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Laser [llumination Modulein 3D Areal M apper

Ming Luo

(ABSTRACT)

A miniaturized spatial light modulator (SLM)-based structured-light illumination module with
optical fiber input is designed to generate a coded 256 x 256 spots pattern for 3-D areal
mapping applications. The projector uses the light from a He-Ne laser coupled to a
polarization-maintaining (PM) fiber to illuminate a specialy made hologram so that four
virtual point sources are regenerated. The interference pattern of the four sources are filtered
and modulated by an SLM. The output intensity can thus be encoded to form any arbitrary
pattern through the electronic input applied to the SLM with a high speed. In this thesis, a
complete optical diffraction analysis of the system is presented to provide guidelines for the
optimal design of the system parameters. Through the theoretical analysis for square beam
array generation, the important parameters for fabricating a hologram are given. The find
system optical design and arrangement based on optical analysis are described. The detailed
opto-mechanical construction of the LIM and the associated alignment, the computer
simulation and the preliminary test results of the developed LIM are also provided.
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CHAPTER 1. Introduction

1.1 Overview of Computer Vision

The goal of a computer vision system is to create a model of the real world from its two-
dimensional images. As an interdisciplinary technology, computer vision is a technological
combination of computer technology, semiconductor technology, electronic design, optics,
automation, and information theories. Since images are two-dimensional projection of the
three-dimensional world, a challenging task of computer vision is to recover the three-
dimensiona information based on the knowledge about the objects in the scene and the

projection geometry.

Almost several decades of research and development on various computer vision systems
have resulted in a dramatic improvement of the techniques used in computer vision. The
applications of computer vision technologies have been extended to almost every major field
of modern technologies including industry, agriculture, military, medical science, aerospace,
and geographic studies. Based on the different information recovered and used, computer
vison systems can generaly be categorized into three major areas. These include three-
dimensiona surface mapping for quality inspection purposes, image enhancement and
analysis to extend the ability of human visions, and autonomous navigation for guiding

vehicles and robotics.

Three-dimensional surface mapping of an object is a very important research area of the
computer vison technology. Through the quantitative measurement of the geometrica
properties of objects, computer vision systems can be used for quality control of various
products ranging from pizza to turbine blades, from submicron structures of wafers to auto-
body panels, and from apples to oranges [1]. Many techniques have been developed for a
computer vision system to recover the three-dimensional geometric information from the real
world. These include stereo imaging [2, 3], focus or blur estimation [4, 5], interferometry,
Moairé technique [8, 9], structured-light and triangulation [6, 7].



Stereo imaging uses two cameras to view the same object from different angles. Three-
dimensiona information of the object can thus be obtained by correlating the two images,
similar to that a human being using the brain to coordinate his two eyes. Interferometry and
Moiré techniques have aso been commonly used in three-dimensiona surface mapping. By
extracting the phase information or the space frequency of the interference or Moiré fringes,
the shape of the three-dimensional object can be mapped with a very high accuracy.

Focus or blur estimation has also been used in computer vision systems to obtain the surface
characteristics of an object. Due to the finite depth of field of the optical system, only objects
that are at a proper distance from the camera appear focused in the image whereas those at
other depths are blurred in proportion to their distance. Algorithms based on the convolution
of estimated out-focus blur with the point spread function determined by the camera and the

distance of the object from the camera can thus be used to recover the shape of the object.

Structured light and triangulation maps a three-dimensional object by projecting a known
optical pattern to the object surface. The light projector, camera and the object to be mapped
form a triangular relation. After a calibration procedure, which determines the geometric
properties of the triangle, the offset of the optical patterns viewed by the camera at the image

plane can thus be used to retrieve the three-dimensional shape of the object.

1.2 Structured Light Based 3D Mapping Technology

Structured light illumination has been used for several decades to extract three-dimensional
information from surface topology [10]. Most commercialy available 3D vision systems
employ the structured light method because it currently has a great potential for fast, accurate
and inexpensive high-resolution 3D mapping. As shown in Figure 1.1, in a typica 3-D
computer vison mapping system, the structured light projector, the CCD camera and the
object forms a triangle. A computer is also necessary to process the image so that the three
dimensiona information can be retrieved. The system tracks the scene reflected from the
object which is illuminated by a predetermined optical pattern. Through advanced image

processing techniques, the three-dimensional surface topology can thus be determined by



measuring the corresponding lateral offset of the recelved image. Various light structures
have been used for different applications. Among these, single line [11, 12], multiple parallel

lines[13, 14], crosses [15] and 2-dimensional grids [16] are most commonly used.

Using a single line to encode a surface has the advantages such as the avoidance of fringe
ambiguity and a very high resolution in the measurement of surface height as well as lateral
structures. However, in order to obtain the three-dimensiona surface information, a single
stripe must be scanned over an entire surface and processed at each location of the scan. This
scanning process requires the implementation of a very accurate scanning mechanism.
Moreover, the mapping can be a very slow process due to the limited speed of the available
scanning devices, and also because multiple images have to be taken and processed a a

certain interval of each scan.
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Figure 1.1 Configuration of a 3-D computer vision system for object mapping.

The projection of multiple light stripes to the object’s surface eliminates the need for the
scanning device. The simplest way to generate and project multiple lines is to use a laser, a

grating and a cylindrical lens. The number of lines, spacing between lines, and the width and
length of the individual lines can be precisely controlled. Because the entire surface can be



mapped by processing only a single image, the mapping speed can thus be improved
dramatically, however, with the sacrifice of the lateral resolution.

1.3 High Speed Structured Light Illumination

Early advancements of structured light generation came with laser technologies, but the
methodologies had commercia limitations due to digital processing and interface bottlenecks.
During the 1990's, both workstation and PC technology was significantly improved in
performance. High-speed interface standards became common and low cost storage mediums
grew to gigabyte proportions. At the same time, the digital signal processor (DSP) technology
also emerged. These specia purpose digital chips could perform digital filtering at billions of
operations per second. The emerging spatial light modulator (SLM) technology [22] and the
continuous advancement in computer/DSP technology [26] alow further unification with
optical and digital pattern recognition methodologies. The performance of SLMsis at a level
that is comparable, in term of information flow, to the high speed DSPs. It is this new SLM
and computer/DSP technology base that alows structured light illumination, digital pattern
recognition and optical pattern recognition to be implemented on the same architecture,
simultaneously and at a very high speed [10].

Today’s high speed, high-resolution SLMs represent a compact, reliable and improved
method to project sophisticated patterns onto objects. Furthermore, SLMs provide a smple
means of combining feedback between the reflected image and the projected pattern. The
feedback capability lends itself to adaptive agorithms for achieving intelligent and high

performance visual sensing.

1.4 Motivation

The 3D Ared Mapping system proposed by DCS Corporation is an area profiler that
originaly conceived as an improvement over the Numerical Stereo Camera (NSCS)
technology [17, 18]. It represents the logical extension of non-contact triangulation-based
laser profiling technology from point scanning, line scanning to area profiles with no scanning



at al. Basic components include a light illumination module (LIM) for successively
projecting variable laser patterns on the object of interest, a CCD camera for optical image
recording, and a computer to interface the LIM with cameras and to perform data processing,

asshownin Figure 1.2.
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Figure 1.2 3-D Area Mapper.

The 3D Area Mapper is initialy developed for the purposes of industria turbine blade
rework and medical patient positioning [19]. Turbine blade rework involves mapping
previoudy cracked blades after annealing weldments have been applied, and subsequent
reshaping by a highly accurate computer controlled milling machine. Since the process must
be performed repeatedly on a high-speed assembly line, there are strict demands on the LIM
in the areas of alowed mapping time, accuracy and output data format. Patient positing is a
generic  pre-treatment requirement, applying to many surgical applications including
neurosurgery, sinus, spina and knee surgery, and radiation surgery. Positioning of the patient
in these treatments amounts to aligning the relevant coordinate system(s) of the critical
volume in the patient to coordinate systems in the operating room. Small camera and LIM
components will enhance marketability, as they must be mounted on existing equipment in an

aready crowded operating room



1.4.1 Miniaturized Light Illumination Module

Central to the DCS's areal mapping technology is the spatia light modulator-based light
illumination module, which generates and projects periodically structured light in an
unfocused array of beamlets that are spatialy encoded by the SLM. The LIM functions as a
structured light source for the 3D Areal Mapping system by generatingan M ~ N (M and N
are usualy powers of 2, such as 64,128 or 256) beamlets pattern, and switches “on” or “ off”
the individual lines or dots of a Spatial Light Modulator (SLM) to form a tempora series of
patterns. The first generation LIM [19], based on NSCS technology, generates a 128 ~ 128
beamlets array using a lens to make a laser beam diverge, a four-facet prism to generate four
virtual sources, and a microscope objective lens to produce a demagnified rea image of the
virtual sources. The beamlet array passes through a spatial light modulator (SLM) so that the
individual beamlets can be identified. Because the laser beam is diverging, the prism
introduces high optical aberrations. The prismbased LIM requires very stringent alignment,
which in turn necessitates heavy and costly support structures. The first generation LIM was

about five feet long, 25 kg weight and only 3% light efficiency.

In order to reduce the size and complexity of the LIM, initia improvements in the LIM was
achieved by replacement of glass optica components in the first generation LIM with the
holographic optics. DCS Corporation developed the second-generation LIM prototype using
their patented hologram techniques [20]. The prototype set up was about 18 inches high and
occupied a1l = 2 optica bench. This LIM prototype, generating 64 ~ 64 beamlets pattern,
includes a He-Ne laser functioned as the light source and a hologram, a SLM, and output-
coupling lens. Compared to the very first generation of the LIM, the second-generation
prototype has reduced its size dramatically, and the efficiency of light use was increased to
30%.

Since the UM prototype has been set up successfully, the even stricter system requirements
were presented by DCS Corporation. Driven by the target applications for the 3-D Aredl
Mapper product, industrial turbine blade rework and medical patient positioning, the LIM is
requested to enable much smaller weight and volume, high light efficiency, high resolution



and minimum alignment time. Jointly sponsored by the DCS Corporation and the Virginia
Center of Innovative Technologies, the Photonics Laboratory at Virginia Tech successfully
developed a miniaturized third generation LIM to upgrade the current DCS 3D areal mapper
products in their potential applications. The miniaturized LIM has a reduced size of
6" 5" 3.8", which provides better portability and can be mounted on equipment that requires
easy maneuverability such as in surgical instruments. The larger number of spots in the output
pattern (256 ~ 256) result in the higher resolution of the surface profiling output and hence an
improvement in the accuracy. The higher output power (1.5mW integrated over active areq)
results in a higher signal-to-noise ratio of the image captured by the camera. Moreover, the
novel opto-mechanical design of the LIM allows a very simple alignment procedure and the
complete optical diffraction analysis of the LIM system provides a general guidance for the
optimal optical design of the system. The overal cost of implementing the LIM system has
also been brought down to an acceptable level.

1.5 Contributions of The Research and Outline of the Thesis

This thesis presents the research work conducted at the Photonics Laboratory in the
development of the miniaturized light illumination module to support DCS's efforts in
upgrading its 3D Areal Mapper. The reported work is concentrated in the optical and opto-
mechanica design of the miniaturized LIM.

The main contributions of this research are listed below:

1) System configuration. The principle of the LIM system is described with the
emphasis on the optical functions of the components.

2) Optical dedgn. The optica models for the key components of the LIM system are
derived. Based on those optica models, the comprehensive diffraction anaysis is
presented. The results of the diffraction analysis provide a clear guideline to achieve
the optimal performance of the LIM system.

3) Hologram design. In order to achieve a 256 by 256 beamlets error free output pattern,
the hologram must be fabricated to provide four virtual point sources with a strict

requirement in their positions. A detailed source error analysis based on the



interference theory is performed to provide the tolerances for the hologram
fabrication.

4) Opto-mechanical design. According to designed optical layout, the opto-mechanical
components of the LIM are designed using AutoCAD tool or chosen from venders.

5) System implementation. Based on the system anayss, the optical design and
arrangement of the LIM system is given to ensure the LIM sdtisfies the specifications.
The functions and the aligning procedures of each part are described.

6) System preliminary test and results.

Chapter 1 of the thesis provides an introduction to the background of the structured light
computer vison technology for 3D mapping; presents the motivation of developing the LIM
and contributions to this research. Chapter 2 gives an overview of the LIM system in 3D
Areal Mapper. The diffraction analysis for the LIM system is given in Chapter 3. Chapter 4
describes the theory of 256x256 beamlets generation by an interference method; analyzes
source separation requirements, spherical distortion, and source position errors effect.
Corresponding computer ssimulation results are presented in this chapter. Chapter 5 gives the
final system optica design and arrangement based on the previous analysis. The detailed
mechanical construction of the LIM and the associated aignment plan are also included in

Chapter 5. Chapter 6 presents the conclusions and the suggestions for future work.



CHAPTER 2. LIM System Configuration

2.1 System Configuration

The schematic configuration of the LIM is shown in Figure 2.1. The system uses a He-Ne
laser at a wavelength of 633nm as the optical source. The output light from the laser is
coupled to a polarization maintaining (PM) fiber with its polarization matching that of the PM
fiber. The use of the PM fiber provides a polarized point source input to the system and
reduces the size of the system by separating the source from the main optical system. The
light from the PM fiber illuminates a specially made hologram as the reference beam to
regenerate the four virtual point sources that are located at the four corners of a square.
Because the hologram records the phase information of those four coherent point sources, the
reconstructed virtual sources will have a fixed phase relation that is independent to the
environmental changes. The light waves from the four virtual point sources interfere with
each other to generate a two-dimensional spots pattern. In cooperation with a polarizing beam
splitter, a spatial light modulator (SLM) is then aligned to the inference pattern in such a way
that the pixels of the SLM are matched to the spots of the pattern. Therefore, by controlling
each pixel of the SLM, we can switch a single spot on and off electrically so that the output
mesh pattern can be modulated spatially according to the arbitrary input electronic signal of
the SLM. An output-coupling lens is aso used in the system so that the size of the pattern can
be controlled to cover the area of interest. As pointed out later by the results of optical
diffraction analysis, the lens also functions as the key component to correct the spherical

aberrations and to fulfill illumination with an infinite depth of filed.

2.2 Optical Elementsof theLIM

As shown in Figure 2.1, the system mainly contains a laser source, a polarization maintaining
optical fiber, a hologram, a polarizing beam splitter, a coherent spatial light modulator and an
output coupling lens. The specifications and functions of those optical elements are listed
below.
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Figure2.1 Schematic configuration of the light illumination module (LIM).

2.2.1 Laser Source

Lasers have revolutionized various fields of science and technology, and are being used in a
wide range of applications in medicine, communications, measurement, and as a precise light
source in many scientific investigations. Commercially available lasers can be categorized
based on their characteristics, such as wavelength, power and output beam [28]. Lasers span
the entire light spectrum from infrared to ultraviolet. The power output from a laser ranges
from a milliwatt to millions of watts. Asto output beam, the laser output may be a continuous
wave, where the lasers emit light in a continuous manner; or it might be pulsed, where the
lasers emit in short bursts.

The light source for holography must have sufficient spatial and temporal coherence to allow
the formation of an interference pattern over the desired volume of space (e.g., throughout the
recording medium) and to keep this pattern stationary during the exposure time [27]. A laser
source, being both monochromatic and coherent over a significant distance, isthe ideal choice
[25]. In general, the laser must have sufficient power at the required wavelength. The laser

source used in the system is a high power He-Ne laser with an output power of 30 m\W at the

10



wavelength of 633 nm. The use of the He-Ne laser also provides a very long coherence length,
which isimportant to achieve along distance operation and a wide mapping area.

2.2.2 Polarization Maintaining Optical Fiber

In order to reduce the size of the LIM system, the operation of the He-Ne laser is separated
from the LIM via an optical fiber input. Because the system requires a polarized input light, a
polarization maintaining (PM) fiber is used. The PM optical fiber purchased from the
Newport Corporation is a “Bow-Tie" fiber optimized for the operation at 633nm and with a
numerical aperture (NA) of 0.16. The beat-length of the PM fiber is less than 2mm, which can

therefore provide a very good preservation of the input polarization.

The coupling from the He-Ne laser to the PM fiber is achieved by a specially designed
external coupling module provided by OZ Corporation in Canada. This compact |aser-to-fiber
coupling module has atypical power coupling efficiency higher than 60% through the use of a

rotation tuning mechanism to match the polarization of the laser light and that of the PM fiber.

2.2.3 Hologram

Interference
Pattern
Hologram J

Reconstructed
four point sources

Fiber source
(reterence source)

Figure 2.2 Regeneration of four virtual point sources by using a hologram.
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The 2-dimensional array of output spots can be produced by the interference of four coherent
point sources located at the corner of a square. Since the phase and position among those four
point sources must be kept unchanged to ensure a good long-term stability of the operation, a
Holographic Structured Light Generator (HSLG) technology [20] is applied. A hologram is
fabricated to record the phase relation of the four point sources, and later an be used to
regenerate an image of four virtual point sources with a fixed phase relation by a single
reference beam illumination, as shown in Figure 2.2. The light from the four point sources
interferes as it propagates, forming an interference pattern in space. In the Chapter 4, we will

give the key parameters and tolerances for fabricating the hologram via error analysis.

2.24 Spatial Light Modulator (SLM) and Beam Splitter

Spatial light modulators (SLMs) play an important role in many technical areas where the
control of light on a pixel-by-pixel basisis desirable, such as optical data processing, adaptive
optics, optical correlation, machine vision, image processing and analysis, beam steering,
holographic data storage, and displays [27]. Severa technologies have contributed to the
development of SLMs. These include micro-electro-mechanical devices and pixelated electro-
optical devices. Encompassed within these categories are amplitude-only, phase-only, or
amplitude-phase modulators. SLMs of all varieties continue to have a significant impact on

the photonics community.

Spatial Light Modulator (SLM) is a device that modulates the coherent light based on its
control input. A typical spatia light modulator is a two-dimensiona array of pixels made of
electro-optical materials. By applying a voltage signal to the individual pixel, the properties of
the input light can be changed after the interaction of the light with the pixel material. The
SLM can be bought off-the-shelf to meet the specifications of the miniaturized LIM.

After comparison, Displaytech’s Ferroelectric Liquid Crystal (FLC) SLM was chosen because
of the specifications shown in Table 2.1. Displaytech's Spatial Light Modulator (SLM) [21]

12



allows a user to spatialy encode information on abeam of coherent light. Thisreflective SLM
modulates light with fast-switching Ferroelectric Liquid Crystal (FLC) material in direct
contact with the upper surface of a conventional CMOS VLSI chip. The operation of FLC
devices is based on the principle of birefringence. Birefringence is the phenomenon in which
the phase velocity of an optical wave propagating in the crystal depends on the direction of its
polarization [29]. Ferroelectric devices also perform nearly three orders of magnitude faster
than liquid aystal displays and deliver a superior contrast ratio and a wider viewing angle

than nematic-based liquid crystal displays.

Table2.1 The specification of Displaytech SLM

Array size 256" 256 | Pixd pitch (um) 15
Active area (mm) 3.84" 3.84 | Gap width (um) 1.0
Efficiency 65% System mount 22 optical mounting circuit board

SLM full frame rate
(kH2)

3 Contrast ratio 100:1 (Zero order at 633 nm)

As shown in Table 2.1, the SLM used in the system, provided by Displaytech Inc, has 256 ~
256 electronically addressable square pixels. When a control electrical voltage is applied, the
pixel of the reflective SLM can reflect the input light and rotate its polarization by 90°. The
SLM is usualy used in combination with a polarizing beam splitter as shown in Figure 2.3.
The input light is linearly polarized along x direction, which is aligned to the transmission
polarization of the beam splitter so that al light is transmitted. The polarization of the
reflected light from the SLM is modulated according to the voltage signal applied on the
individual pixel.
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Figure 2.4 Structrue of the spatia light modulator (SLM).

For those pixels that have been switched on, the corresponding reflected light will have a
polarization rotated by 90° (now along y direction). Upon reaching the beam splitter, the
portion of the light will be reflected to the observing plane. On the other hand, other pixels
without voltage signals will reflect the light with the same polarization (along x direction).
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This amount of light will transmit through the polarizing beam splitter and will not output to
the observing plane. The output pattern at the observing plane thus carries the information that
we input to the SLM chip, and the spatia modulation is achieved by changing the input
signals to the SLM. As shown in Figure 2.4, the SLM consists of 256 = 256 pixels with the
configuration of two-dimensional mesh. Each pixel isa 14 nm "~ 14 nm square. The wall

separating the pixels has athickness of 1mm.

In short, the SLM acts as a pattern controller in the LIM to encode output patterns for ared
mapping. For the triangular solution, the SLM is used to identify the beamlets with their
origins, and thus to supply each beamlet’s triangulation baseline. A polarization-selective
beamsplitter isintegral to the SLM for operation at near-normal incidence. The SLM connects
to the microcontroller via ribbon cables. The microcontroller takes commands from the

controlling host computer and uploads display patterns to the SLM.

Since the beamlet array will align with the SLM’s square array of 256 x 256 aperture, whose
pitch is 15 um, it is therefore necessary to analyze the optical system to obtain a solid basis
for later system design and fabrication. The diffraction analysis of the miniaturized LIM is
presented in Chapter 3.

225 Output Lens

An output-coupling lens may be described as an optical wavefront modifying device. An
optical wavefront, propagating through such a device is reshaped upon exit in away unique to
the lens. With the use of the output coupling lens, moreover, the size of the pattern can be
controlled to cover the area of interest. As pointed out later by the results of optical diffraction
analysis, the lens also functions as a key component to fulfill an infinite depth of illumination

filed. The optimal design parameters will be achieved through the diffraction analysis.
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CHAPTER 3. System Diffraction Analysis

3.1 The Principle of Diffraction Analysis[24]

In amost all optical systems, some energy of light spreads outside the region predicted by
rectilinear propagation. This effect, known as diffraction, is of fundamental and inescapable
physical phenomenon. It is therefore very important to conduct a diffraction analysis prior to
the engineering design of a delicate optical system. The physical phenomenon of diffraction can
be intuitively described by the Huygen's principle, which states that if each point on the
wavefront of alight disturbance were considered to be a new source of a*“secondary” spherical
disturbance, then the wavefront at any later instant could be found by constructing the

“envelope’ of the secondary wavelets.

Huygen'’s principle nicely describes diffraction phenomena, but rigorous explanation demands a
detailed study of the wave theory. However, the mathematics behind a rigorous explanation is
rather complicated. In order to get relatively smple mathematic expression of the field
distribution of the diffracted light pattern, some assumptions are necessary. Among those
various approximations, Fresnel and Fraunhofer approximations are the traditionally used ones
in dealing with typical optical systems. It is assumed commonly in these two approximations
that the distance z between the aperture and observation plane is much larger than the
maximum linear dimension of the aperture size. In addition, it is assumed that in the plane of
observation only a finite region about the z-axis is of interest, and that the distance z is much

larger than the maximum linear dimension of this region.

The Fresndl approximation assumes that the distance r in the phase term can be adequately
approximated by the first two terms (second order). In essence, this approximation is the
replacement of the spherical Huygens wavelets by quadratic surfaces. Thereafter, the
following formula can be used to describe the Fresnel diffraction

exIO( JkZ)

U (X, Yo) =—— Y (% .,y.)exp{J—[(x - %)2 (Y, - ¥ 1axdy,,  (3-1)
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where
U(x, vi) isthefield before diffraction,
U(Xo, Vo) isthefiled after diffraction,

k = i& is the propagation constant, and | isthe wavelength of the light,

zisthe axial distance between the input plane and output plane.
In general, most optica systems satisfy the requirement of Fresnel diffraction formula

Therefore this formula has been commonly used in many system analyses.

Diffraction analysis can be further simplified if restrictions more stringent than those used in

the Fresnel approximations are adopted. If we assume that the distance between the input plane

and the observing plane is so large that it satisfies the following criterion

KOG+ Y1)
2

where (X, yi) are the coordinates used to describe the input field, then the quadratic phase

z>> : (3-2

factor can be approximated to be unity over the entire aperture. The diffracted field can thus be
found as

exp(jkz)
iz

U(x,.Y,) = exp[%(xf +y G (% v) expl E(xoxi +y,y)ldxdy,. (3-3)

The above approximation is caled Fraunhofer approximation and Equation (3-3) is the

Fraunhofer diffraction formula.
3.2 Overview of LIM System Diffraction Analysis

In order to achieve high quality output spots pattern, a diffraction analysis is necessary to
optimize the optical design of the laser projector. We will assume that the hologram is idea
and introduces no distortion in our system. We can start the analysis at four virtua point
sources, and trace the Fresnel diffraction of the light transmitting through apertures such as the
beam gsplitter, the SLM pixels and the lens. By examining the fina output pattern, we can

optimize the choice of the optical components and their geometrical positions.
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The simplified optical configuration is shown in Figure 3.1, where the light waves, starting
from the reconstructed 4 point sources, will pass the spatial light modulator and the lens, and
finally interfere to generate the two-dimensional spots pattern. There are five planes of interest,
including

1) the source plane (a, b) where the reconstructed four-point sources locate,

2) SLM plane (x, h),

3) Lensplane (x¢ yd),

4) Source image plane (u, v) where the sources are imaged by the lens, and

5) Observe plane (X, y). The optica analysis will be performed forward from one plane to

the other directly based on the Fresnel diffraction formula.

To smplify the analysis, we will trace the diffraction of a single point source and later
coherently superpose the light waves from the four point sources to construct the final

diffraction pattern.

X
a X X’ u A
A A
3 y
y
b ]
h y Vv "
w4
VA

>

Zo d \

Z1 Z2 Z3
Source Plane SLM plane Lens Source Image plane Observe plane

Figure 3.1 System optical layout for diffraction analysis.
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3.3 Point Sour ce Diffraction

Assume that we have a point source located at the coordinate of (a,b) of the source plane.
According to the Fresnel diffraction formula, we have the diffraction field distribution
Ugs(x,h) a SLM plane described by

Ups(,0) =%exp(jkzo)exp%[(x- a)?+(n - b)?]]

A . jk jk jk ’
= exp( jkz,) expl- - (% + b )] exp[ - (x* +h?)]exp[- 1- (ax +bh)]
iz, 2z, 2z, Zy
(3-4)
where z is the distance between the source plane and the SLM plane, A is the amplitude of the
source, and k is the propagation constant.
If we define
- L o) expi K @2+ b? _
B=——exp(jkz,)exp[-—(@" +b7)], (3-5)
iz, 27,

then Ugg(X,h) becomes

Ugs(,h) = ABexp[S (x2 +h2)] expl- 1X (ax + bh)]. (3-6)
22, 2,
3.4 Passthe SLM and Diffract Towardsthe Lens

We can model the SLM in combination with the beam splitter as an optical spatia filter in (x,h)
plane with the filtering function given by [24]

X h,, & ¢
U,x,h)=r Rect(v—v) Rect(V—V)A[ a adx+mu,h+nu)l, (3-7)
m=- 128 n=- 128

where we assume that the efficiency of the SLM pixel is r, W=14mm is the width of the pixel
and n=15mm is the pitch of the pixel. The field right after passing the SLM is Uag(x,h) given by
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Uas(X,h) =Ugs(x,h)U; (x,h)
= ABexp[ X (2 +h?) expl- 2K (@ax +bh)U, (x.h), (3-8)
22, 2
=AB exp[J—k(x2+h2)]U(x,h)
22,

where

U(x,h) = expl- %(ax+bh)]uf(x,h). (3-9)

From the SLM plane, the optical wave continues propagating towards the lens plane (X, y').

Right before the wave passing the lens, we have the following field distribution

Ug (X, Y) = jlidexp( jkd) c‘g‘jJAs(x,h)exp[%[(x'-x)z +(y-h)dxdh,  (3-10)

where d is the distance between the SLM plane and the lens plane.

If we define

C :jlidexp(jkd), (3-11)

and substitute Equation (3-8) into Equation (3-10), we then have
1 1 — N\ Jk 1 1 2 2
Ug (X', Y') = ABCcUJ(X,h)eXIO[7(— +—)(X" +h")]
z, d
" " : (3-12)
exp[—z‘ ~ Py el ‘F(xx'my')]dxdh

3.5 Phase Transfor mation of the Lens

To ease the optica analysis, we assume the lens is a thin lens and holds the paraxia
approximation. If we further assume that the lens aperture is much larger than the numerical
aperture (NA) of the incident beam, the filtering effect of the lens's aperture can thus be
neglected in the analysis. Therefore the phase transforming property of the lens can be modeled
by the following function [24],

L, y) = el - (x7+y?)), (3-13)
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where f isthe foca length of the lens. Noted that the constant phase delay of the phase transfer
function is dropped because it dose not affect the results in any significant way.
The light waves, starting from the reconstructed 4 point sources, will pass the spatia light

modulator and the lens, and finally interfere to generate the two-dimensional spots pattern.

The lens transfers the phase of the field according to the following equation
U (X, y) =Ug (X,h)L(X, Y'), (3-14)
where L(X', y') isthe phase transfer function given by Equation (3-13).

3.6 Diffraction to the Sour ce Image Plane

From the lens, the wave continues traveling towards the source image plane. There, we get the
field Ui(u,v) described as

U, (u,v) =ﬁexp(jkzz) G (X, y')exp%[(u- X)?+(v- y)lldedy’,  (3-15)

where z is the distance between the lens plane and the source image plane.

If we define
1 .
D =——exp(jkz,), (3-16)
Iz,
and substitute Equations (3-12) and (3-13) into Equation (3-15), we get the field distribution

in the source image plane expressed as

jk 1
[J

U; (u,v) = ABCD e} (x.h) exp) (Z+ )(X +h )]eXIO[Jk(— Z-%)(X'zﬂl'z)l
’ exp[ﬁ(u2 +v?)] exp[ - J—(xx'+hy' Y] expl- JZ(ux'+vy' )]dxdhdx' dy" .
= ABCD expl - K (u VI EY &, h)exp[ (—+ )(x +h2)]F{u, }dxdh

(3-17)

where F{u, v} isaFourier transform from (x, h) to (X', y’) defined by
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jk,1 1 v

FLu = @Poy (g P+ el 120 g Pglel 120 -x+ -y laxay
- Nop et Ly v [ Xy v Ny
=Eer- 5D, PG D
(3-18)
where
i Ee oLy i
E_1|(d+22 =N (3-19)

Define z; the distance between the source plane and the lens plane, which can be calculated by
z=2,+d (3-20)
From the lens image equation, we aso have
i + i = 1 , (3_21)
z z, f
Substitute Equations (3-18) to (3-20) into Equation (3-17), we have
U, (u,v) = ABCD exp[ﬁ(u2 +v2)]c“§J(x,h)exp[ﬁ (i)(x2 +h?)] F{u,v}dxdh
2z, 2 zd (3-22)
= ABCDE expl2K (u? +v3)(L- d—ziz)]c‘ﬁJ (.h) exp[- j2p —2— (ux +vh)]dxdh
2 Z, 77, I 7,2,

3.7 Diffraction Towardsthe Observe Plane

In our application, the distance between the source image plane to the observe plane (z) is

usualy very large. It satisfies the following far field diffraction condition, given by

2 2
z, >> w . (3-23)

So we can use Fraunhofer approximation to model the diffraction from the source image plane

to the observe plane. By doing that, we can write the field distribution in the observe plane as

1 . ik - 1
Uo(X y) = ——exp( jkzs) expl 2= (x2 + Y21 @ (U v) expl- j2p ——(xu + yv)]dudv
A 2z, | z,

= ABCDEF G0 (@) (x.h) expl- j20 Zzlz (ux +vh)]dxdh} exp[- j2p%(xu+yv)]dudv
2 3

(3-24)
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where

F =1 exp(jke) expl 25 (2 + y2)], (3-25)
jlz, 2z,
and
Q= exp[%(uz vyt 9a (3-26)
Z, >

is the quadratic phase term. If we set Q=1, the quadrature phase effects can thus be eliminated
from Equation (3-22). By doing this, we have
1 dz
PAER%
Solving Equation (3-27) with help from Equations (3-20) and (3-21), we get d = f. This

indicates that to achieve the best output pattern, we need to place SLM at the focal plane of

=0. (3-27)

the lens. Thereby, the field in the observe plane becomes
U,(x,y) = ABCDF qgj @@y (x,h) exp[- j2p é(ux +vh)]dxdh} exp[- j2p %(xu + yv)]dudv
2 3

(3-28)
There are two sets Fourier transforms included in the above equation. By applying the

following duality property of Fourier transform
F{F{fx it = (- x-y), (3-29)
we can simplify Equation (3-28) to

U, (X, y) = ABCDF (IZ'?ZZ)ZU(- ﬁx,_ 4% )

472, 47,
= ABCDF (IZ';ZZ)Z exp[l_k (ax + by)]U ‘ (_ ﬁ X,- ﬁ y)
4 M 47 42

2,2 " (3-30)
= ABCDF (22222 expi—1%_ (ax + by)] Rect(- ——) Rect(- ——

( 5 ) exp[ZOM (ax + by)] Rect( MW) ( MW)
Lz
A a adXx+Mmu,y+ Mnu)

m=-128 n=- 128
where M is the magnification factor of the system defined as

2,2,
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3.8 System Output Pattern

The four point sources reconstructed by the hologram are coherent. If they are located at the
(a/2, a/2), (-al2, al2), (-a/2, -a/l2) and (a/2, -a/2) in the source plane respectively, we can
coherently superpose their diffraction filed as
Us(x,y) =U (X y) +U,(X, y)+U3(x y) +U, (X y)
= ABCDF (22 el (ax+ay) + el L - ax+ eyl + expl_ L (- ax- ay)
4 Zo 2z,M 2z,M
128

+exp[T(ax ay)]} = Rect(- —) Rect(- —)A a a d(x+ Mmu,y+ Mnu)

m=- 128 n=- 128
(3-32)
The optical intensity distribution in the observe plane can thus be written as
| =Us(x )

=|ABCDF IZ(IZ'%ZZ)ZMSCOSZ(L ax) cosz(
z z,M

ay) (3-33)

" Rect(- M—) Rect(- —W)A a a d(x+Mmu,y+ Mnu)

M m=- 128 n=- 128
Equation (3-33) indicates that the output pattern includes two parts. One is the interference
result of the optical waves from the four point sources. The other is the modulation function of
the SLM. If we align the SLM so that the distance between the SLM and the sources satisfies

the following relation

Py (3-39)

ak

then, Equation (3-33) becomes

| =|ABCDF | (I D222 160052( p)cosz(—p)
4 (3-35)

128
[o]

éd(x+ Mmu, y + Mnu)

m=- 128 n=-128

" Rect(- —) Rect(- —)A
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Each interference spot is now aligned to each pixel of the SLM. Therefore, each individual
spot can be switched on and off by changing the voltage applied to the corresponding pixel on
the SLM. In addition, from Equation (3-34), We can get

z, = :J—a (3-36)

3.9 Conclusion

The analysis of the system based on the optical diffraction theories points out very important
guidelines for the optimal design of the LIM system. As indicated in Equations (3-26) and (3-
27), the quadrature phase term can be eliminated if we place the SLM at the focal plane of the
lens. Therefore, the spherical aberration resulted from the non-plane incident wave out of fiber

endfaces can be eliminated from the final output pattern.

Another design criterion that can be derived from the optical anaysisis embodied in Equation
(3-35). Asindicated in the equation, by the proper design of the separation of the four virtual
point sources (a) and the distance between the source plane and the SLM (z), the interference
spots will be aligned to the pixels of the SLM. The individual spot of the output pattern can
thus be switched on or off by applying a proper voltage signa to the specific pixel of the SLM.
Therefore, the output can be modulated to any pattern according to the input electronic signal
to the SLM.

The output light from an optical fiber has a fixed angle of illumination determined by the
numerical aperture (NA) of the fiber. The interference pattern can only be generated in the
overlap region of illumination from the four virtual fiber images recorded by the hologram. In
order to alow a full modulation by the SLM, the overlap region of these four virtual sources

must over the whole functional area of the SLM.
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CHAPTER 4. Theoretical Analysisfor Square Beam Array Generation

The 2-dimensional beamlets can be produced by the interference of four coherent point
sources located at the corner of a square. In order to ensure a good stability of the operation, a
Holographic Structured Light Generator (HSLG) technology [20] is applied to reproduce the
four coherent point sources so that the phase and position among those four point sources can
be kept unchanged during the application. As pointed out by the diffraction analyses, the
interference spots generated by the hologram must align precisely with the SLM aperture to
obtain high quality controllable beamlets.

The fabrication process of the hologram for use in the HSLG can be described as follows. A
laser beam is divided into five beams coupled into five fibers respectively; the beams exiting
the four fiber ends collectively comprise the object beams. The four fiber ends are positioned
in a common plane and on the four corners of a square. The laser beam from the fifth fiber
end is used as the reference illumination. The object and reference beams combine at
holographic medium and produce interference pattern to be recorded in the hologram. The
hologram will form four mutualy coherent point source images upon illuminating by a
reconstruction beam which coincides with the reference beam. Therefore, the hologram
specification calls for source separations and positions that will impact hologram fabrication
and SLM interface. Once the HSLG master is fabricated, it can be replicated at alow cost. In
this chapter, we focus on the optima design of the hologram parameters including the
optimization of source separation, analysis of spherical distortion, non-square error, and out of
plane error. Other HSLG constrains include light efficiency, uniformity, phase accuracy and
alignment requirements.

4.1 Spherical Distortion

4.1.1 Analysis

As shown in Figure 4.1, the four sources are located on the corners of a square in the source
plane (x, h). The Cartesian coordinates of the four sources are (a/2, a/2), (-a/2, a/2), (-a/2, -
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a/2) and (a/2, -a/2). The coherent monochromatic waves from the four point sources located
in the (x, h) plane will superpose to generate a two-dimensional interference pattern as they
overlap in the (X, y) plane. The separation of the planes is z. The Interference pattern can be
found through the following equation [23]:
1(x,y) =[Ae"" + A€z + Ae™® + Ae™ ] Ae ™ + Ae ™ + Ae"™® + Ae ]

= A’[4+2cosk(r, - 1,) +2cosk(r, - 1,) +2cosk(r, - 1,) + (4-1)

2cosk(r, - r,) +2cosk(r, - r,) +2cosk(r, - r;)]
where ry, ry, I3, I, are distances from the four point sources to the point of observation,

k = i& is the propagation constant, | is the wavelength, A is the amplitude of the electric

field, and a is the separation between two adjacent corners of the square.

Ah
Ay
(a/2,a/2)
. N

(-al2,al2) |- AJM P(x, y)

Qo ad M

3 B
(-a/2,-a/2)

Figure4.1 The position relationship between the point sources and any interference point.

In the Cartesian coordinate system, the distances can be calculated as.

2 2
1 X."+h"= 2Xx+2h

f :[(X_ Xi)2+(Y'hi)2+Zz]2 :r0[1+ i rz i i rz iy

0 0

5,i=1,234 (42

where

R,=(x*+y*+ zz)% . (4-3)
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For ardatively large distance (z >> (X, h, X, Y)ma), EQuation (4-2) may be approximated to

the binomia expansion

2 2
. :I’0+Xi +hi } XiX+hiy, i=1,2 3,4 (4_4)
2r, I,

Thereafter, Equation (4-1) can be further smplified to be

1(x, y) = A2[4 + 4cosk = + 4cosk . + 2c0sk 20 Y) 4 5ok AXY) y)]
fo o lo Iy
k k (4-5)
=16A cos’ (—a X) cos” (_a y).
2r, 2r

0

The Equation (4-5) expresses the interference pattern from four perfectly aligned and phased
sources including the spherical distortion. Using indices m and n to define the maxima, the
locations of the intensity maxima are calculated as

i Ir

| an = m 0mn
! | ra ’ Iml, In| =0, 1, 2... (4-6)
: Yor = n—omn
a
where
lom = (Koo + Yo + 2°)° (4-7)

The impact of the (x, y) dependence of rq., is to shift the intensity maximum from the desired
square array to the spherical pattern. To determine the impact of the spherical distortion, the
locations of the intensity maxima are calculated. Solving Equations (4-6) and (4-7), we obtain
the intensity maximum positions given by

3 2 2 2 .
::: X :ml_z[l' —(m +? ) l1?
! a a . Iml, In|=0, 1, 2... 4-8
: 3 IZ (m2+n2)| 2 _% | | | | ( )
Tymn _n_[l- 2 ]

a a

As indicated by Equation (4-8), the separation between two adjacent beamlets is not constant
across the entire observing plane. It is seen that the spots will form a square pattern only when
the second term in the denominator of each radical is sufficiently small, i.e., if

IE >> V mriax + nriax . (4'9)
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This result is independent of the distance of operation. Take the desired square positions of
the beamlets to be

0
M), Inj=0, 1, 2... (4-10)

i 4

. DXO = —

PP (4-11)
iDy, =~

| a

Compared Equation (4-8) with Equation (4-10), we find the spot position error to be:

: Dxmn = X = Xom @%(L)zm(mz + nz)DXO
i 1 ? : Im, n|=0,1,2... (4-12)

,:\ IWmn = ymn - yOn @E(E)zn(mz + nz)wo
The beamlet position errors caused by the spherical distortion of the interference pattern could
cause non-perfect alignment among the interference spots and the SLM pixels. In real

applications, we let Dx, =Dy, =u, which means that the central interference pattern is

aligned to the SLM pixel. If we set the aignment tolerance to a quarter of the SLM pixel
pitch, that is

D — Do £ 1 (4-13)
Dx, u 4

and
Dymn - IDymn E ( 4- 14)
Dy, u 4

where u isthe pixel pitch of SLM.

The maximal radia relative error (Er,,, ) can aso be limited in

2max + 2max
0

At the corner of theN * N pattern, the misalignment error reaches the maximum, given by
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|Dxmn|max_|DYmn|max_1 I 2N N I

L/ )]—N—( el (4-16)

Dx, Dy, 2@ 215 a’ 4
e OO D) ey
Or Er = =— () £=
Doy, 8'a 4

Solving Equation (4-16), we get the requirement for the source separation given by

s [N° i
a \/jl (4-17)

For 256" 256 beamlets, | = 0.633 mm, we get a3 1.833 mm. The Table 4.1 lists the maximum
position errors generated by different source separations. We find that a source spacing of a =

2 mmis enough to ensure registration to 0.25 pixels over the entire SLM array.

Table 4.1 Maximum position errors for different source separation

Source separation a (mm) 1.0 1.8 2.0

Max pos. error (pixel) 0.84 0.26 0.21

4.1.2 Computer Simulation

Based on the above discussion, the Mathematica software tool is used to smulate the
interference pattern generation. Assuming that the source wavelength | = 0.633 nm, the
source separation a = 2 mm, and the distance between the source plane and the SLM plane z
= 47.373 mm calculated via Equation (3-36), the square interference pattern can be generated
using Equation (4-5). On the SLM plane, the unit of axes definesin nm. Figure 4.2 shows 3-D
surface plot of the radial relative position error of the interference spots with respect to the
centers of the SLM pixels. As shown in Figure 4.2, the inherent spherical distortion of the
interference beamlets results in the misalignments among the beamlets and the SLM pixels.
The error reaches its maximum (almost a quarter of the pixel pitch) at the outer edges of the
SLM pixels. Figure 4.3 shows the simulated central (a) and edge (b) portion of the output
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beamlets, where we can see the central spots have almost no observable misalignments,
however, the misalignment at the edge spots is quite observable.

BEITOT

[pixel 3

Figure4.2 3-D plot of the spherical distortion of the interference pattern (a = 2 mm).

13E0
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1300

1540

-E0 =10 L] n in 18490 1300 1310 13i0

@ (b)

Figure 4.3 2-D contour plot of the output beamlets at the SLM plane (a = 2 mm).
(@) Central nine spots; (b) Edge nine spots.
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4.2 Overlap of the Four Point Sources [lluminations

The output light from an optica fiber has a fixed angle of illumination (q), which is
determined by the numerical aperture (NA) of the fiber according to the following equation

q =arcsin(NA). @18)
I AY
(a/2’ a/2) ............................................. .
(R
(a2, a2)|

(-a/2, -a/2

Figure 4.4 The relationship between the point source position and illumination area

The interference pattern can only be generated in the overlap region of illumination from the
four virtual fiber images recorded by the hologram. In order to alow full modulation of the
interference beamlets by the SLM, the overlap region of these four virtual sources must be
over the whole functional area of the SLM.

As shown in Figure 4.4, the illuminating area of each point source in the observing plane (X,
y) can be calculated as

Pointsourcesl: - A ={(x,y)|(x- 2)° +(y- 7)° £ (ztanq)?)
Pointsources2: A, ={(xY) [(x+2) +(y- 0)° £ (zten)?)
Pointsourcess: A, ={(x,y) |(x+ 2)7 +(y +2)° £ (2tana)?)
Pointsourcesd: A, ={(xY) [(x- 2)* +(y+2)° £ (ztenq)?)
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Because the illuminating angle q is relatively small, for example, g = 0.11rad for typical
single mode fibers, we can use the following approximation in our analysis.
tanq » Q. (4-19)

The overlapping area A can thus be calculated as
A=ANANANA,
={(x,y) |x*+y® £ Z’tan’q - %az} : (4-20)

2

W) 1X°+y* £27 - )
Assuming z>> a, the overlapping area can be further smplified as

A={(xy) |x* +y* £(zq)"}. (4-21)

The overlap area of interference among those four point sources must cover the outermost
pixels of the SLM. Therefore the following relation needs to be satisfied

\/|X0m|i1ax + |y0n|i1ax £ A, (4-22)
where Xom|max, aNd Yom|max @re the spot positions at the edge of the N~ N interference pattern,

which can be calculated from Equation (4-10) by setting Myax = Nmax =N/2. Thereafter, we
have:

N
Kol =M X056 = =D, (4-23)
and
N
|y0n|max = |nmax ><D§/0| = E DYO : (4'24)

Substitute Equations (4-11), (4-23) and (4-24) into (4-22), we get
NI

NEY

a3

(4-25)

This gives us a minimum requirement for the source separation. For N = 256, | = 0.633 nm, q

= 0.11 rad, source spacing must satisfy a 3 1.04mm in order to allow an enough overlap area
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of illumination to cover the entire SLM pixels. By this analysis, we find that a source spacing
of a = 2.0 mm is adequate to ensure a full coverage of the interference illumination on the
SLM pixels.

4.3 Phase Errors Analyses

Achieving the desired square array of spots in the interference pattern requires that (1) the
four source images must lie precisely on the corners of a square, (2) the normal to this square
must be parallel to the source beam axes and (3) the four point sources must be coplanar. For
hologram fabrication, the requirement is that these conditions be established and maintained
over the time period necessary to expose the emulsions. In this section, and phase control
requirements for hologram fabrication will be examined in detail. Phase errors include that the

non-square position error and the non-coplanar error of four point sources.

4.3.1 Out-of-Plane Induced Phase Error

As shown in Figure 4.5, we consider the situation of one point source (s3) simply shifts a
depth position error of Dz, which introduces an initia phase error to the light wave of this

particular source, given by

Dj =kxDz. (4-26)
Ah AY
(a/2,a/2)
(-a/2,a/2) |- b P(x, y)
2o X =90

Figure 4.5 Out-of-Plane induced phase error.



Letting r, = zin Equation (4-5) for simplicity, the shifted beamlets can be described as

ax + ay

(%, y):A2[4+2cosk%+2cos(k +Dj )+2cosk Y
Z

+2cosk Y +D] ) +2c0sk 2= 1 2 cogk E +0j )]
Z Z

(4-27)
= 4A2[co§(k axzzay D —)+cos’ k——= ax- &y

+Zcos(—)cos(kax ay D )coskax &y

2z 2z o7 |

Equation (4-27) indicates that the initial phase error introduced by the out of plane in the fiber
position can result in the distortion of the interference pattern. Further examination of

Equation (4-27) reveals that the phase error is periodic.

If the depth position error of Dz is a multiple of the wavelength, which means that the initid
phase shift is a multiple of 2p, phase error introduced by one point source offset in depth will
cause the entire interference pattern to shift and there will be no distortion to the interference
pattern. This can be compensated by re-aligning the SLM to the interference pattern.
Nevertheless, to ensure that the interference pattern can still cover the entire SLM pixels, we
adopt as our criterion for depth positioning that the center of the interference pattern (i.e., the
normal to the source plane) falls on the center of the SLM to within some of tolerance Dl.

Simple trigonometry then yields the condition:

DzeaxDl/z (4-28)
Substituting Equation (3-36) into (4-28), we get
Dz £ o I (4-29)
u

For DI = 0.15 mm (corresponding to ten SLM pixels), u =15 nm, and | = 0.633 nm, we find
Dz £ 6.33 nm. So, the proper depth positioning within a few micrometers is sufficient to

center the interference pattern relative to the center of the SLM.

However, if the phase shift is an odd integer number of p, the distortion will reach the

maximum. To obtain tolerance for source phase control, rewrite the equation (4-26) as
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bz
|

D =2p—=i2p +2pDf, ]i|=0,1,2... (4-30)

where % =i+ Df ,iisaninteger part of %md Df isafraction part of%.

LetDy ¢=2pDf . If Dj ¢=p or Df = 0.5, we know from Equation (4-27), the interference

pattern is the worst. Phase control could be accomplished with source depth adjustment. We
define the condition to control the source phase according to the computer smulation as

|Dj ¢iE % = 06rad. (4-31)

With Equation (4-31) as our criterion, the source phase must be controlled to better than 0.6
radians. Then, the resolution of the fiber position adjustment in the axia direction needs to
satisfy

|Dz 1—10| = 0.06mm. (4-32)

If the adjustment accuracy of the fiber axia position cannot satisfy the condition shown in
Equation (4-32), the phase error will result in a beating pattern and system performance will
be unacceptable.

4.3.2 Computer Simulations of the Out-of-Plane Phase Error

Based on Equation (4-27), we can simulate the out-of-plane phase errors. Figure 4.6 shows
the simulation results, where (@) is smulated error for Dj ¢= p (the worst case) and (b) is for

D ¢=0.2 p (the required case).
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Figure 4.6 Computer smulation of the Out-of-plane phase error.
(@ Dj ¢=p; (b) Dj ¢=0.2p.

4.3.3 Non-Squar e Sour ce Positioning I nduced Phase Error

The interference pattern can suffer a distortion if the four point sources are not occupying the
four corners of a square. Here, we assume that three point sources lie on the corners of a
square and the fourth point source does not. For example, the coordinates of point source s4 in
the source plane are offset by (Dx, Dy) with respect to its desired position (a/2, -a/2) as shown
in Figure 4.7.

A
(-a/2, al2) et w2
>
(-al2, -ai2) 3o . ‘
s4 (3/2, -a/2) 4

Figure 4.7 Non-sguare position geometry of the four point sources.
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Again, to smplify the analysis, we let r, = z in Equation (4-1). The distorted interference
pattern is then

ax+ay

(X y) = A2[4+2003k—+2003k +ZCos(k +|q)

ax- ay

+2cosk y+Zcos(k D )+2008(k—- Dj )]

= 4A%[cog? kT ay+cosz(kM. Dy 2008 cosk Y oY By
2z 2z 2 2 2

2z 2z
(4-33)
where the phase error Dj in the above description of the interference beamlets can be written
as
D =k XXy (4-34)
z

This phase error can introduce a distortion to the interference pattern similar to the distortion
caused by the out of plane phase error as described in Section 4.3.1. They are both periodic in
nature, and can be compensated by accurately adjusting the initial fiber positions. However,
Equation (4-34) aso indicates that the non-square fiber position induced distortion varies with
the location of the pattern. The outer spots will have larger distortions than the central spotsin

generdl.

4.3.4 Computer Simulations of the Non-Square Phase Error

The computer smulation results, shown in Figure 4.8, are obtained based on Equations (4-33)
and (4-34), where (@) isfor Dx = 3.0 umand Dy = 3.0 pmand (b) for Dx = 2.0 umand Dy =

2.0 pm. Our calculations and computer simulation show that |Dx| and |Dy| must be less than
2.0 yumin order to get fuzzy free pattern.
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Figure 4.8 Simulation results of the non-square phase error.
(@) Dx =3.0 ymand Dy = 3.0 um; (b) Dx = 2.0 umand Dy = 2.0 um.

4.4 Requirements for Hologram Fabrication

According to the analysis and the computer simulation results, we can conclude as following.

(1) To obtain 256 x 256 beamlets, the source spacing must be larger than 1.0 mm.

(2) To ensure the beamlets and SLM pixel mismatch no more than one-quarter pixel pitch,
we can choose the source separation to be 2 mm.

(3) For the non-coplanar shift of the point source, the proper depth positioning within a
few micrometers is sufficient to center the interference pattern. With Equation (4-31)
as our criterion, the source phase must be controlled to better than 0.6 radians. While
phase control could be accomplished with source depth adjustment, the tolerance
would be one tenth wavelength or 0.06 mrmmwhen | = 0.633 mm.

(4) The point source corner position tolerance is 2.0 um.

We know that the SLM pixel pitch u is 15 nmm, a = 2.0 mm, the distance between the source
plane and the SLM is calculated to be z, = 47.393 mm using Equation (3-36).
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CHAPTER 5. System Implementation and Test Results

5.1 Optical Implementation

The analysis of the system based on the optical diffraction theories establishes a guideline for
the optima design of the LIM system. As indicated in Equations (3-26) and (3-27), the
guadrature phase term can be eliminated if we place the SLM at the focal plane of the lens.
Another design criterion that can be derived from the optical anaysisis embodied in Equation
(3-33). Asindicated in the equation, by the proper design of the separation of the four virtual
point sources (a) and the distance between the source plane and the SLM (z), the interference
spots will be aligned to the pixels of the SLM. The individual spot of the output pattern can
thus be switched on or off by applying a proper voltage signa to the specific pixel of the
SLM. Therefore, the output can be modulated to any pattern according to the input electronic
signal to the SLM.

The output light from an optica fiber has a fixed angle of illumination, which is determined
by the numerical aperture (NA) of the fiber. The interference pattern can only be generated in
the overlapping region of the illumination. In order to alow a full modulation by the SLM,
the overlapping region of these four virtual sources must cover the whole functional area of
the SLM. In Chapter 4, the position and tolerance of four point sources for manufacturing the
hologram are given. The remaining parameters in the design of the hologram are 1) the
distance between the holographic medium and the point sources in the object beam, 2) the
distance between the holographic medium and the reference beam, and 3) the orientation of
the holographic medium with respect to the optical axis. The recording geometry will depend
on the system layout and the distance between the source plane and the SLM (zo) since the
reconstruction geometry is the same as the recording geometry.
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5.1.1 Hologram Specifications

Holograms may be classified in a number of ways depending on their thickness, method of
recording and method of reconstruction. Based on method of recording, holograms fall into

two basic categories [30]. They are the transmission hologram and the reflection holograms.

If the reference beam and the beam bouncing off the object both hit the holographic plate
from the same side, this makes a transmission hologram. If the reference beam hits the plate
from one side, while the beam from the object hits the plate from the other side, the result is a
reflection hologram. The advantages and disadvantages of a reflection hologram are:

(1) No shrink problem, therefore less possibility of aberration when regenerating the
image.

(2) High efficiency (~ 90%).

(3) Difficult to make.

(4) Requirement for high quality record medium.

The maor advantage of a transmission hologram is that it is relatively easy to make.
However, in general, transmission holograms have alow efficiency (around 40%).

According to the prior calculations, the distance between the four point sources and the SLM
(20) 15 47.393 mm if the source separation (a) is 2 mm. Allowing enough room for placing the
input fiber connector, the transmission hologram is chosen. As for the angle between object
and reference beams, 90° is preferable because of the optical smplicity. The size s of the
intercepted area on the holographic medium is defined as

o= 2l _tanq | (5-1)
gna

where | is the distance aong the optical axis between the source plane and the holographic
medium. The source plane is oriented perpendicular to the optical axis. g is the half-angle of
the diverging beam and a is the angle at which the holographic medium is placed relative to
the optical axis.
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Figure 5.1 Interception of the beams on the holographic medium.

In our case, qis0.11 rad as determined by the NA of the optical fibers. a is chosen to be 45°.
If the distance between the holographic medium and the plane of four point sources is set to
be 22 mm, each point source will intercept the holographic medium to produce an area of
illumination with the size of 9.67mm. Because the source separation is 2 mm, the total size of
the intercepted area produced by all four sources on the holographic medium will be 11.67
mm, as shown in Figure 5.1. The illumination area of the reference beam must cover that
entire region to alow full recovery of the four point sources. We choose the distance between
the reference source and the holographic medium to be 40 mm. The intercepted area produced
by the reference beam on the holographic medium is thus calculated to be 12.45 mm. The

hologram specifications are shown in Table 5.1.
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Table5.1 Hologram specifications

Parameters Design Value
Hologram type Transmission

Efficiency 40%
Exposure time Depending on the recording medium.

Generd 2 — 3 seconds

Size 3 13 mm
Degree between object and reference beams 90°
The distance between the reference source and 40 mm
hologram
The distance between the object beam and hologram 22 mm
Recording wavelength 633 nm
Source position requirement Four point sources in the corner of the

square with the side length of 2 mm

Source position tolerance £20mn
Source out-of -plane phase control £ 0.6 rad
Source depth adjustment tolerence £ 0.06 Nm

Holograms may suffer from aberrations caused by the mismatch in the reference and
reconstruction beams. Even a small deviation from the recording geometry can present
distortions to the reconstructed pattern. The condition that will eliminate all the aberrations
simultaneoudly is to duplicate exactly the reference beam in the reconstruction process.
Therefore, in the reconstruction process, the reconstruction wavelength, angle and position of

reconstruction reference beam must be the same as those of recording reference beam.
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5.1.2 Lens Specifications

In genera, aberration and diffraction are the two major issues that affect the performance of
an optical system. If the aberration of an optica system is well corrected enough and its
performance is solely limited by diffraction, it is then called diffraction limited. To choose the
lens for our optical system, two major effects, lens aberrations effects and diffraction effects
need to be considered. Diffraction increases with increasing f-number, and aberrations
decrease with increasing f-number. Determining optimum system performance often includes
finding a point where the combination of these factors has a minimum effect. Lens parameters

for optimization include focal length (f), clear aperture (F), f-number ( f* :Fi) and lens

shape and construction.
Focal length

SLM is set to be at the focal point of the lens. The size of the SLM holder limits the focal
length of the lens. Referring to the mechanica drawing shown in Appendix A.4, the size of
the SLM holder is about 2 inches (51 mm), and the size of beam-splitter is 8 mm. If we
choose the margin to be 5 mm to 10 mm for lens adjustment, the requirement for lens focal
length can be set as

f> % lgm + % hgs + Margin = 34.5mm ~ 39.5mm. (5-2

Based on the above discussion, we choose the lens with afoca length of 40mm.
Lensclear aperture

Lens clear aperture defines the area that controls the amount of light incident to an optical
system. In generd, the clear aperture of a lens gives the diameter over which specifications
are guaranteed. The size of SLM pixel is very smal, which results in a large diffraction
angle. This requires that the lens aperture is large enough to collect the higher order



diffraction light back to the source image plane. The diffracted field distribution across the
lens surface can be expressed as

g e X 2mu a,Ww 2mu a,Ww
Udlens =A a a SnC[(Z - )_] [ Zy1

m=- 128 n=- 128

1 63

where u is the SLM pixel pitch (15 pm), W is the pixel size of the SLM (14 um), a is the
source separation (2 mm), and | is the wavelength of the source (0.633 pm). We can plot the
simulation result based on Equation (5-3), as shown in Figure 5.2. From Figure 5.2, we can
see that if the lens aperture (F) is larger than 18 mm, the third order of diffraction can be

collected by the lens.

~h s \g VS VI 15
2
18mm

Figure 5.2 The ssimulation result for the lens aperture.

Lens shape

In order to minimize the extra aberrations brought by the lens to the output pattern, we choose
two-element achromatic lens, in which chromatic aberration has been corrected at a minimum
of two wavelength, because single-let lens cannot satisfy the small aberration requirement and
the large aperture (>18 mm) at the same time.

45



Taking al these into account, we designed the LIM system with the critical parameters listed
in Table 5.2. The dimensions of the LIM system are also illustrated in Figure 5.3.

Table5.2 Critical design parameters of the LIM

Parameters Design Value

| : Laser wavelength 633 Nm

a: Source separation 2mm

u: Pitch of the SLM pixels 15mMm

f: focal length of the lens 40 mm

F: Clear aperture of the lens > 18 mm
Zy: Distance between source plan and SLM 47.393 mm
d: Distance between SLM and lens 40 mm

z: Distance between source plane and lens d+ 2z
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Figure 5.3 Optical layout of the LIM system.
5.2 Construction of the LIM
The Light-lIlluminate-Modulator (LIM) is designed in a way such that the precise optical
alignments are achievable through properly adjusting each opto-mechanical part inside the

LIM. The main purpose is to align the light source, the hologram, the spatial-light-modul ator
(SLM) and the out coupling lens such that the 256 by 256 clear beamlets pattern can be
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obtained. In this section, the opto-mechanica design of each part is described and the
functions of each part are presented in detail. We also suggest atypical alignment procedure.

We divide the whole LIM system into five modules according to their functions. As shown in
Figure 5.3, the five modules are

Input source support and alignment

Hologram support and alignment

SLM support and alignment

Out-coupling lens support and alignment

LIM box
Each module performs its function to support different optical parts and to achieve precise
alignment of the whole optical system. By manipulating these five modules, we can obtain a
nice 256 by 256 beamlets pattern. The following parts carry the full explanations of the
functions and the aligning procedures of each part.

5.2.1 Light Sour ce Support and Alignment

The light source used in the current LIM is a He-Ne laser with output power of 30mW at the
wavelength of 633nm. The output beam of the laser is captured by a tiny lens pigtailed with a
polarizing-maintaining (PM) fiber cable. There is an adjusting mechanism built at the
interface between the laser output and the PM fiber cable. By carefully adjusting the 6 screws,
efficient coupling can be achieved between the laser and the PM fiber. The typica output
coupling efficiency is around 50% with the polarization ratio larger than 20dB. This part is
purchased from OZ Inc. At the other end of the PM fiber cable, a FC type fiber connector is
made with the output ends carefully polished. The output power from the end is measured to
be about 17mW.

The beam from the input fiber will be used as the reconstruction beam for the hologram to
reproduce four coherent point sources. In order to obtain a correctly scaled, highly efficient,
and fuzzy free 256 by 256 light spots pattern at the predicting direction, the input beam must
duplicate the reference beam with a high accuracy. This requires that the input beam must
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have the capability of fine adjustment with respect to the hologram. As shown in Appendix
A.11, the PM fiber cable is mounted on a 5-dimensiona fiber optic positioner (FPR2-C1)
through a fiber chuck (FPH-CA) and an FC fiber connector. The fiber optic positioner and
chuck are manufactured by Newport Corp.

5.2.2 Hologram Support and Alignment

The hologram, which generates the images of four point sources located in a common plane,
is fabricated by Dr. Gordon Little at University of Dayton, Ohio. When a single laser beam is
directed to the hologram, the light from the four point sources interferes as it propagates,
forming a coherent array of beamlets. In order to obtain the desired squared dot array, it is
necessary to make sure the position of the hologram matches the fabrication set-up. Two
degrees of adjustment are needed to achieve the objective above. One is rotating the hologram
in its plane and the other is swinging it in its vertical plane. The implementation is described
asfollowing:

1. The hologram is mounted on a CL-mount supported by a 20° rotary stage (Spindler &

Hoyer Inc). Their specifications are as following:

20° Rotary stage

- £10° angluar-adjustment range

- 10?2 angular resolution

- f 25 mm clear aperture

- 40mm (long) x 14mm (wide) x 51mm (high)

- 75mm long if the screw driveisincluded

CL mount

- includes threaded ring
- for f 18 mm hologram
- f 25mm x 10 mm (H)
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2. Therotary support is then mounted on another 25mm rotation stage (OptoSigma). The
specifications of the rotation stage are listed as follows:

25mm Rotation Stage
- Coarse adjustment: 360°

- Fine adjustment: £5°
- Sengditivity: 5 arcmin
- Dimension: 25mm (L) x 41.5mm (W) x 13mm (H)

5.2.3SLM Support and Alignment

The SLM used in the system is an off-the-shelf model produced by Displaytech Inc. It is a
reflection-based, ferroelectric liquid crystal device that operates by rotating the polarization of
the incoming light. The interference pattern produced by the hologram passes through a 8mm
cubic polarizing beamsplitter (manufactured by Sprindler & Hoyer Inc.) and incidents onto
the SLM pixels. The SLM pixels can modulate the polarization of the light according to the
input electronic signals, which results in an encoded pattern when the reflected light passes
though the beamsplitter again. The distance between the hologram and the SLM is around
25mm. In order to fit the beamsplitter into this small space, we cement the beamsplitter
directly to the SLM holder, as shown in the SLM holder design in Appendix A 4.

As known from previous discussions, it is very important that the pixels of the SLM are
adjusted to match the interference spots. To realize this, six-degree adjustment has to be used.
Meanwhile, in order to simplify the structure of the LIM, the following method is used to
implement the alignment of the SLM:

1. The SLM holder unifies the SLM and the polarizing beamsplitter in a single housing.

2. The SLM holder can be attached to a temporary external adjustment stage. By
adjusting the external adjustment stage, the SLM 256 x 256 pixels can be aigned with
the interference spots.

3. An accessory caled block-2 (Appendix A.3) is designed and manufactured for
positioning the SLM holder to the base (Appendix A.1). The block-2 can be adjusted
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to tilt up and down, and mounted on the base using six screws (three adjustment
screws and three locking screws).

4. After the exact dignment is made through the externa alignment stage, adjust the
block-2 to fit the bottom plane of the SLM holder and cement them.

5. Remove the external adjustment stage from the SLM holder.

5.2.4 Out-Coupling Lens Support and Alignment

Depending on the size and distance of the object to be profiled, a suitable output-coupling
lens can be selected for different applications. Here, we choose an achromatic lens with a
focal length of 40mm. The lens is mounted in a C-mount lens housing (Appendix A.5) with
the capability of adjusting the distance between the lens and the SLM. The lens was bought
off-the-shelf from Spindler & Hoyer Inc. By this design, there is provision for the lens to be
moved back and forth until the SLM is positioned at the focal plane of the lens to obtain a
clear pattern of beamlets as output.

5.25LIM Box

The entire optical arrangement is placed inside a 6.0 (L) x 5.0 (W) x 3.8 (H) inch box, as
shown in Appendix A.11. There is a dlot in rear cover (Appendix A.10) to insert input PM
fiber while the output is coupled through the coupling lens mounted on the front wall
(Appendix A.8). The print circuit board that functions as the driver of the SLM is attached to
the right wall (Appendix A.6) with four screws. There is a dot on the right wall for the cable
connecting the driver to the SLM. The LIM box can be fixed to a tripod using one of the two
Y220 threads, one at center of the base (Appendix A.1), and the other on the center of the left
wall (Appendix A.7). The box is painted in black to prevent multiple reflections.

5.3 Preliminary Testsand Results

We implemented an actual LIM system according to the design parameters listed in Table 5.2.
The optical components are mounted in opto-mechanica stages which adlow precise
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alignments to satisfy the design requirements. The photograph of the implemented LIM is
shown in Figure 5.4. The overall size of the LIM isabout 62° 52" 3.82.

Input
Fiber
Hologram
Beam-
Splitter Lens
and SLM

Figure 5.4 Photograph of the developed light illumination module.

We tested the performance of the LIM by inputting striped patterns to the SLM. Figure 5.5
shows the output patterns corresponding to the input signals of 1, 2, 8, 16 stripes respectively.
Higher numbers of input stripes (32, 64, and 128) were aso tested, and the results indicated
that the system could output a specific pattern with a high resolution by modulating the SLM.
However, due to the limited resolution of the image recording equipment available at the time
when the experiments were performed, the recorded images of higher number of stripes didn’t
produced well.

We noticed that the edge of the output pattern had a lower contrast comparing to the central

portion of the image. This was believed to be caused by the phase error among the reproduced
four virtual point sources. When the hologram was made, the four fibers were not aligned
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exactly to the same plane, which introduced the misalignment between the interference spots
and the SLM'’ s pixels at the edge portion of the pattern. By employing more precise control of
the fiber positions during the fabrication of the hologram, this phase error can be dramatically
reduced.

@ (b)
©) (d)

Figure 5.5 Output stripe patterns from the LIM.
(a) Single stripe; (b) 2 stripes; (¢) 8 stripes; and (d) 16 stripes.
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CHAPTER 6. Conclusions and Suggestionsfor Future Work

6.1 Conclusions

A miniaturized spatial light modulator-based light illumination module (LIM) has been
developed to enable high-speed projection of any arbitrary patterns formed by two
dimensiona interference spots. The comprehensive optical diffraction analysis of the system
indicates that the spherical aberrations caused by the non-plane wave inputs can be eliminated
by placing the SLM at the foca plane of the lens. The analysis also confirms that the
interference spots of the output pattern can be switched on or off individually by precisely
aligning the interference pattern to the SLM pixels.

Through the theoretical anaysis for square beam array generation and corresponding
computer simulation results, the important parameters for fabricating a hologram are given.
Achieving high quality 256 ~ 256 beamlets interference pattern at the wavelength 633 nm
requires that: (1) the four source images must lie precisely on the corners of a2~ 2 mm
square with a corner positioning accuracy less than 2.0 mm; (2) the normal to this square must
be parallel to the source beam axes; (3) the phase of the four sources must be coplanar, with
one tenth wavelength as our criterion, source phase control must be controlled to better than
0.6 radians.

Based on the theoretica analyses, the detailed optical and opto-mechanical designs of the
LIM system were given. An actual LIM was successfully developed at the Photonics Lab of
Virginia Tech. Stripe patterns of various resolutions were tested on the developed LIM. The
preliminary tests confirmed optical analysis results. The specifications of the LIM supplied by
Photonics Lab are listed in Table 6.1.



Table 6.1 LIM Specifications

Feature Specification
LIM size (not including laser) 6.0" (L) x 5.0" (W) x 3.8" (H)
Beamlet output format 256 x 256
Laser power at exit aperture 1.5 mW integrated over active area

The main advantages of the LIM are its compact size and its lightweight. It is small enough to
be mounted on a moving mechanism and can be used to profile objects of different size and at
different distances. Since al the parts in the LIM are fixed and they do not need any future
alignment, it saves time and can be used in applications requiring a short setup time. The
structured light output from the LIM has infinite depth of focus and can be used to cover a
wide area of the object with its 256 x 256 laser spot outpui.

6.2 Suggestions for Future Work

The key features for the commercia use of the LIM system are pattern quality, the size, and
output power. Good pattern quality depends on the quality of the four image point sources,
and precise alignment between the interference spots generated by the four image point
sources with respect to the SLM pixels. The critical factor that influences the quality of the
four image point sources is the exact reconstruction of the reference light. If the fabrication of
a hologram is carried out in the process of the instalation and aignment of the LIM, better
patterns can be obtained with higher output power. Moreover, using a high power laser source
isone of the solutions to improve the power output from the LIM.

During the design and development of the LIM system, we found that the spatial light
modulator is the limiting effect to further reduce the size of the LIM. The reflective SLM is
based on the polarization modulation. To separate the input beam from the output beam, a
polarizing beamsplitter is necessary. This inevitably increases the complexity and the size of
the system. It is expected that the further advancement in SLM technology can bring
integrated transmission based SLM with high efficiency to the market.
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APPENDI X

Opto-mechanical Drawings are included.
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