of
laser beams. They have been widely used to encode diffractive
optical elements (DOEs) and to manipulate a variety of light
properties, with important roles in linear/nonlinear microscopy
[1], micro-processing of materials [2], spatial beam shaping and
optical tweezers [3], wavefront sensors and adaptive optics [4],
or pulse shaping [5], among many other applications.

At present, spatial light modulation can be carried out with the
help of different devices. For instance, by using parallel aligned
liquid crystal on silicon (LCoS) SLMs, with refresh rates in
the order of few tens of Hz and phase-only modulation mode,
the required dynamic range of most applications is reached
[6]. Other devices, such as the digital micromirrors devices
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(DMDs), with refresh rates up to tens of kHz and amplitude-
modulation mode, may approach real-time responses [7]. In
addition, deformable mirrors offer the possibility to correct the
wavefront of light beams. The calibration method proposed in
this paper will be applied to phase-only SLMs, such as the
commercially available parallel aligned LCoS modulators.

Former devices usually required complex calibration proce-
dures. In the case of liquid crystal SLMs, complete calibration
may consider the own SLM as a retarder-rotator system [8],
which often exhibited a coupled phase and polarization mod-
ulation. In this context, theoretical expressions for the eigen-
values and the eigenvectors for twisted-nematic liquid-crystal
displays as a function of the twist angle and the birefringence
have been derived [9]. In this manuscript, authors also discuss
techniques for achieving amplitude-only modulation, and cou-
pled amplitude and phase modulation. Using another technique
in which Jones matrices describing their polarization, a char-
acterization of a reflective Holoeye LC-R 2500 SLM was also
carried out [10], and applied in a holographic optical tweezers
setup. Furthermore, a full characterization of an LCoS SLM,
for phase-mostly modulation has been done, showing that polar
decomposition of Muller matrices determines the polarization
properties of the device [11].

The calibration process determines the phase response of lig-
uid crystal SLMs as a function of a certain control parameter,
e.g., the voltage signal applied to each pixel of the device. The
relation between the output phase values and the input signal
e.g., 256 grey levels contained in the displayed image, is the
so-called calibration curve/function. The calibration process is
a mandatory task before carrying out most practical implemen-
tation of SLMs within optical systems. Now, several types of
calibration methods have been reported. In general, they can be
separated into two main groups. One of them are the interfer-
ometric methods whereas, on the other part, we can find the
diffractive-based ones. However, there are a remaining, but less
widespread, set of calibration methods that cannot be included
into the above groups.

The first group includes, but is not limited to, methods like the
Young’s fringes-derived phase characterization method [12]. In
this case, the interference pattern is achieved by using a mask
with two pinholes at the SLM plane, being the translation of
the fringes at the Fourier plane affected by the phase modu-
lation at each pinhole. Furthermore, the contrast of the fringe
patterns depends on the similarity degree between the two pin-
holes. When a SLM shows nonuniform spatial response in its
phase-versus-voltages curve, relatively complex interferometric
setups are applied for calibration purposes. This is the case of
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the optical setup shown in [13], where a Michelson architecture,
is composed, among other elements, of two polarizers, a piezo
mirror, a beam splitter, and a CCD camera. The position de-
pendent phase response of a transmissive SLM is measured and
corrected in [14] with a Mach-Zehnder interferometer, includ-
ing optical elements like polarizing beam splitters or two-lens
Kepler-type imaging optics. A method, based on a shear inter-
ferometer, able to simultaneously measure the amplitude and
phase modulation of a twisted liquid crystal display, in a rela-
tive simple manner, is shown in [15]. Here, it should be noted
that apart from the inherent drawbacks related to the alignment
of interferometers, as well as their high sensitivity to mechan-
ical vibrations or air turbulences, above-mentioned calibration
setups required a large number of optical elements.

Instead of interferometric, diffractive-based methods can be
alternatively implemented for obtaining the calibration curves.
In general these methods rely on the analysis of the diffrac-
tion field due to the interaction of light with certain multi-phase
DOEs, previously encoded into the SLM [16]. To get the cal-
ibration curve, they employ phase retrieval algorithms. Other
approaches simply quantify one of the parameters of the cor-
responding DOE in the far field, such as the intensity of the
diffraction orders created by a two-level grating [17] or the visi-
bility of a Fresnel image pattern [18]. Diffraction-based methods
are in principle less sensitive to environmental disturbances, but
in contrast they may be affected by residual intensity modula-
tion, and/or by the discrepancies introduced by the zero order
of diffraction associated with the non-diffracted light.

Other types of calibration methods, not included into the
above-mentioned groups, use polarization set-ups. Basically, to
obtain the calibration function, intensity measurements along
cross-polarizers are performed [14]. The first polarizer rotates
the input beam polarization at 45° with respect to the aligned
axis of the liquid crystal molecules. Then, a second polarizer
is set at —45° with respect to the input polarization plane. As
phase variations are converted into intensity fluctuations/phase
shifts for calibration purposes, above configuration is known
as intensity modulation. A complete characterization of a lig-
uid crystal SLM is possible with a system including additional
polarization elements [8], [19].

At this point, it is important to mention that accuracy of
most phase characterization methods can be significantly in-
fluenced by unwanted physical phenomena associated with the
performance of SLMs. For instance, it is well-known that tem-
poral fluctuations of the liquid crystal molecular orientation as
a function of time causes depolarization effects, deteriorating
the diffraction efficiency of SLM [20]. In fact, when tempo-
ral fluctuations occur, the hypothesis of constant phase during
measuring time is no longer valid. Another harmful effect that
should originate e.g., non-linear phase modulation or coupled
amplitude modulation, is related to the Fabry-Perot multiple-
beam interference generated by the intrinsic layer structure of
the liquid crystal device [21]. In this work, authors pointed
out that, in cases of illumination of LCoS SLMs under angles
other than normal incidence or/and phase modulation regimes
higher than 27, multiple reflection interference is increased.
These drawbacks, as well as many other problems, including
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non-uniformities in the backplane [14] or fringing field effects
[22], should be taken into account to a greater or lesser extent
depending on the accurate measurements required for a given
application. Furthermore, detailed studies of their consequences
on some interferometric or diffraction-based phase calibration
techniques have been reported [20]. Hence, the study of above-
mentioned effects is beyond of the scope of the present work.

In this manuscript we introduce an extraordinary simple and
compact diffractive-based method for calibrating the phase re-
sponse of a liquid crystal phase-only SLM. It is based on the
measurement of the focal irradiance of binary phase Fresnel
lenses (BPFLs) encoded into a phase-only SLM. Owing to cir-
cular symmetry of BPFLs, the measurement of the focal irra-
diance is carried out on-axis, which is usually of great con-
venience. Additionally, the influence of the zero order on the
focal irradiance measurements is quite mitigated because of
the preponderant diffraction nature of the collected light. Note
that, in comparison with a Fourier hologram that uses a lens
to focus the whole incoming light (modulated or not), Fres-
nel holograms given by BPFLs originate diffraction orders for
which contribution of non-modulated light is negligible. On the
other hand, the proposed diffraction-based optical setup can be
less affected by environmental fluctuations than other two-arms
interferometric arrangements used for the same purpose, with
the exception of methods based on in-line interferometric setups
that do not suffer from vibrations. As our method needs only
to record the irradiance of a well spatially localized focal point,
in principle, there is no need to use a measuring device with
spatial resolution. That is, light intensity changes at the focal
point can be collected with single-pixel detectors, e.g., photodi-
odes, power meters or even common spectrometers. Hence, the
optical system is composed, apart from the SLM itself, only of
a beam splitter and a light intensity-dependent measuring de-
vice. Furthermore, owing to the fact that intensity measurements
are relative our calibrating method is generally quite forgiving
to non-uniformity irradiance profiles, especially slowly varying
changes.

The content of the manuscript is organized as follows. In the
first section, we develop the theoretical model that supports the
phase calibration method. In the second section, a commercially
available SLM is employed to demonstrate the usefulness of
the proposed phase calibration method. In the third section,
a comparison of the obtained results with a similar off-axis
method, characterized by the use of binary phase gratings, is
carried out. Finally, in the last section, the main conclusions of
our work are presented.

II. THEORY UNDERLYING THE CALIBRATION METHOD

In this section, the theoretical basis of our method is demon-
strated. In particular, we will show that the diffraction efficiency
of a BPFL depends on the difference between its two constituent
phase levels. A BPFL consists of a set of radically symmetric
phase rings, which interchange their phase values between two
possible levels ¢, and ¢5. The rings are designed in such a way
that optical path lengths of rays diffracted from adjacent zones
differ by an integral multiple of a design wavelength A. Within
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the framework of the paraxial approximation, the radius r,, for
the nth zone is given by r2 ~ 2nA f [23]. Hence, BPFLs are op-
tical elements periodic in r2, with period r%, and transmittance
function ¢ (1) described by the Fourier series [24],
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After comparing the phase given in Eq. (1), with the quadratic
phase introduced by a well-known spherical lens, 772 /(A f), one
can realize that incident plane waves are diffracted in form of
spherical waves with foci located at the axial positions f,, =
r? /(2mA.). From Eq. (1), it is also apparent that the intensity of
each focus can be calculated through the squared modulus of
the corresponding coefficient in the Fourier series.

Neglecting reflection losses, we define the diffraction effi-
ciency of a BPFL as the ratio between the integrated irradiance
in the focus, and that of whole incident light. In mathematical
terms, diffraction efficiency 7,, yields
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From Eq. (2), it is apparent that the diffraction efficiency will
depend on the selected focus, whereas the highest focal intensity
(main focus) is obtained in the case m = 1. In addition, the
maximum focal efficiency is achieved when @9 — ¢; is equal to
multiples of 7. Equation (2) is the main theoretical result that
supports our phase calibration method.

Owing to the fact that each gray level sent to the SLM is
transformed into a given phase value, a complete set of BPFLs
can be always constructed by selecting pairs of gray levels,
e.g., the first one is zero and the second is set within the range
from 1 to 255. In our implementation, the gray level O (cor-
responding to the phase value ¢,) is fixed for all BPFLs. The
combinations of the gray level 0 with the remaining ones, al-
low us to define 255 different BPFLs. Then, measurements of
the integrated irradiance at a given focal plane, for the whole
set of BPFLs is enough to obtain the experimental curve of the
diffraction efficiency against gray level shifts. From the theory
discussed here, it might be clear that above experimental curve
is similar to the one predicted by Eq. (2), but now in terms of
the phase shifts. To obtain the phase calibration curve e.g., the
dependence of the gray levels with phase values, a suited fitting
between experiment and theory is done.

Thn =

III. EXPERIMENTAL IMPLEMENTATION OF THE METHOD

The phase calibration method proposed in this manuscript
was tested by using the optical setup shown in Fig. 1. Before
it impinges onto the beam splitter, the light beam emitted
by a He-Ne laser (model 1135P from UNIPHASE, emitting
at 632.8nm, and maximum output power of 10mW) is
conveniently expanded with a commercial telescope (model
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Beam block
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Fig. 1. Optical setup used for phase calibration of a phase-only SLM. The
light from a He-Ne laser impinges onto the SLM after being reflected in the
beam splitter. The camera collected the diffracted light at the focal plane of
BPFLs encoded into the SLM.

EL-25-5X-B from THORLABS). This allows filling the whole
area of the SLM display (Reflective PLUTO Phase Only SLM
from HOLOEYE) which has a resolution of 1920 x 1080 pixels,
with 8 micrometers of pixel pitch. The light beam reflected from
the SLM is then transmitted through the beam splitter and sent
to a conventional CCD camera (model UI-3480CP-M-GL from
UEYE). Here, the use of a measuring device with spatial resolu-
tion is only motivated by the comparison (in the next section) of
our method with an already established one. The intensity of the
light at the CCD plane is always kept under the saturation level
of the camera thanks to a previous attenuation of the light with
neutral filters (not shown in the optical setup). In left bottom
part of Fig. 1, the shape of a BPFL is also shown as an inset.

We encode a set of 255 different BPFLs into the SLM, con-
structed following the criteria described in the previous section.
In our experiment, the position of the camera coincides with the
main focal plane of BPFLs, which is located at 300 mm from the
SLM plane. The focal images due to the diffraction of light by
BPFLs are recorded with the CCD camera. The experiment is
controlled with a Matlab software that takes less than 5 minutes
to collect and process the data. We realize that this time duration
is mainly limited by the refresh rate of the SLM (up to 60 Hz),
and the integration time set in the camera, whereas in less extent
by the computer hardware.

From the recorded images, it can be obtained a signal propor-
tional to the integrated irradiance of each focus. Hence, we sum
the intensity of all pixels contained within the focal spot of the
images. The results are normalized and shown in Fig. 2(a).

As the focal widths do not change when varying the phase
of the BPFLs, both the number of pixels used to define the
focal regions, and their locations are always the same. The focal
region is defined by the 1/¢? criterion for the beam width. The
experimental curve of Fig. 2(a) shows a normalized integrated
irradiance (or diffraction efficiency) behavior similar to the one
described by Eq. (2), and represented in Fig. 2(b). Notice that, in
Fig. 2(a) the irradiance depends on the different gray levels used
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Fig. 2. Integrated irradiance at main focus plane of BPFLs in the region

defined by the criterion, (a) experiment and (b) theoretical expression given in
Eq. (2).
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Fig. 3.  Phase calibration function obtained with the proposed method, which
is based on a set of BPFLs encoded into the SLM.

to encoded the BPFLs, whereas in Fig. 2(b) the irradiance varies
with the phase values. The discrepancies between both curves
will allow us to extract the information regarding the phase
calibration. Here it should be mentioned that some extreme
points in the original experimental curve did not coincide with
the values 0 and/or 1. This usually occurs, among other factors,
due to non-homogeneities in the spatial phase response of the
SLM or in the linear polarization of the laser beam. By using
a discrete uniform distribution, we simulate the effect of non-
uniform phase encoding of BPFLs on the integrated irradiance.
Our simulation reproduced what happened in the experiment
with a root mean square error less than 14%. Therefore, to
obtain the experimental curve shown in Fig. 2(a), the original
raw data curve was numerically processed, following a standard
procedure e.g., see section 5.2 of manuscript [25].

From the results of Fig. 2 one can determine the phase cal-
ibration curve of the SLM, that is, the dependence of phase
values with the gray levels. To do that, phase shifts in Eq. (2)
are expressed as a function of the normalized irradiance values.
Then, normalized irradiance values, now taken from the experi-
mental curve, are substituted into Eq. (2). Owing to the fact that
the gray levels and phase values are linked by a common irra-
diance value, the phase calibration function can be generated.
Note that, to get a real function the above process is carried out
separately for each section of the curve defined between two
local minima and maxima or vice versa. The phase calibration
function is shown in Fig. 3. From this figure, it is clear that
phase range of the SLM is extended approximately from O to
3m. The information extracted from Fig. 3 can be useful for
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Fig.4. Comparison between two phase calibration functions, (a) curve plotted
with thick lines, obtained with the Ronchi grating method introduced in [17],
(b) curve plotted with square symbols, obtained with our proposed method using
BPFLs.

conveniently changing the look-up table, for example, to get a
linear dependence between phase values and gray levels.

IV. VALIDATION OF THE METHOD AND DISCUSSIONS

In this section we use a well-established phase calibration
method [17] to validate our proposal. For the experiment, we
took advantage of the optical setup described in Fig. 1, includ-
ing the same optical components. However, this time instead of
BPFLs, a set of 255 Ronchi grating patterns are encoded into
the SLM. They were designed with the equal gray level distri-
bution as used before for BPFLs. The corresponding diffraction
pattern at the Fourier plane is recorded again with the CCD
camera, but including now an extra refractive lens of 380 mm
focal length. The integrated irradiance was measured and nu-
merically processed [25] for all diffraction gratings. To define
the integration region, the 1/e? criterion for the beam width is
applied. Then, following a similar procedure as being described
in section III, the phase calibration function is determined. In
Fig. 4, this curve is represented with thick solid lines. In addi-
tion, with square symbols, but using only 33 points, is plotted
again corresponding phase calibration curve obtained with our
method, i.e., equal to the one shown in Fig. 3.

After a visual inspection of Fig. 4 one can realize that phase
calibration functions achieved with both methods are very simi-
lar. The root mean square error yields 6.2%. Small discrepancies
between both results can arise due to fluctuations in the laser
beam position and/or energy, as well as differences caused by
the spatial shape of focal points.

The last aspect may be better understood with the help of
Fig. 5, where typical foci recorded with both methods are shown.
In the method based on the implementation of Ronchi gratings,
the focus is off-axis, because one looks for the first diffraction
order of each grating, which typically have non circular sym-
metric spatial shape. In contrast, by using the method based
on BPFLs, all axial diffraction orders (or foci) are on-axis, and
consequently approach better to a circular symmetric pattern.
Hence, the selection of the integration region may be slightly
affected by the spatial shape of the focus.

So, from curves shown in Fig. 4 it is clear that our method
offers reliable data for phase calibration purposes. In the labora-
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Fig.5. Focalirradiance distribution of a pair of foci used for phase calibration,
(a) with the method based on Ronchi gratings [17], (b) with the method based
on BPFLs proposed in this manuscript.

tory, it has been also tested for different design parameters and
conditions. In particular, for other periods of BPFLs, for mea-
surements of the integrated irradiance at secondary focal planes,
and for additional criteria regarding the definition of the inte-
gration region around a given focus. In all cases, the experiment
gives results poorly dependent on the variable analyzed, with
root mean square errors always less than 5%. On the other hand,
by means of numerical simulations we also tested the method for
laser beams with Gaussian, and in general arbitrary, amplitude
distributions at the SLM plane. The simulations basically show
that phase calibration function does not change when modifying
the amplitude of laser beams at the SLM plane. This conclusion
might be expected since, from a practical point of view, relative
and not absolute irradiance measurements are carried out.

The proposed method is mainly limited by the following as-
pects. We cannot correctly encode BPFLs with a main focal
plane located below certain distance from the SLM. This criti-
cal distance can be calculated from the sampling criterion used
to encode the minimum feature size of BPFLs. In our case, we
assume that minimum feature size will be encoded with at least
two pixels, which let us to a critical distance of approximately
150 mm. Additionally, the proposed calibration method can give
only a global value of the calibration function, which is unable
to detect irregular phase responses associated with unexpected
pixel behaviors or a non-uniform linear polarization of the laser
beams, among other factors.

However, we believe that above-mentioned restrictions do not
introduce severe problems in most applications, ranging from
beam shaping to material processing or optical microscopy, be-
ing perhaps more critical for those situations where high quality
spatial or temporal resolutions are needed. In these cases, the
use of an SLM with increased spatial resolution, or the imple-
mentation of arrays of BPFLs may soften limitations.

V. CONCLUSION

In this manuscript, we propose an extremely compact phase
calibration method based on irradiance measurements of the
diffraction pattern originated by BPFLs at their focal planes.
The simplicity of the method mainly relies on the small num-
ber of optical components needed for the calibration, which are
limited to a common beam splitter, and an optical device able
to measure light intensity changes. In fact, for optical layouts

characterized by the use of reflective SLMs, having certain tilt
with respect to the laser beam, the beam splitter for the calibra-
tion is also unnecessary. Hence, in many cases, the proposed
method allows carrying out the calibration task without moving
the SLM from the original position chosen for the application.
In addition, due to its diffractive-based nature, the method is
less affected by environmental changes than other calibration
methods based on interferometric setups. For on-axis calibra-
tions, the method generates focal irradiance distributions with
circular symmetry, which can be convenient not only for phase
calibration under quasi-monochromatic radiation, but also for
simultaneously multi-wavelength calibration of broadband light
sources by using an adequate spectrometer.
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Diffractive control of 3D multifilamentation in
fused silica with micrometric resolution
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Abstract: We show that a simple diffractive phase element (DPE) can be used to manipulate
at will the positions and energy of multiple filaments generated in fused silica under
femtosecond pulsed illumination. The method allows obtaining three-dimensional
distributions of controlled filaments whose separations can be in the order of few
micrometers. With such small distances we are able to study the mutual coherence among
filaments from the resulted interference pattern, without needing a two-arm interferometer.
The encoding of the DPE into a phase-only spatial light modulator (SLM) provides an extra
degree of freedom to the optical set-up, giving more versatility for implementing different
DPEs in real time. Our proposal might be particularly suited for applications at which an
accurate manipulation of multiple filaments is required.

©2016 Optical Society of America

OCIS codes: (070.6120) Spatial light modulators; (190.0190) Nonlinear optics; (190.7110) Ultrafast nonlinear
optics; (320.6629) Supercontinuum generation.
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1. Introduction

Extremely short temporal light events can be regarded as excellent tools for accessing non-
linear optical effects, i.e., self-phase modulation, self-focusing, or plasma generation, due to
the combination of spatially focused and femtosecond time scale pulsed light. It is well-
known that a suited control over the spatial and temporal properties of ultrashort pulses allows
manipulating non-linear phenomena for developing multiple tasks, including two-photon
microscopy [1], cancer therapy [2], micro-processing of materials [3], or non-linear
spectroscopy [4]. Other settle-down applications i.e., for getting the initial seed in ultrafast
optical parametric amplifiers [5], or for synthesizing high harmonics [6] have also been
reported. Here, it is apparent that setting specific parameters to ultrashort pulses can be hard
to achieve due to several unwanted effects such as temporal dispersion or spatial phase
aberrations. In the temporal and/or spatial domains, pulse parameters can be changed in real-
time by using optical devices like liquid crystal SLMs [7-9], acoustic-optics crystals [10,11]
deformable mirrors [12] or digital micromirror devices (DMDs) [13,14].

On the other hand, the use of diffractive optics has demonstrated its capability to provide
not only compact temporal pulse shapers [15], but also to manipulate nonlinear optical
phenomena in the axial [16,17], as well as in the transversal direction of the pulse propagation
[18]. In this context, we will focus on filamentation [19], which is basically a non-linear
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propagation phenomenon that is extended a distance longer than the Rayleigh range
associated with the pulse. It is originated due to the balance of two main processes, pulse
focusing by Kerr effect and defocusing caused by the plasma. Regarding this topic, the
coherent nature of the filaments [20] has been investigated by means of several optical
setups/devices such as a diffraction-grating-based interferometer [21], collinear geometries
with time-delayed pulses [22], variable linear arrays of supercontinuum sources [23] or
programmable liquid crystal SLMs [24]. In addition, the filamentation process in fused silica
generated under femtosecond illumination has been studied by means of diffractive lenses
[24-26]. In particular, conventional arrays of diffractive lenses have been implemented as a
tool to generate multiple and predefined filaments in fused silica [24, 27]. At this point, we
want to note that the utilization of a conventional array of diffractive lenses for
multifilamentation has some drawbacks. The first one is related to the impossibility to bring
filaments closer to a distance smaller than twice the physical radius of a lens without using
additional optics (assuming arrays of equal lenses). The second drawback comes from the
apparent reduction of the numerical aperture of lenses with respect to the numerical aperture
of the optical system because of the array implementation itself. Furthermore, the different
spatial locations of lenses within an array cause the corresponding focal energies to strongly
depend on the initial irradiance distribution of the light source onto the plane of the lens array.

In this contribution we experimentally demonstrate a diffractive-based method to generate
arbitrary three-dimensional distributions of filaments in fused silica with accurate control over
the spatial locations of filaments. The filaments are originated after focusing femtosecond
laser pulses into a fused silica by using a single DPE. The encoding of the DPE into phase-
only liquid crystal SLM gives additional degrees of freedom to the proposed method,
allowing for a dynamic and more versatile operation. In addition, by modulating the phase
functions of the lenses we can vary their diffraction efficiency, so modifying the amount of
energy employed to produce each filament. Furthermore, due to the characteristics of the
encoding method, it is easy to generate filaments with lateral separations in the order of few
micrometers. Hence, it will be relatively simple to study the mutual coherence among
filaments without using two-arm interferometers or any additional optical components.

The content of the manuscript is organized as follows. In section 2, details of the encoding
method are given. In section 3, with the help of a femtosecond laser source and a
commercially available SLM, several multifilamentation processes by means of DPEs are
experimentally demonstrated. In section 4, we show the usefulness of DPEs to study the
mutual coherence among filaments contained within two different spatial distributions.
Finally, in section 5 the main conclusions of our work are presented.

2. Basics of the encoding method

In this manuscript a spatially multiplexed procedure is used to encode a set of diffractive
lenses into a unique DPE(x,y). With this purpose, the phase information

Q, (x,y)=mod, {z[(x—x,)2 +(y—,)21/(f,4,)} corresponding to N~ different off-axis
Fresnel lenses, where n=1...N | is sampled with ¥ complementary spatially uniform masks
M, (x,y) suchas ¥ M, (x,y)=1. The function mod,, holds for the module 27z operation,

f, 1s the focal length of the nth lens for the central wavelength of the light source 4,, and
variables x and y represent Cartesian transverse coordinates. From the above expression,
each individual filament located at arbitrary transverse coordinates x,,y, within the fused

silica will be originated by the focused light associated with an off-axis kinoform lens also
centered at x,,y, . In mathematical terms, the resulted DPE(x,y) can be expressed as:

DPE(x,y) =M, (x,y)Q, (x, ) +..+ My (x,7)Qy (x,7) (1)
In order to get further insight into the implementation of this encoding method, we include
here a dummy example, see Fig. 1. In the first column of Fig. 1 the two-dimensional binary
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masks M, (x,y) employed for the sampling process are given. The square gray or black zones
within these masks have values one or zero, respectively. In practice, each zone will
correspond to one pixel of the SLM. For this example the phase functions Q, (x,y) do not
represent lenses, but are substituted by the simple patterns shown in the second column of Fig.
1. In the right part of Fig. 1, the DPE(x,y) assessed from the sum of sampled functions

Q, (x,»), as indicated in Eq. (1), is shown. Hence, it is clear that Fresnel lenses are encoded

with different sets of pixels of the SLM. This allows for a separate manipulation of the
position and energy coupled into each focus.

DPE
HEINENEH
[2]4]2]4]2]4]

[214]2[4[2]4]
[1]3]1[3[1]3]

HEEEE [2]4]2]4]2]4]

EIEIEIEIEIE
HEHEEEEH N
[4]4]4]4]4[4 ] |
[4[4]4]4]4]4]

4144414140 14]

Fig. 1. Dummy example of the encoding method by steps: binary masks (left column),
functions to be encoded (middle column), sampled functions (right column), and constructed
DPE (right-part).

Note that, the applicability of this encoding method depends on the accuracy of the
sampling process, which is directly linked to the pixel width. At this point, we point out that a
good sampling process should allows reconstructing the original function by simple
extrapolation. So, the number of lenses that can be encoded with this method depends on the
available pixel width. For instance, in our case we are able to encode up to 9 lenses with a
focal length of 245mm and a pixel width of 8 um . Furthermore, for a given pupil extension the
lower the pixel width the greater the energy at the focal point. In this context, it can be
demonstrated that the diffraction efficiency decreases quadratically with an increasing number
of the superposed Fresnel lenses.

In the literature, similar strategies for spatially multiplexed Fresnel lenses have been
reported [28-32]. For instance, it can be mentioned a method based on a random sampling of
the phase called random mask encoding [31], or another characterized by the application of
the weighted Gerchberg-Saxton algorithm [32]. In this manuscript we select a strategy that
allows us to carry out a uniform sampling of the phase onto the SLM display. The main
reason for doing that is obtaining similar amounts of energy at the focal points of Fresnel
lenses even when the laser irradiance at the SLM plane has not a uniform distribution. In
addition, as we will show later such a spatial multiplexed of lenses is very useful to achieve
independent and precise control of the multifilamentation process in bulk.
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3. Multifilamentation with DPEs

To experimentally show the ability of DPEs to manipulate at will some parameters of multiple
filaments developed in fused silica, we have constructed the optical setup shown in Fig. 2.
The DPEs are constructed following the procedure described in section 2. The light emitted
by a Ti: Sapphire femtosecond laser is used as pulsed illumination source. The output pulses
are about 30fs intensity full width at half maximum, with 1 kHz repetition rate, centered at
A, =800nm with an approximate energy per pulse of 800 . Before it impinges into the
liquid crystal SLM (Reflective PLUTO Phase Only SLM from HOLOEYE), the light is
spatially magnified with the help of a 4X reflective optical beam expander (BEO4R from
Thorlabs). This magnification allows the light to fill the whole area of the liquid crystal
display. After that, the light is sent to the SLM via a pellicle beam splitter (BP145B2 from
Thorlabs).

Laser beam
L, Output plane
SLM BS L, u PUI p
. FS
» ‘|:(:} 1D CCD,
i > K>
f1 ! f1 f2 s fz

CCD,

Fig. 2. Experimental setup for the generation of multiple filaments in fused silica with arbitrary
spatial distribution and controlled energy by using a single diffractive phase element encoded
into a phase-only SLM.

In order to get access to regions very close to the DPE, we form an image of the liquid
crystal display with the help of a 4f optical system. This optical system is composed of a
couple of lenses with focal lengths f =300mm and f, =150mm . The above combination of
lenses decreases by a factor of two the transversal extension of the DPE at the output plane of
our imaging system. Accordingly, the magnification of the imaging system in the axial
direction is 1/4 . After the output plane of the imaging system, the pulse focuses towards the
entrance face of a 10 mm thick fused silica (denoted as FS in Fig. 2), originating a spatial
distribution of filaments inside the sample. As the light is focused with the DPE encoded into
the SLM, non-diffracted light (e.g., zero order) does not contribute to the filament formation.
Aside, a microscopy objective (25mm/0.15NA from Ealing) is used to form an image of
the filaments with a magnification of 0.85 onto a CCD camera (model UI-1540SE-M-GL,
with resolution 1280x1024 and pixel width 5.2um from UEYE). Here, we conveniently
designed the DPEs to generate spatial distributions of filaments, all of them contained in
planes parallels to the plane of the CCD camera. This ensures that, for a given set of
experimental parameters i.e., fixed distances among filaments or specific focal lengths for
diffractive lenses, all filaments can be recorded at once with the CCD camera. In addition to
the above-mentioned camera, another CCD camera (model A102fc, with resolution
1388x1038 and pixel width 6.45um from Basler) is placed after the rear face of the fused
silica in a plane perpendicular to the propagation direction of the filaments, see Fig. 2. This
second camera is used to record images originated by the interference of multiple filaments as
we will later explain in section 4.

In the present experiment, the focal length of diffractive lenses for the central wavelength
of the pulse, 4,, is 245mm . However, owing to the 1/4 axial magnification of the 4f optical

system, all foci arise in a transversal plane located 61.25mm away from the output plane. In
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addition, the focal energy £, per diffractive lens is approximately 1.4 . This energy was

determined from the measuring of the average power 4 of the pulse at the output plane,

power
just after an iris that fits the pupil of the optical system in this plane. The iris eliminates
undesired light reflected from zones of the SLM display outside the pupil. Using the above
parameters and taking into account the repetition rate of the laser R, and the theoretical

the focal

rate ®

values for the fill factor F

factor

and diffraction efficiency of our SLM D

efficiency >

where

enses Rrate ) >

energy was calculated by the expression E .., =4, Fficior D /(N,

power " factor ™ efficiency

N,,... holds for the number of lenses encoded into the DPE. At this point, E, ,can be

compared with the energy necessary for generating filamentation. The filamentation regime is
achieved if the input power exceeds the critical power obtained from the balance between
Kerr self-focusing and plasma defocusing, P, =3.774; / (8znyn,) =2.5MW where n, =1.51

cr

is the refractive index of fused silica for 4,, and n, =2.48-107m*/W is the nonlinear

refractive index [33]. Hence, the energy per pulse needed for filamentation can be estimated
(E fpeaimin = 0-1413 ). This means that if all the available energy £, is employed for non-

foca
linear processes, up to 10 additional filaments per encoded lens could be generated. In this
context, it has been also shown [34] that for large focal lengths, the threshold energy for
filamentation decreases as the corresponding one for the optical breakdown increases. For the
parameters used in our experiments, e.g., f=245mm, and £, =14, the filamentation
process takes place far away from the optical breakdown, avoiding in this manner
modification of the optical parameters or damage of the fused silica. Please, note that for our
experimental conditions the size of the filaments (500pum ) is approximately seven times
bigger than the Rayleigh range (73 pum ) calculated in the linear propagation regime.

In Fig. 3, recorded images corresponding to four different spatial distributions of filaments

within the fused silica are shown. As expected, each distribution of filaments is generated by
focusing the light with a specific DPE.

500 pm |

500 pm |

500 ym

Fig. 3. Recorded images of different spatial distributions of filaments in fused silica due to the
focusing of ultrashort pulses with the DPEs shown aside.

To construct the DPEs, we follow the encoding method described in section 2. In all cases,
these DPEs are included at the right-part of the filament's images in Fig. 3. Specifically, a set
of nine filaments with relative lateral separations of 128 um are shown in Fig. 3(a). By
changing convergent even lenses by highly divergent ones in the previous DPE e.g., with
focal length of —500mm, another symmetric spatial distribution but this time composed of
five filaments with separations of 256um was given in Fig. 3(b). The energy associated with
the divergent wave at the focal region can be neglected in comparison with the energy of
filaments at this region. Note that, as the light is no longer focused when divergent lenses are
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used, we can remove the corresponding filaments within the fused silica. Furthermore, for all
distances among filaments such that interaction effects can be neglected e.g., like the cases
shown in Fig. 3, the encoding method ensures an independent control over the behavior of
each filament. With the help of another DPE, a set of five filaments with non-equal
separations is achieved in Fig. 3(c). Finally, the potential of the encoding method to generate
arbitrary spatial distributions of filaments is experimentally demonstrated in Fig. 3(d). In this
last case, a set of five filaments with non-linear increased/decreased distances among them
has been obtained.

At this point, it should be noted that both the energy and axial positions of filaments
shown in Fig. 3 are almost the same. Small discrepancies in the positions are less than 10 um |

which are in the order of the pixel size of our SLM, whereas energy variances are only about
8% . To get this, when necessary, the focal lengths of kinoform diffractive lenses were
slightly modified to correct for unwanted effects due to real experimental conditions. We
found that small misalignments of the beam onto the SLM plane led to visible changes of the
axial positions of filaments within the fused silica. The effect of misalignments can be more
clearly seen in Fig. 4 where sets of nine and five filaments achieved without, Figs. 4(a) or
4(c), and with, Figs. 4(b) or 4(d), modification of the focal lengths are shown. For instance,
when that focal length of all lenses was fixed to 245mm we recorded the image given in Fig.

3(c). In contrast, after setting the more convenient focal lenses f, =245.6mm, f, =245.0mm ,
Sy =246.0mm, f, =245.0mm and f5 =243.7mm we got the filament distribution shown
in Fig. 4(d). The variable f, refers to the focal length of the lens i within the DPE.

500 um

Fig. 4. Images of filaments in fused silica without (a, ¢) and with (b, d) corrections for the focal
lengths.

On the other hand, if required, the focal energy coupled into the filaments can be
conveniently decreased to finally obtain a similar amount of energy per filament. To do that,
one can change the diffraction efficiency of each lens, modulating its quadratic phases

Q, (x,y) with a multiplicative phase parameter & that ranges from zero to one. In the above
expression, the variables x,y represent again transversal coordinates onto the DPE plane.

This kind of shaping of the energy distribution per filament may be very useful in situations
when the amplitude of the laser beam at the DPE plane evidences clear inhomogeneities. In
this case, if a conventional array of lenses is used to focus the pulse like in [24], the amount of
energy coupled into the filaments could be quite different. In contrast, distributions of
filaments shown in Figs. 3 and 4 have almost the same intensity, so they seem to be not
affected by this problem. For this reason, in this experiment corrections were only done in the
focal lengths, but not in the diffraction efficiency of lenses. There are other well-known
factors i.e., laser beam aberrations [21] or non-uniform spatial phase response [22—-24] of the
SLM, that also can change energies and positions of foci. However, in our experiment the
high temporal stability of the obtained filaments suggests that possible effects introduced by
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time-dependent factors might be included into the scrambled distribution of filaments already
shown in Figs. 4(a) and 4(c).

Here, it should be mentioned that under broadband spectral illumination each wavelength
of the ultrashort pulse is focused by diffractive lenses at different axial positions. Specifically,
these positions follow an inverse dependence with the wavelength of light. This happens,
among other factors, because each diffractive lens can be optimized only for a particular
wavelength (usually the central wavelength of the pulse) and a given focal length. So, one
might expect that filaments generated by focusing ultrashort pulses with diffractive, instead of
refractive lenses, show somehow a different behavior due to several reasons. For instance, for
the same experimental conditions, i.e., equal numerical aperture, pulse energies and focal
lengths, the Rayleigh range due to diffractive lenses is longer than the one obtained by
focusing the pulse with a bulk refractive lens. In the temporal domain, basically owing to the
propagation time difference among pulses coming from the center and edges of the diffractive
lenses, the temporal duration of the pulse at the focus can significantly increase with respect
to the temporal pulse width achieved with corresponding refractive lenses. The comparison of
the filamentation process obtained with refractive and diffractive optics is beyond the scope of
this manuscript, but a detailed analysis of this topic can be found elsewhere [25].

4. Coherence properties of filaments

In this section we experimentally demonstrate the usefulness of the encoding method to
investigate the mutual coherence among filaments developed in fused silica. Note that, the
possibility to bring filaments as closer as the pixel width of the SLM can lead to interference
effects among them. In this experiment the ultrashort pulse is focused via DPEs into a fused
silica to form an array of filaments which are able to interfere. The conical emission due to
the nonlinear propagation of the pulse within the sample is superimposed to the interference
patterns. The spectral broadening within the visible region of the electromagnetic spectrum
originates colored interference patterns whose shapes will depend on the spatial distribution
of filaments.

In contrast to a classical two arm interferometer which is usually highly dependent on
environmental fluctuations and relatively difficult to align, the use of DPEs allows
implementing a compact and robust optical system to measure the visibility of the interference
fringes. It is basically composed of a couple of CCD cameras and a SLM. As explained in
section 3, the CCD camera placed perpendicular to the propagation direction of the filaments
is used to see the straight forward interference patterns, whereas the second camera placed
aside the fused silica allows recording the weak plasma emissions or filaments. A complete
schematic representation of the optical layout can be seen in Fig. 2. In this optical setup, a
suited filter (model KGS5, with 25mm of diameter from Edmund Optics) is utilized to remove
non-converted infrared light. For this application, each DPE can be regarded as a
programmable single arm interferometer which is poorly dependent on certain unwanted
phenomena i.e., mechanical vibrations. Although DPEs cannot be used to significantly vary
the delay among pulses that develop in different filaments, the positions of them inside the
fused silica can be precisely controlled (as demonstrated in section 3). In addition, the energy
coupled into the filaments could be also modified by decreasing the above-mentioned phase
parameter § associated with the diffraction efficiency of the lenses. However, owing to the
homogeneous spatial sampling of the lenses throughout the DPE, all generated filaments are
almost of the same energy, so the need from diffraction efficiency compensation i.e., for
instance claimed in [24], is not an issue in the present experiment.

In Fig. 5, the shape of interference patterns for different lateral separations/distances
among filaments distributed according to two spatial configurations are shown. The selected
distances 1 among filaments appear as an inset in the right-top part of corresponding images.
In the left-bottom part of the images indications of their longitudinal scales are included.
Typical longitudinal fringe patterns arise when two filaments interfere, whereas for an
arbitrary 3D distribution of filaments more complex spot-like patterns come out. In particular,
at the left-part of Fig. 5, two similar filaments located approximately at the same axial
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positions, but having increased/decreased lateral separations between them are shown. The
corresponding interference pattern is shown aside. Similarly, at the right-part of Fig. 5, with
the same lateral separations as before and following the 3D spatial distribution, images of
three filaments and their interference patterns are shown. These three constituent filaments are
located in the vertices of an equilateral triangle. In this case, note that visible variations in the
intensity of filaments are mainly due to locations of filaments at different planes within the
triangular distribution. As it might be expected, the longer the distance among filaments the
shorter the period of the interference fringes will be, and vice versa. In addition, one can see
that interference patterns are color-dependent. We found out that the distribution of colors
within the interference patterns changes with the penetration depth of filaments within the
fused silica. This effect seems to be related to two main factors, the change of chromatic
aberrations at the focal regions achieved for different focal lengths, and the variation in the
amount of material dispersion introduced by the fused silica for different penetration depths.

On the other hand, it is apparent that changes in the lateral distance among filaments
should not alter the visibility of the interference patterns. In fact, from Fig. 5 one can roughly
see that the contrast of these patterns is more or less the same in all cases. This guarantees a
high coherence among the different filaments. However, this is not longer true when
variations of distances take place in the axial instead of the lateral direction to the propagation
direction of the filaments.

250 pm 250 pm 1mm

1=128 ym

250 ym

1=256 ym

1=512 ym

Fig. 5. Images of filaments with corresponding interference patterns for different lateral
separations and spatial distributions. (a-d) two filaments located at the same plane (e-h) three
filaments located in the vertexes of an equilateral triangle.

In the next experiment we want to show that using DPEs it is possible to investigate the
effect of the axial separation of two filaments on the visibility of the interference pattern. Our
experimental results are shown in Fig. 6. The axial distances d shown as insets in the right-
top part of Figs. 6(a)-6(e) are taken with respect to the upper filament which is kept fixed. To
change the distance between filaments, the focal length of the diffractive lens associated with
the lower filament was ranged from 241.8 mm to 248.0mm by means of variable increments.

As the interference patterns are color-dependent, different visibility values were calculated
for each image corresponding to the red, green and blue (RGB) channels of the camera. These
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visibility values were determined for a couple of central fringes, using an irradiance profile
taken at the middle of each interference pattern. These irradiance profiles (also plotted with
red, green and blue colors) are shown in the right-part column of Fig. 6, together with the
corresponding three values of visibility added as insets. For comparison, all visibility values
were normalized with respect to the value achieved with the red channel in Fig. 6(c). This
maximum value corresponds to the situation when there is no separation between upper and
lower filaments. In this case, the visibility assessed due to the remaining channels is also the
greatest. Therefore, the visibility worsens while increasing the axial separation between
filaments. In these cases, the optical path and the delay between both filaments is no longer
zero because original infrared pulses pass through different amounts of material dispersion.

The experimental results shown in Fig. 6 also reveal that apart from the apparent changes
of visibility with the axial separation of filaments, there is an additional factor that could be
taken into account.

a) (oo

1mm

1mm

1mm

Fig. 6. Images of filaments (left-column) with corresponding interference patterns (middle
column) together with their RGB central profiles (right-column) for different axial separations.

This factor is the different behavior of the visibility parameter for each RGB image of the
interference pattern. For instance, for the experimental parameters used to get Fig. 6 i.c.,
penetration depths of filaments within the fused silica of about 4 mm or focal lengths around
245.0mm , the values of visibility achieved with the red channel are less affected by
variations of the axial position of filaments than corresponding values due to the remaining
channels. However, after changing the penetration depth of filaments within the fused silica,
the behavior of visibility parameter for each RGB images also varies. We found that, among
other reasons, this phenomenon is linked to the visible change in the azimuthal distribution of
colors (conical emission) within the interference pattern due to the modification of the
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penetration depth. The decrease of the visibility with the axial displacement is related to the
variations in the spatial and temporal overlapping conditions. Note that when filaments
develop at different penetration depths within the material, the intensity distribution of the
spectral components also changes, affecting the interference process.

In order to show this effect, a set of interference patterns obtained for three different
penetration depths (included with the variable p in their top-right parts) are shown in Fig. 7.
In this experiment, the interference patterns were originated by the interaction of a couple of
filaments having lateral (1= 216 um ), but not axial (d = 0) separations between them.

Fig. 7. Interference patterns due to the interaction of a couple of filaments for different
penetration depths within the fused silica.

To approximately introduce the same amount of chromatic aberrations, the focal length
(f =280mm) of the two diffractive lenses employed to generate the filaments remains the

same during the whole experiment. Instead, with the help of a motorized stage, the fused
silica was moved with respect to the filaments. After a visual inspection of Fig. 7, one can
conclude that the predominant color within the interference patterns is shifted when
modifying the penetration depth. In this context, several effects on the spatial, spectral, and
temporal characteristics of filaments for different positions of a fused silica with respect to a
fabricated kinoform DL (Institute of Automatics and Electrometry, Russia) have been recently
reported [26]. In particular, the tunability of the spectrum in the anti-Stokes side was
experimentally demonstrated, see Fig. 2 in [26]. So, the spectral behavior shown in Fig. 7
should depends on several factors, including material dispersion, initial pulse chirp, or
extension of the focal length. For instance, in the time domain increasing/decreasing the
material dispersion implies variations in the temporal width of the pulse, which clearly
influence the development of filaments within the fused silica, and consequently the
characteristics of corresponding interference patterns.

5. Conclusions

In this manuscript, we experimentally showed that DPEs encoded into a phase-only SLM can
be successfully utilized to generate arbitrary 3D spatial distributions of filaments in bulk
optics with micrometric spatial resolution. The spatial sampling procedure employed to
construct each DPE allows having high accuracy and independent control over some physical
parameters of filaments such as the energy coupled into the filaments or their positions within
the fused silica. We found that both the coupled energy and the relative positions of filaments
can be conveniently tuned by changing the diffraction efficiency, and the center of the
corresponding off-axis kinoform diffractive lenses, respectively. The usefulness and
robustness of DPEs for practical applications were tested with a couple of experiments
addressed to study the mutal coherence of filaments while they develop inside the fused silica.
In particular, we showed that visibility of interference patterns due to the interaction of
filaments within a predefined spatial distribution changes when modifying the relative axial
distances among filaments. Its maximum value is achieved when there is no axial separation
between filaments. In addition, for a selected pair of fringes we found that the visibility also
depends on the RGB image associated with the interference pattern.

In comparison with previous studies aimed to the control of multifilamentation processes
in fused silica by using arrays of diffractive lenses, our proposal showed some advances. The
most significant one is the possibility to bring filaments as close as the pixel width of the
SLM without using additional optical components. Another advance is the tested ability of
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DPEs to generate filaments with relative similar energies, regardless the homogeneity of the
beam's irradiance onto the DPE. These advances are made possible mainly due to the
homogeneous spatial sampling of the diffractive lenses, which also guarantees high numerical
aperture for the mix of lenses. However, with the encoding method used in this manuscript
one can encode only a limited amount of lenses, basically because the sampling of the phase
associated with each lens gets worse when increasing the number of lenses in the DPE. This
drawback might be softened if technology behind the next generation of SLMs allows for
devices with better resolution and lower pixel width.
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The aim of this article is to visually demonstrate the utilization of an interferometric method for encoding complex fields associated with coherent
laser radiation. The method is based on the coherent sum of two uniform waves, previously encoded into a phase-only spatial light modulator
(SLM) by spatial multiplexing of their phases. Here, the interference process is carried out by spatial filtering of light frequencies at the Fourier
plane of certain imaging system. The correct implementation of this method allows arbitrary phase and amplitude information to be retrieved at
the output of the optical system.

It is an on-axis, rather than off-axis encoding technique, with a direct processing algorithm (not an iterative loop), and free from coherent noise
(speckle). The complex field can be exactly retrieved at the output of the optical system, except for some loss of resolution due to the frequency
filtering process. The main limitation of the method might come from the inability to operate at frequency rates higher than the refresh rate of the
SLM. Applications include, but are not limited to, linear and non-linear microscopy, beam shaping, or laser micro-processing of material surfaces.

Video Link

The video component of this article can be found at https://www.jove.com/video/59158/

Introduction

Almost all laser applications are in close relation with the management of the optical wavefront of light. In the paraxial approximation, the
complex field associated with the laser radiation can be described by two terms, the amplitude and the phase. Having control over these two
terms is necessary to modify both the temporal and the spatial structure of laser beams at will. In general, the amplitude and the phase of a
laser beam can be properly changed by several methods including the use of optical components that range from single bulk lenses, beam
splitters and mirrors to most complex devices like deformable mirrors or spatial light modulators. Here, we show a method for encoding and
reconstructing the complex field of coherent laser beams, which is based on dual-phase hologram theory1, and the utilization of a common-path
interferometer.

Nowadays, there exists a wide variety of methods to encode the complex fields of laser beams®**®. In this context, some well-established
methods to produce phase and amplitude modulation rely on the use of digital hologramss. A common point in all these methods is the necessity
of generating a spatial offset to separate the desired output beam from the zeroth-order coming from the reflection of light at the SLM display.
These methods are basically off-axis (usually applying for the first diffraction order of the grating), employing phase grating not only to encode
the phase, but also to introduce necessary amplitude modulation. In particular, amplitude modulation is performed by spatially lowering the
grating height, which clearly degrades the diffraction efficiency. The hologram reconstruction process mostly gets an approximate, but not exact,
reconstruction of the amplitude and phase of the desired complex field. Discrepancies between theory and experiment seem to appear from an
inaccurate encoding of the amplitude information as well as other experimental issues happening during the spatial filtering of the first diffraction
order or due to SLM pixilation effects. In addition, the intensity profile of the input beam can introduce restrictions on the output power.

In contrast, with the introduced method’, all light management is carried out on-axis, which is very convenient from an experimental point of view.
Additionally, it takes advantage of considering, in the paraxial approximation, the complex field associated with laser beams as a sum of two
uniform waves. The amplitude information is synthetized by the interference of these uniform waves. In practice, such interference is carried out
by spatial filtering of light frequencies at the Fourier plane of a given imaging system. Previously, the phase patterns associated with the uniform
waves are spatially multiplexed and encoded into a phase-only SLM (placed at the entrance plane of this imaging system). Hence, the whole
optical setup can be regarded as a common-path interferometer (very robust against mechanical vibrations, temperature changes, or optical
misalignments). Please, note that the abovementioned interference process can be alternatively accomplished by using other optical layouts:
with a couple of phase-only SLMs properly placed within a typical two-arm interferometer, or by time sequentially encoding the two phase
patterns into the SLM (previous introduction of a reference mirror in the optical setup). In both cases, there is no necessity of spatial filtering, and
consequently no loss of spatial resolution, at the expense of increasing the complexity of the optical system, as well as the alignment process.
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Here, it should be also emphasized that by using this encoding method, the full spectrum of the desired complex field can be exactly retrieved
at the Fourier plane, after filtering all diffraction orders but the zeroth one.

On the other hand, the efficiency of the method depends on several factors: the manufacturer's specifications of the SLM (e.g., fill factor,
reflectivity, or diffraction efficiency), the size of the encoded pattern, and the way at which the light impinges onto the SLM (reflection with a
small hitting angle, or normal incidence by using a beam splitter). At this point, under proper experimental conditions, the measured total light
efficiency can be more than 30%. However, note that that the total light efficiency just due to the use of the SLM can be less than 50%. The lack
of random or diffuser elements within the optical setup allows the retrieving of amplitude and phase patterns without coherent noise (speckle).
Other significant aspects to point out are the utilization of a direct codification algorithm rather than iterative procedures and its ability to perform
arbitrary and independent amplitude and phase modulation at the frequency refresh time of the SLM (up to hundreds of hertz according to the
current technology).

In principle, the method’ is intended to be used with input plane waves, but it is not limited to that. For instance, if a Gaussian beam is hitting the
SLM, it is possible to modify its irradiance shape at the output of the system by encoding a suited amplitude pattern into the SLM. However, as
the intensity of the output beam cannot exceed that of the input beam at any transversal position (x,y), the shaping of the amplitude is performed
by intensity losses originated by a partially destructive interference process.

io(x.y)

The theory underlining the encoding method’ is as follows. Any complex field represented in the form U(x,y)= A(x,y)e can be also rewritten

as:

U{X;,V }: B&"':E'x-'?"'I a Bef-_'.JIX_}-"I(,I)

where

6(x,y)=0(x,y)+cos *[A(x,y)/A... 1@

S(x,y)=0(x,y)—cos '[A(x,y)/A... 103

In equations 1-3, the amplitude and phase of the two-dimensional complex field U(x,y)is given by A(x,y) and @(x,y), respectively. Note that,
terms Ap,ax (maximum of A(x,y)) and B = A,a/2 do not depend on the transversal coordinates (x,y). From the theo_:%/, if we set Ana=2, then B =1.
Hence, the complex field U(x,y) can be obtained, in a simple manner, from the coherent sum of uniform waves Be' *¥ and Be,e&”,yf. In practice,
this is accomplished with a common-path interferometer made up of a single phase element a(x,y), placed at the input plane of an imaging
system. The single phase element is constructed by spatial multiplexing of the phase terms J(x,y)

and 6(x,y) with the help of two-dimensional binary gratings (checkerboard patterns) M;(x,y) and My(x,y) as follows
M, (x,y)e " + M, (x,y ") == (4)

hence,

alx,y) =M, (x,y)dx, y)+ M, (x,y}Hx,y) 5)

These binary patterns fulfill the condition M;(x,y) + Mx(x,y) = 1. Note that, the interference of uniform waves cannot happen if we do not mix the
information contained in the phase elementa(x,y). In the present method, this is carried out by using a spatial filter able to block all diffraction
orders but the zeroth one. In this way, after the filtering process at the Fourier plane, the spectrum H(u,v)= F{e’”("'y)} of the encoded phase
function is related to the spectrum of the complex field F{U(x,y)} by the expression

F{u(x,y )} )

Hu,v )Plu,v)=
In Eq. (6), (u,v) denote coordinates in the frequency domain, P(u,v) holds for the spatial filter, whereas the Fourier transform of a given function
O(x,y) is represented in the form F{O(x,y)}. From Eq. (6), it follows that, at the output plane of the imaging system, the retrieved complex field
Urer(x,y), (without considering constant factors), is given by the convolution of the magnified and spatially reversed complex field U(x,y) with the
Fourier transform of the filter mask. That is:

U (x,¥) = U(= x/ Mag,-y / Mag) @ F{P(u,v)} (7)
In Eq. (7), the convolution operation is denoted by the symbol (%), and the term Mag represents the magnification of the imaging system.

Hence, the amplitude and phase of U(x,y) is fully retrieved at the output plane, except for some loss of spatial resolution due to the convolution
operation.

1. Encoding the Complex Field into a Single Phase Element

1. From the technical specifications of the SLM, find its spatial resolution (for instance 1920 pixels x 1800 pixels).
2. Define and generate the desired amplitude A(x,y) and phase ¢(x,y) patterns as digital images.
1. Set the spatial resolution of abovementioned digital images equal to that of the SLM display.
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2. Set abovementioned digital images in gray level format.
3. Set the minimum and maximum values of the amplitude and phase images from 0 to 255, and from -11/2 to T1/2, respectively.
4. Set Anax = 2in equations 2 and 3, and computer-generate the phase patterns J(x,y) and 6(x,y) from them.

3. Computer generate the checkerboard patterns M;(x,y) and My(x,y).
1. Set the spatial resolution of these checkerboard patterns equal to that of the SLM display.
2. To reduce the effect of pixel crosstalk, generate other pairs of checkerboard patterns M,(x,y) and M,(x,y) constructed with different pixel
cells having an increased number of pixels (for instance: 2x2, 3x3, and 4x4 pixel cells, efc.).
CAUTION: When increasing the pixel cell, the total number of pixels of checkerboard patterns must be kept unchanged and equal to
the spatial resolution of the SLM. Ensure that final number of pixels of all checkerboard patterns remains the same after modifying their
pixel cells.

4. Computer generate the single phase element a(x,y) from equation 5.
NOTE: See supplemental material named “MATLAB_code_1.m” for related tasks on step 1 of this protocol.

2. Reconstruction of the Complex Field

Use a collimated, linear polarized, and spatially coherent laser beam as a light source.

Use a phase-only SLM with at least 21 phase range.

When necessary, use a proper beam expander to adjust the size of the beam to the size of the SLM display.

When necessary, use an optical polarizer to set laser beam polarization to the horizontal direction. This is usually important for the proper

operation of phase-only SLMs, which are typically designed to modulate the spatial phase of the electromagnetic field that oscillate in the

horizontal direction, keeping unchanged its vertical components.

5. In order to send a phase pattern to the SLM, follow standard communication protocols given by the SLM’s manufacturer to connect and
control the SLM with the computer.

NOTE: Common protocol for this purpose includes the use of a calibration curve to transform the values in radians (due to mathematical
operations with angles) into gray level ones, which the electronic control unit of the SLM will finally convert into voltage levels. Additionally,
as the SLM is connected to computer as an external device with its own screen, an extension of the computer screen is usually necessary,
as well as a proper program to send the corresponding gray level images to this extra screen. An example of these codes is also included as
supplemental material (please, see MATLAB_code_2.m).

6. Implement an image optical system and put the display of the SLM in the input plane of this system.

1. Use a refractive lens of a focal length fto construct a 2f x 2f optical image system (a 4f optical system is also valid for this task). In
accordance with the expected output size of the complex field, beam width, wavelength of light, and the available physical space,
employ lens/lenses with suited technical specifications (e.g., coating, size, focal length, etc.).

2. To find the position of the output plane of the imaging system, send the phase pattern a(x,y) to the SLM and visually look for the
recorded image (depending on the position of the camera) with the best spatial resolution.

CAUTION: In the case of low-size pixel cells (for instance, 1x1 pixel cells) and SLM displays with pixel widths of a few microns (for
instance, 8 ym), only beam propagation can produce interference between encoded uniform waves, getting a reconstructed images
without including the circular iris in the imaging system. Use low-size pixel cells to locate the position of the output plane.

3. Place a circular iris of variable diameter at the Fourier plane of the optical system and align its center with that of the laser beam focus.

4. To adjust the size of the circular iris at the Fourier plane, send the phase pattern a(x,y) and visually look for the recorded image
(depending on the diameter of the circular iris) with best spatial resolution.

CAUTION: In the case of long-size pixel cells (for instance, 4x4 pixel cells), the interference between encoded uniform waves is
basically carried out with the spatial filter. Use long-size pixel cell to adjust the size of the circular iris. In this protocol, the terms
low-size and long-size are referred to the number of pixels contained within a pixel cell. However, the abovementioned interference
depends also on the pixel width. Employ SLMs with pixel widths equal or less than 8 um.

PON=

7. Send the gray level image corresponding to the phase element a(x,y) to the SLM.
1. To minimize the crosstalk effect, look for the best pixel cell size which allow achieving the recorded image with the higher spatial
resolution.

3. Measure the Reconstructed Complex Field

1. Implement the polarization-based phase shifting techniques.

1. Place and align the rotation angle of the first optical polarizer, located just before the SLM (see Figure 2). To set the rotation angle of
the first polarizer, visually look for the maximum and minimal light transmittance in the CCD camera (placed at the output plane of the
imaging system), depending on the rotation of the polarizer. Write down the two corresponding angles of the polarizer. Fix the final
angle of the polarizer to that between the two previous-recorded angles.

2. Place and align the rotation angle of the second optical polarizer, located after the Fourier plane of the imaging system (see Figure 2).
To set the rotation angle of the second polarizer, visually look for the sharpest and most blurred images in the CCD camera (placed at
the output plane of the imaging system) after sending the phase pattern a(x,y) to the SLM. Write down the two corresponding angles of
the polarizer. Fix the final angle of the second polarizer to that between the previous-recorded angles.

2. Record the interferograms.
1. Keep the CCD camera at the output plane of the imaging system.
2. To record the first interferogram, add a matrix of O radians to the phase element a(x,y) and send it to the SLM. Record corresponding
image /4(x,y) with the CCD.

Copyright © 2019 Journal of Visualized Experiments January 2019 | 143 | 59158 | Page 3 of 7
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3. To record the second interferogram, add a matrix of 1/2 radians to the phase element a(x,y) and send it to the SLM. Record
corresponding image /,(x,y) with the CCD camera.

4. To record the third interferogram, add a matrix of 1 radians to the phase element a(x,y) and send it to the SLM. Record corresponding
image /3(x,y) with the CCD camera.

5. To record the fourth and last interferogram, add a matrix of 31/2 radians to the phase element a(x,y) and send it to the SLM. Record
corresponding image /4(x,y) with the CCD camera.

3. Reconstruct the complex field.
NOTE: See supplemental material named “MATLAB_code_3.m” for related tasks on this point of the protocol.
1. Retrieve the amplitude of the complex field A etieveq(X.y) by using the expression

Ao 0¥ = JILOGY) =1y P = L6,y )= L Oy )P (®)
2. Retrieve the phase of the complex field @erieved(X,y) by using the expression
@ ienes (X, Y )= arctan | M (9
o LGy )=10ey) ]

Representative Results

The spatial resolution of the employed phase-only SLM is 1920 pixels x 1080 pixels, with a pixel pitch of 8 um. The selected amplitude A(x,y)
and phase ¢(x,y) of the complex field are defined by two different gray level images corresponding to the well-known Lenna’s picture (amplitude
pattern) and a young girl sticking out her tongue (phase pattern), respectively. In general, for both, the generation of necessary patterns, and
the control of the SLM, Matlab codes are utilized. The spatial resolution of these images is set to be 1920 pixels x 1080 pixels. Then, equations
2 and 3 are used to determine the phase patterns J(x,y) and 6(x,y) for An.x = 2. Note that, the numerical value given to A, guaranties that
term B = 1 and consequently, the complex field U(x,y) described by Eq. (1) can be understood as the sum of two uniform waves in the simplest

form U(x,y) = e 1 ) Now, different pairs of binary checkerboard patterns M;(x,y) and My(x,y) (for increased pixel cell sizes), but equal
spatial resolution (1920 pixels x 1080 pixels), are computer generated. Particularly, checkerboard patterns made up of 1x1, 2x2, 3x3 and 4x4
pixel cells are digitally constructed by using a programed Matlab function. All abovementioned patterns A(x,y), @(x.,y), 3(x.y), 8(x.y), M4(x,y), and
My(x,y) are shown in parts A, B, C, D, E, and F of Figure 1, respectively. In parts E and F, and just to get a better visualization of the structure
of checkerboard patterns, the constituent pixel cells are of 240 pixels x 240 pixels. From Eq. 5, a set of phase elements a(x,y) for each pair of
previously-designed checkerboard patterns are digitally constructed.

: _ U -2 0
Figure 1: Computer generated patterns associated with the introduced encoding method. (A) User-defined amplitude pattern of the
complex field. (B) User-defined phase pattern of the complex field. (C) Phase pattern corresponding to the first uniform wave in equation 1. (D)
Phase pattern corresponding to the second uniform wave in equation 1. (E) First checkerboard pattern following the sampling process described
with equation 4. (F) Second checkerboard pattern following the sampling process described with equation 4. Please click here to view a larger
version of this figure.

At this point, the expected complex field U(x,y) can be experimentally retrieved at the output plane of an imaging system, once the phase
element a(x,y) is sent to the phase-only SLM and the interference between encoded uniform waves takes place. To perform this interference, a
spatial filter (for instance, a circular iris) is adjusted in size to block all frequencies but the zeroth one at the Fourier plane of the imaging system
(Figure 2).
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Laser beam

Figur;e 2: Optical setup u‘sed to accomplisr; ‘the encoding metﬁt;d. Imaging system—composed of a spatial light modulator (SLM), beam
splitter (BS), and single refractive lens (L) of focal length 200 mm. In the Fourier plane is included a hard iris, which is employed as a spatial
filter (SF) to block all frequencies but the zero one. In addition, at the output plane of the imaging system is placed a camera (CCD) to record

amplitude patterns, and interferograms. Only to measure the generated complex field by means of polarization-based phase shifting technique, a
couple of optical polarizers (P) are properly located within the optical setup. Please click here to view a larger version of this figure.

As a light source, a Ti: Sapphire laser oscillator (working out of the mode locked condition to emit a quasi-monochromatic laser radiation of
about 10 nm intensity full width at half maximum (FWHM) and centered at 800 nm) is employed. In addition, to fill almost all the active area

of the SLM display (8.64 cm x 15.36 cm) with the laser beam, a commercial 5x telescope beam expander is used. The laser beam is sent (in
normal incident) to the display of the SLM by means of a pellicle beam splitter. A refractive lens of focal length 100 mm is placed 200 mm after
the SLM and aligned with respect to the optical axis of the laser beam reflected back from the SLM. To locate the position of the output plane
of the imaging system, the image of A(x,y) recorded the CCD camera was found. This is done once the phase element a(x,y) (formed with 1x1
pixel cells) is sent to the SLM. Then, a circular iris is placed at the Fourier plane of the optical system, and aligned with respect to the focus of
the laser beam. In addition, to adjust the size of the circular iris, its diameter is varied until better image reconstruction is achieved by visual
inspection in the CCD camera. To this purpose, the phase element a(x,y) (digitally constructed with 4x4 pixel cells) was previously sent to the
SLM. To minimize the effect of pixel crosstalk, the best phase element a(x,y) (depending on the pixel cell size) that allows achieving the image
with higher spatial resolution in the CCD is found.

In order to corroborate that the desired complex field is reconstructed at the output plane of the imaging system, the already-mentioned
polarization-based phase shifting technique is used to measure its amplitude and phase. To do that, a couple of polarizers p (one placed before
the SLM, and another after the output plane of the imaging system) are properly aligned within the optical setup (see Figure 2), following the
procedure described in steps 3.1.1 and 3.1.2 of the protocol. Then, the interferograms associated with the four-step phase shifting technique
11(x,y), 1a2(x,y), 13(x,y), and l4(x,y) are recorded with the CCD camera (already placed at the output plane of the imaging system). Here, it should
be recalled that these four interferograms are recorded with the camera after the addition of 0, T/2, 1, and 31/2 to the phase element a(x,y) (see
steps 3.2.2 - 3.2.5 of the protocol for details). Finally, using equations 8 and 9, the amplitude and phase of the reconstructed complex field can be
retrieved. For this experiment, the results are shown in Figure 3.

0(x,y)

(P{ X,y ] retrieved

E)| 2

Figure 3: Representative experimental results under quasi-monochromatic illumination. (A) User-defined amplitude pattern of the complex
field. (B) User-defined phase pattern of the complex field. (C) Interferograms associated with the polarization-based phase shifting technique
developed in four steps and obtained after adding 0, /2, 11, and 31/2 to the phase element a(x,y). (D) Retrieved experimental amplitude pattern.
(E) Retrieved experimental phase pattern. Please click here to view a larger version of this figure.

Supplemental Materials. Please click here to download the files.
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In this protocol, practical parameters as the pixel width of the phase-only SLM or the number of pixels contained within pixel cells of a computer-
generated pattern are key points to successfully implement the encoding method. In steps 1.2, 1.3, and 1.4 of the protocol, the shorter the pixel
width, the better the spatial resolution of the retrieved amplitude and phase patterns. In addition, as the codification into the SLM of abrupt pixel-
to-pixel phase modulations can originate unexpected phase responses (pixel crosstalk), the construction of checkerboard patterns (as described
in step 1.3) should be linked to the increment of the number of pixels within pixel cells. The main reason to do that is to mitigate the effects of
pixel crosstalk on the retrieved amplitude and phase patterns. However, when increasing the number of pixels within the pixel cells, the spatial
resolution of the recorded complex field patterns Ayetrieved(X,¥) and @rerieved(X,y) is decreased. Hence, having high spatial resolution SLMs with low
pixel widths allows reducing possible crosstalk effects, without losing significant spatial resolution in the retrieved amplitude and phase patterns.

Furthermore, in step 1.2.3 of the protocol, the phase of the complex field is defined from - 11/2 to T1/2. The main reason for setting such phase
range is to generate a phase element a(x,y) ranging from -1 to 11, which can be implemented into a SLM with 21 of phase range. However, if the
phase range of the available SLM is greater than 21, the phase of the complex field could be defined within an extended range (for instance: for
@(x,y) ranging from -1 to 1, the phase element a(x,y) may range from -311/2 to 31/2, and consequently the phase range of the SLM must be, at
least, 3m).

The characteristics of the laser beam could also influence the results of the encoding method. Pay special attention to the steps 2.1-2.4,
setting the right polarization direction, collimation, and transversal size of the laser beam before following the remaining steps of the protocol.
Furthermore, as phase-only SLMs are basically diffractive-dependent optical devices based on the interference phenomenon, it is necessary to
use laser beams with high/good spatial coherence.

On the other hand, instead of quasi-monochromatic, ultrashort pulsed illumination also allows obtaining good results. In this case, the different
spectral components of the pulse are phase modulated (in a very similar manner) just with the single phase element a(x,y). Here, to show the
effect of a broadband light source on the encoding method, we repeat all steps of the protocol, but this time for pulsed radiation (an ultrashort
pulse of about 12 fs FWHM, centered at 800 nm, spectral bandwidth of 100 nm FWHM, emitted by a mode-locked Ti:Sapphire laser from the
femtolaser, at a 75 MHz repetition rate). The results are shown in Figure 4. Note that, due to the mix of the different spectral components of the
pulse, the retrieved patterns are very close to the expected ones.

A(x,y)

Figure 4: Representative experimental results under ultrashort pulsed illumination. (A) User-defined amplitude pattern of the complex
field. (B) User-defined phase pattern of the complex field. (C) Interferograms associated with the polarization-based phase shifting technique
developed in four steps and obtained after adding 0, T/2, 11, and 31/2 to the phase element a(x,y). (D) Retrieved experimental amplitude pattern.
(E) Retrieved experimental phase pattern. Please click here to view a larger version of this figure.

Laser beams are intrinsically complex fields, so in most potential applications one should be able to modify their amplitude and phase,
simultaneously. The present method allows to do that by means of a single phase element (implemented or not into a phase-only SLM). We
believe that, in a near future, this method could be employed, for instance in the illumination path of mi(:roscopesg'10 for simultaneous linear

and non-linear excitation of different zones of biological samples, or in parallel micro-processing“’12 of materials. In both applications the role

of amplitude modulation is apparent, meanwhile phase modulation can be utilized, at the same time, for compensation of optical aberrations at
the sample/processing plane. Finally, it should be mentioned that the encoding method described with the present protocol is not limited to the
utilization of SLMs. Fixed phase elements a(x,y) constructed with other techniques (for instance: photolithographic techniques) can be a different,
but equally valid option to implement this protocol.

The authors have nothing to disclose.
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We experimentally demonstrate Fresnel holograms able to
produce multifocal irradiance patterns with micrometric
spatial resolution. These holograms are assessed from the
coherent sum of multiple Fresnel lenses. The utilized en-
coded technique guarantees full control over the recon-
structed irradiance patterns due to an optimal codification
of the amplitude and phase information of the resulting
complex field. From a practical point of view, a phase-only
spatial light modulator is used in a couple of experiments
addressed to obtain two- and three-dimensional distribu-
tions of focal points to excite both linear and non-linear
optical phenomena. © 2018 Optical Society of America

OCIS codes: (050.1970) Diffractive optics; (120.5060) Phase modu-
lation; (180.4315) Nonlinear microscopy; (230.6120) Spatial light
modulators.
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Diffractive phase optical elements (DPOEs) have been demon-
strated as useful tools to get partial and sometimes full control
over the behavior of laser beams in a wide variety of applica-
tions. For instance, the design of several types of phase-only
filters [1-6] has found usefulness for optical encryption [4],
correlation discrimination [5], or pulse shaping [6]. Other
types of DPOEs have been proposed as a practical alternative
to bulk optics for applications in which the generation of an
array of focal spots is mandatory, such as paralle] material
processing [7], digital lensless holographic microscopy [8],
second-harmonic generation [9], or multifilamentation [10].
Furthermore, the use of iterative Fourier transform algorithms
[11-16] allows us to design DPOEs that can be utilized to
create arbitrary holographic atom traps [15], or make spatial
and temporal beam shaping [10,16].

It is well known that DPOEs can be fabricated by means of
the photolithographic technique or implemented onto spatial
light modulators (SLMs) to work under either static or dynamic
conditions. In particular, phase-only SLMs have demonstrated
good performance in applications that demand high diffraction
efficiency DPOEs, which also can be temporally modulated at
refresh rates on the order of a few Hz. Hence, the development
of efficient methods to encode the complex field of laser beams

0146-9592/18/051167-04 Journal © 2018 Optical Society of America

into a single-phase element is a key point for present and future
applications.

In this context, a simple focusing diffractive element (FDE),
i.e., a kinoform Fresnel lens, can be regarded as a simple Fresnel
hologram which, after its reconstruction at the focal plane, gen-
erates a given irradiance point. It is apparent that a single FDE
cannot be used to encode complex irradiance distributions, but
combinations of them have been employed, i.e., in holographic
femtosecond laser processing [17] or for the generation of
Bessel beam arrays [18]. To this end, a set of FDEs has been
encoded onto a Fresnel hologram to generate two- and three-
dimensional arrays of focal spots with high efficiency and
numerical aperture. However, some characterization parame-
ters of these irradiance points, i.e., energy, position or width,
depend on, among other factors, laser beam characteristics,
main features of the SLM, and particularly on the encoding
method employed.

Regarding this last aspect, there are a wide number of
reported encoding methods. For instance, in Ref. [18], the cor-
responding complex light fields are superposed, and the final
Fresnel hologram is obrtained after extracting the phase. In
another approach, the hologram is determined after imposing
certain conditions over the amplitude of the FDEs, compensat-
ing later unwanted interference effects by means of an optimi-
zation algorithm [17]. Additionally, an encoding method aimed
to produce three-dimensional arrays of focused spots of light
based on Damman gratings has also been demonstrated [19].
However, to the best of our knowledge, there is no report on
methods to encode, by means of the double-phase hologram
representation [20], the complex field obtained from the coher-
ent sum of phase lenses. Note that, in comparison with other
reported techniques, one able to reconstruct the complex field
with accuracy on the order of the pixel size should improve the
precision and quality of the focused spots.

In this Letter, we show a method to generate two- and three-
dimensional multifocal irradiance patterns of foci with precise
positions at micrometric scale, and arbitrary spatial distribu-
tions. In particular, we experimentally demonstrate full control
over positions, both in the transversal and axial coordinates of
multiple irradiance points with a spatial resolution on the order
of the pixel size of the SLM. Here, it should be mentioned that,
in comparison with other well-known methods to generate
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multifocal points based only on the phase information of lenses,
i.e., arrays or multiplexed lenses, the method proposed in this
Letter fully encodes the amplitude and phase of the complex
field obtained from the coherent sum of Fresnel lens functions.
Then, from the reconstructed complex field, we are able to pro-
duce as many foci as their widths and the available energy allow.
In addition, we can equalize the intensity of different foci
by proper weighting of individual lens functions. To test its
usefulness for applications in non-linear microscopy, we
include an experiment for simultaneous multifocal excitation
of a dendrite-shape distribution of 30 foci, with an average
diameter of 1.8 pm (measured following the 1/¢? criterion
for beam width determination), and located within a square
spatial window of only 55 x 55 pm inside an uncoated Type 1
p-BaB,O4 (BBO) crystal.

In order to get further insight on the encoding method [21],
the whole process is divided into three different steps. In the
first step, the complex field U(x, y) given by the coherent sum
of N weighted lens functions K ,,(x, y)e»®?), with n = 1...N,
is determined. Here, the amplitude of each lens is denoted by
K, (x, ), whereas their phases y,(x,y) can be defined by the
following expression:

7a(6y) = modiz{(x - £,)* + (v - n,)’l/(Af ), 22} (1)

In Eq. (1), the terms &, and #,, are the coordinates of the
center of the lenses, f, represents their focal lengths, and the
function mod(p, ) gives the remainder of the division of p by
g. Please note that for N > 1, both amplitude and phase of the
complex field U(x, y) depend also on the transversal coordi-
nates x, y. Hence, to encode into a phase-only SLM not only
the information of the phase corresponding to the complex
field, but also that of its amplitude, we carry out the procedures
described in the second and third steps.

In the second step, the complex field U (x, y) is conveniently
expressed as U(x, y) = 109 4 ¢(9) | where the phase ele-
ments 0 (x, y) and 0,(x, y) can be now calculated in terms of
the amplitude and phase of the complex field U(x, y) [20,21].
In the last step, two checkerboard patterns M, (x, y) and
M;(x,p), such as M;(x,y) + M,(x,y) = 1, taken at the
Nyquist limit, are used to sample the functions ¢1®) and
¢ (9 As the checkerboard patterns do not overlap in the spa-
tial domain, the following equality holds:

Mleiﬁl + szigz — ei(M1¢91+M292)' (2)

For clarity, in Eq. (2) the explicit dependence of all functions
with x and y has been omitted. From Eq. (2), a single-phase
element can be defined as a = M0, + M,0,. Note that at this
step of the process, the information from the uniform waves
¢ and ¢%2() that appears in @ has not been added co-
herently, but it is spatially distributed with the checkerboard
patterns M (x, y) and M,(x, y). In order to do this sum, a
4f imaging system, with a spatial filter, i.e., a hard iris, at
the Fourier plane is employed. The complex Fresnel hologram
is finally obtained at the output plane of the imaging system.
Note that the spatial filtering process allows carrying out the
coherent mix between both waves, as a common-path interfer-
ometer does. This represents a clear advantage over conven-
tional two-arm interferometers in terms of alignment time as
well as mechanical robustness. In addition, the Nyquist limit
condition together with the small pixel width of the SLM
(8 pm) ensure that most sampled functions implemented in
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the SLM can be regarded, after simple interpolation, as an
accurate representation of the original ones. Hence, the output
irradiance patterns reconstructed from our complex Fresnel
holograms can approach the positions of the corresponding
focal points with a spatial resolution on the order of pixel widch
of the SLM. Furthermore, the peak intensity of focal points can
be independently modified by changing the amplitude terms
K ,(x, y) associated to each lens function.

To experimentally test our proposal, we design a particular
phase element a able to generate a three-dimensional distribu-
tion of irradiance points that resemble the form of the word
UJIL. Each character of the word was designed to be recon-
structed at a different axial plane, so during the encoding
process, three different focal lengths were selected (400 mm,
600 mm, and 800 mm). The design of the phase element a
was carried out following the above-described encoding proc-
ess, and consequently, the desired irradiance distribution of
focal points was experimentally generated at the output plane
of certain 4 /" imaging system. Details of the whole optical setup
are shown in Fig. 1 (upper part).

The laser beam emitted by a commercial femtosecond am-
plifier is sent to the SLM by using several silver mirrors.
Before that, the laser beam passes through a set of neutral filters
that allow us to control its energy. In addition, to get a spectrum
centered at 800 nm having a bandwidth of about 10 nm, the
laser beam is filtered in the spectral domain with a bandpass filter
(FB800-10 with full width at half-maximum 10 4 2 nm). In
this manner, we avoid unwanted chromatic effects due to the
propagation and diffraction of the light at the different wave-
lengths. The beam is reflected from the SLM forming a small
angle (less than 4 deg) with respect to the normal axis to the
liquid crystal surface. After that, an imaging system composed
of lenses L; and L, (with focal lengths f; =1 m and
f> = 0.5 m, respectively) is employed to get the final complex
Fresnel hologram at the output plane. To accurately locate the
three different focal planes, the CCD camera sensor is mounted
over a motorized stage. Owing to the axial demagnification
(1/4) of the imaging system, the locations of these planes are
found at 100 mm, 150 mm, and 200 mm away from the
complex Fresnel hologram.

In Fig. 2, a three-dimensional view of the experimental
irradiance distributions generated at the above-mentioned focal
planes is shown. In addition, the central part of the designed
phase element a is given in Fig. 2(a). However, for simplicity
neither the 4f optical system nor the complex Fresnel

Output

SLM Laser beam
111 SF LZ Pl%n_e ¥

fi

Fig. 1. Optical setup used to generate two- and three-dimensional
distributions of focal points from a single-phase element at wave-
lengths centered at 800 nm (top part) and 400 nm (bottom part).
In the figure, L; - L3, lenses; M; and M,, silver mirrors; BF, blue
filter; SF, spatial filter; BBO, nonlinear crystal.
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Fig. 2. User-defined distribution of focal points obtained at differ-
ent axial planes (b)—(d) due to the diffraction of light from a single-
phase element (a) encoded into the SLM. Each multifocal irradiance
pattern was recorded within a spatial window of 4.4 x 3.6 mm.

hologram is represented. The first distribution of irradiance
points with a U-shape is shown in Fig. 2(b), whereas the other
two corresponding to the /- and /-shapes are given in Figs. 2(c)
and 2(d), respectively.

The whole pattern UJI is composed of 70 points, but owing
to the different reconstruction planes of each character, the radii
of the generated foci from the plane z = 100 mm to the plane
z = 200 mm are slightly increased. At the first plane, shown in
Fig. 2(b), these foci have an average measured radius of approx-
imately 35 pm (measured following the 1/¢? criterion for beam
width determination). For a Gaussian beam, the above incre-
ment Aw of the radii from one plane to the next can be estimated
using the following expression: Aw = AM?Af/(zw,) =
12 pm, where 4 = 800 nm holds for the central wavelength
of light, M? =2 is the quality factor of our beam, w, =
2.16 mm is the radius of the beam at the complex Fresnel holo-
gram, and A/ = 50 mm is the focal length difference between
two consecutive planes. We also checked that the average mea-
sured radii (48 pm and 57 pm) at planes z = 150 mm and
z = 200 mm agree well with the ones calculated by the above
expression (47 pm and 59 pm).

The results shown in Fig. 2 reproduce well the expected dis-
tribution of foci at each plane. That is, after taking into account
the demagnification of the 4 f" optical system, the central posi-
tion of each focus can be estimated by its corresponding pixel
location within the SLM. In accordance with our model, the
transversal coordinates of these pixels are denoted by (£, 7,),
with » = 1...V. From the recorded images shown in Fig. 2, we
found that actual locations of the central positions of foci differ,
in all cases, less than 3 pixels from their expected positions. In
addition, the relative peak intensities of the foci differs by as
much as 20%. We believe that small variations in the peak
intensity and central positions of experimental foci can be origi-
nated, among other factors, by possible laser beam aberrations,
or unwanted changes in the phase behavior of the SLM at
different zones of its display. In addition, the calculus of the
central positions of foci through the first-order moment of
the corresponding irradiance distributions is also affected by
the spatial resolution of the recording device.

On the other hand, as in principle our method can encode
the complex field U(x, y) obtained from the sum of a large
number of lens functions, the number of foci that our method
can generate is mainly determined by the minimum distance
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among them to avoid their overlapping and the available laser
beam energy. From a practical point of view, possible limita-
tions due to the above parameters are usually less restrictive
than those found in conventional arrays of lenses in which both
the amount of lenses and their diameters are linked parameters
(the larger the number of encoded lenses, the lower their
diameters).

The previous experiment showed some of the main charac-
teristics of the proposed method. However, we believe that this
method also can be useful for other practical applications,
including laser material processing or biomedical optics. In this
direction, we carry out a proof-of-concept experiment in the
field of non-linear optical microscopy. Its optical setup is mostly
represented in the bottom part of Fig. 1, within an area delim-
ited by a dotted rectangle. The idea of the experiment is to
demonstrate controlled multifocal second-harmonic patterns
at micrometric scale with an arbitrary distribution of the focal
spots. These kinds of illumination patterns could be used,
e.g., to excite micrometric sections of a biological sample.
Here, following the same encoding procedure described before,
we generate a distribution of 30 foci that resemble the structure
of certain terminal axons of a common neuron. In this case, the
experimental results corresponding to both fundamental (light
with central wavelength at 800 nm) and second-harmonic
multifocal irradiance patterns are shown in Figs. 3(a) and 3(b),
respectively.

In particular, the relative peak intensity differences of foci
generated from the fundamental beam, shown in Fig. 3(a),
are less than 20%, and their corresponding spatial locations
have discrepancies with respect to the expected ones all below
3 pixels. This distribution of foci is imaged into an uncoated
Type 1 BBO crystal with dimensions 10 mm x 10 mm x
0.01 mm with the help of the lens L; of focal length f5 =
400 mm and a 20x microscopy objective (see bottom part
of Fig. 1). Then, the second-harmonic signal emitted by the
excited medium is recorded with the same CCD camera used
before, but now located at the output image plane of a second
50x microscopy objective.

For this experiment, we remove the bandpass filter from the
optical setup. In addition, the material dispersion introduced
by some of the components of the optical system during the
propagation of the ultrashort pulse untl the BBO crystal
was pre-compensated with the help of a commercially available
dispersion  compensation module (FASTLITE-Dazzler).

Finally, the non-converted fundamental light after the BBO

10 pm ‘ 10 um

Fig. 3. Recorded images of the user-defined fundamental (a) and
second-harmonic (b) spatial distribution of 30 focal points. Each
image was recorded within a square spatial window of 55 x 55 pm.
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crystal is suppressed with a bandpass filter (BG-39). The result-
ing second-harmonic irradiance pattern is now shown in
Fig. 3(b). Furthermore, a section of the phase element o used
in this experiment is given as an inset in the top-right part
of Fig. 3.

Again, the experimental results shown in Fig. 3(b) are in
agreement with the expected distribution of foci. The positions
of the second-harmonic foci coincide with the expected ones
with an error on the order of the pixel size of the SLM, and
their relative peak intensities differs less than 30%. In this case,
peak intensity equalization is more critical to achieve, among
other reasons, due to the different phase matching conditions
associated with the generation of each focus, as well as the dif-
ferent phase response of the SLM to the wide frequency content
of the ultrashort pulse. Here, it also should be noted that the
second-harmonic signal depends on the square of the incident
irradiance, so small variations in the intensity of excitation spots
can significantly change the peak intensity distribution of
second-harmonic foci.

From Fig. 3, one can also realize that all foci are located
within a spatial region of only 55 x 55 pm. In addition, their
measured diameters are less than 2 pm. Note that the above-
mentioned sizes are on the order of most cell sizes, which typ-
ically range from 10 pm to 50 pm, e.g., the soma of a neuron.
Irradiance patterns like those shown in Fig. 3 have been proved
to be crucial for carrying out simultaneous and selective illu-
mination of biological samples, which is the key point to reduce
the excitation time in wide-field microscopy.

In this Letter, we have experimentally shown the potential of
our encoding method to generate user-defined irradiance pat-
terns composed of multiple focal spots. From our point of view,
the main limitation of the method lies in the impossibility to
work at frequency ranges greater than the refresh time of the
phase-only SLMs, which is typically on the order of a few tens
of hertz. In addition, the complex fields are encoded by using
two phase functions sampled with half of their original values.
Hence, the efficiency of the reconstructed holograms is theo-
retically reduced by a factor of 4, with respect to the ideal case
(i.e., the reconstruction of the hologram by interference
between two uniform waves).

In contrast, in comparison with other well-known methods,
e.g., those based on two-dimensional arrays of lenses or spatial
multiplexing of lenses, with our proposal, the number of
achievable foci is mainly determined by the available laser
energy and the specified distance among them. Furthermore,
the accurate reproduction of the complex field obtained from
the coherent sum of complex lens functions ensures not only

Letter

micrometric precision localization of foci’s centroids, but also a
fine equalization of their peak intensity. We believe that the
above-introduced method might be useful in applications such
as multi-photon microscopy or laser micro-processing.
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Encoding of arbitrary micrometric complex
illumination patterns with reduced speckle
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Abstract: In nonlinear microscopy, phase-only spatial light modulators (SLMs) allow
achieving simultaneous two-photon excitation and fluorescence emission from specific region-
of-interests (ROIs). However, as iterative Fourier transform algorithms (IFTAs) can only
approximate the illumination of selected ROIs, both image formation and/or signal acquisition
can be largely affected by the spatial irregularities of the illumination patterns and the speckle
noise. To overcome these limitations, we propose an alternative complex illumination method
(CIM) able to generate simultaneous excitation of large-area ROIs with full control over the
amplitude and phase of light and reduced speckle. As a proof-of-concept we experimentally
demonstrate single-photon and second harmonic generation (SHG) with structured
illumination over large-area ROIs.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In some recent introduced multiphoton microscopy techniques, simultaneous excitation and
signal collection from multiple specific cell populations have become into key tools for
monitoring the cellular activity [1-3]. This basically happens because multiple millisecond
time response signals e.g., fluorescence-lifetime signals, produced by many cellular ensembles
cannot be acquired by means of conventional scanning methods. For instance, in point by point
scanning methods the temporal resolution is limited by the signal-to noise ratio, which is close-
related to the pixel dwell time. That is, the longer the pixel dwell time, the higher the signal-
to-noise ratio but consequently, temporal resolution gets worse. An alternative illumination
technique employed to reduce the acquisition time relies on the parallel excitation of the
cellular targets by using multifocal irradiance patterns. On this topic, multifocal multiphoton
microscopy can be carried out by several methods including, but not limited to, the use of
microlens arrays [4,5], beam splitting [6], or Fresnel holograms [7]. However, it is apparent
that multifocal illumination allows us to excite only focal-size sites in the cells, which certainly
limits the acquired information e.g., voltage signals, to those focal regions determined by the
spatial features of the excitation foci.

On the other hand, the combination of wide-field illumination techniques with high-
sensitivity cameras (e.g., TE-cooled, ultra-sensitive photon detecting, electron multiplying
charge-coupled camera) can be regarded as a prominent solution to simultaneously excite and
collect not just from focal-size sites within the cells, but also from large-area ROIs of them. In
this case all ROIs of the biological cells delimited by the numerical aperture of the objective
could be turned into single-photon fluorescence signals, although it is less likely to induce
multiphoton absorption and fluorescence emission due to both the exponential intensity
requirements of nonlinear processes and the spreading of the laser power over the extended
regions. Hence, instead of conventional mode locked Ti: sapphire laser oscillators, additional
chirped pulse amplification stages with average power capabilities up to several watts and
repetition rates of tens of kHz become better candidates of choice for performing wide-field
multiphoton microscopy [8,9].

#365662 https://doi.org/10.1364/0E.27.019788
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In this context, commercially available SLMs have allowed for simultaneous excitation of
several ROIs within a cellular ensemble thanks to a proper optical manipulation of ultrashort
laser pulses [2,10-20]. Here, if one takes a look at the wide variety of reported illumination
methods, those ones based on the use of phase-only SLMs seems to stand out because of their
potential to manage light with relatively high throughputs. In particular, wide-field nonlinear
excitation has been experimentally demonstrated by the coherent reconstruction of computer-
generated holograms (CGHs) at the sample plane. In this case, although long part of the
available energy can be transferred to specific ROIs within the cellular ensemble, there still
exist several problems to face out. For instance, unwanted effects like angular dispersion or
chromatic aberrations may cause spatiotemporal distortions of the reconstructed hologram,
which clearly decrease the signal-to-noise ratio and harm the quality of the obtained cell image.
In addition, the coherent noise (speckle) associated with the superposition of coherent light
with different path lengths prevents wide-field excitation based on CGHs to be well-
accomplished over other ROIs different than the line-shaped illumination regions typically
reported in the literature [7,10]. Therefore, under coherent illumination, the reconstruction of
CGHs is currently unable to generate spatially homogeneous irradiance patterns over ROIs
with dimensions on the order of the typical cellular-sizes, not to mention its inefficiency to
precisely manipulate the amount of energy put into them e.g., to generate multiple-intensity
level illumination patterns. At this point, improved versions of the well-known Gerchberg-
Saxton algorithm [21] have allowed both speckle reduction and phase control of 1-D
illumination patterns [11,22]. In addition, some recently reported CGH-based methods can
generate controllable illumination patterns with multiple energy levels, but without phase
control [23]. So, as far as we known, there is no report on the utilization of proper 2-D
illumination methods that give us high accuracy and complete control over the amplitude and
phase of the light without speckle noise.

In this manuscript we propose an interferometric CIM able to induce linear and nonlinear
excitation of multiple cellular-size ROIs with full and independent control over the amplitude
and phase of the light at the sample plane. Its ability to precisely modify the complex field of
the spatially coherent light emitted by a femtosecond laser is experimentally shown to be
crucial to obtain not only homogenous irradiance patterns (without speckle) over different
ROls, but also multiple-intensity levels with arbitrary phase content in all cases. To show the
usefulness of our method to generate controllable light patterns, we experimentally
demonstrate single photon illumination/excitation of a certain micrometric ROl by using
different predefined complex field patterns. In addition, another proof-of-concept experiment,
this time addressed to induce SHG of a specific ROl within a Type 1 £ —BaB,0, (BBO)

crystal is also shown. All optical control of the illumination patterns is carried out with a single
phase element implemented into a phase-only SLM. The phase element is computer generated
by using a complex field encoding method based on double-phase hologram theory that was
previously reported [12]. Some results achieved with our CIM were compared with similar
ones obtained by the reconstruction of CGHs.

2. Basics of the complex illumination method

In this section we introduce the theory underlying the CIM. The corresponding setup is
basically composed of two consecutive optical modules that we refer throughout the whole
manuscript as complex field encoding module (CFEM) and optical demagnifying module
(ODM), respectively, see Fig. 1.

When the light passes through the CFEM, its optical wavefront is properly phase modulated
to get user-defined complex fields at the output plane. In accordance with the theory [12], any

two-dimensional complex field expressed in the formU (x, y) = A(x, y)e'*™*", where A(X, y)
and ¢(x, y) hold for the amplitude and phase functions, respectively, can be rewritten as:
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U(x, y) = Bt + eV, (1)
InEq. (1), B = A, /2 isanamplitude constant term (it does not depends on the transversal
coordinates x, y ), A,., is the maximum value of A(X, y), and the new phase functions &(x, y)
and 9(x,y) can be calculated from A(x,y) and ¢(X,y) by using the expressions:

0(%,y) = 0(x, y)+c0s [AK,Y) I A, . @

(%, y) = p(x, y)—cos [A(x, ¥) | A, ]- @)
From a physical point of view (for A, =2), Egs. (1-3) mean that the complex field
U(x,y) can be retrieved from the coherent interference of the two uniform waves e“*" and

e’ Such interference can be carried out by means of a common-path interferometer made
up of a spatially filtered 4f optical system. The screen of a phase-only SLM is placed at the
input plane of the CFEM, and the following phase element «(x, y) is implemented on the SLM

a(X,y) = M (X, Y)O(X, y) + M, (X, ) I(X, Y)- (4)
The phase element z(x, y) is derived from the transversal spatial mapping of €'’*¥ and

e"*Y) with two-dimensional binary gratings M, (x,y)and M, (x, y) (checkerboard patterns)
taken at the Nyquist limit, that is

M, (X, Y)e’% + M, (x, y)e ¥ =gl*t¥), (5)
The checkerboard patterns fulfill the complementary condition M, (X, y)+M,(x,y) =1.
Here, it should be noted that, by itself, send the phase element a(x, y) to the SLM does not

guaranties the interference of both uniform waves. This is carried out by means of a suited
spatial filter placed at the Fourier plane of the imaging system. It can be shown that if we use
a filter to block all diffraction orders but the zero one, we are able to exactly retrieve the full
spectrum of the original complex field at the Fourier plane [12]. Consequently, at the output
plane of the CFEM we find the convolution of the magnified spatially reversed complex field
with the Fourier transform of the filter. It means that full amplitude and phase information of
the complex field can be retrieved at the output plane, except for a certain loss of spatial
resolution due to the convolution operation.

On the other hand, the ODM allows us to proper rescale, onto the sample plane, the
complex field generated at the output plane of the CFEM. The ODM is composed of a
refractive achromatic lens with long-distance focal length and an infinity corrected microscope
objective, which generate a demagnified image of the reconstructed complex field onto the
sample plane. In Fig. 1, the whole optical setup corresponding to the CIM is shown.

3. Single photon experiments

To demonstrate, as a proof-of-concept, the ability of the method to generate arbitrary complex
illumination patterns at micrometric scale, we carried out several single photon experiments.
The employed optical setup is shown in Fig. 1. Ultrashort pulses emitted by a Ti: Sapphire
amplifier laser (30 fs amplitude full-width at half maximum (FWHM), central wavelength 800
nm, bandwidth of 50 nm FWHM, maximum energy per pulse of 0.8 mJ, and 1 kHz repetition
rate) are employed as a light source. The SLM (HOLOEYE PLUTO, resolution 1920x1080,
and pixel pitch 8 um) used in our experiments was previously calibrated [24] for a significant
set of frequency components of the light pulse with the help of three bandpass filters of 10 nm
FWHM. The similar phase response curves (calibration curves) obtained for the three different
spectral lines allow performing wavefront modulation of ultrashort pulses with a single phase
element a(x, y) . In addition, to mitigate the effect of abrupt spatial variations in the phase
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modulation [25] (pixel crosstalk effects), the two-dimensional binary gratings M, (x,y) and
M, (x,y) were constructed with 4x4 pixel-cells.

In the optical setup shown in Fig. 1, the light is sent to the SLM by using silver mirrors and
reflected from them forming a small angle (about 3 degrees) with respect to the normal
incidence. In these conditions, the desired complex field U (x, y) is reconstructed at the output

plane of the CFEM. The CFEM is made up of a couple refractive lenses (L; and L) with focal
lengths Ly = 1000 mm and L, = 500 mm, which result in a transversal magnification of % at
its output plane. In addition, a circular iris is placed at the Fourier plane to filter all diffraction
orders but the zero one. Finally, the ODM allows the complex field illumination U (x, y) to be

imaged into the sample plane.

A rough coupling between the size of the illumination pattern and that of the sample is
carried out with a proper selection of optical components of the ODM. In our experiment, it is
made up of an achromatic lens (Ls) of focal length 400 mm and a 20x infinity-corrected
microscope objective (MO1), which led to a total demagnification of about 1/73 at the sample
plane. The transmitted light is collected with the help of a 50x infinity-corrected microscope
objective (MO,) and sent to a CCD camera (Basler avA1600-50gm), where the image of the
sample is recorded (see Fig. 1). To adjust the intensity of the light at the sample plane a set of
broadband neutral filters was employed. A more accurate selection of the illumination zone
over the sample is done later once the specific ROIs are defined. At this point it is possible to
establish the main features of the illumination pattern U(x,y). For instance, its amplitude

function A(x, y) can be set by means of a multilevel spatial energy distribution, or its phase
function ¢(x, y) by using a proper phase distribution to compensate for specimen-induced or
microscope objective spherical aberrations.

CIM

'SLM  Laser beam L,
el a

Fig. 1. Optical setup. Complex illumination method (CIM) implemented by means of two
optical modules: complex field encoding module (CFEM, blue region) used to generate the
arbitrary complex patterns, and optical demagnifying module (ODM, green region) used to
adjust the size of the pattern at the sample plane. In order to properly set the position of the
utilized CGHs, a delay line is added at the right part of the setup. Bottom part shows an image
of the biological specimen (water flea) used to define a ROI.
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In Fig. 2, an example of a complex illumination pattern is shown. In this case, we simulate
a ROI within a Daphnia specimen (water flea) that coincides with its eye. Note that, such ROI
has approximate dimensions of 60x60 pm?2. The complex field given in top part of Fig. 2 is
characterized by an amplitude pattern having four different energy levels distributed among
quadrants within the eye, whereas its spatial phase is given by the analytical function

@(x,y) =7/ 2sin[ 2zx/(52) |cos[ 2zy / (54) | . From the above-defined amplitude and phase

parameters we can calculate the phase element a(x, y) used to reconstruct the expected

complex field. To do that, we follow the procedure described in section 2, also represented
schematically in central part of Fig. 2. Here, to clearly see the roll of sampling gratings

M, (x,y) and M,(x,y) on this procedure, the phase element a(x,y)was represented with

pixel-cells of 60x60. Polarization-based phase shifting technique [26] is applied to measure
the amplitude and phase of the complex illumination pattern at the sample plane. This phase
shifting technique can be accomplished by simple addition of a couple of polarization-
dependent optical elements e.g., two polarizers. Specifically, a broadband halfwave plate
(EKSMA OPTICS 460-4215) was placed before the SLM plane to rotate the original direction
of polarization of all frequency components of the ultrashort pulse 45 degrees with respect to
the SLM director orientation. This allows only part of the incident light to be phase modulated
(object beam), while the remaining one (reference beam) is not diffracted. In order to generate
four different phase shifting interferograms at the sample plane, uniform phases with steps of
n/2 radians were added to the phase element a(x,y) . The interferograms are formed after

recombining both reference and object beams with the help of a broadband linear polarizer
(EKSMA OPTICS 420 0526M), this time located before the 20x microscope objective MO;.
In practice, the position of the rotational angle with respect to SLM director orientation
determines the amount of diffracted and non-diffracted light within the interferograms. In the
bottom-central part of Fig. 2, the interferograms measured for the phase steps 0, ©/2, w, and
3m/2 are shown. These interferograms were recorded without moving the position of the
camera in the optical setup. The experimental amplitude and phase patterns determined from
the above phase shifting interferograms are given in the bottom part of Fig. 2. It is apparent
that experimental results are in good agreement with the theory. However, as it might be
expected due to the convolution operation (see section 2) and the used pixel-cell, the spatial
resolution of recorded amplitude and phase patterns is a few pixels lower than corresponding
theoretical ones. Even so, the root-mean-square error (RMSE) between theory and experiment
yields discrepancies of 6.8% and 14% for amplitude and phase images, respectively.

Now, we test the usefulness of the CIM to synthetize amplitude-only irradiance patterns at
micrometric scale. On one side, we are interested in the generation of spatially uniform
irradiance patterns for simultaneous wide-field illumination. Note that the excitation of
extended ROIs with non-uniform irradiance patterns may cause image blurring due to different
signal responses of similar biological components. In wide-field two-photon microscopy this
is crucial because the recorded signal depends on the square of the light intensity. In other
cases, simultaneous excitation of extended ROIs (not by multifocal excitation) through beam
shaping of coherent radiation cannot be accomplished without coherent noise (speckle).
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Fig. 2. Generic example: measured amplitude and phase of a given complex field at the SLM
(top) and sample (bottom) planes. Related CIM images and measured interferograms are also
shown (central part). Scales are included as insets at the right-bottom part of each irradiance
pattern.

In contrast, by applying the proposed CIM we obtain spatial uniform illumination of
extended ROIs without speckle (please, see top-right part of Fig. 3). In this experiment, as
before, we select a ROl whose shape is determined by the borders of the Daphnia ’eye. The
first column of Fig. 3 shows the phase elements a(X, y) represented with a pixel-cell of 6x6.

Here, the RMSE between theory and experiment yields discrepancies of 7%. The spatial
uniformity of the recorded pattern mainly depends on the spatial profile of the laser beam at
the SLM plane, and also to a lesser extent, of optical irregularities (scratches in mirrors or
lenses, unwanted dust on the surface of optical components, etc.). Furthermore, as this
irradiance pattern is basically constructed by conjugating the SLM plane with the sample plane,
measured irradiance patterns are free from coherent noise.

On the other side, we push the CIM to the limit by implementing irradiance patterns with
multiple energy levels and complex spatial structure. To this end, we reproduce inside of the
ROI given by the Daphnia’s eye (about 60x60 pum? only) a mushroom image. After a visual
comparison of results shown in Fig. 3, one can realize that the recorded irradiance pattern
reproduces very well the expected one. In fact, we are able to spatially resolve image details
in the sample plane of the order of 5 um i.e., the white spots. Here, it should mentioned that
the minimum feature size of our system is about 0.87 um. In this case, the RMSE between
theory and experiment yields discrepancies of 10%. With this experiment, we want to show
the potential of the CIM to manage different energy levels of excitation simultaneously. It is
apparent that different constituents of cells and/or fluorophores might imply different
excitation thresholds. So, in principle, one can think in setting energy-custom illumination
patterns depending on the nature of the biological sample. Additionally, this fine control over
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the energy content of the illumination pattern can be also useful to adjust the energy levels
over the whole sample without the necessity of using neutral filters.

Phase mask Theory Experiment
/2

T/ 2

Fig. 3. Theoretical and experimental amplitude-only irradiance patterns at the SLM and sample
planes, respectively. Scales are included as insets at the right-bottom part of each irradiance
pattern. In the first column, corresponding phase elements, represented with a pixel cell of 6x6,
are also shown.

In order to highlight the role of the phase in practical tasks we carried out real optical
aberration corrections using the CIM. For this purpose, we constructed and introduced a
Michelson interferometer within the CFEM to measure the phase. In this setup, the light
impinges perpendicular to the liquid crystal display after being divided into two similar
beamlets with a broadband beam splitter. In the first arm of the interferometer, the light (object
beam) goes to the SLM and is reflected back to the CFEM via beam splitter, whereas in the
second arm, the light (reference beam) follows a similar optical path, but is reflected by a silver
mirror. This mirror can be slightly moved (delay line) to adjust the path length of both arms.
The phase is measured at the output plane of the CFEM by applying the Polarization-based
phase shifting technique [26] in a similar manner as described before. However, in contrast to
previously common-path setup, this type of interferometer is able to determine the optical
aberrations of the optical system. The conjugated measured phase is encoded with the CIM
algorithm to get both significant correction for optical aberrations and synthesis of desired
complex field, simultaneously.

In Fig. 4 some specific results are shown. In the simplest example, a complex field made
up of a uniform amplitude and a flat phase is encoded into the SLM, see Fig. 4(a). The
amplitude pattern, given by the borders of Daphnia’s eye, and shown as an inset in the left-
bottom part of each image, is the same in all cases. Although the encoded phase is flat, in
practice the retrieved phase from the phase shifting interferograms shows clear optical
aberrations, see Fig. 4(b). These aberrations can be largely compensated if we take them into
account within the CIM algorithm, as shown in Fig. 4(c). To do that, it is sufficient to encode
the conjugated of the measured optical aberrations together with the complex pattern. This
aberration correction task is usually necessary to better approach the reconstructed complex
field to the expected one. Last example shown in Fig. 4(d)-(f) illustrates this situation. In this
case, the desired phase pattern is originally given in Fig. 4(d), whereas the real retrieved phase
is distorted by optical aberrations, see Fig. 4(e). By using the CIM we can correct most optical
aberrations, achieving the phase pattern given in Fig. 4(f), which is closer to the desired one.
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Fig. 4. Two examples of compensation for real optical aberrations with the CIM. The measured
amplitude patterns are included as insets at the left-bottom parts of each image.

In most aberration compensation techniques based on a phase-only SLM, the liquid crystal
display is used just to implement the necessary conjugated phase to compensate for previously
measured optical aberrations. In contrast, the encoding algorithm associated with the CIM
allows us to perform wavefront correction and manipulate the amplitude of the complex field,
simultaneously.

4. Non-linear excitation experiment

In this section we experimentally demonstrate, also as a proof-of-concept, nonlinear excitation
phenomena of ROIs at micrometric scale. In particular, we show that our CIM can generate
simultaneous and controllable second harmonic signal within a selected ROI. The chosen
complex illumination pattern is made up of a uniform amplitude and a proper phase able to
compensate few optical aberrations found at the sample plane. This phase was determined as
the conjugated of that one obtained with a Shack—Hartmann wavefront sensor after sending a
matrix of zero radians to the SLM. The wavefront sensor is placed at the same plane of the
camera with the help of an additional beam splitter (not shown in Fig. 1). The ROI resembles
again the structure of the eye of a Daphnia (similar to that shown in top part of Fig. 3). In
addition, to compare the proposed CIM with a well-established illumination method, we
include in the optical setup a delay line for synthetizing similar amplitude illumination patterns
by means of CGHs. For this purpose the optical setup is designed such that the reconstructed
CGH appears at the same distance from the lens Lz as the complex field U (x, y) does. The

CGHs were designed following the Gerchberg-Saxton IFTA [21], developed in two different
stages. In the first stage we perform iterations by applying only phase freedom, while the
second stage the phase quantization of the hologram is softly restricted until the desired number
of phase levels is reached. The algorithm converges when the result of the iteration improves
the RMSE by an amount of 108, compared with the previous one. In the experiment, we put a
BBO crystal with dimensions 5 mm x 5 mm x 0.02 mm at the sample plane, as shown in Fig.
1. The unconverted infrared wavelengths of the ultrashort laser pulse were conveniently
filtered with a BG39-Schott crystal before the CCD camera.

At this point, we focus our attention on irradiance rather than phase of the encoded complex
field. Hence, in the left part of Fig. 5, we show only the experimental irradiance patterns
reconstructed at the sample plane with the two different illumination methods. These patterns
were recorded with the camera located at the position shown in Fig. 1, before placing the BBO
crystal at the sample plane. From the visual comparison of both images, differences among
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them are apparent. The reconstructed CGH roughly approximates the expected uniform
irradiance pattern. Its failed attempt to reproduce a uniform illumination pattern is limited to a
clear reinforcement of light at the borders of the ROI, together with the presence of coherent
noise. In contrast, the irradiance pattern obtained with our CIM is almost fully flat and free
from speckle noise. To better illustrate the differences between both patterns we show the
irradiance profile along the central part of the ROIs. The calculated fluctuations with respect
to the ideal flat profile are 62% for the CGH method, against 12% for the CIM.

lllumination patterns at sample plane Acquired patterns with SHG experiment
CIMm CIM

5
8 N

xan
v VLY AV S W.NC

b W A\l
X (um) X (um)

Fig. 5. Experimental images of second harmonic emission from a Daphnia ’eye ROI after
employed both CGHs and our illumination method. Scales and central irradiance profiles are
included as insets at the left-bottom and right-bottom parts of each irradiance pattern,
respectively.

Once the nonlinear medium is placed at the focal plane, we are able to measure second
harmonic signal. The corresponding recorded normalized images are shown now in the right
part of Fig. 5. As it might be expected, the nonlinear response recorded in this experiment is
highly dependent on the degree of flatness of the illumination patterns. That is, second
harmonic image due to the illumination with reconstructed CGHs shows almost no light at
those sites different from the edges of the ROI. For completeness, we include at the bottom
part of each image a spatial profile of these patterns, taken again at the center of each one. This
time the fluctuations with respect to the ideal flat profile are 77% for the CGH method, and
23% for the CIM.

Last experiments will be aimed to demonstrate how important could the phase control be
in nonlinear excitation of ROIs when using the proposed CIM. With this purpose, we select
two adjacent and micrometric ROIs located within the Daphnia’s eye, which might correspond
with different biological tissues in the eye. Then, we excite SHG at both ROIs, simultaneously.
In these conditions, after light propagation from the sample plane to a given arbitrary
defocusing plane, interference pattern dependence on the phase shift between ROIs can appear
[27]. With the help of the CIM, arbitrary phase values can be easily set at different ROls. For
instance, in Fig. 6 we show four images recorded after encoding (only into one of the two
ROIs) the phase values 0, 7/2, m, and 37/2 radians, respectively. For this example, the selected
defocusing plane was located 115 mm away from the sample plane. The recorded images
shown in Fig. 6 indicate the existence of interference patterns whose structure depends on the
phase shift between ROIs. Main differences among interference patterns are seen near the
border of the two adjacent ROIs where the light is coherent mixed.
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Fig. 6. Interference pattern dependence on the phase set at one ROI. The spatial shape of the
selected ROIs are indicated with different colors and included as insets at the right-top part of
each image.

To avoid interference border effects, we carried out a complementary experiment. This
time the selected micrometric ROIs are isolated by a black surrounding ring between them
such that, at the image plane, they do not interfere at all, see the right-top part of Fig. 7. To
help light propagating from both ROIs to interfere, an additional convergent lens of 200 mm
focal length was placed after the image plane. The position of the camera was set at an arbitrary
defocusing z-axis plane located 140 mm after the Fourier plane of the added lens. In these
conditions, we measured a sequence of defocusing images, each one corresponding to the
setting (by means of the CIM) of a different phase value (from 0 to 2n) at one ROI, while
keeping the phase at the other ROI unchanged. With all recorded images we made a movie of
the evolution of the interference pattern as the phase at one ROI is increased, please see Fig.
7. Now, after watching the movie one can corroborate the presence of clear interference fringes
at the previously-defined black surrounding ring. In addition, one can realize that the spatial
location of these fringes depends on the phase shift between ROIs.

Fig. 7. Defocusing image after exciting SHG from two micrometric and separated ROIs with a
set phase shift between them. The spatial shape of the selected ROlIs are indicated with different
colors and included as insets at the right-top part of the image. The light propagating from the
ROIs interacts with one another and generates interference fringes (see Visualization 1).
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From a practical point of view, last two experiments suggest that recorded SHG
interference patterns might give us information on the relative phase between ROIs in real
biological samples. Therefore, in addition to amplitude modulation, the ability of the CIM to
manipulate the phase at the selected ROIs allows for practical benefits (e.g., optical aberration
corrections, reduction of zero order light, or interferometric-based phase information retrieval).

5. General considerations

In this section we will discuss on significant practical issues of the CIM. For instance, in order
to highly mitigate the effect of non-diffracted light (zero order) onto the sample plane, the light
in the ODM enters the microscope objective MO; under low-focusing, instead of typical plane-
wave configuration. In this way, non-diffracted light exits the microscope objective parallel to
the optical axis without forming any potentially-dangerous focus near the output plane of the
4f optical system (sample plane). Hence, at the sample plane the excitation pattern is
determined by the light diffracted at the SLM and the zero-order contribution. At this point,
we measured the average power at the sample plane after encoding a uniform circular
amplitude pattern with and without a blazed grating (with maximum grating efficiency of 80%
at the first diffraction order when is codified with 4 discrete phase levels). This allows us to
estimate the ratio between non-diffracted and diffracted light in the current on-axis optical
arrangement. Specifically, we found a ratio of 41%. Obviously, for an off-axis optical
arrangement, the zero order light can be almost completely eliminated from the sample plane
with the encoding of a proper blazed grating, together with the desired complex field. The same
procedure was repeated employing a holographic scheme. This time we found a ratio of 44%.
In addition, thanks to the use of a long-distance focal length achromatic lens to direct the light
into the microscope objective MOy, the effects of spherical aberration at the sample plane can
be disregarded. Perhaps, this can be better understood in terms of the produced Rayleigh range
inside the microscope objective, which is longer and longer as far as we increase the focal
length of above-mentioned achromatic lens.

Now we analyze the efficiency of the CIM. In general the efficiency of a method based on
encoding information onto a SLM depends on several factors, including but not limited to
technical specifications of the SLM, the type of information (amplitude or phase) that one
needs to encode, characteristics of the light source, and/or the orientation of the SLM with
respect to the incident light (oblique or straight light incident). In the proposed illumination
method main energy losses come from the diffraction of light at the phase element, as well as
due to the physical specifications of our SLM (in accordance with the manufacturer: 80%
diffraction efficiency, 65-95% reflectivity, 93% fill factor, so the total light efficiency can be
more than 50%). Another important issue to consider here is the size of the encoding patterns,
which is directly proportional to the efficiency of the method. In other words, as in our
illumination method the SLM plane is (except for the spatial filtering process) conjugated to
the sample plane, an increase in the area of the encoded pattern at the SLM leads to more
available light for illumination purposes. In this context, we measured the efficiency of the
illumination method for the generation of irradiance patterns with the spatial shape of
circumferences having different radii, and compared these results with similar ones obtained
from the reconstruction of CGHs with equal shapes. To do that, we calculate the ratio of the
average laser beam powers measured at the output plane of the CFEM and before the SLM
with the help of a power meter (GENTEC Tuner). Our results confirm that, apart from common
energy losses, the efficiency of our method is pattern-size dependent. For instance, when the
encoded pattern utilizes less than 10% of the active area (about 133 mm?) of the SLM, the
classical CGH-based illumination method is more efficient than ours (for instance for encoded
pattern dimensions of about 8 mm?, we get 18% efficiency against 23% of the classical
method). In contrast, when encoded patterns fill out areas greater than 25% of the SLM display
area which is perhaps a more useful scenario from an energy point of view, the efficiency of
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our method exceeds that of the classical one. For instance for encoded pattern dimensions of
about 60 mm?, we get 32% efficiency of our method against 23% of the classical one.

Another important point of the CIM is its potential to perform wide-field illumination and
nonlinear excitation of biological samples without damage of optical components. On this
aspect, the critical component of the ODM is clearly the microscope objective MO; that is
working under low but focusing incident light conditions. The use of long-distance focal
lengths certainly allows light energy inside the microcopy objective to be axially distributed
along the associated Rayleigh range, decreasing in this way potential optical damage in
comparison with the use of shorter focal length lenses. We measured the threshold average
beam power at which nonlinear effects appear in the microscope objective. This value was
about 20 mW, which turned out to be relative far from the typical average powers (4-10 mwW)
that we use in our experiments.

Finally we discuss on the dispersion compensation capabilities of the CIM. In the
propagation of ultrashort pulses, even through non-dispersive media, there is a coupling of
spatial and temporal effects due to the wavelength dependence of the diffraction integral.
However, for the propagation between input and output planes of image systems (as the ones
reported in this manuscript), the diffraction integral is no longer wavelength dependent and
consequently, the spatiotemporal coupling no longer exists. All the distortions that appear at
the output plane of our system will be just the ones introduced by the optical components, but
not by the diffraction itself. So, in first order approximation, the distortions in the spectral
phase of the ultrashort pulse can be pre-compensated with a common dispersion compensation
module. In our case, we employed a commercially available module (Dazzler) installed in the
amplification stage of our femtosecond laser. For instance, temporal pulse stretching is mainly
mitigated with a proper combination of second and third order terms if we look at the maximum
second harmonic signal of a BBO crystal at the sample plane. Additionally, when necessary,
optical aberrations at the sample plane can also be partially compensated by encoding a suited
phase mask (made up of a set of weighted aberration Zernike polynomials) together with phase
element «(x,y) given in Eqg. (4). Note that, the lack of significant dispersion contributions at

the sample plane can be regarded as an advantage of our proposal in comparison with other
illumination strategies e.g., CGHs.

6. Conclusions

In this manuscript we have proposed and tested an interferometric CIM mainly addressed to
microscopy applications which is able to achieve simultaneous linear and/or non-linear
excitation of user-defined ROIs. The introduced CIM provides not only full control over the
amplitude and phase of the complex field at the sample plane, but also reduces speckled noise
due to the use of coherent illumination sources. The complex illumination pattern is basically
generated from a single phase element (calculated from the double-phase hologram theory)
and encoded into a phase-only SLM. In the optical setup made up of a couple of modules called
CFEM and ODM, the light coming from the SLM is spatially filtered and demagnified with
proper optical components before arriving to the sample plane.

In the manuscript we have discussed both the theory underlying the CIM as well as its
experimental performance, including zero order behavior, dispersion compensation
capabilities or efficiency. In practice, the proposed CIM has been validated with several
experiments aimed to produce linear and non-linear excitation of specific ROIs with user-
defined complex illumination patterns. In addition some benefits of our CIM over other
illumination schemes based on IFTAs and implemented with phase-only SLMs have been
highlighted with practical demonstrations related to aberration compensation or
interferometric-based phase information retrieval tasks.

Our experiments show that in principle, under fully controllable amplitude and phase
parameters, not only linear but also second harmonic excitation of different ROIls at
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micrometric scale is feasible. Here, it should be mentioned that these experiments can only be
considered as a proof-of-concept. It is apparent that additional tests must be done in order to
validate the proposed CIM i.e., use it as the illumination path of a commercial microscope
and/or by studying its behavior under real biological samples. However, we do believe that
achieved results should be enough to show the potential of the proposed CIM for microscopy
applications. For instance, the probed ability of the CIM to simultaneous excite spatially-
extended ROIs and simultaneously compensate for optical aberrations might positively
contribute to decrease the acquisition time and/or improve the spatial resolution of acquired
images. To this end, a proper combination of the proposed CIM with high-sensitivity cameras
is expected. Moreover, to enhance axial resolution, CIM can be combined with well-known
temporal focusing methods [8,20].
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