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Thesis summary

The objective of this thesis is to design and develop a low-cost sensing device capable of
detecting Continuous Wave (CW) visible lasers. As lasers are widely used and potentially
harmful in military and civilian contexts, such a device would be used to both detect lasers
and gather laser characteristics before proper countermeasures can be taken.

This thesis has two experimental approaches. The first approach aims at improving the field
of view of an already researched technology - a modified Mach-Zehnder (MZ) interferometer
- in order to extend the practicability of the system. The second approach is the design of a
novel concept of laser detection with the purpose of discriminating lasers from background
light and characterizing the laser wavelength.

In the case of the MZ system, a cone mirror is added to widen the initial horizontal field of
view of £3° while the additional use of a camera allows the direction of the incoming laser
beam to be studied. The preliminary results demonstrate that a 360° horizontal field of view
can be achieved, and that the direction of the laser beam can be determined with an estimated
angular precision of £5°. The system trades sensitivity for a larger field of view with the
resultant detection sensitivity equal to 70 nW (or 1 uW.cm~2) at 635 nm.

The second system is composed of Fresnel Zone Plates (FZP) digitally written on a Digital
Micromirror Device (DMD) with the use of Zernike polynomials. The polynomials are also
used to correct optical aberrations inherent to the system with the use of a camera for optical
feedback. Four laser wavelengths have been characterized and the system reaches a relative
wavelength resolution of 1073, better than most of the detection systems using diffraction grat-
ings. Additionally, the structure of the system creates a strong coherence difference and helps
discriminate high coherent sources against low coherent sources. This technology allows for
a low-cost approach for CW visible laser detection and the detection is almost instantaneous.
Additionally, there are possibilities to extend the current detection system to NIR detection
and pulsed lasers.

Keywords: Fresnel zone plate, digital micromirror device, coherence detection, continuous
wave lasers, wavelength characterisation.
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Chapter 1

Introduction

1.1 Thesis topic and motivation

Low cost CW lasers pointers have been widely available for the public in the last decade or
two. As such, misuses related to those lasers in aviation have grown in the UK and the US
[1, 2]. Moreover, both the output power and the wavelength range of the laser pointers have
been growing. Tipper in 2020 [3] highlighted this trend over a period of 13 years as illustrated
in figure 1.1. The decline in maximum power in some cases is due to the sellers stopping the

trade of such lasers.

? 1 1 I I 1 Ll
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—445nm
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Figure 1.1: Evolution of the maximum output powers and wavelength diversity of laser pointers over a period of
13 years as studied in reference [3].
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Chapter 1. Introduction

This increase in power implies a longer hazard distance for laser eye damage. Moreover, the
diversity of wavelengths makes it more challenging for the detection process to include them
all. As such, a laser detection system capable of detecting incident CW laser radiations and
of characterising the laser parameters (wavelength, direction of irradiation etc.) would be
of great interest. Moreover, in the military context, these laser detection systems are highly
researched as lasers have been used for decades in the battlefield [4]. Such laser detection
systems are used as warning detectors before countermeasures can be applied.

Laser detection systems generally use one of these laser properties:
¢ High spectral brightness: a high intensity beam in a limited spectral window.
¢ High coherence: precise phase properties (temporal or spatial).
¢ Collimated beam: low divergence of the beam throughout a large distance.

Commercially available technology, mostly used in the military setting, are focused on pulsed
lasers and as such not many devices characterise the CW problem. When they do, military
devices are at a high cost and/or rely mostly on an imaging or spectral recognition, i.e on
the detection of intensity. Coherence recognition devices, known for their low false alert rate,
are used as well, but they lack in resolution, sensitivity and wavelength range [5]. In the past
years, David Benton has developed a technology based on coherence detection which uses
low-cost materials. It discriminates dim laser sources against bright sunlight and can deter-
mine the laser wavelength with a precision of = 10 nm [6, 7]. This technology brought the
possibility of using coherence principle to detect CW laser at a low cost and high speed. More-
over, a laser detection system focusing on CW lasers has other applications in communication

and sensing as well and as such has a high commercial interest.

1.2 Challenges and thesis objectives

This thesis is directed toward military applications. However, sometimes in this thesis, I have
tried to take into account a wider view of laser detection systems as having a larger picture
of the subject could give us either additional applications or additional experimental ideas.
A thesis topic for a military context implies a major challenge. As military research is highly
confidential, finding papers on the subject of laser detection systems can be sometimes diffi-

cult. However, many are still publicly available and will be studied in the background chapter.
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Chapter 1. Introduction

The first objective of this thesis is to extend the capabilities of the coherence detection system
developed by David Benton by implementing a wide field of view coverage. The initial az-
imuthal field of view of the system is of +-3° and is due to the small size of the optics combined
with the short optical path. Many papers couldn’t achieve a good sensitivity together with
a wide field of view [8, 9], so the sensitivity of the system needs to be carefully studied in
our experiment. The second objective is to develop a new technology using knowledge from
already existing systems and to improve such system where possible. The device should be
able to characterize laser wavelengths and to discriminate lasers from background light at a
relatively low cost. Additionally sensitivity level, field of view coverage, wide spectral range
(0.6-12 um) and short response time (3-6 s) are other criteria to look for. The reasons for these
specific criteria will be explicit in the background chapter part 2.2. The CW lasers are the laser
types I am focusing on, however, the possibility to extend to pulsed lasers should be taken into
account too. The final objective is the investigation of laser coherence length measurements.
Oftentimes, interferometers are used for such measurements, however for longer coherence
lengths this becomes more difficult. Indeed, the coherence length measurement is related to a
difference of path lengths created in the system. If a laser is over 500 m in coherence length,

this would imply a consequent size of the device.

1.3 Thesis structure

The body of this thesis is divided into five chapters. The first chapter is focused on the overall
background of the topic of the thesis, followed by four experimental chapters. Each experi-
mental chapter gathers its own literature review and/or background study. This thesis design
was chosen to give the reader the relevant information along their reading.

The first chapter gathers the background related to laser detection systems and allows us to
define the main requirements for our system. First, the principle and main characteristics of a
laser will be studied. It is then followed by different applications the detection system could
be used for, and the main requirements for such system will be given. Finally, the state of the
art of the detection systems used in the military is discussed and compared to the require-
ments I have previously laid down.

The second chapter is a first approach of experimental study on a laser detection system and
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Chapter 1. Introduction

uses a recent technology developed by David Benton [6]. In this chapter, I am looking at
extending the field of view of the system. As such, the first part will be studying already
existing field of view of laser detection systems. Moreover, the technology relies on coherent
detection so some example of sources and their coherent properties will be given. Next, the
principle of the technology will be explained as well as the means to extend its field of view.
Finally, the results are shown and discussed.

The third chapter starts the study of a new laser detection system based on a DMD. First, a
broad background study is given and includes basics of optical aberrations, Zernike polyno-
mials and FZP and an explanation of the principle behind the system. Following this, optical
aberrations of the system are characterized and then corrected using a correctional algorithm
I have developed. Finally, the results of this correction are analyzed.

Once the aberrations have been characterized and corrected, the fourth chapter is focused on
the characterization of laser wavelengths and for that purpose, four wavelengths are used.
First, the resolution of different laser detection systems is summarized and the theoretical
coherence properties of the DMD device are discussed. These properties will help us under-
stand the results. Then, the implementation of a single channel setup is introduced to allow
an equivalent input for each wavelength. The results of this new setup are then given and dis-
cussed. Finally, an experimental study of the coherence properties of the DMD is highlighted.
The fifth chapter gathers the results of the final experimental chapter. The chapter studies the
dynamic possibility behind the DMD window and the detection of multiple wavelengths all
at once. As such, a background study of existing uses of the FZP surface is first given. Then,
the new setup to allow multiple wavelength detection is explained followed by the results and
their analysis.

Following the body of this thesis, a conclusion chapter is given. This conclusion chapter dis-
cusses the results of each chapter, and opens the discussion to future work.

Finally, all along this thesis a component library CC BY-NC 3.0 for Inkscape has been used for

the illustration of optical setups [10].
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Chapter 2

Lasers and laser detection systems

In this background and theory chapter, the basic principle of lasers is first introduced as
well as their main characteristics. These characteristics will help us understand the different
means to detect lasers. The second part of this chapter will introduce other possible sensing
applications for which our laser detection system could be used. Finally, the state of the art
on laser detection systems is discussed and where possible, a summary is given on the laser

type they detect, the spectral range, the sensitivity and their field of view coverage.

2.1 General theory on lasers

2.1.1 Laser fundamentals

As the name Laser ("Light Amplification by Stimulated Emission of Radiation") suggests, a
laser is an instrument used to produce light by stimulated emission. The frequencies of the
resulting light can range from the infrared and the visible to the ultraviolet spectrum (other
frequencies of the electromagnetic spectrum exists as well but the corresponding instrument
is called a maser, m for "microwave") [11]. This section will be focused on understanding how
a laser operates, defining its properties as well as the different types of lasers. I will also look
at the coherence principle, fundamental knowledge for my research, and at the different light

mechanisms that can be detected by the system.

Composition of a laser system

Four steps are needed to describe the creation of laser light. First, a light signal will be

amplified by a group of atoms located in the laser medium. The amplified light will then be
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retained in the cavity composed of two mirrors (where one has partial reflection), and will be
redirected through the medium to be amplified again. At this step, the laser medium loses
energy to the amplified light (mainly through the stimulated emission process). Thus, the
medium needs to receive energy constantly and it will be achieved by the pumping process,
associated with the light signal. Finally, the amplified light needs to be extracted from the
laser cavity, and this will be done through the partially reflective mirror [12]. The precise laser
wavelength is determined by the cavity length and the gain medium.

A generic diagram of an operating laser is shown in Fig. 2.1.

Pump source
Fully reflecting mirror Partially reflecting mirror

Laser output

Laser medium

Figure 2.1: General composition of a laser system.

The application of the laser (e.g. spectroscopy, holography, medicine) determines how the

choice of these three elements (laser medium, cavity and pump source) is made.

2.1.2 Amplification of light in the medium

The amplification of light in the laser medium is due to the interaction of the light with atoms

and more precisely of photons with electrons.

Interaction light and matter There are three different processes that can result from this
interaction photons/electrons: absorption, spontaneous emission and stimulated emission
[13]. Absorption occurs when an electron from an lower level of energy reaches the upper
level of energy by absorbing the energy of a photon with the right energy. The energy of the
photon must be the same as the energy needed for the electron to reach the higher energy
level. Then, when the electron is at an upper energy level, two processes can happen. The
electron can either spontaneously emit a photon and go back to the lower energy level, this

is the spontaneous emission and it always takes place in the laser medium. The energy level
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difference will define the energy of the new photon:

AE = hy 2.1)

where h is the Planck constant and v the frequency of the photon. Or the electron can be
stimulated by a photon, go back to the lower energy level and create a second photon with
nearly the same phase, frequency and direction as the first photon, this is the stimulated

emission. The figure 2.2 illustrates these three mechanisms.
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emission oA
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Electron
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) lower
level
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Figure 2.2: Mechanisms resulting from the interaction of light with matter.

With this knowledge, it appears that to create an amplified light in the laser medium, stimu-
lated emission is needed (since the spontaneous emission is not controllable by its own defi-
nition). This requirement of stimulated emission implies that we would need to have most of

the electrons in an excited level of energy.

Need of a population inversion However, at the normal state of matter, called thermody-
namic equilibrium, the atoms are mostly in their lowest energy level, which means that the

population at a lower energy level is bigger than the population at a upper energy level. So
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if a photon is created from a stimulated emission, its chance to encounter an electron at a
lower energy level is bigger than an electron at a higher energy level, which means that, at the
thermodynamic equilibrium, absorption has more chance to occur than stimulated emission
[14]. Or we need to produce stimulated emission to create our laser light, thus a population
inversion needs to be created to have more electrons at the upper energy level than at the
lower energy level. This is where the pump enters in action. The pumping process will add

energy to the medium to keep the electrons at the upper level.

Impracticability of the two-energy levels system This pumping process is impractical with
a two energy levels system because the energy of the pump has the same probability to be
used for a stimulated emission than for an absorption, so the pump would only create equally
populated two-levels. This problem is solved by using a three level system (or more), the
middle level will serve as a transition to avoid the excited electron to go directly down to the
lowest level, and thus it will create a difference in population between the first and the third

levels, enough to create the population inversion needed to amplify the light [12].

Laser gain Finally, the quality of the amplification process in a laser cavity is defined by
the gain G. It quantifies the amount of stimulated emission one photon can produce per
unit distance. The gain is often related to the amplification factor A which measures the

amplification of power through the cavity length L and is related to the gain by:

A =exp(GL) (2.2)

A refers to the ratio of output/input power.

2.1.3 Characteristics of the laser output

Now that the internal mechanism of a laser system were discussed, the characteristic proper-
ties of the laser light can be look at. This is a very important part here for my subject: these
properties that characterize a laser beam can be used (and has been used) to discriminate a

laser light from background light.

Wavelength Laser light is often assumed to be monochromatic. This is however not ex-

actly true. Optical amplification occurs for a finite range of optical frequencies. The range
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of frequency for which significant gain is available is called the gain bandwidth. The laser
bandwidth AA (or linewidth) of a laser is generally defined as the full width at half-maximum
(FWHM) of its optical spectrum. As stated before, the wavelengths of a laser light are de-
termined by the medium but also by the laser cavity length because only wavelengths that
correspond to standing waves are supported. The optical length of the cavity L must be equal
to an integral number N of half the wavelength A:

L _NA

= (2.3)

where n is the refractive index of the laser medium. The equation 2.3 implies that many
wavelengths associated with a different integral number N could actually be possible in the
laser cavity. These wavelength solutions, combined with the gain bandwidth of the laser
medium will define the range of wavelengths of the output laser light. These wavelengths are
the longitudinal modes of the laser (see Fig. 2.3) [14, 15].

Gai
amn A Gain bandwidth

Longitudinal modes

R

Wavelength

Figure 2.3: Longitudinal modes of laser light.

The final laser output will then be a product of the longitudinal modes and the gain band-

width.

Beam divergence When the light leaves the laser system, it is known to spread into a small
angle 0 by diffraction, the spreading angle 0 is called divergence. If we consider the laser beam
as a Gaussian beam, i.e. the transverse profile of the intensity follows a Gaussian function,
we can define w(z) as the radius of the laser spot from the optical axis along the direction of
propagation z, and if the mirrors in the cavity are curved, they will produce a beam waist wy

inside the cavity, the beam waist corresponds to the smallest w(z). The beam waist is related
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to the length L of the cavity and the laser wavelength A by [14]:

AL
— 4/ = 2.4
wo = (2.4)

However, in real life, a laser beam is not perfectly Gaussian so often time, the divergence of
the beam is defined with the beam waist by [12]:

6 = MZL (2.5)
TTWo

where M? is the beam quality factor. The M? factor is the ratio of the real diffraction angle
of the laser beam over the diffraction angle of the idealized Gaussian beam. The figure 2.4

illustrates the different parameters of a collimated laser beam [16].

Real beam

Ideal beam

Figure 2.4: Divergence of a collimated beam (exaggerated).

The M? factor measures the beam quality of the laser since the divergence can vary and
depends on the type of cavity, the width of the laser output and on diffraction at the borders

of the laser output [14].

Laser power Laser power can refer to two different powers: the intracavity power inside the
cavity and the power measured from the beam (the output power). The former is created by
the stimulated emission process and the latter is only a fraction of the intracavity power that
was filtered out by the partially reflective mirror limiting the cavity. It is natural then to say
that the power in the cavity is much higher than in the output beam.

Four laser characteristics can influence the laser output power: the gain, the cavity, the laser
medium and the pump source. Depending on the nature of these criteria, the laser output can

vary from few picoWatts, milliWatts to petaWatts.
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Intensity The power over a given area is in general measured in watts per unit area (W.m2).
This quantity is defined as the irradiance, but often referred as the intensity [14]. The laser
beam is known to be collimated which means that waves travel parallel to each other in the
same direction with a low divergence. This allows the laser to have a well-defined beam: high

intensity over long distances with small divergence.

Time of emission The time of emission varies and depends on laser applications since limit-
ing the duration of the emission can improve the output power. Laser emission can be placed
into two categories: pulsed lasers or continuous wave (CW) lasers. The CW laser has a con-
tinuous and uninterrupted beam while the pulsed laser has pulse light at a regular frequency.

A pulsed laser can also be characterized by [17, 18]:
* its pulse duration Ty, it can reach tens of attoseconds;
* the pulse’s peak power P it is the power at the peak;
* the pulse energy E, s it is the integral of its optical power over time;

* the pulse’s repetition rate or frequency fp,s.: defines the number of pulses per second

and is simply the inverse of the period T),s, between two pulses;
¢ its pulse width: it is considered as the Full Width at Half Maximum (FWHM).

The figure 2.5 illustrates these different characterisctics.

Power (W) A
Tpulse
Ppeak
b Epulse
1:”2*Ppeak
T Time

pulse

Figure 2.5: Characteristics of a laser pulse.

Coherence A unique property of lasers is the coherence. A light is coherent when the pho-
tons composing the light have a well-defined phase relationship at different locations (spatial
coherence) or at different times (temporal coherence) [19]. These two different types of coher-

ence (temporal and spatial) will be studied more in the section 2.1.5.
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Wave direction

Magnetic field

Electric field

Y

Figure 2.6: Representation of an electromagnetic wave.

Ideally, the photons exiting the laser have the same frequency and are in phase. However,
in reality, the stimulated emission creates photons with slightly different wavelengths and
the photons are not systematically in phase. The wavelength difference implies a frequency
difference between the photons (c = A * v) that will affect the quality of the coherence over
long distances (they will become out of phase). The difference in phase comes from the spon-
taneous emission that happen at any time in the laser medium, it creates a photon with its
own phase. This resulting photon can then create another cascade of stimulated emission,
the new photons will have the same phase but different from the initial cascade of stimulated
emission.

Between different types of lasers, two criteria will affect their coherence: the duration of laser
emission and the type of gain. A high-gain laser will be less coherent than a low-gain lasers
because the light stay longer in the cavity for a low-gain lasers. Moreover, a short pulse will
be less coherent than a long pulse because a short pulse has a wider bandwidth which implies

a shorter coherent length [14].

Polarisation Before talking about polarisation of light, we first need to define the light as an
electromagnetic (EM) wave. Light is a superposition of electric and magnetic fields perpendic-
ular to each other and perpendicular to the propagation direction (see Fig. 2.6). It is the phase
of the horizontal and vertical components of the electric field that determines the polarization
type. One type of polarization is called linear which means that the electric field oscillates in
only one direction. There are two other types of polarization : circular and elliptical but there

is no need to develop these two other polarizations for our study.
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In a basic laser system, a laser light is unpolarized. However, often time an optical component
(e.g. a Brewster plate) is added between the laser medium and one of the two mirrors to

linearly polarize the light. The output power would be the same as the unpolarised light [14].

Conclusion From all these laser output properties, we can retain three that have often been
used to detect lasers: coherence, beam collimation and spectral intensity. A low diverging and
high intensity beam can be for example detected with a camera, however at low intensity the
discrimination between the laser light and background light can be difficult and even often
impossible. On the other hand, the coherence principle doesn’t require a high intensity to be
detected, and is very specific to a laser light so the discrimination with the background and
non coherent light is easier. Using the coherence principle as a mean to detect laser seems
the most adapted for our study. Nevertheless, the state of the art of the past laser detection

systems will be analysed in section 2.4 and the best results among them will be discussed.

2.1.4 Laser classification, danger and safety

Laser classes Lasers are classified based on their output powers and their capacity at dam-
aging the human body (eye or skin). The level of the damage depends on several aspects: the
duration of exposure, the wavelength, the energy of the beam, and the body area exposed to
the beam. Table 2.1 summarizes the different classes of laser and their potential danger[20,
21]. As can be seen from table 2.1, there exists a risk already for lasers around 1 mW and
those are easily accessible in the market.

Table 2.1: Classification of lasers based on power.

Class Power Danger caracteristics Examples
1 Very low power No danger during normal operation CD players, laser printers
1M Very low power No danger except if use with collecting optics Laser scanners
2 Waveba<n(1:1 T(Y(;]— 700nm Considered safe due to blink reflex from eye Some laser pointers
M <1mw Danger if use with magnifying optics Laser levels
Waveband 400-700nm
3R 1to5mW Eye damage Possible from dire.ct beam and Some targeting devices
certain specular reflections
3B 5 to 500 mW for CW lasers Eye damage possible from brief exposure Research applications
<10]J/cm?2 for a 0.25 s pulsed laser | and specular reflections, skin burn possible PP
4 500 mW Eye and skin damage possible even from Sureerv. drillin
> 10 J/cm?2 for a 0.25 s pulsed laser reflected beam gery, &

Type of laser active media Lasers can also be classified into different categories based on

the nature of the active media. The main categories are [18]: solids, gases, liquids and semi-
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conductors. In table 2.2 is gathered some example of lasers, their types and their applications
as reference in [22]. As shown in table 2.2, lasers are often titled by the composition of the

Table 2.2: Classification of lasers based on the active media.

Type Example of laser | Wavelength Example of applications
Solid-stat Nd:YAG 1060 nm Material processing, rangefinding, surgery
ond-state Ti:Saph 650-1100 nm Spectroscopy, LIDAR, multiphoton microscopy
HeNe 632.8 nm Interferometry, holography, barcode scanning
Gas . . . . .
Nitrogen 337 nm Dye laser pumping, measuring air pollution
Liquid Dye 400-1000 nm Spectroscopy, laser medicine
Semiconductors AlGalnP 630-900 nm | Optical disc (CD, DVD), laser pointers, machining

gain medium.

Laser hazards to living tissue As mentioned before, laser power classes are meant to rank
lasers based on the danger for living tissue. Three mechanisms are responsible for these dam-
ages: thermal, acoustical and photochemical processes [23]. Thermal damage, or burn, is
caused by an increase of temperature due to absorption of laser energy. The level of dam-
age depends on the tissue type, the exposure time, the wavelength and energy of the beam.
Acoustical damages are caused by mechanical shockwaves that propagate through tissue. The
shockwaves are created from localized vaporization of tissue. Finally, photochemical process
happens when the beam interacts with tissue cells and mostly with short-wavelength (blue
or UV). Skin is usually less sensitive to laser light than the eyes. In regards to the eyes, the
damage degree depends widely on the wavelength and the energy absorption [24]. It can
cause damages to the cornea, the lens, or the retina. Table 2.3 summarizes the possible eye
damages and the concerned wavelength range.

Table 2.3: Impact of wavelength on the eye.

Wavelengths | Location of injury Consequences

100 - 315 nm Cornea Keratocojunctivitis if high doses

315 - 400 nm Lens Effect not immediate but next few years

400 - 1400 nm Retina Flash blindness or retinal burns and lesions
1400 nm - 1 mm Cornea Corneal burns

Among the visible wavelengths, human eye is more sensitive to green light (520-570 nm)
than the other wavelengths. And on the opposite, for IR lasers, the 1500 nm is the less sensitive

wavelength for the eye.
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Laser safety The distance of the operator to the laser source plays an important role in
the risk. For this, the Nominal Ocular Hazard Distance (NOHD) is used. It is the minimal
distance from the source from which there is no risk for the operator. For example, for class
3 and class 4 lasers, this distance is very long, and the beam needs to be stop at the end of
the optical system to avoid injury. Moreover, to avoid any damages to the eyes or the skin,
several safe work practices need to be used. Eye protection should be used for class 3B and
class 4 type lasers. For laser with potential skin damages, a full body protection is required
including safety eye wear. In any case, any persons working with lasers, even low powers,

need to follow training for the safe use of the materials.

2.1.5 Coherence principle - Interferences

Since the coherence principle is very specific to a laser, it is important to understand clearly
this concept and to define any other physical quantities related to it. As I mentioned before,
the coherence is divided into two categories: temporal and spatial. Temporal and spatial

coherence are strictly independent of each other.

Temporal coherence

Temporal coherence defines the phase relationship of light emitted at different points in time
[15]. The figure 2.7 illustrates the principle. A wave (green color) is analyzed at different

points in time ¢; and f; and the phase relationship is analyzed between the two waves.
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Figure 2.7: Illustration of temporal coherence.
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We can see here that the phase difference is not constant in this example (¢ # ¢»), the light is
said to be partially coherent. The coherence time 7, is the characteristic time over which the
phase relationship is stable. The coherence length L., which is the corresponding length, is
related to 7. by:

Le=cXT (2.6)

Moreover, coherence length for a Gaussian spectral source [25] is directly related to the laser

bandwidth in wavelength AA (or in frequency Av) by:

2In2 A2 2V/In2
LC:4/7“7:7“C 2.7)
T AA TAV

Where A is the average wavelength of the light. The relationship between the linewidth AA and
the coherence length L. implies that the temporal coherence also describes how monochro-
matic is a source since AA quantifies the range of wavelengths the laser output contains. In
other words, the smaller the coherent length is, the less monochromatic the light is. Every
light has a coherence length: for ordinary lights, it is of few micrometers and over kilometers

for some lasers.

Spatial coherence

The other type of coherence is the spatial coherence, it studies the conservation of the phase
difference over the area perpendicular to the direction of propagation (cross-section of the
beam). In other words, it describes how far away two sources (or two parts of the same
source) can be found in the transverse direction of the observation plane and still be coherent
over different observation planes [13, 26]. Spatial coherence also indicates how uniform the
phase of a wavefront is. A good way to understand and to visualize the spatial coherence of

a laser is to used the Young two-slit experiment as shown in the figure 2.8.
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l‘h

“Interferences

Figure 2.8: Young two-slit experiment.

One source of wavelength A is divided by two slits in two sources. The two sources are
separated by a distance d from each other in the transverse direction of the propagation and
they are distanced from the observation plane by s. The two sources adds to each others at
the observation plane which creates interference and the spatial coherence of the two sources

is limited by a distance y,.

Interference

When two waves are temporally or spatially coherent, they can interfere and create a specific
pattern called fringes. This interference is the addition of the wave amplitudes and we observe
the corresponding intensity. An interferometer is an optical device used to interfere two or
more coherent light waves. The intensity distribution of the interference pattern depends on
the phase difference between the two waves. Extreme cases are constructive interferences (the
two signals adds to each others) or destructive interferences (the two signals subtract to each
others). This difference in intensity makes it interesting to use a physical quantity to describe

the quality of the created fringes. This quantity is called Visibility and is defined as follows:

Imax - Imz'n
V= ——7-— 2.8
Imax + Imz'n ( )
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where I, and I, are the maximum and minimum amplitudes respectively of the total
intensity from the superposition of the two beams. When the visibility is between 0.5 and 1,
fringes can be observed. When it is inferior to 0.2, we cannot define distinctly the fringes.
The visibility is a good tool to find the coherence length of a source when associated with
an interferometer such as a Michelson interferometer. The measure of the coherence length is
based on the increase of the path difference created between two beams (separated from one
same source) but it will be practicable only for lasers with a coherence length of no more than
tens of centimeters. Longer than that, the path difference will be impracticable on a traditional

optical table.

2.1.6 Laser beam mechanisms

For my interest in the laser detection technology, it is important to define the different mecha-
nisms of light that can be created from a laser[27] and thus that I can detect with such device.

There are four mechanisms:

e Direct beam: the laser beam itself;
* Reflected radiation: reflection of the laser light from different background;

e Port scattering: detection of the light scattered at the exit port of the Laser due to scat-
123 g p

tering particles;

¢ Atmospheric scattering: caused by aerosol particles in the air along the beam path.

Figure 2.9 shows a representation of the four different light mechanisms.

Figure 2.9: Different mechanisms associated with laser light.
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Differentiating the direct beam from the indirect beams is an important criteria to keep in
mind for our study, so that the laser direction can be found. The atmospheric scattering
radiation can be categorised in three types: Rayleigh scattering, Mie scattering, and non-
selective scattering[18]. Rayleigh scattering mostly occurs due to atmosphere gases and is
created when the particles in the air are smaller in size than the wavelengths of the incident
radiation. This scattering is wavelength dependant: the quantity of scattering is inversely
proportional to the fourth power of the wavelength. Mie scattering is caused by particles in
the lower part of the atmosphere such as pollen or dust. It occurs when the particles are larger
than the wavelengths of radiation. This scattering is also wavelength dependant. Finally the
non-selective scattering occurs in the lower part of the atmosphere when the particles in the

air are much larger than the incident radiation. This scattering is not wavelength dependant.

2.2 Applications of laser detection technology

This section is focused on the possible applications a relatively low cost laser detection system
could have in addition to the need in military. These applications ranges from indoor to space
settings and a review of the requirements for an efficient laser detection system is discussed

in the end of this section.

2.2.1 Laser pointers

One of the reasons detecting lasers is of interest is because of the growing abuse of laser
pointers by civilians. A good example of laser pointer hazards is in aviation - the UK Civil
Aviation Authority has listed all the laser incidents that happened in airports in the UK from
2009 to 2017: in 2017, 989 accidents were reported[1]. As you can see in the figure 2.10, aiming
a laser pointer from the ground to an aircraft in low altitude (when taking off or landing) and
at night can have terrible consequences on the field of view of the pilot. Indeed, as the eyes
can take up to 30 minutes to adapt to the darkness, bright disruption from darkness to the
eyes will take several seconds for the eye to adapt, and thus disturbing the vision during that
time [21]. More generally, a laser pointer can seriously damage the eyes of an individual. A
recent study from Linton at al. [28] showed particularly a risk for children with behavioural

problems as the diagnosis may be delayed in such children.
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Figure 2.10: FAA public domain photo showing a laser pointer aimed at a cockpit at night and while taking off.

The types of laser used typically have continuous and visible beams and the ones legally
available for sale in the United Kingdom have a power of up to 1 mW, although higher power
lasers are readily available on the internet. The corresponding laser beams can be seen over
few kilometers. The most common wavelengths are green (e.g. 532 nm), blue (e.g. 473 nm)
and red (e.g. 633 nm)[29].

Detecting a laser pointer directed towards an airplane or an individual, including the detection
of the direction it is coming from as well as the wavelength, can help to take the appropriate

countermeasures and to avoid fatal accidents or irreversible eye injuries.

2.2.2 Military requirement

Lasers in the military have many applications, we can divide them into two categories: low-
power laser applications and directed-energy applications [15]. As the range of applications is
wide, I will only highlight the more used and known laser applications in those two categories

and for which our laser detection system will be of interest.

Low-power laser applications

Low-power laser applications are laser systems used for instrumentation and sensors. They
are often associated with a threat. In the battlefield, threat using lasers is divided in four
categories [27] which are detailed in table 2.4. As for the wavelength range of the LTD systems,
the use of the 1.06 nm over the 1.54 nm is due to cost efficiency. For this setting, the direction
(defined by the angle of arrival) of the incoming laser needs to be known, thus a 360° field of

view is required. Moreover the wavelength (spectral range of laser threats are between 0.6m
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Table 2.4: Categories of laser threat sources and their features.

Name of laser threat Function Laser type | Typical peak power (W) | Wavelength (um)
Laser range-finders To measure distance Pulsed 10° 1.06 and 1.54
(LRF) laser/target
Laser target designators To designate a target Pulsed 10° 1.06
(LTD)
Laser beam riders To direct the missile Cw A few near IR
(LBR) to its target
NIR laser illumination To illuminate target CW few mW NIR
for small and close target

to 12um [4, 30]), the pulse width and the pulse repetition frequency (when pulsed laser are
used) are information useful to the user, it will allow them to recognize the laser threat and

take the appropriate countermeasure (like smoke screens and dazzler weapons).

Directed-energy applications

Directed-energy laser applications are mainly weapons that can inflict damage to the target.
For this reason, the laser system requires high power for CW lasers and sufficient energy for
pulsed laser. A good example is the laser dazzler, it is used to create vision impairments to
the target, just like the laser pointer in aircraft. However, this time the power is much higher:
around 500mW [15]. The wavelength range is mainly in the green spectrum (e.g. 532 nm).
An example of such dazzler is the Glare LA-9/P laser dazzler developed by B.E. Meyers &
Co., Inc. [31]. One other example is the Portable Laser Countermeasure System, known as the

PAPYV, but this time with power equal to 1.5 J at 1.06 micron and 0.2 J at 0.53 micron.

2.2.3 Optical Wireless Communication system

Optical Wireless Communication (OWC) systems are systems using optical waves to transmit
data, instead of the normal radio frequencies (mainly because the radio frequency spectrum
is limited and over crowded). There are two categories of OWC: indoor system and space

system.

Indoor systems

Indoor OWC systems includes all communication within a building. One good example of
use of lasers in indoor systems comes from coherent optical communication. Coherent optical
communication use what is called line-of-sight (LOS) transmission (emitter and receiver needs

to be in view of each other) and diffuse transmission (transmits in all directions and reflects
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from background objects) [32, 33]. Where it is interesting for us is that coherent transmission
is based on the comparison between a phase and/or frequency modulated optical signal and a
local oscillator (e.g. laser; see heterodyne and homodyne technique) [34] which directly relies
on the coherence of the light. The wavelength range used is visible or infrared light, from 400

nm to 1600 nm.

Free space optical systems

Free Space Optical (FSO) communication systems apply to outdoor systems. There are many
applications including ground-to-satellite links and inter-satellite communications [35]. 1
present one good example where the laser system technology could apply. Compared to
radiowave communication, an inter-satellite laser communication is preferred as the RF spec-
trum availability is becoming limited due to its large use in space [36, 37]. One of the technolo-
gies to make this communication is the N-slit interferometer [38]: the interferometer combined
with a visible laser light can generate a series of optical signals representing letters. These sig-
nals are unique and thus if they were intercepted optically, they would be modified and it
would systematically be noticed in the interference pattern. This is why this technology is
used to secure data transmission between satellites. It can also be used to detect air turbu-
lence in airfields [39]. A laser detection system would be very interesting here if we combined
a diffraction pattern with a CCD camera to look at the interference pattern. The wavelength
here belongs to the visible and short IR spectrum (from 380 nm to 3000 nm). The needed
power of the laser depends on the distance between the satellites but can be as low as few
tens of milliwatts [35]. Moreover, concerning eye safety, a laser at 1500 nm could be used at
higher power (10 times higher) than for a shorter wavelengths at for example 750 nm since
the outer layer of the eye, the cornea, absorbs the light energy at 1550 nm and prevents it from

focusing on the retina, where the danger would be.

2.2.4 Laser guide star

Another application of laser in space is the laser guide star. A guide star is used to correct
the effect of atmospheric turbulence on an image taken through a telescope on Earth. The
passage of light through the Earth’s atmosphere results in a wavefront distortion. A laser
is used as a reference light source and together with a deformable mirror, they are able to

correct the wavefront (as explained in part 13.7.2 of reference [15]). Here, a laser detection
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system technology could be useful if combined with a deformable mirror to reconstruct the
wavefront. To go through the atmosphere and back, the laser needs to be powerful: 20-50W,
but will be greatly attenuated on the way back to earth. The wavelength range depends on
whether the guide star is a sodium beacon or a Rayleigh type: short wavelengths for the
Rayleigh guide star (down to 350nm) and 589.2 nm for the sodium beacon guide star. Pulsed
lasers are preferred for the Rayleigh type while continuous lasers are more often used for the

sodium beacon type.

2.3 Summary: requirements for our laser detection system

As seen previously, many applications can be found for the use of a low-cost laser detec-
tion. Having a wide enough field of view seems to be required for most of the applications:
the larger the field of view is, the more cost-effective the technology will be. However, the
signal-to-noise ratio cannot be affected too much by a wide field of view for this to work:
the sensitivity of our system needs to be taken into account as well. Moreover, the laser
light seems to range from visible to near-infrared so we have a bandwidth requirement from
0.38um to 12um and being able to measure the laser wavelength would be a great advantage.
The power can actually be quite big, over hundreds of milliwatts and in that case a commonly
used photodiode would be easily saturated and I need to take this into consideration for this
technology. It is also important that in the other case where the laser power detected is weak,
our system is able to detect it. A detection range of 10 km should also be considered and this
will impact mainly the detection of laser target designators and beam riders [5]. Both pulsed
and continuous lasers are used so I should consider the detection of these two types as well as
the determination of the pulse width and the pulse repetition frequency when pulsed lasers
are used. Furthermore, regarding the laser threat especially, a short response time is required,
between 3-6 s to activate the countermeasure, so the nature of the processing unit needs to be
taken into account. Finally, the power of lasers especially in the military should be considered

and the level resistance of the detectors should be established when possible.
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2.4 Review of existing laser detection systems

From the last 40 years, many patents and scientific papers have been published introducing
new technologies to detect lasers and to define the laser radiation parameters such as the
laser frequency, the pulse duration, the pulse frequency, the power and the direction of the
beam. These laser detection technologies are known as Laser Warning Receiver (LWR) in the
military and they are often composed of three parts: an optical unit, a detection unit, and a
processing unit [40] as illustrated in figure 2.11. In these laser detection systems, the optical
unit will direct and/or modify the incident beam towards the detection unit. Then, a digital
signal will be created from the optical signal in the detection unit. From this digital signal,
the characteristic of the laser will be given by the processing unit.

Laser beam
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Figure 2.11: Composition of a Laser Warning Receiver.

The processing unit should contain all the signatures of possible optical signals on the bat-
tlefield, this includes lasers sources and interferences. The composition of the optical unit
and sometimes the detection unit depend on the laser characteristic used in the technology to
discriminate the laser from the background light. To classify laser warning receivers, Wang
in 2014 separated the technologies in three categories based on the observed light characteris-

tics: coherent recognition, scattering recognition and spectrum recognition [41]. While Benton
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in 2019 [42] separated them based on the discrimination technique: coherence, imaging and
spectral. I will here follow Benton’s classification as the discrimination of laser light from
interference is one of the main criteria for our system, these categories will give us a clear
idea on which technologies will be of interest for us. In these three categories, coherent recog-
nition systems are systems using the temporal coherence of a laser light to discriminate it
from the background light, it includes amplitude splitting interferometers such as Michelson,
Fabry-Perot, Mach-Zehnder and Fizeau interferometers. Imaging systems use the low diver-
gence and high brightness properties of a laser beam and includes technologies using CCD
cameras or photodiodes. Spectral discrimination systems will also discriminate based on the
brightness of the beam but this time use the laser monochromatic properties by incorporating
diffraction grating in their systems.

In this section, I will look at the different papers on those technologies and for my interest, I
will highlight the type of laser all the technologies can detect, the spectral range, the sensitivity
of the system and when it is included, their method for a wide field of view coverage. The
relative uncertainty (equal to absolute error over real value) of the wavelength measurement
for the different technology is also included. Drawbacks and advantages of the different

technologies are also discussed.

24.1 Coherent recognition

Amplitude splitting method is based on the analysis of fringe interferences created at the end
of the interferometer. An interferometer can be used in two modes: static or dynamic. Static
interferometers have a constant path difference while dynamic interferometers have a continu-
ous and uniform change of the path difference, they are often called scanning interferometers
[43]. In this part, I will focus the study of laser detection into 4 interferometers, the most used

in the field: Michelson, Mach-Zenhder, Fizeau and Fabry-Perot interferometers.

Fabry-Pérot etalon

A Fabry-Pérot etalon is composed of two partially reflecting mirrors parallel to each other
and separated with a specific distance (from micrometers to centimetres apart). The figure

2.12 illustrates the interferometer.

M.A.Zandi, PhD Thesis, Aston University, 2021 39



Chapter 2. Lasers and laser detection systems
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Figure 2.12: [llustration of the Fabry Pérot interferometer.

The distance between the two mirrors is normally fixed and depends on the wavelength I need
to detect: only this wavelength will create interference fringes at the output of the interferom-
eter. Moreover, a minimum space between the two mirrors of few micrometers is enough to
discriminate the background light due to the short coherence length of this light.

One of the first papers to introduce a Fabry Pérot interferometer for the detection of lasers
was Robert Crane Jr. in 1979 [44]. He used an angle-scanned Fabry-Pérot interferometer as a
coherent modulator: by scanning across a scene (field of view of 90°), it modulates only input
coherent light (from pulse laser and CW laser) and does not modulate incoherent light. The
scan is done by angularly and continuously moving the etalon on the axis perpendicular to
its optical axis which changes the thickness of the etalon and allows a range of frequency to
be detected [45]. The source direction and the laser wavelength can be found by looking at
the transmittance pattern, however the wavelength detection is restricted to a short spectral
band imposed by the scan process (example: 0.45-1.1um, 2-4um and 5-12um). Following
Crane, Siebert Edward T. [46] used a multi-stepped etalon: a static Fabry-Perot with several
regions of different thicknesses. The system was able to have a field of view of up to 160°
and the wavelength detection was limited only by the detection range of the detectors. So,
unlike Crane, this technology doesn’t have limited spectral band but it is necessary to know
beforehand the laser wavelengths to be detected, which is a big drawback for the desired
technology. In 1986, another dynamic Fabry Perot interferometer type has been used [47].
The optical path length is changed by applying a sound wave to the etalon which allows only
a specific spectral range to be detected. Manasson and Sadovnik used an interferometer in
1996 made from electro-optical crystal [48] to modulate coherent light at a specific frequency.

It allows the detection of pulsed and CW laser in a wide spectral range. However, here
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again, the thickness of the etalon is previously fixed from an "expected" laser threat, thus the
wavelength range is not immediately long enough for our case (0.6-12um).

In conclusion, Fabry-Perot etalons succeed very well in discriminating lasers from back-
ground light, even from low intensity lasers and for both CW and pulsed lasers. They can
achieve an acceptable field of view of 160° and a high sensitivity. The interferometer can reach
a relative uncertainty of 2 x 102 for the determination of the wavelength [49]. However, the
physics of a Fabry-Perot etalon makes it impossible to have the whole wavelength band I am

looking for (0.6-12 um) - only short bands are possible.

Michelson interferometer

A Michelson interferometer is composed of one beam splitter that will split the incoming
beam between two paths, called arms. One beam will go to a movable mirror, the other to
a fixed mirror. Depending on the location of the movable mirror (i.e. the path difference

between the two arms), the interference will change.

Movable mirror [——

Y

A

Beam splitter
50/50

=
Laser
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Detector 'é'

Figure 2.13: Illustration of the Michelson interferometer.

In 1988, Hickman and Duffy introduced a laser detection system with a scanning Michel-
son interferometer [50, 51]. Their idea is to modulate one of the mirrors with a piezoeletric
transducer to induce a modulation on the path difference in the region where the background
light doesn’t interfere anymore (it is the case after few um of path difference). Thus, only
light with a longer coherence length, such as lasers, will be modulated and at the modulation

frequency of the transducer. They combined this with a Fast Fourier transform stage to an-
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alyze the modulated signal output [51]. They also modified the Michelson interferometer to
have access to two output channels (instead of one channel) and thus they were able to use
the other output with a CCD camera to obtain the position, shape and size of the coherent in-
coming signal. Their technique is very efficient in discriminating laser light from background
light. However, they did not look at determining the wavelength in their research and their
technology require additional electronic processing to obtain a good sensitivity. In the fol-
lowing year, Sutton uses a twin Michelson interferometer: two different path differences are
made in the same interferometer by introducing a piece of glass as a delay on the lower part
of the beam [52]. Their interferometer is also composed of a scanning arm (use of a phase
modulator) to measure the fringe profile of the two interferometers. By comparing the two
fringe profiles and knowing the two path differences, the coherence length of the source can
be measured. Moreover, his technology is associated with a bandpass coherence processing
that rejects signals outside the coherence length range of 0.13-0.17mm by using a diffraction
grating monochromator. The exit of the monochromator was chosen to filter only the desired
wavelengths. This technology has a field of view of only 0.06° due to the size of the optical
components (1-2cm). It achieves an accuracy of the coherence length measurement of 10%.
However, this can be increased by using a modulation frequency in excess of 10kHz (400Hz
in his experiment). In 1999, Countinho et al. used a scanning Michelson interferometer with a
piezoelectric driver and compare a reference path difference of a white incoherent light with
a path difference where they superpose a laser to the white light [53]. The difference in phase,
in amplitude and in frequency along the two path differences allow them to discriminate the
laser light with a good signal to noise ratio and with low-cost materials. However, the signal
needs a lot of digital processing before obtaining the results and no wavelength determina-
tion has been achieved. In 2007, a static Michelson interferometer was used but this time with
one of the mirror slightly tilted which create vertical interference fringes (instead of circular
fringes) [54]. The interferometer is associated with a Fourier transform lens and an array of
CCDs to analyze the interference. For a wide field of view coverage, they used an optical
antenna composed of two lenses (the two are plano-convex) and a fibre optic bundle. In their
experiment, the system was able to give a field of view of 45° but with a possibility to increase
it by changing the refractive index of the fibre or its numerical aperture.

To summarize these different papers, a Michelson interferometer when in a scanning mode

has really good results in discriminating lasers from background light but needs a lot of signal
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processing. The Michelson interferometer can reach a relative uncertainty of 6.4 x 1077[55] for
the determination of the wavelength. It is able to detect a wide spectral band and include both
type of lasers (CW and pulsed). The optical antenna in the last paragraph seemed an efficient
way to improve the field of view.

Other interferometers

Other types of interferometers used in laser warning devices are MZ and Fizeau interferome-
ter. Mach Zehnder interferometers are very similar to Michelson interferometers. The figure

2.14 illustrates the MZ interferometer principle.
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Figure 2.14: Illustration of the Mach Zehnder interferometer.

Source

The main difference between these two interferometers is the number of outputs available
without any modification of the system: two outputs for Mach Zendher interferometer and
one output for Michelson interferometer.

Benton in 2017 [6] used photodiodes with a scanning Mach-Zehnder interferometer for
a low-cost laser warning system. The scanning interferometer is composed of a modulating
piezo mirror replacing one of the two mirrors. The idea is related to the scanning Michelson
inferometer from [50, 51] where only the coherent light is modulated. Benton’s interferometer
proves to be efficient at detecting continuous lasers at low intensities. He is able to detect
a laser beam down to InW. He also introduces a method to determine the laser wavelength
by changing the modulation amplitude and looking at the ratio of the fundamental harmonic
over the third harmonics. However, the third harmonics is not always strong enough to be
detected and thus this wavelength determination method shows inconclusive results. For the

Fizeau type, in 2000, a wedge etalon has been used [8] combined with two types of Fourier
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transform analysis (electronic and optical). This time the two mirrors of the interferometer are
not parallel but one of the two mirrors has a small angle. It allows constructive interferences
at several locations and create intensity spikes along the other mirror length. The use of a
Fourier transform lens improves the sensitivity (signal to noise ratio) in comparison to an
electronic Fourier transform but in consequence the lens imposes a field of view of +60° from

the normal.

2.4.2 Spectral recognition

Spectral recognition systems look at a narrow spectral band and use generally diffraction grat-
ing combined with a detector array. The use of diffraction gratings in laser detection systems
started 20 years ago. A diffraction grating is an optical component composed of reflecting
elements (reflection grating) or transmitting elements (transmission grating). It can split the
light into its different wavelengths and the distance between the reflecting (or transmitting)
elements tells us the angle at which the different radiations will be diffracted based on the
grating equation [56]. Those gratings are notably efficient at differentiating the incidence laser
from any optical interference.

In 2006, Zhang et al. [57] used a horizontal grating combined with a CCD sensor to
measure the wavelength with an optical spectral range from 500 nm to 1100 nm (accuracy
10 nm; without restriction on the wavelength range) and the incident angle of pulsed lasers
with a field of view of 22.5° (accuracy 1°). It is then followed in 2009 by McAulay with the
same type of grating [9], he explains that although this method is very efficient to find the
wavelength and the direction of the laser, the sensitivity is quite limited when the light has
low intensity. The idea is then to separate the estimation of wavelength and direction into two
different tasks which will then require two almost identical laser warning receivers. Another
paper from 2009 [58] explains the process of calculating the wavelength and angle of arrival
with again an horizontal grating. The intensity of the diffraction pattern of the laser will
be composed of two stripes formed on the CCD camera at two specific locations and the
wavelength and angle of arrival can be deduced from the locations on the camera. There is
no restriction on the type of lasers (pulse or CW) and they obtained a wavelength resolution
of 10 nm. The drawback here could be the size of the camera (56 x 60 x 39.4 mm) if [ am
looking for a smaller detector size. Wang et al. were focused then on the development and

improvement of the field of view with a fish eye lens in 2013 and 2014 [41]. The new field of
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view is of 160° (accuracy of 2° before 140°) and wavelengths of pulsed and CW laser can be
determined with an accuracy of 40nm. Although the wide field of view is very promising,
the accuracy on the wavelength needs to be improved. Another form of diffraction grating is
the Digital Micromirror Device (DMD) which consists of a few centimeters rectangular array
of micro-mirrors of around 15 micrometers each. The mirrors can be individually addressed
and be titled by 10-12° and thus the DMD has diffractive properties [59]. In 2014, Partanen et
al. [60] used a DMD to create a a Young’s double slit experiment and measured the spatial
coherence function (amplitude and phase) of the beam as well as the beam intensity with
the help of a CMOS camera. The system is fast and low-cost and has a wide field of view
(over 90°). More recently, Mohagheghian et al. used the DMD to create a Fresnel Zone plate
(FZP) to determine laser wavelength [61]. A FZP is composed of transparent and opaque
rings where each ring radius is proportional to the wavelength and the focal point of the
diffracted light. Mohagheghian et al. use these properties and modify the ring radius (and
thus the focal point) and they look at the laser beam spot size resulting from the diffraction
with a CCD camera. They reach a relative uncertainty in the wavelength determination of
10~°. They however notice strong astigmatisms in the beam spot profile which can affect the
accuracy. Benton proposes in 2018 [62] a method to avoid astigmatisms on the focal point by
using an approach similar to the use of Zernike polynomials.

To summarize these papers on diffraction grating technology, the main advantage is a wide
and quite accurate field of view determination combined with the measurement of wavelength
for both pulsed and CW lasers. However, the wavelength determination has some drawbacks
for low intensities and it is not accurate enough when the horizontal grating or the double-slit
experiment are used (accuracy 10nm). Unlike those diffraction gratings, the use of FZP have
seen promising results in determining and improving the wavelength determination in a fast

and low-cost way using a DMD.

2.4.3 Imaging recognition

Imaging recognition systems regroup all the systems using the low divergent and high bright-
ness of the laser beam. Two-sub categories are often use in laser warning receivers: photode-
tectors based systems and camera based systems. A third separated categories can be added
to these technologies, it is also using imaging systems but is targeting scattered light. This can

be of interest for a future complete detection of laser light on the battlefield.
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Photodetectors based system

This section summarises laser detection systems based on photodetectors [63, 64].

A patent from 1995 uses a position sensitive photodetector which can define the position
of an illuminated spot on the detector [65]. They combine this position detector with a dome
reflector to focus the beam on the detector. Their technology allows a 360° field of view and
gives the direction of the incoming laser light. Their method to detect wavelength is to use
one filter to block unwanted radiation and use several detectors for other wavelengths. In
2011, a technology using an array of photodiodes combined with a converging lens was able
to obtain a field of view of 90° (accuracy of £3°) in azimuth and 35° in elevation [66]. A 5cm
aperture for the lens is needed to collect enough intensity from a low intensity laser or for a
far distance laser (typical 500m). The use of two photodiodes (Silicon and InGaAs) mounted
with an amplifier and a processing unit have been introduced to extend the spectral range
to 400-1700nm [67]. Their technology also discriminated a direct beam from a reflected laser
beam based on the density powers of known laser receivers. They have however not being
able to determine the laser wavelength. To improve the laser warning receiver technology
in harsh environment and to decrease the false alarm rate, El-Sherif et al. used the fact that
high power pulsed lasers (rangefinders) create photoacoustic waves on solid surfaces [68].
Although very young, their technique has proven effective and reduced the false alarm rate
by 4. Moreover, the protective material used is low-cost. A new technology from 2017 uses a
set of photosensitive linear arrays to detect lasers for a 360° field of view and thus reducing
the size of the detector system [69]. To achieve this, the wavelength range has to be reduced
and can only detect two wavelengths. This technology is used for specific purposes and does
not satisfy our requirement as our optimal range of wavelength detection is wide (from 0.38
pum to 12 ym). Very recently, in the beginning of 2018 a new technology has been proposed
using optical array associated with photosensors [40]. The device has a very good signal to
noise ratio even from far distances and hazy conditions for three wavelengths (0.63 um, 1.06
um and 1.54 um) with the possibility to extend the range from 0.62um to 1.54um. However,
the field of view is of 20° and needs to be improved for our purpose.

In summary, the detection of spectrum with a non-imaging system combined with a good
processing unit is good to discriminate direct beams from reflected beams and typically the

technology has a good field of view. However, the determination of multiple wavelengths is
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restricted to the amount of photodiodes used and discriminating the laser light from other

light is not guarantee to succeed if only the high intensity of the power is considered.

Camera based systems

Imaging Laser Detection System (ILDS) are usually composed of a fish-eye lens and CCD/CMOS
camera devices [70]. They are able to detect both CW and pulsed lasers and by analyzing the
images, they can find the laser pulsed rates. The following papers introduce new way to
improve ILDS issues (saturation, dynamic range etc.).

In 2010, Zhou and Ying based their research on improving image processing software
algorithms to enhance the dynamic range [71]. They reached a 30% improvement which
consumes more time (around 2 seconds) but allow detection of lower intensity beams. The
same year and to correct this time the locating error of a laser spot on a CMOS camera, Ying
et al. have developed a model based on Monte Carlo analysis [72]. This model predicts
the spot energy location on non-light sensitive area of the camera (between the pixels). To
avoid saturation of the imaging sensor by the laser beam, the BRILLIANT system has been
developed [27]. It works by controlling the gate of a camera and synchronizing it with the
incoming laser pulses. Two papers from 2006 [73] and 2009 [74] have their systems based on a
multispectral detector available on the market. This detector is able to detect laser light from
pulsed laser (high and middle power), to determine the direction of the light as well as the
time between the observation of the laser light and the present. However, the detector has
only a short spectral band (0.5-1.8um, 2-5um or 5-12um). The first paper fixed this problem
by duplicating the detector in four places while the paper from 2009 used an off-axis system
composed of mirrors to have only one detector head. More recently, Tipper et al. use a
defocussed camera with ND filters to discriminate laser based on the beam size on camera [3].
The ND filters act also as a filter for background light, they achieved an overal good sensitivity
level down to 1uW.cm™ and a relative wvaelength accuracy of 4+-5nm for visible light.

Although those ILDS systems appear to be excellent in detecting laser light in CW and
pulsed modes, in determining the pulse laser characteristics, the direction of illumination as
well as having a wide field of view, they have several negative points. First, they are not
able to distinguish laser light from other lights (LED for example) without losing sensitivity
level, this can increase the false alarm rate. Moreover, the wide spectral band I would like

to achieve is not accomplished without either decreasing the received signal power (detection
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of low power laser becomes difficult) or duplicating the detectors (expensive option). Finally,
a lot of processing needs to be done to give the different characteristics of the laser and it

increases the countermeasures reaction time.

Scattering recognition

Scattering recognition systems fall into the category of non-direct and off-axis detection of
the beam. The amount of light scattered from the original beam depends on the laser type,
the wavelength and the propagation medium [27]. One can think that a simple laser detection
system, based on coherence or spectrum recognition could work to detect scattered laser light.
It is actually true, but a scattering recognition system will be more interesting for long off-
axis distance detection (up to 100 meters off-axis) where the two other systems fail to detect
weak scattered light. Moreover, a scattering recognition system would be useful when the
parameters for scattering light are optimal, which is the case in the maritime environment
[75]. This fact combined with a need of long off-axis distance detection are the reasons why
this laser detection system is mainly used for warship applications.

This part introduces models of scattering on background aerosols. A model that stud-
ies the distribution and optical properties of aerosol particles (interaction properties between
the particle radiation at different wavelengths) needs to be consider before designing a de-
tection system. This model predicts the behaviour of the laser scattered light knowing the
environmental conditions. There exist many models and they differ by the number of input
parameters (atmospheric pressure, sea temperature, relative humidity etc.) they take into ac-
count. The oldest one is the Shettle and Fenn models [76] that take only 4 parameters into
account. An alternate, the EMAC/MADE-IN model [77] has combined two former models
(the MADE-IN model [78] which defines aerosol dynamics properties and the EMAC model
[79] which defines aerosol chemistry properties) to achieve better results. Another model
introduced in 2005 [75] considered this time 12 input parameters.

Now, laser warning receivers based on scattering recognition are discussed. After the
model is defined, the design of the system can start. Several papers can be found of such
detection system [80, 81]. They are all based on spectrum recognition, using either an array of
imaging sensors from which the power collection at every pixel is used to determine the pulse
rate for example [82] or directly using a power meter which allows from the model to find the

distance of the laser beam to the detector [75]. Those systems are able to detect CW and pulsed
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lasers. However, they all failed in three criteria I am looking for in the technology: the size,
the accuracy in the determination of the direction of the incoming lasers, and the wavelength
measurement. Indeed, to detect scattering particles from a laser beam, the detector needs
to be of an important size mainly due to the field of view coverage and the amplification
combination. The laser wavelength determination is not considered for those systems and the
direction of direct laser beam is impossible to determine from the scattered light.

Overall, those systems only determine the presence or not of a laser and the possible
distance of the laser beam from the detector. They are thus not of interest for a direct detection

of the laser beam that I would like to achieve first.

2.5 Discussion

In this chapter, I first studied basic properties of lasers and concluded that the coherence
properties of a laser since being a unique feature of this technology would be a good discrim-
ination criteria for our technology. In the second part of the chapter, I introduced different
applications of laser detection technology including but not limited to military based require-
ments. I concluded that there was a demand for a wide field of view, a good sensitivity, a
wide spectral range, a CW and pulsed laser detection and a short response time from the
detection process. In the final part, I introduced the laser warning receivers in the market and
classify them in three categories: coherence discrimination method, spectral discrimination
method and imaging discrimination method. Table 2.5 shows a summary of each technology
type with their main advantages and drawbacks.

Table 2.5: Summary of past laser detection technology with their advantages and drawbacks.

Type of discrimination | Type of technology Advantages Drawbacks
Fabry-Perot Wavelength determination Short wavelength band (for Fabry-Perot)
Michelson Discrimination laser / background light Long processing
Coherence based Mach-Zehnder CW and pulsed lasers Misalignement of system
Fizeau Low intensity detection Restricted field of view
. . . Idem . . . .
Spectral based Diffraction grating Wide field of view Detection difficult at low intensity
. Camera CW and pulsed 1 asers Discrimination from background light difficult
Imaging based Photodetectors Pulse characteristics Waveleneth determination acearac
Scattering Wide field of view (for camera) & y

The imaging recognition in both photodetectors and camera systems has many advan-
tages. The camera based systems achieve a good field of view determined by the size of the
camera. Both types succeed in detecting CW laser and pulsed lasers as well as determining

the pulse characteristics. They are able to discriminate laser from background light based on
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the intensity of the laser. But there are two problems. One is that if a bright non-coherent
source is detected, it can be seen as a laser beam. The other issue is the determination of
the wavelength, which doesn’t seem to be possible with these two systems only based on the
power or the color detected (in that case a lack of accuracy on the wavelength). Moreoever, I
can affirm that the scattering recognition method is not of our interest for now. This method
discriminates scattering light from background light by mainly looking at the power of the
incoming light which is not reliable. However, one paper introduced a technique to determine
the pulse rate of a pulsed laser and this is something I have to keep in mind for a future re-
search.

On the other hand, the coherence detection systems seem to have more to offer. Interferom-
eters have for a long time been used to determinate laser wavelengths and so they might be
our first choice. However, the Fabry-Perot interferometer is definitely not feasible in our case
because of the short wavelength band restriction. The scanning Michelson and Mach-Zendher
interferometers [6] seem efficient in discriminating lasers from background light and in de-
tecting low intensity. They are a good solution for a low-cost and efficient detection but the
long processing would be a disadvantage in term of the limited time we have to take the
appropriate countermeasure (only 3-6s between the detection of the laser threat and the at-
tack). The other discrimination technique is the diffraction grating. It is also able to determine
laser wavelength and it is efficient in discriminating lasers from background light but the in-
accuracy on the wavelength detection causes problem at low intensity. However, one recent
paper using a FZP pattern [61] has shown promising results in wavelength resolution but it
did not consider aberration correction to improve the sensitivity level. Using this technology
while correcting the astigmatism on the FZP as it was done by Benton [62] would improve the

sensitivity level and wavelength resolution.
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360 degree azimuthal field of view

The first approach on laser detection system is based on a technology created by David Ben-
ton[6]. This work improves the field of view of the detection system as well as implementing
a method to determine the direction of the incoming laser. After a brief introduction on sev-
eral laser detection systems and their field of view, the principle of the technology will be
explained and then the method to extend the field of view and to determine the direction of
the laser beam will be shown.

Some parts of this chapter were presented in the SPIE Security + Defence conference in 2019

[83], and a journal paper was published in Optical Engineering in 2021 [7].

3.1 Background study

3.1.1 Field of view of existing laser detection systems

In defence, laser detection systems are highly researched since lasers have been used for
decades for communication, navigation, guidance, control and weapon systems[84]. Most of
the laser system applications use high energy pulsed lasers [85], however some applications
such as laser aiming modules or beam rider guidance are using low power CW lasers [86].
LWR have been developed to identify the nature of the laser threat as well as the direction
of irradiation. Very few of the current LWRs in the market are effective against CW lasers.

Moreover, another requirement to detect CW lasers comes with the increase of the uses of
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laser pointers in the last decade [87]. To answer these needs, our detection system is focused
on the detection of CW lasers and a low cost implementation of a wide field of view is added
in this chapter for a better coverage of the scene.

Typically LWRs are composed of three units: an optical unit, a detection unit, and a pro-

cessing unit [40]. The field of view of an LWR depends on the composition of the optical
and/or detection unit but can be extended with additional optical components. For example,
imaging laser detection systems (ILDS) are usually composed of a fish-eye lens and CCD or
CMOS camera devices [70] and can reach 180° of field of view. Oftentimes several ILDS units
need to be combined together to reach a 360° full azimuthal coverage [73]. However, this is
not a cost-effective system. Interferometer based detection systems are another type of LWR
that make use of coherence detection, their field of view will be restricted by the size of the
interferometer aperture and the optical path of the system. A static Michelson interferometer
associated with an optical antenna has demonstrated a 45° horizontal coverage[54] while a
Fabry-Perot based LWR has already achieved a horizontal field of view of 160° [46]. Some-
times, the field of view needs to be reduced to 120° in order to increase sensitivity in the
system[8]. Diffraction gratings can also be used as part of detection systems, and typically
rely on the use of a CCD camera. In 2014 a fish eye lens was combined with a sinusoidal
amplitude grating and the system was able to achieve a 160 ° field of view [41].
An additional feature of a laser detection system requirement is the measurement of the laser
wavelength, although not discussed in this chapter, this is a requirement to keep in mind for
the future system to use. Among all the LWRs, interferometer based systems and diffraction
grating based systems are the most reliable at determining the wavelength. However, they are
mostly working with pulsed lasers[88, 89], their field of view is limited [41] and/or they are
complex and expensive [90, 54].

The laser detection system used for this work is composed of a modified MZ interferometer
and a balanced detector[6]. It is able to detect weak, continuous laser sources against bright
broadband backgrounds. The field of view of the MZ system has been measured and is equal
to £3°. The aim of this work is to expand the field of view thereby making the device more
practical. In addition to the field of view, the incoming beam direction has been studied as it

is essential to determine the origin of the threats.
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3.1.2 Typical coherence properties among light sources

In this part, a summary on typical coherence properties of light sources is done [18, 91]. Table
3.1 summarises different sources and their coherent lengths. As can be seen from this table,

Table 3.1: Example of light sources and typical coherence lengths in free space.

] Source type | Wavelength (nm) | Coherence lengths |
Filtered sunlight 400-800 800 nm
Light emitting diode (LED) 632 12 ym
Light emitting diode (LED) 1000 20 ym
Laser diode 649 92 um
Laser diode 532 200 um
Low pressured sodium lamp 589 nm 600 um
DPSS UV laser 346 <l cm
Diode-pumped solid-state laser 405 nm >l m
Multi mode HeNe laser 633 20 cm
Single mode HeNe laser 633 300 m

laser diodes tend to have smaller coherence lengths and can be as low as 100 um. Single
mode lasers have higher coherence lengths, and even have the possibility to reach kilometers
of coherence [92]. Moreover, although non laser lights are known to be non coherent, they
have actually some amount of coherence and this needs to be carefully considered when the

discrimination of lasers from background light is discussed for our laser detection system.

3.2 Configuration of the laser detection system

3.2.1 Principle of detection - coherence modulation

Unlike conventional laser detection systems based on the detection of enhanced brightness,
the laser detection system presented here works by detecting light sources that have a signif-
icant coherence length. For this to work, the path difference between the two Mach Zehnder
arms is required to be longer than the coherence length of the background light, which is the
case with a difference of few micrometers in length. A piezo-mounted mirror replaces one of
the two reflective mirrors of the original Mach-Zehnder interferometer to modulate the path
length in one arm. The path difference combined with the modulating element cause the out-
put signal to be modulated at a known frequency only if the input light has a longer coherence
length than the path difference. In other words, detecting a modulating signal will indicate

the presence of laser light in the system. Knowing this, the Optical Path Difference (OPD) is
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manually defined by adjusting the piezo mirror distance in one arm until a spectral width is
detected by the system. The exact OPD cannot be determined unless it is characterised with
the use of different low coherent sources.

The detection part is composed of two balanced photodiodes at the outputs of the interfer-
ometer and a data acquisition unit (USB-6341 Multifunction I/O Device) used to digitize and
send the data to a computer. A schematic representation of the detection system is shown in
Fig. 3.1. The plano-convex lens (focal length f=7.5 cm, 2.5 cm aperture size) helps to focus the
laser beam on the two photodetectors. To have a compact and easily transportable device, the
size of the optical components were minimized. The beam splitters and the mirrors are 1lcm
long. The total optical path length from the focusing lens to the photodetectors is equal to 7.5
cm. The photodiodes are Si type and have a wavelength detection range from 350 nm to 1100
nm. The detectors are 3 mm long each and this combined with the optical path of the system
(7.5 cm) limits the field of view to £3°. For this experiment, I used a 635 nm laser diode, the

piezo mirror was modulated at a frequency of 1.2 kHz and at an amplitude of 2.5 V.

Input light
Beam splitters

Plano convex lens

N

} Piezo mirror
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Figure 3.1: Configuration of the Mach-Zehnder laser detection system.
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The photodiode signals are amplified using a transimpedance amplifier. These signals are
then sampled and a Fourier transform analysis is made: peaks in the Fourier transform at the
modulation frequency (and its harmonics) are evidence of coherent input. A rolling average
spectrum was generated by summing consecutive frequency spectra. The graph in Fig. 3.2
gives an example of a signal modulated at 1200 Hz detected by the two balanced photodiodes
and the Fourier transform applied to the signal where the second and third harmonics are

visible.
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Figure 3.2: a) Example of an output CW signal modulated at 1200 Hz received by the balanced photodiodes. b)
Fourier transform of the signal.

3.2.2 Laser detection theory
For an MZI with a path length modulated with a sinusoid of frequency f,, the intensity

modulation at the output port is given by [6]:

I = Z(E(1 = R(A))R(A)7)*[1 + cos(k(AL(t))] (3.1)

S

Where R(A) is a wavelength dependent reflectivity for the beamsplitters, E is the light field

amplitude, 7y is a factor representing reflection loss, T is the sampling time (i.e the time interval
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between successive samples), k = 271/A and AL is the path length difference between the

length of the two arms L; and L;:
AL(t) = Ly — Ly(0) — 0wpV2sin(27fut) — voprp V2 (3.2)

Where vy, is the voltage modulation amplitude v, ffisa dc offset voltage applied to the mirror
and p is the response of the piezo in um/V. The factor v/2 is due to the piezo mirror being at
a 45 degree angle. Combining constant terms into a factor C the intensity at the output ports

can be written:
I, = %(E@ — R(A)R(A)Y)2[1 + cos(k(vmupV/2sin (27 fiut) + C))] (33)

The Term C is in fact a slowly varying term which also accounts for drift of the interferometer
and thus affects the phase of the cosine term (kC) producing a sinusoid as it varies beyond
7t/2. This can be simplified using Ip(A) = #(E(1 — R(A))R(A)7)? and B = koyp

Ij = Ip(A)[1 + cos(Bsin (27t fiut) + kC)] (34)

Using the trigonometric identity cos(A + B) = cos(A)cos(B) — sin(A)sin(B), this can be ex-

pressed as a combination of sine and cosine contributions

Ij = Ip(A)[1 4 a(cos(Bsin(27t fmt))) + 1/ (1 — a?)sin(Bsin (27 fiut))] (3.5)

where a = cos(BC) is effectively a phase dependent distribution factor. Using the Bessel
function identities

sin(zsin®) = 257 (—1) Jpep1 (2)sin((2k +1)8) (3.6)
cos(zsinf) = Jo(z) + 257, (—1) i (z)sin (2k6) (3.7)

where the functions Ji are Bessel functions of the first kind, this gives

I = Iy(A)[1 4+ a[Jo(B) — 2]2(B)sin(2m2ft) + 2]4(B)sin(2t4ft) + .]

+1/ (1 —a?)(=21(B)sin(27tft) + 2]3(B)sin(2m3ft) + ..]

(3.8)
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the intensity at the detector can thus be represented in terms of harmonics of the modulation
frequency where the odd and even harmonics vary as independent sets but with fixed internal
ratios. The effect of slow offset drift can thus adjust the relative power in odd and even
frequencies through the factor a. This can be actively controlled using a voltage offset on the
piezo mirror. Setting a=0 by controlling V,¢s produces the odd harmonics and removes the

“lost” power that goes into the Jy (DC) term.

3.2.3 Implementation of a wider field of view with a cone mirror

A way to combine a larger azimuthal field of view and the direction determination of the in-
cidence light is with the use of a cone mirror (Edmund Optics). It is composed of a cylindrical
base and a cone top, the top has a silvered coating allowing reflection of a good percentage
of the light towards the direction perpendicular to the input light as show in figure 3.3a. The
cone mirror used in the experiment has a diameter of 1 cm and a total length of 1.5 cm and re-
flects 90% of the light at 635 nm. A beam reflected from the cone mirror is widely distributed
in an arc as can be seen in figure 3.3. The beam reflection is in a arc shape due to the type
of laser used in this experience, I used a red laser which had an elliptical beam output. The
arc length depends slightly on the incident angle and the incident angle can only vary by few

degrees to get the best reflection from the cone mirror.

Reflection from
cone mirror

Cone mirror

Input light

Reflected light ¥

Incident laser heam

Figure 3.3: a) Reflection principle of the cone mirror. b) Example of a beam reflected by the cone mirror.

In this work, the aim is to both detect a laser source and determine the angle of incidence.
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For that purpose, the previous detection system composed of two photodiodes has been mod-
ified: one of the outputs is used to measure the intensity of the modulating signal via one
photodiode while the second output is used to determine the direction of the beam via a
camera. Both functions can be performed at the same time. This will have an effect on the
sensitivity which is reduced without the benefit of a balanced detector system.

The cone mirror is positioned to direct light into the interferometer and the system with
the cone mirror is aligned vertically as shown in Fig. 3.4. The camera is looking through the
interferometer from one of the output ports and is focused on the cone mirror. To show the
effectiveness of this approach, a laser was directed into the system at various angles spaced by
45°. The 0° angle was set as illustrated in the figure. The amplitude of the first harmonic and

a camera image were recorded for each angle (0°, 45°, 90°, 135°, 180°, 225°, 270° and 315°).

90°
/
A o S
Cone mirror
635nm
Camera L

Modulating signal
é%

Photodetector

@
Amplifier Signal
generator

Signal processing

Figure 3.4: Configuration of the laser detection system with the cone mirror.

3.3 Experimental results

3.3.1 Determination of the direction of irradiation

In this part, I am looking at determining the direction of the incident light. Captured images

of the cone mirror when the laser is shone at 0° and 225° are presented in Fig. 3.5. As it
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can be observed on the captures, the beam is visible on the surface of the cone mirror and
the direction of the laser input can be inferred from its relative angular position. It should
be noted that the laser spots on the cone mirror appear different for different angles. The
reason is that the laser was positioned manually around the cone mirror and it creates a
possibility of misalignment on the laser-cone mirror vertical plane. This would then cause a
different incident angle on the cone mirror and thus create a difference in the light reflected
by the cone mirror. There is possibly also a misalignment of the cone mirror axis with the

interferometer axis.

Figure 3.5: Captured images of the cone mirror when the laser is positioned at 0° and 225°.

While the first output of the interferometer is capturing the cone mirror images, the second
output is simultaneously measuring the amplitude of the first harmonic of the signal. The
results can be seen in Fig. 3.6 where both the amplitude of the first harmonic and the capture
of the cone mirror are combined for each angle. In the graph, the radial distance represents
the amplitude of the first harmonic.

These results show that the first harmonic is measured for every laser input angle. Thus it
confirms that the laser is detected as a modulating input at every given angle. Moreover, the
measured amplitudes of the fundamental frequency proved to be high, implying that weak
signals could still be detected. Sensitivity measurements with and without the cone mirror
have been studied and are shown and discussed in section 3.3.3. Finally, the captures shown
in Fig. 3.6 also demonstrate that the direction of the laser beam can be determined from the
camera at every angle. However, the capture of the cone mirror at 315° shows a deformed
beam reflection which would impact the accuracy in the determination of the irradiation
direction. Nevertheless, if the centre of mass of the beam is calculated for each capture, a

better accuracy of the direction can be worked out. Thus, an estimated angular accuracy of
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+5° in the direction of the laser can be asserted.

—Radial distance = amplitude of the first harmonic (*10'3 a.u.)
~~~Average value = 2¢107 a.u., standard deviation = 0.4*10° a.u.

Figure 3.6: Combined data of the first harmonic amplitude and the cone mirror image for every angle spaced by
45°.

3.3.2 Transmission efficiency measurements for original and cone mirror systems

In this section, the difference in signal attenuation between the original system (see Fig. 3.1)
and the cone mirror system (see Fig. 3.4) is analysed. The signal attenuation is calculated
by looking at the power of the laser beam before it enters the detector and after it leaves

through the last beam splitter. To have a relevant comparison with the cone mirror system
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whose detection part is composed of one single photodiode, only one of the two outputs in
the original system is measuring the power. The intensity of the laser diode is attenuated with
Neutral-Density filters and a power meter is used to measure the input/output power level.
In Fig. 3.7, the input/output power ratio for the original system and for the cone mirror
system are shown. This gives a transmission efficiency of 37% for the original system and
of 3% for the cone mirror system. The original system had a maximum 50% transmission
efficiency to be expected as only one of the two output ports is used in the measurement, the
additional efficiency loss is due to the optics in the Mach-Zehnder interferometer. In the cone
mirror system, the additional losses are the result of the typical beam shape reflected from the

cone mirror (see Fig. 3.3b) since only a part of the beam can reach the detector input.
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Figure 3.7: Transmission efficiency comparison between the cone mirror and the original systems.

3.3.3 Sensitivity measurements for original and cone mirror systems

The sensitivity corresponds to the minimum laser power required to detect a peak in the
Fourier transform. Sensitivity measurements are done by measuring the Signal to Noise ratio
(S/N) for different laser powers, the S/N ratio is calculated by measuring the amplitude of

the fundamental harmonic and by comparing it to the noise level in the Fourier transform.
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Figure 3.8: Sensitivity comparison between the cone mirror and the original systems.

The results are plotted in Fig. 3.8.

These results showed that the cone mirror system is able to detect a signal down to around
70 nW (or 1 yW.cm™) for an average processing time of less than one second; this is the ulti-
mate sensitivity, the detected power or irradiance for which S/N=1. These are quite interesting
results, they attest that the system when combined with a cone mirror is still able to detect
weak signals under 100 nW. Moreover, it can be seen that without a cone mirror (original sys-
tem), the ultimate sensitivity is around 2 nW or 0.03 uW.cm™. Thus it can be seen that we have
traded the benefit of a wide detection field of view for a reduced sensitivity. Nevertheless the

system retains a useful sensitivity level.

3.3.4 Confirmation of laser detection system principle

To demonstrate that the modified Mach-Zehnder interferometer combined with the cone mir-
ror detects only coherent sources, an LED and a laser were both directed towards the cone
mirror. Both were at similar wavelength (635 nm) and can be seen on the camera image of the
cone mirror in Fig. 3.9. The LED appears significantly brighter on the camera image; however,

no change in the amplitude of the first harmonic is seen when the LED is turned on and off.
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As expected the LED contributes nothing to the modulation signal thus proving that the sys-

tem is successfully distinguishing coherent sources. However, although the camera indicates

Figure 3.9: Captures of the LED and the laser beam reflections on the cone mirror.

the presence of two sources, it cannot distinguish the laser from the LED source.

3.4 Conclusion

LWRs which can detect CW lasers and have a wide field of view are relatively uncommon. In
this chapter, I presented a means to widen the field of view of a MZ detection system and to
determine the laser direction of a CW laser. A cone mirror was introduced into the system
and allowed a CW laser to be discriminated from background light for a range of input an-
gles, demonstrating a 360° field of azimuthal detection. With the use of a camera at one of
the two system outputs, images of the cone mirror are captured. They show the position of
the laser source on the cone mirror from which the source direction can be inferred. The di-
rection determination method impact the sensitivity of the system however it is an acceptable
compromise to get a wider field of view since using only one output of the Mach-Zehnder
interferometer with a photodiode is enough to detect a laser signal down to 70 nW (or 1
yW.cm'Z). Moreover, if an LED is reflected together with a laser from the cone mirror, the
LED is not detected by the system, confirming the ability to discriminate lasers from non laser
sources.

Overall, this modified detection system comes with a high sensitivity and a wide spectral
range (in this case, the photodiode has a spectral range from 350 nm to 1100 nm). The spectral
range could be extended to infrared with suitable optics and IR detectors. The acquisition
time of the detector is less than one second for weak sources which are integrated, less than
100ms for stronger sources. If a pulsed laser is used with the current camera and cone mirror

system, the detection should be possible on the condition that the integration time is increased
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for higher rate lasers. Determining the pulse repetition rate should then be straightforward
by looking at quick changes in brightness over time on the camera. In terms of the detection
against bright background, which would be a more realistic representation of outdoor condi-
tions, David Benton [6] mentioned it in his paper, achieving a laser detection of tens of nW
against a bright halogen lamp with the use of a balanced detector in the MZ interferometer.
With the cone mirror, only one photodetector is used, so this would imply a possible laser
detection down to around few hundreds nW. This can be improved with better optical com-
ponents, such as a larger aperture, currently its length is of around 1 cm and limited by the
piezo mirror small size. A second realistic issue that was not investigated in this chapter is
the impact of the atmosphere on a laser beam, especially scintillation. Scintillation leads to
a depletion in the image quality and a change of intensity over time. This was not the main
purpose of this chapter however, and this was more carefully investigated in reference [93].
The use of a camera for direction finding could produce issues when multiple sources are
present, as this responds to brightness. In this work an LED and laser at the same wavelength
were indistinguishable to the camera, and sufficed to say that one of the sources was a laser
without being specific. In general, if the sources were of different wavelengths this may be
sufficient to discriminate them (if a colour camera is used). Moreover, the imaging of the
beam in the cone mirror requires some image analysis to increase the angular accuracy in the

direction determination, so far being at +5°.
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Optical characterization and correction

of a DMD based detection system

In the previous chapter, I expanded the field of view of a laser detection system based on a
Mach-Zehnder interferometer. A 360° horizontal field of view was achieved by implementing
a cone mirror to the system and the source direction was determined by adding a camera to
the set-up. Although promising results were found with this system, the main drawback as a
laser warning receiver is the importance of the optics alignment that can affect the efficiency
of the system. Benton in 2020 [94] addressed this problem with an MZI interferometer and
liquid crystal modulators and removed any moving part from the detection system. However,
it was shown to have a slower response and to be less sensitive. Thus, I need to find a laser
detection system that can detect CW lasers, have a wide spectral range and an already existing
wide field of view would be advantageous too.

In chapter 2, I previously studied laser detection systems and concluded that diffraction grat-
ings based LWR are the most advantageous in terms of wavelength determination and field of
view. The combination of Fresnel Zone plate (FZP) with a Digital Micromirror Device (DMD)
becomes quite interesting as both FZP and DMD are binary devices and rely on diffraction
and could have potential for use as a LWR. Indeed, FZP is a focusing device for which the
focus depends on the wavelength. So, this device would be interesting for detecting a wide
range of wavelengths, not restricted to visible light either. Moreover, the DMD being used as
a diffractive element implies that lasers and background light should be distinguishable. So,
this important criteria for an efficient laser detection system should be filled too. Thus, the

FZP combined with the DMD has the possibility to achieve a great laser detection system.
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Although the wavelength determination has some drawbacks for low intensities in diffraction
gratings based LWR, Mohagheghian and Sabouri showed very promising results in 2018 with
the use of a FZP on a DMD to determine visible wavelengths and obtained a wavelength ac-
curacy of 0.10 nm [60]. They didn’t however correct optical aberrations in their system, which
could improve the focusing efficiency and the sensitivity level. Benton, however, started the
correction of astigmatism in 2018 to improve the efficiency of such systems [62]. In this chap-
ter I continue his work by using Zernike polynomials for additional wavefront correction. The
laser detection system is composed of a DMD and a camera.

This chapter is focused on the characterisation and the correction of optical aberrations present
in the DMD based laser detection system. The first part of this chapter studies the advantages
of both the DMD and FZP along with a quick study on optical aberrations. The second part
is aimed at determining the optical aberrations created by the DMD, while the third part will
present the algorithm developed to correct the optical aberrations. The fourth part shows the
results of the algorithm applied on the laser detection system. Finally, the last part will discuss

the results.

4.1 Background study

In this background study, a first introduction on optical aberrations is shown followed by
a study of wavefront correction. Then, Fresnel Zone plates are explained as well as impor-
tant properties inherent to them. Finally, the digital micromirrors device is studied with the

implementation of the FZP on the DMD.

4.1.1 Basic of optical aberrations

There exists two concepts in optical aberration that are important to distinguish: wave aber-
rations and ray aberrations. When the rays from an object pass through an optical imaging
system, it creates an image [95]. First, let’s look at the image of a point source where no
aberrations are present, this "ideal" image is also called a diffraction-limited image [96]. Fig-
ure 4.1 illustrates the wavefronts of an aberration-free object and an aberrated image. The
light diverging from a point source S propagates as sinusoidal waves, centered on the point
S [97]. An aberration-free image would be created by an imaging system if the object rays

converged to an image point S". However and in reality, the surfaces present in the optical
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imaging system will affect the spherical wavefront. The deviation of the image wavefront
from the reference spherical wavefront is defined as wavefront aberration and it represents
the difference in optical paths lengths between the object and image wavefronts [98, 99]. The
wavefront aberration unit is in wavelengths (of the light source). In consequence, the rays
from the aberrated wavefront which propagates perpendicular to the wavefront surface will
deviate from their original course and will not converge to the single point S’. The deviation
of the ray at the point S” from the image point S’ is called the transverse ray aberration. And

the distribution of rays around the image point S’ is called a spot diagram.

Non aberrated Aberrated
wavefront W w  wavefront W'
N
R
Imaging
>
S __, system

Figure 4.1: Illustration of a non aberrated wavefront passing through an imaging system that results in an aber-
rated wavefront.

Moreover, optical aberrations can be classified in two categories: monochromatic and chro-
matic. Monochromatic aberrations are due to the nature of lenses and mirrors while chromatic
aberrations is caused by dispersion and occurs when several wavelengths are used. The two
types of aberrations are explained in details in terms of ray aberration in the following sub-

sections.

Chromatic aberration

There exists two different types of chromatic aberrations caused by dispersion: longitudinal
and lateral[100]. Longitudinal aberration are on axis aberration: different wavelengths will
focus at different locations on the optical axis. While lateral aberration are off axis aberration:
different wavelengths will focus at different locations on the plane perpendicular to the optical

axis. Figure 4.2 illustrates those two aberrations. Both types of chromatic aberration can occur
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at the same time.

a
White light

—

——

Minimum blur spot
b
White light

Focal plane

Figure 4.2: Chromatic aberration: a)Longitudinal b)Lateral.

Monochromatic aberration

For a pupil point with polar coordinates (1, 8), the aberration function of a rotationally sym-

metric system can be written as a power-series expansion as (ch.13 from [101]):

W(p,0) = i i Apmp" cos™6 4.1)

n=0m=0

where p=r/a, with a the radius of the exit pupil and a,, an expansion coefficient which

represents the peak value of an aberration term.

)
Apm = a” Z 2[+mﬂnmh/21+m (42)
1=0

h” is the height of the image. Aberration types are associated with an order defined as:
i = 2l +m + n. There exists 5 primary aberrations, corresponding to order i=4, and called
Seidel aberration functions: spherical aberration, coma, astigmatism, field curvature and dis-
tortion [99, 101, 102, 103]. Lower order aberration exists as well, such as piston, tilt and

defocus. However piston and tilt are not exactly optical aberrations as they only shift the focal
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point without aberrating the image.

¢ Defocus aberration : defocus aberration is simply when an image is out of focus. It
corresponds to a shift on the optical axis of the focus. In consequence, the image appears

blurry.

* Spherical aberration : spherical aberration is the only monochromatic aberration existing
on the optical axis. It is caused by spherical surfaces when rays from the edge of the
surface (i.e. marginal rays) focus at a different point than the rays from the center (i.e.
paraxial rays). Fig. 4.3C is an exaggerated drawing of spherical aberration. The smallest

region where the rays are contained is called the circle of least confusion.

¢ Coma: coma affects off-axis sources and is defined as the variation in magnification over
the entrance aperture. It is caused by the refraction differences in the diverse zones of
the lens and it implies that the marginal rays will focus at different heights than the
paraxial rays. Figure 4.3D illustrates this aberration. In consequence, the image of a

point source will appear distorted and will look like a comet.

e Astigmatism: astigmatism is defined when two perpendicular rays focus at different
points on the optical axis. Figure 4.3E illustrates the astigmatism aberration. The image
created is then either elliptical or a circular blur. Astigmatism can either impact off-axis
points and it increases the more off-axis we get, or it occurs in non-symmetrical system

and then even on-axis points can be impacted.

* Field curvature: field curvature is created when off-axis points focus in different focal
planes than the axial points. It occurs when a flat object normal to the optical axis creates
a spherical image. Figure 4.3A illustrates an exaggerated field curvature aberration. In
consequence, the image will not be uniformly sharp. This aberration is caused by the

surface curvature.

* Distortion : distortion is an aberration easy to recognize as the whole image is deformed
by it. Figure 4.3B shows the two types of distortion aberration (b: pincushion distortion,
c: barrel distortion) against the object a. The cause is the change in magnification with

field angle: the bigger the field of view, the more the magnification changes.
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Aberration Mathematical term

A - Field curvature
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Figure 4.3: Primary aberrations and their mathematical terms. a5, 3411, 0440, 3031 and »apy represent the coeffi-
cients of field curvature, distortion, spherical aberration, coma and astigmatism. h” is the height of the image and
(r,0) the polar coordinates of a pupil point.
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4.1.2 Adaptive optics and introduction to Zernike polynomials
Adaptive optics

Adaptive optics is the combination of wavefront sensing and wavefront correction. The mea-
surement of the wavefront is made by using a wavefront sensor and is based on light intensity
distribution. The most common wavefront sensors are the Hartmann-Shack wavefront sensing
and interferometric sensors [101]. But the former is highly expensive while for the latter, al-
though having a better performance, their optics are difficult to align and the algorithm used
to extract the information from the interferometric pattern can be difficult to implement. With
most of these systems, the reconstructed wavefront is expressed in terms of Zernike polyno-
mials, where the amplitude of each polynomial represents the degree of aberration [104]. In
this thesis, I developped a simple dynamic algorithm to correct the focus based on intensity
measurement by implementing Zernike polynomials to both define a focusing lens and to

correct optical aberrations inherent to the system (see. part 4.2).

Aberration theory using Zernike polynomials

I have included the power expansion function often used to describe aberration in equation
(4.1). However, one big disadvantage of this function is that the polynomials don’t form a
complete set and they are not orthogonal over a unit circle, which is an important characteristic
to get independent polynomials. To counter this problem, Zernike polynomials are used and

the new aberration function becomes (ch.13 from [101]):

W(p,g) = Z Z CnmziT(pl 9) (4.3)

n=0m=0

Their advantages are many: they represent balanced aberration yielding minimum vari-
ance, their orthonormality gives us access to the standard deviation of the aberration term
cnmZy(p, 0) directly by the coefficient ¢y, and their orthogonality implies that the coefficient
cqym Will not change if more aberration terms are added or substracted from the aberration
function. Moreover, if we compare the mathematical terms of field curvature and distortion
from figure 4.3 with the Zernike terms from table 4.2, we notice that the field curvature and
the distortion aberrations have the same dependency in (1,0) than respectively the defocus and

the tilt Zernike polynomials [95]. Thus, the defocus and tilt terms are used to correct the field
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curvature and the distortion aberrations.

Now, as stated before, our system is composed of a Digital Micromirror Device, which has a
rectangular surface. Zernike polynomials are fitted on a circular surface and as such using
them could lead to major problems and a non-efficient use of the given surface. To counter
this problem, Legendre polynomials could be used, as they represent aberrations of a slit
aperture. However, Mahajan showed that they are not suitable for a system with an axis of
rotational symmetry and introduced instead orthogonalized Zernike circle polynomials over
a rectangular pupil [105, 106]. Table 4.1 shows the difference between the circular and rectan-
gular Zernike polynomials as written on the DMD and table 4.2 explicits the first terms of the

rectangular polynomials [107] .

4.1.3 Fresnel Zone Plates

Fresnel zone plates are a focusing device based on diffraction. Other diffractive elements often
used in laser detection are the horizontal grating and the double-slit experiment as explained
in the first chapter. The choice of the Fresnel Zone plate over these two element came for its
inherent ability to dynamically manipulate the focal length of the input light when combined
with an SLM device. This implies that at the exit of the system, a camera, used to analyse
the diffraction pattern, does not need to be moved to gather all wavelengths on its aperture,
unlike other diffractive elements. Another type of focusing plate are the Gabor zone plates
and unlike FZP they only have one pair of conjugate foci. They do however obtain a similar
focusing efficiency at the first focus and the simplicity of the FZP pattern over the Gabor zones
plates makes it a better choice for now [108, 109]. FZPs have been used for decades and have
a wide range of applications including but not limited to visible, UV, and x-ray wavelengths.
In this section, I first study the focusing principle behind an FZP and I then look at the main

properties of a FZP.

Focus principle

Diffraction is at the origin of the focusing principle in FZP. If we consider a reflective grating

as in Fig. 4.4, constructive interferences will occur for waves in phase, so for an optical path
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Table 4.1: Representation of circular and rectangular Zernike modes written via LabVIEW on the DMD.

| Mode name (mode number) | Circular polynomials | Rectangular polynomials
e mi \
950~ 950-|
900~ 900~
850 850
200 200
750 750
700 700-
Defocus (4) = =
5l -
200- 200-
150 150-
100-{ 100-
50- 50-
0 ‘ N N ‘ 0-; 0 N " 0 " N 1 d
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Table 4.2: Rectangular Zernike polynomials in polar coordinates where "a" correspond to the conversion factor
from circular surface to rectangular surface, a=0.8 in our case, taken from reference [107].

Mode
number Rectangular Zernike polynomials Aberrations types
R1 1 Piston
R2 [V/3/a)pcos 6 Tip
R3 V/3/(1—a?)psin® Tilt
R4 [V5/(2v1 —2a2 +2a%)] (30 — 1) Balanced defocus
R5 [3/(2av/1 — a?)]p? sin 20 Balanced oblique
astigmatism
R6 [vV/5/ (4a%(1 — a?)v/1 — 242 + 2a4)][3(1 — 242 + 2a*) Balanced vertical
x 0% c0s 26 + 3(1 — 2a%)p? — 2a*(1 — a?) (1 — 2a?)] astigmatism
R7 [v21/(2v/27 — 81a2 + 116a* — 62a°)] Balanced vertical
x (150% — 9 + 4a®)p sin 6 coma
R8 [V21/(2a+/35 — 7042 + 62a*)] Balanced horizontal
x (150 — 5 — 4a®)p cos 0 coma
R9 [v/5/(27 — 54a2 + 62a%) / (1 — a2) / (8a%(27 — 8142 Balanced vertical
+116a* — 62a°))][(27 — 54a® + 62a*) % sin 36 trefoil
—3[4a%(3 — 13a% + 10a*) — (9 — 18a% — 26a*)p?]p sin 6
R10 [V/5/(8a%(1 — a?)+/35 — 70a2 + 62a%)] Balanced oblique
x [(35 — 70a? + 62a*)p3 cos 30 — 3[4a?(7 — 17a® + 10a*) trefoil
—(35 — 70a? + 26a*)p?]p cos 0
R11 [1/(8u)][3150* + 30(1 — 242)p? cos 20 Balanced primary
—240p% + 27 + 16a* — 16a*] spherical

difference of A and as such, the diffraction grating equation can be easily derived:

OPD; + OPD; = d(sin6; —sin6,,) = mA (4.4)

where m = 0, £1, +2... is the propagation order of interest.

Figure 4.4: Diffraction from a reflective grating showing the Oth and +1 order and the total optical path difference
(OPD1 + OPD3).
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Similarly, a zone plate is usually composed of transparent and opaque zones, each zone is
separated by an optical path difference of A/2, so the waves are out of phase. This phase
difference between two consecutive zones implies that only destructive interference would be
created if two consecutive zones were transparent, hence the use of opaques zones at every
other number to avoid this. Two consecutive transparent zones have then the same polarity
of phase and create constructive interferences at the image point. The optical path length
difference between the first zone and the n'’" is equal to nA/2. The FZP focus principle is

illustrated in Fig.4.5.

Incident light

Figure 4.5: Zone plates with transparent odd zones showing the first order of focus.
From figure 4.5, Pythagorean theorem will get us after simplification:

242
2 = nAf + % 4.5)

where 7, is the radius of the n'" zone, A the wavelength of the incident light and f the first
order foci. The second term of equation 4.6 represents spherical aberration but it can be

ignored for f > nA/2 and thus the FZP equation becomes:

Ty o \/NAf (4.6)
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Just as a diffraction grating will have multiple order of diffraction, a FZP will also have mul-

tiple order of focus and they can be defined with the relationship:

fm = 4.7)

SRR

with m = 0, £1, £2... the foci order and where, unlike diffraction gratings, negative orders will
give virtual foci of negative focal length. The different foci efficiencies will be discussed in the
next part. Moreover, equation 4.6 shows that the focal length is inversely proportional to the
wavelength which implies that different wavelengths will focus at different distances from the

origin. This demonstrates the longitudinal chromatic aberration inherent to FZP [110, 111].

Properties of FZP

Just like a lens, the diffraction pattern from a FZP results in a Airy pattern. The Airy pattern

for a zone plate at its first order focus can be written as:

L(0) 2

Iy

2] (kao)
ka6

= N? (4.8)

where I; is the intensity at the first focus, Iy is the intensity of the incident illumination,
N = D?/(4Af) the total number of zones when D is the diameter of the lens, the function
|1 (v)/ 1/|2 the Airy function, a the lens radius, k = 27/A and 8 = r/f. However, this is
the only similar characteristic between a FZP and a lens. Due to diffraction and losses from
opaques zones, FZP have less focusing efficiency than lens, they however can achieve a better
resolution if the number of zones is over 200 [112]. Other focusing systems exist, but they are
expensive, unstable due to the moving parts and can generate some noises [113]. Equation
4.8 also indicates that the more zones there is in the zone plate, the higher the intensity on
the focal point will be. Furthermore, the diffraction efficiency of a FZP based on opaque and

transparent zones can be defined as[114]:

1/4 m=0
n=191/m?m* modd (4.9)
0 m even
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What this means is that, outside of the 50% of the incident light lost and absorbed by the
opaque zones, there is an additional 25% of incident light that will be directly reflected (m=0),
the first orders focus will both get 10% of intensity (m=+1) and the odd orders do not focus.
Additionaly, the Rayleigh resolution, which gives us the focal spot size in diffraction limited

condition, can be defined for a FZP as:
d, =1.22dy (4.10)

where dy = % is the outermost zone width. Equation 4.10 indicates that the resolution is
limited to the smallest structure that defines our FZP, the pixel size of the DMD. Finally, the
depth of focus, which can be defined as the amount of displacement on the optical axis away
from the focal point for which an acceptably sharp focus is still detected and can be written
for a FZP in term of the outermost zone width as:

28,

Optical aberrations in zone plates

Section 4.1.1 introduces what optical aberrations are and defines the most common found in
optical imaging systems. However in this section, we will not need to explicitly look at the
optical aberrations created from FZP. Indeed, Young studied in 1972 optical aberration in zone

plate and expressed the optical path difference as [115]:

A 4
OPD = ”7 + 87]’;3... 4.12)

where the first term describes a diffraction limited wavefront and the remaining terms de-

4
scribes the wavefront aberrations. ;% is the spherical aberration term. The wavefront aberra-

8f3
tion starts to be important when % is superior at A/4. So this combined with formula (4.6)
implies that we can get an aberration free image if the number of zones of FZP is limited by:

2 _2f
NP <& (4.13)

which is easily achieved in our case. For example, a HeNe laser focusing at the distance 46cm

will give \/2f/A = 1205 zones while N will be under 200 zones when considering the DMD
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dimensions.

However, since I am looking at discriminating lasers from background light or in other words,
monochromatic light from non-monochromatic light, it is interesting to introduce the chro-
matic aberration of FZP. Equation 4.6 indicates that if the light is not monochromatic, the focal
length would be impacted severely thus FZP can create important chromatic aberrations. If
we consider a FZP for which there is no optical aberrations, then OPD:%, and just as before,
chromatic aberrations will be present at another wavelength A" if OPD = ”TN + %’.This can be

rearranged so that to avoid chromatic aberrations, the number of zones N needs to adhere to:

A
N< & (4.14)

where AA is the spectral bandwidth of the light.

41.4 Modeling a FZP on a DMD

As I am trying to dynamically correct optical aberrations and to focus different laser wave-
lengths at the same focal length, which requires different pattern of FZP, the use of a DMD
comes as a good choice to achieve these goals. A DMD is an electronically controllable Spatial
Light Modulator (SLM) and as such would allow us to programmably alter the FZP pattern
quickly. Compared to other types of SLMs, the DMD has certain advantages, including a po-
larization invariance, a fast response rate of up to 32kHz and a wide wavelength range from
UV to IR [116, 117]. Although limited by the depth of modulation due to the fixed value of
the mirrors angle, Turtaev et al. proved recently that DMDs perform better at beam-shaping
than Liquid crystal (LC) based SLM[118]. The reason is that LC-SLMs have poor scattering
compared to DMDs and it contributes to non-controllable background noise. However, DMDs
do have a major disadvantage, its focusing efficiency is low - down to 8% against 42% for the
LC-SLM in their experiment. Additionally, the combination of a DMD with a FZP will affect
an already poor efficiency. This needs to be acknowledged and the focusing efficiency of our
system will be studied in detail in this section. The most widely available kit to interface a
DMD with a computer - and the one I used - is given by Vialux and the programming is done

via LabVIEW [119].
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Principle of Digital MicroMirror device

A DMD is a reflective device composed of around a million micromirrors arranged in a rect-
angular array. Figure 4.6 illustrates the diffraction principle behind the DMD. Each mirror
corresponds to one pixel in the image to be displayed. When the mirrors are in the "parked"
state, it means the DMD is power-off and the mirrors rest parallel to the protective glass.
When the DMD is on, the mirrors can rotate separately to an "on" and "off" states at a spe-
cific angle (usually £12°) so that the light is reflected towards two directions: the "on" state

direction and the "off" state direction.

"Parked" state "On" state "Off" state
DMD turned off DMD turned on DMD turned on

DMD mirrors

Figure 4.6: The different states of DMD mirrors: parked, on and off.

Although the DMD has often been referred as a blaze grating, Scholes et al. [120] recently
proved that for small incidence angles for visible light, the DMD doesn’t act as a blaze grating
but more so as an augmented amplitude grating which is an important detail now to consider
when I will be looking at the focusing efficiency of the FZP on DMD system. Before it, the

implementation of the detection system is explained.

Implementation of the FZP on the DMD

The aim of the laser detection system is to characterise the laser wavelength by measuring the
size of the beam at a constant radial distance from the DMD while the first order focal length

of a Fresnel zone plate lens is varied. This wavelength characterisation method is similar to
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[60]. The setup of this system is shown in Fig. 4.7. A 1024x768 resolution DMD with a mirror
width of 13.6 ym and an angle deviation of £12° is used in this work. To allow the two
reflected beams to be coplanar with the incident light coming at 0°, the DMD is rotated at 45°.
A black and white CCD camera from Thorlabs (DCU223M) with a 1024 x 768 resolution and
a 4.65um pixel width is used.

Corrected FZP Beam information
4_

Camera

Laser
1 —

DMD
(FZP pattern)

Observation
screen

Figure 4.7: Laser detection system based on DMD.

To vary the focal length, the diffractive properties of the DMD are used and a FZP is written
on the DMD: transparent zones are composed of the "on" state mirrors and focus the light to-
wards the "on" state direction at +12° while the opaque zones are composed of the "off" state
mirrors and focus the light towards the "off" state direction at —12°. To write the FZP pattern
on the DMD, the defocus term of the Zernike polynomials is used: R4(p) = A4 X C(3p2 -1)
where A4 R is the user controllable amplitude for the rectangular polynomials, C is a precal-
culated constant (see figure 4.2) and p the radial distance in the polar coordinate system. This
equation can then define the different radii of the FZP lens in relation to the length of the
DMD window. Figure 4.8 shows one FZP pattern written on the DMD. Since the FZP are
written using one term of the Zernike series, the rest of them will also be used to correct the
optical aberrations. Finally, the camera is used to analyse the characteristics of the beam. Two

beam parameters are measured: the spot width and the peak intensity.
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Figure 4.8: Fresnel zone plate written on the DMD.

Conversion defocus Zernike value to focal length

Before we consider the focal length formula for the rectangular polynomials, we need to define
the formula for the circular polynomials as the derivation of the formula will be similar. First,
let’s consider our corrected wavefront, where each Zernike term except the defocus were
defined to remove optical aberrations. In that understanding, only the defocus term will
contribute to the focal length. The defocus contribution to the wavefront function W¢ in term

of circular Zernike polynomials is written in polar coordinates as [121] :
We(p) = Asc x V3(20° = 1) (4.15)

Where Ay c is the amplitude of the circular defocus term in wavelength unit (A=632.8nm here).

Moreover, the wavefront function can be defined in term of the focal length as [96]:

2
W(p) = gf X 12 (4.16)

with rc the radius of the DMD where the beam is reflected on for the circular polynomials
pattern.
If we consider the maximum displacement of the Zernike mode for which p = 1, we can

combine equations 4.15 and 4.16 and it gives the focal length for circular polynomials as:

2

Te,max
= d 4.17
fe 2v/3 x Ayc X ke (#417)
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With ¢ max = (768/2) x 13.68um and k. a scaling factor dependant on the wavelength.
Now, for the rectangular polynomials, if we consider the defocus contribution to the wavefront

function as:

V5
2v/1 —2a2 4+ 2a*

Where a is the circular/rectangular conversion factor and equal to 0.8 in our case and A4gr

W, (p) = Agr (30 - 1) (4.18)

is the amplitude of the rectangular defocus term in wavelength unit. Then if we consider
again equation 4.16 at the maximum displacement of the Zernike mode for which p = 1 and
combined it with equation 4.18, the focal length for the rectangular polynomials can be written

as:
B Trmax> V1 — 2a% + 2a*

= 4.19
fr 2\/5 X A4,R X kr ( )

Where 7, max = +/(768/2)2 + (1024/2)2 x 13.68 um is the radius of the DMD the beam is
reflected on for the the rectangular polynomials pattern and k, the scaling factor depending

on the wavelength.

Focusing efficiency of the system

The focusing efficiency of the DMD combined with the FZP system has first studied by Benton
[62]. He found with a generic approach a theoretical focusing efficiency of 1.6% and up to

3.8% when the beam is steered to the centre of the diffraction pattern (see Fig. 4.9).

Figure 4.9: Comparison of intensity pattern with a central FZP (left) image and an offset FZP (right) for an input
intensity of 1.ImW [62].
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A more mathematical approach is given by [120]. The diffraction efficiency of the n'" order

for the DMD combined with a grating can be calculated with:

sinc(wWy . ,
" M= Sine (S 2atsina] g [5sine(3)] (4.20)
Where sinelx) = SH;T%’ fp is the mirror tilt angle (=12°), a is the incident angle of the input

light, w is the mirror width and A is the mirror spacing. A=w + € with € an unofficial value
between 0.8 um and 1 um. Applying our values to this equation, I obtain an efficiency for the
first foci of at best 5%

Moreover, the use of a DMD with a FZP implies that the opaques zones are now composed of
"off" state mirrors and focus light towards a —12° direction allowing a second almost identical
diffraction pattern in the system. Thus, I can access the laser output from two directions
which can widen the range of wavelength of the detection system for example. In this thesis,
my work will not be using the second output of the DMD system, however I will continue the

discussion on possible applications in the conclusion chapter.

4.2 Analysis of DMD aberrations

In 2018, Mohagheghian and Sabouri [60] combined a DMD with a FZP to calculate laser
wavelength. Their method relies on finding the actual FZP pattern which would focus a laser
- with its specific wavelength - into a predetermined focal length. This focal length is set to
be the distance between the camera and the DMD so that it would correspond to a focus on
camera. To set this distance accurately, they use a HeNe laser as reference and they vary the
FZP size for the given wavelength while keeping the camera distance fixed. They then look
at the evolution of the size of the beam as a function of the FZP focal length. The FZP focal
length can be found out from the FZP size based on the FZP equation 4.6. The evolution of

the beam size is shown in figure 4.10.
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Figure 4.10: Evolution of the beam size as a function of the FZP focal length as reported in [60].

The FZP focal length corresponding to the smallest beam size will then be defined as the
distance DMD-camera. After finding this distance, they then use again equation 4.10 but this
time they vary the FZP pattern with the wavelength and have the focal length fixed and as
predetermined. When the beam focuses on camera, the laser wavelength is determined. They
repeated this measurement 500 times and for two lasers: HeNe at 632.8 nm and Nd:YAG at
532 nm. The average and the standard deviation of the 500 measured wavelengths is then cal-
culated for each laser: 632.93 £0.03 nm and 532.06 £0.03 nm for respectively the HeNe and
the Nd:YAG lasers. It is difficult to evaluate their wavelength resolution as their experiment
is not a wavelength characterization but a wavelength calculation. Even if we were to look at
their wavelength characterisation from figure 4.10, there is no accuracy measurement on the
beam size that could lead us to determine the wavelength resolution.

Moreover, they measure a beam waist down to 75 um for a focal length at 25 cm. However,
after calculation, their diffraction limited beam waist should be around 12 ym. This indi-
cates that their experimental beam waist is around 6 times bigger than the diffraction limited
beam waist. As they explained, they did not take into consideration the correction of possible
optical aberrations which could lead to this important difference in the experimental beam
size but also to a wrong characterization of the focal length. Indeed, they used the x axis
to measure the beam size so already the astigmatism also present in their experiment would

give a different focal length for the x and y beam lengths which would then lead to a wrong
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focal length measurement for a given wavelength. Overall, their results are very promising.
However, adding the correction of the beam phase profile could improve the determination of
the real focal point and the beam size which would then allow a good wavelength resolution.
There is no evidence of previous papers on this correction.

Before looking at the correction of the optical aberrations, I will determine their presence in
the laser detection system. The phase profile of the beam is impacted by two main phenom-
ena: astigmatism aberration and DMD window irregularities, both phenomena can distort
the intensity distribution of the focal point. In this section, the two types of aberrations are

studied.

421 Aberrations created by DMD properties

The first type of aberration to study is the aberration created by the irregularities on the
window protecting the DMD. To highlight these irregularities, a phase map is made with the
help of an interferometer based system. Two phase maps are made depending on whether

the DMD is turned on or off using a HeNe laser, A = 632.8 nm. Figure 4.11 shows the phase

Figure 4.11: DMD interferogram in an ideal case.

map expected in an ideal case.

DMD turns off

When the DMD is turned off, i.e. the mirrors are flat and not tilted, a Michelson type interfer-
ometer is used to produce an interferogram as shown in figure 4.12. A 50/50 beam splitter is

used and a camera looking through the interferometer is focused on the DMD.
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Camera

Beam
DMD splitter Laser

E; Y E

& Mirror \\:?7 ;

Figure 4.12: Michelson type interferometer and phase map of DMD when turned off.

DMD turns on

When the DMD is turned on, the incoming laser is reflected at a 24° angle and thus the
previous set-up cannot work. This time, a pellicle beam splitter is used to transmit 92% of
the incoming laser towards the DMD and to reflect 8% towards the camera. The transmitted
beam is reflected on the DMD and the mirror and then joins the 8% of the initial split beam

to create the interferogram as seen in figure 4.13.

Camera

Beam
splitter 92/8  Laser

DMD on

y Mirror

Figure 4.13: Interferometer and phase map of DMD when turned on.

Both of those phase maps show a phase profile with irregularities, which means that the DMD

system can modify the beam profile.
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4.2.2 Aberrations created by DMD orientation: astigmatism

The second type of aberration is created by the fact that the light is reflected at 24° on the
DMD towards the camera: the camera sees the DMD off axis and the circles of the FZP
look like ellipses which create different focal lengths in the horizontal and vertical directions.
This defines astigmatism in the system and impacts the focal point shape. Figure 4.14 shows

images of the beam spot for different focal lengths at the same radial distance from the DMD.

Figure 4.14: Beam spots taken from the same radial distance from the DMD while the focal length is varied [62].

The middle picture shows the circle of least confusion which is the smallest circle the rays can
pass through: all the rays do not pass through the focal point due to astigmatism. The first
and third picture are when the focal length is away from the camera, the spots are elliptical
and imperfect. This astigmatism can cause inaccuracies on the beam shape, and difficulties in
finding the focal point on itself. Correcting it should improve the accuracy of the focal length

and thus of the wavelength determination.

4.3 Experimental beam optimization

An algorithm has been implemented on LabVIEW with the use of Zernike polynomials to
write Fresnel zone plates and correct optical aberrations in the system. The Zernike mode
numbers 1 to 15 are used. The algorithm can be separated into two parts: the first part is
to systematically find the settings for the Zernike polynomials that will get the focal point
located on the camera and the second part is to improve the shape of the beam. The steps
of the algorithm are detailed in the following sections. The laser used is a HeNe laser at a

wavelength A = 632.8 nm.

4.3.1 Step 1: Determination of defocus Zernike term

In this first step, the amplitude of the defocus mode (mode R4) for which the focus sets
on the camera is found by making use of the inherent astigmatism in the system. Indeed,
from the camera perspective, the widths of the astigmatic beam in the vertical and horizontal

directions show opposite behaviour before and after the focal point. Away from the focal
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point, the horizontal and vertical widths are of different lengths: one is larger than the other
due to astigmatism. When the largest width gets smaller closer to the focal point/camera,
the other width gets bigger and this will continue so after the focal point. So, an intersection
between the two measured widths would indicate the circle of least confusion, which for the
first step I will define as the best focus. To make the width measurements, the camera is
saturated (higher exposure time so that most of the pixels from the beam gets an intensity at
255), and an intensity threshold is applied on the camera image to let only intensity pixels
over 245. In figure 4.15, an example of an oversaturated beam is shown as well as the vertical

and horizontal widths I am measuring from the beam.

Vertical projection

Pixels

. H
Horizontal projection

Figure 4.15: Horizontal and vertical projection of the beam length (pixel size = 4.65 um).

Using this, I can now vary the focal length (via the defocus) and look at the change in the x and
y widths. The results are shown in Fig. 4.16 with the pre-correction widths. As expected, due
to the strong astigmatism in the system, an intersection between the vertical and horizontal
projections can be seen and this gives a good estimation of the focus.

The focus on camera is estimated to be for a defocus value of 23.00£0.01. This uncertainty
is taken as the minimal step-size of defocus for which a distinguishable change in the beam
is seen. Moreover, in figure 4.16, the beam measurements after aberration correction are also
added and will be discussed in the next parts. It can however already be seen that the final

corrected beam size is around 10 times smaller than the initial beam size.

4.3.2 Step 2: determination of R5 to R15 amplitudes

Once the defocus is set, the Zernike polynomials modes 5 to 15 can be determined to correct

the beam from aberrations. This time a low exposure time is taken since I attend to adjust the
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Figure 4.16: Variation of horizontal and vertical beam widths as a function of the defocus for a laser wavelength
A = 632.8 nm.

Zernike parameters and assess the image quality by maximising the peak intensity. Thus, I
need to reduce the exposure time to ensure no saturation occurs. Figure 4.17 shows the peak
intensities and the related amplitudes for each Zernike modes. The peak intensity corresponds

to the value after the Zernike correction is applied.
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Figure 4.17: Amplitude of R5-R11 Zernike modes for which the intensity has been found maximum for the
wavelength A = 632.8 nm.
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As expected, the vertical and horizontal astigmatism terms are the strongest, with the hori-
zontal astigmatism being more important. This is to be expected as the DMD is off-axis on the
horizontal plane. Most of the other aberrations don’t play a role in the wavefront correction,
however for the Zernike modes that do, they can be considered non negligible as the peak

intensity has a 11% increase after the astigmatism is corrected.

4.3.3 Step 3: determination of R5 and R6 amplitudes

The third step is meant to determine the correct values of R5 and R6 amplitudes (horizontal
and vertical astigmatisms). In the previous step, R5 and R6 have been found by looking at the
maximum intensities. However this does not fully correct the astigmatism, but it does locate
the range of values for R5 and R6 that improve the focal length position on the camera. To
evaluate the astigmatism correction, a Gaussian fit is applied on the vertical and horizontal
axis from the centre of the beam (see Fig. 4.18 with a Gaussian applied on the vertical axis).
The standard deviations from these two Gaussian fits are then used to estimate the beam

shape. When the widths are equal, the beam is circular.

Intensity

I ] I | I ]
50 60 70 8 90 100
Pixels

[
40

Figure 4.18: Vertical and horizontal Gaussian fit from the centre of the beam (pixel size = 4.65 um).

For this step, R5 and R6 amplitudes are first taken from the values in step 2. R5 amplitude
is then varied when R6 amplitude is fixed and the pair with the smallest difference between
the horizontal and vertical standard deviations is taken (see Fig.4.19). Then R5 amplitude is
kept as found and fixed and R6 amplitude is varied until the smallest difference between the

standard deviations is found again (see Fig.4.20) which indicates a circular beam. For both
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graphs, the standard deviation is converted to the beam radius.
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Figure 4.19: Variation of the horizontal astigmatism amplitude R5 while the vertical astigmatism amplitude R6 is
fixed (left), evolution of the vertical and horizontal standard deviations as a function of the different R5/R6 pairs

(right).
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Figure 4.20: Variation of the vertical astigmatism amplitude R6 while the horizontal astigmatism amplitude R5 is
fixed (left), evolution of the vertical and horizontal standard deviations as a function of the different R5/R6 pairs

(right).

The most fitting pair is for R5=3.64-0.01um and R6=1£0.01ym. The amplitudes of all the

Zernike polynomials are now defined to correct the astigmatism and to define the focal point

on the camera. Images of the beam before and after correction are shown in figure 4.21. It can
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be seen that the pre-correction focus is 10 times bigger than the post-correction focus. Next

step is to look at the beam shape while varying the defocus.

Before correction

0.95mm

After correction

90um
Figure 4.21: Initial beam and beam after correction at the focal point for the wavelength A = 632.8 nm.

4.4 Results - wavelength characterization

4.4.1 Study of the beam waist as a function of the focal length

In this part, the behaviour of the beam after correction of the optical aberrations are summa-
rized. The beam size as a function of the defocus is measured. Figure 4.22 (top) shows the
evolution of the horizontal and vertical beam widths as a function of the defocus amplitude.
Figure 4.22 (bottom) shows the RMS spot width, defined as /% (W2 + W) with Wy and W,

the horizontal and vertical beam widths that are derived from the horizontal standard devi-
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ation oy and the vertical standard deviation oy (W,,, = 2 X 0y, X pc with p. = 4.65 ym the

size of the camera pixel).

—=— Vertical width
Horizontal width

+ + | } ] + + }
21.5 22.0 225 23.0 23.5 24.0 24.5
Defocus value
260
2404 4 g
220 \

Average spot width (um
N B o ® S
o o o o o
| | | | |
e

T y T y T y T T T y T T T
21.5 22.0 225 23.0 235 240 24.5
Defocus value
Figure 4.22: (top) Vertical and horizontal spot width as a function of the defocus value. (bottom) Average of both
beam widths.

The focal point is determined to be for a defocus value of R4=23.054+0.01 at a wavelength
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A = 632.8 nm. The average spot width in term of the FZP focal length can also be illustrated

as shown in figure 4.23 based on the conversion factor found in part 4.1.4.
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Figure 4.23: Average spot width as a function of the FZP focal length for a laser wavelength A = 632.8 nm.

Moreover, Figure 4.22 gives a parabola around the focal point, which indicates a correction
of the astigmatism if compared to the previous beam evolution (see figure 4.16). However, the
figure also shows that some aberration is left close to the focal point as it is illustrated in
figure 4.24. One of the reasons that can explain these leftover aberrations is that our algorithm
is based on peak intensity measurement and as such doesn’t always guarantee that the most
fitting Zernike mode amplitude is found. Nevertheless, our corrective algorithm shows very
promising results and a more in depth comparison with a theoretical model is shown in the

next part.
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Figure 4.24: Evolution of the beam shape around the focal point at defocus values R4=22.6, 23 and 23.4.

4.5 Discussion - experimental beam waist determination

The previous results showed that the algorithm developed with the Zernike polynomials is
able to improve the beam size at the focus. In this part, an analysis of the theoretical beam
waist is added to check the validity of our results.

From Fig.4.22, the beam waist is measured at 444-0.1um. This uncertainty is calculated based
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on different measurements: the vertical and horizontal beam waists and their respective inac-

curacy as well as the camera pixel size. The theoretical beam waist is given by:

wpy = /\f =20.8+0.1um (4.21)
Tt max

The experimental beam waist is 2.1 times bigger than the diffraction limited beam waist for
a wavelength of 632.8 nm. To add consistency to these results, the experiment is reproduced
with two additional distances camera/DMD. First, at a distance camera/DMD equal to 3040.2
cm and then at a distance equal to 760.2 cm. The new experiments give respectively 2.5 and
2.7 times the diffraction limited beam waist. The results are consistent over the different
focal lengths. Moreover, compared to the paper [60] from 2018 which measured 6 times the
diffraction limited beam waist for a focal length of 25 cm, these new results show that the

experiment was reproduced and improved with the correction of some optical aberrations.

4.6 Conclusion

In this chapter, an algorithm in 3 steps was developped to correct the optical aberrations cre-
ated by the DMD based laser detection system. Fifteen Zerrnike polynomials normalised on a
rectangular surface were used to create the FZP pattern but also to correct those aberrations.
I reproduced the experiment of Mohagheghian and Sabouri [60] and showed that the algo-
rithm is working and does improve the beam shape at the focal point. Indeed, the analyse of
the beam waist size gives better results when compared to the theoretical ones which would
imply that the DMD aberrations, that would normally have impacted the focus, are partially
corrected. The paper from Mohagheghian and Sabouri however did not explicit a wavelength
resolution from their wavelength characterization, but in consequence to our correctional al-
gorithm, an improved wavelength resolution should be expected. The wavelength resolution
will be calculated more in details in the next chapter where several laser wavelengths will
be studied with the DMD based detection system. Finally, the parabola found in figure 4.22
confirms that the major astigmatism has been corrected. However, some minor astigmatism

is still present in the beam. This might be negligible for now as the results are still promising.
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Wavelength characterisation with the

DMD based detection system

In this chapter, a single channel setup for the DMD system was implemented with the use
of an optical fibre. Four laser wavelengths and one LED source are analysed. The algorithm
developed in the previous chapter is used to characterise each laser and both rectangular
and circular polynomial patterns are used to compare their efficiency. The use of the optical
fibre would allow different lasers to have the same input channel and ensures consistent
beam delivery to the DMD, which then would reduce the risk of additional aberrations when
different wavelengths are compared. As a consequence of the use of the optical fibre, the field
of view is restricted. However, this chapter is focused in the characterisation of wavelengths
and the extension of the field of view for this system is to be researched in a future work.
Moreover, this setup allows the use of two lasers simultaneously, with the condition that they
both enter the camera frame — which is possible at a short camera-DMD distance, this is
studied in details in the next chapter.

The aim of this chapter is to characterise laser wavelengths and to determine wavelength
resolutions of the system as well as to highlight the laser discrimination principle behind
the DMD based detection system with the use of a LED source on the system. The first
part of this chapter summarizes the resolution of known laser detection systems that were
studied in more details in chapter 2. This part also looks into the coherence characteristics
behind the DMD technology when combined with a FZP pattern. In the second part, the new
setup implemented is explained as well as the optical characteristics of the four lasers. In the

third part, the characterisation of the four lasers is analysed and both types of polynomials
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(circular and rectangular) are compared. In the final part, the LED is studied against a laser
at equivalent wavelength and the laser discrimination principle behind the DMD is shown.
A first set of results regarding this single channel setup was published in 2020 [122]. Another

publication is under consideration.

5.1 Background study

5.1.1 Resolution of wavelength measurement systems

I have explored in the first chapter the different types of laser detection system and the wave-
length resolution they can reach. I will now have a brief summary of the possible wavelength
resolution from laser detection systems and compare them with other types of wavelength
measurement systems.

In terms of the coherent detection systems, Fabry-Perot, Michelson and diffraction grat-
ings based systems were able to reach a relative wavelength uncertainty of respectively 2 x
1079[49], 6.4 x 10~°[55] and 10~° [61]. However, other diffraction grating based systems were
generally having an absolute wavelength accuracy of 10 nm or more [58, 41] which corre-
sponds to around 2 x 1072 in relative resolution. In terms of spectrum recognition systems,
CW lasers were detected to an accuracy of 5 nm and up to 10 nm in outdoor conditions [3] so
a relative uncertainty of respectively 8 x 1073 and 2 x 1072 .

Now, to have a more general idea of how good a resolution one system can achieve, I need
to look at other wavelength measurement systems and their resolution [123]. An optical spec-
trum analyser can for example achieve a relative resolution of 107°[124] while optical beating
methods can get down to 107! in relative accuracy. However, unlike the laser warning re-
ceivers previously mentioned, optical beating methods are restricted by the measuring range
and correcting for this is extremely expensive. OSA systems are also highly expensive. To
get in our price range, wavelength dependent material systems are more interesting. That
includes use of the light polarization, optical fibres or photo-detectors and they achieve a rela-
tive resolution of 10~7. Of course, all these wavelength measurement systems are not meant to
discriminate laser light from background light and as such are not of interest for us. However,
knowing resolution of different measurement systems is important in this case, as they can be

compared to the newly developed system resolution.
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5.1.2 Coherence properties of the DMD

One aspect behind the DMD combined with the FZP pattern that I have yet to study is the
impact of different coherent sources on it and the total phase contribution from this system.
Two different phase contributions are present in the system: the phase difference from each
pixel at position (x,y) and the phase difference across each mirror. Benton studied the total
phase contribution [62] and I will be here highlighting only the phase contribution across each
mirror as this is the contribution that has a major impact in the difference of phase between
the horizontal and vertical axis.

Let’s consider the phase difference across each mirror, the initial problem is illustrated in
figure 5.1 where two rays at opposite end of the DMD and their optical path difference are

shown.

DMD mirror OPD 2 mirror tilt angle

Incoming ray 1 Incoming ray 2

Figure 5.1: Path difference between two rays across one mirror.

With w the DMD mirror width, the optical path difference between two rays at the opposite

end of the mirror can be expressed as:

OM = OPD2 — OPD1 = wsina — wsiné (5.1)

Where § and « are defined as in figure 5.1.

Moreover, with trigonometry and the intercept theorem, we find that:

s=PB—u (5.2)

B is the angle between the incoming ray and the outgoing ray and is relatively the same for

rays across the mirror (the difference is negligible for a mirror as the focal length F » w) but
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changes with the mirror position on the DMD as the DMD pattern focuses light towards the
focal point P.

Using geometry from figure 5.2, the angle  can be written as:

B(x) = arctan [fjfmcéi;c} (5.3)

y DMD plane

w.(x,¥)

z Focal length
Optical axis from origin

Figure 5.2: Geometry of a DMD mirror focussing light at a point P at an angle x to the optical axis.

Thus, the optical path difference across each mirror is written as:
2 . .
Pm = Tw(sm (a) —sin (B(x) —a)) (5.4)

Inserting formula 5.3 in equation 5.1 and then in equation 5.2, we can calculate the optical path
difference OM across one mirror. With a mirror width of w = 13.68um, a mirror tilt angle of
a = 12°, an angle x = 2a when the incoming light is at normal incidence, a focal length
of 46 cm and a DMD dimension of 768 pixels for the circular polynomials, the optical path
difference across one mirror is equal to 5.6um or around 9 wavelengths at 633 nm. It implies
that over a certain amount of mirrors, the path difference can become so important that it will
not allow interference for low coherent sources. However, this is only true on the axis where
the mirrors are tilted (the horizontal axis for us), as the tilt creates the additional optical path
difference. On the vertical plane, the mirrors are not tilted in this direction (¢ = 0°) and as
such the path difference across mirrors is negligible.

For the vertical plane, let’s consider the FZP first ring radius Rg. The path difference at the

first ring radius is equal to A/2 and the FZP formula gives us the first ring radius R for the
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HeNe laser at a focal length f = 46cm at : Ry = /Af = v0.46 %633+ 10~ = 540um. This
corresponds to 39 pixels. So it gives the path difference for each pixel at around A/78 = 8nm.
So, to obtain the same path length difference in the vertical and horizontal directions, the
vertical plane requires 700 mirrors while the horizontal plane requires only 1 mirror. This is
due to the DMD behaving as both a blazed diffraction grating and a focusing lens. Thus, the
DMD based detection system is actually a differential coherence system, implying that some
low coherent sources might focus well on the vertical axis, but won’t interfere well in the
horizontal plane. This will be highlighted in part 5.4.1 where the horizontal and vertical beam
widths as a function of the focal length for four lasers are studied, the difference in widths
for low coherent sources (blue and green laser) would imply the beam is elliptical and thus
would confirm a differential coherence system. This will also be discussed in part 5.4.2 with

the study of a LED source (low coherence) against a HeNe laser (high coherence).

5.2 Single channel for the DMD based laser detection system

5.2.1 Implementation of the single channel system

The system involves the use of an optical fibre, two mirrors and a focusing lens. The laser is
focussed into an optical fibre and then direct towards the DMD. A beam splitter is added to
allow the use of two wavelengths simultaneously however in this chapter, only one laser is
turned on at a time for a consistent analysis of the results. Figure 5.3 illustrates the setup of
the single channel system. The camera-DMD distance is at 46cm. The single mode fibre used

is a SM600 patch cable for 633-780nm.
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Figure 5.3: Singe channel setup for the DMD based laser detection system.

In this chapter, four different wavelengths are characterized (405 nm, 532 nm, 633 nm and
760 nm) and the possible difference between two surface types of Zernike polynomials is anal-
ysed. The two surface types of Zernike polynomials are those normalised on a rectangular
surface and the ones normalised on a circular surface, named respectively rectangular poly-
nomials and circular polynomials for simplification. For the circular polynomials, the DMD
surface has been programmed to be circular and at a radius of 384 pixels, thus the pattern
is smaller for the circular polynomials than for the rectangular polynomials. The rectangular
polynomials pattern has a radius of 640 pixels as it uses the whole DMD surface. Due to the
lack of online information on rectangular Zernike, only 15 modes are used while 40 modes
are used for the circular Zernike. However, mainly the first 11 modes are useful as it was
found in the previous chapter so it can be assumed that the additional modes will not have a

noticeable impact on the aberration correction.

5.2.2 Optical characteristics of the four lasers

Four different lasers are used with this setup:
¢ a green laser diode (CPS532) at 532 nm and power at 4 mW;

¢ a blue laser diode (CPS405) at 405 nm and power at 4 mW;
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¢ ared HeNe laser (HNLSO0SL-EC) at 632.8 nm and power at 0.8 mW.
* ared DFB Single Mode laser (RLS/EP760) at 760 nm and power at 2.5 mW

Three of the four laser beams exiting the single mode fibre are shown individually in figure

54.

Figure 5.4: 633 nm, 532 nm and 405 nm laser beams exiting the single mode fibre.

The diameter for the beams, around 2.5cm, is bigger than the DMD diagonal, around 1.8cm:
each laser beam covers the whole DMD detection area so the lens radius size considered for
our experiment will depend on the DMD surface size only; this will be interesting when the
diffraction limited beam size will be calculated in this chapter.

Each of these lasers has a different spectral bandwidth, the DFB laser has the highest spectral
purity and its coherence length is estimated at around 66 m. The HeNe laser has the second
largest coherence length at typically 10-30cm. The blue and green laser diodes have the worst

spectral bandwidths and their typical spectra is illustrated in figure 5.5.

‘o CPS405 Typical Spectrum i Typical Spectrum of the CPS532
- 3: :EEE - 3:
:: 0.7 4 : 0.7
L g6l < 6]
3 os] 3 os]
2 04] 2 04]
c 03] o 03]
E 2] E 0.2]
< 0.1 < 0.1
0.0 0.0 T T T T T T T T T
400 401 402 403 404 405 406 407 408 409 410 527 528 520 530 531 532 533 534 535 536 537
Wavelength (nm) Wavelength (nm)

Figure 5.5: Typical spectrum of the CPS405[125] and CPS532[126] diode lasers.

A major difference can be seen on these two laser diodes, the blue laser has an important tem-
perature dependency and its wavelength varies widely depending on it. This is an important
characteristic that will be helpful in our results and analysis section. On the other hand, the
green laser is not impacted by temperature variation however it has a typical bandwidth of
0.6 nm, or a coherence length of 0.2 mm.

The algorithm developed in chapter 4 is used to correct the beam shape and results in a
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smaller and more circular focus spots for each wavelength. The average spot radius is studied
as a function of the defocus amplitude, for both the rectangular and circular polynomials.
The average spot radius is calculated as in subsection 4.4.1 and is based on the vertical and

horizontal standard deviation of the beam on camera.

5.3 Experimental results

5.3.1 Beam size and defocus amplitude comparison for circular and rectangular

polynomials at each laser wavelength

The graph showing the average measured beam radius as a function of the defocus amplitude
is shown in figure 5.6. In this graph, the circular and rectangular polynomials are named

respectively rect and circ for simplification.
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Figure 5.6: Evolution of the beam size as a function of the defocus value for circular and rectangular polynomials
at each laser wavelength.

A first look at these results clears out two major aspects of this experiment. First, concerning

the spot radius, the blue laser beam size is notably bigger than the other wavelengths. As
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mentioned in part 5.2.2, the blue laser has the worst spectral bandwidth among our lasers
with an important temperature dependency and as such, the beam measurements would be
impacted. The large uncertainty measurements at each defocus amplitude for the blue laser
compared to the other lasers also gives reason to this explanation. Secondly, the defocus
value is clearly different for each wavelength, which implies that laser wavelengths can be
characterised easily with this experiment.

Moreover, the defocus value can be converted as the FZP focal length with the use of equation
417 and 4.19 for respectively the circular and the rectangular polynomials. Figure 5.7 has
one graph for each wavelength and each graph gathers the data for the two different types of

Zernike surface polynomials.
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Figure 5.7: Evolution of the beam size as a function of the FZP focal length for the circular and rectangular Zernike

types.

The beam waist will be studied in part 5.3.2, in here I am interested at the shape of the

evolution of the beam size in term of the FZP focal length. If I model the evolution of a

FZP focal length (cm)
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Gaussian beam size for both Zernike surface types based on the following equation:

w(z) = woy |1+ %)2 (5.5)

2
With the Rayleigh distance zg = "5 and the beam waist radius wy = #{M, f=46 cm is the

focal length, A the wavelength, and 7,4, the radius of the DMD for which the polynomials are
written on. I find out that the beam size evolution for the rectangular polynomials has a larger
curvature than the circular polynomials” evolution as 7,4y is smaller for the circular polyno-
mials. However, on our graphs, the curvature of the circular and rectangular polynomials are
similar for both the blue and the green lasers. This can be explained again by their large spec-
tral bandwidth since the wavelength impacts the focal length, their curvature would be the
least predictable. On the other hand, for the red lasers at 633 nm and 760 nm, the curvature
for the two circular and rectangular polynomials slopes are different. Their spectral band-
width was shown to be the purest so seeing a distinction between the two slopes is a good
indicator. However, the rectangular polynomials for both lasers have a slowest slope than for
the circular polynomials and this goes against what would be expected. This result is mostly
due to the size difference between the two circular and rectangular FZP patterns. One pattern
uses the whole DMD window (rectangular polynomials) while the other uses only a restricted
area (circular polynomials). As could be seen from figure 4.13 in chapter 4, the DMD window
creates important aberrations at the border, which indicates that the rectangular polynomials
would intrinsically have more aberrations to correct than the circular polynomials. Thus, the
evolution of the size would be impacted by it.

To get into a more detailed study, a second order polynomial fit is applied to each plot of
figure 5.6. Two important pieces of information is then extracted: the circle of least confusion
and the corresponding defocus amplitude. A comparison of experimental and theoretical
values of the beam waist is illustrated in table 5.1 as well as the corresponding defocus value.
The diffraction limited beam waist is calculated based on equation 4.21 where r is the radius
of the DMD surface for which the spot lights reflect on, r is equal to 384 pixels for the circular
polynomials and 640 pixels for the rectangular polynomials.

From table 5.1, two elements can be studied and this will be looked into in the two next
sections. First, the beam waist for different wavelengths for both types of polynomials is

studied. Then, the accuracy on the wavelength characterization is looked at.
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Table 5.1: Comparison of experimental and theoretical values of defocus value and beam waist with wavelengths
at 405 nm, 532 nm, 632.8 nm and 760 nm for the circular and rectangular polynomials at a focal length of 46 cm.

Circular polynomials
Wavelength 405 nm 532 nm \ 632.8 nm 760 nm
Defocus value 43.3440.25 | 29.48+0.11 | 24.62+0.09 | 20.49£0.06
Experimental beam waist
woexp (in pm) 79.7£2.3 47.140.6 34.3£0.3 37.7£0.2
Diffraction limited beam waist
wWo theory (£0.1pm) 11.3 14.8 17.6 21.2
wWo,exp/ Wo theory 7.1 3.2 1.9 1.8
Rectangular polynomials
Wavelength 405 nm ‘ 532 nm ‘ 632.8 nm ‘ 760 nm
Defocus value 45.96+0.26 | 31.05+£0.16 | 26.65+0.13 | 21.7540.13
Experimental beam waist
wWo,exp (i pm) 73.8+£1.9 51.1£1.2 34.2+0.3 46.410.3
Diffraction limited beam waist
wWo theory (£0.1pm) 6.8 8.9 10.6 12.7
Wo,exp/ Wo theory 10.9 5.7 3.2 3.6
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5.3.2 Evolution of beam waist with wavelength

The evolution of the beam waist as a function of the wavelength can be analysed based on

table 5.1 and it is plotted in figure 5.8.
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Figure 5.8: Evolution of the beam size as a function of wavelength for the circular and rectangular Zernike types.

The radius of the circle of least confusion for the circular polynomials is smaller than for the
rectangular polynomials for most lasers except the 405 nm laser. As explained before, the
behaviour of the blue laser is the least predictable as the temperature impacts its wavelength
and thus the beam size. So in regards to the beam size comparison between the two different
polynomials types, the blue laser can be ignored. However, for the three other lasers, the cir-
cular polynomials perform better. This is explained as the circular polynomials are written on
a smaller DMD surface than the rectangular polynomials, so some of the aberrations caused
by the DMD window at the border do not appear with the circular modes and thus the beam
arriving on the camera is less aberrated for the circular polynomials.

Moreover, if we compare the diffraction limited beam waist with the experimental beam waist
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for both circular and rectangular polynomials, the 633 nm and 760 nm laser performs bet-
ter in both cases (circular and rectangular): their experimental beam waist is around 2 times
their diffraction limited beam waist for the circular polynomials and around 3 times for the
rectangular polynomials. The 532 nm laser follows behind with a factor 3 for the circular
polynomials and around 6 for the rectangular polynomials. And finally the blue laser with
a factor 7 for the circular polynomials and around 11 for the rectangular polynomials. To
explain these results, I need to look at the spectral bandwidth of each laser again. Each laser
ability to focus is depending on the purity of their spectral bandwidth as the FZP focuses light
at a specific focal length related to the light wavelength. So, knowing that the two red lasers
had the purest spectral bandwidth, these results agree with the expected behaviour between
the four different wavelengths.

Overall, these two Zernike surface modes can both be interesting to use on the DMD depend-
ing on the application of the system one wants. If a good sensitivity is demanded, then the
circular modes are to be prioritized. However, the rectangular polynomials are still perform-
ing well in term of the focusing ability and they can be interesting to use. More specifically, if
the rectangular polynomials is used then all of the DMD window space will be taken advan-
taged of, unlike with the circular polynomials. Another important aspect to consider before
one can decide to use the rectangular over the circular polynomials however, is the wavelength

accuracy for each wavelength. This is discussed in the following session.

5.3.3 Wavelength characterization and resolution

In this part, first, the evolution of the defocus amplitude is studied as a function of the wave-
length. Figure 5.9 shows this evolution. A second order polynomial is used to fit the two sets

of data.
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Figure 5.9: Evolution of the defocus amplitude as a function of wavelength for the circular and rectangular Zernike
types.

Both fitting functions have an R? over 0.99. This graph implies that once the defocus amplitude
i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>