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Chapter 1: Introduction

1.1 Motivation and definition

Holography is a field with many applications, from the ability to create accurate, three-
dimensional representations of fragile objects to the use of holograms as optical elements in
heads-up displays for aircraft. However, holograms traditionally have had demanding
illumination requirements. Viewing a hologram of a physical object requires having the proper
light at the proper angle each time the hologram is to be viewed, and the image quality of all
types of traditional holograms can be diminished by undesired ambient light. A solution to these
problems is to illuminate a hologram through its side or edge.

“Edgelit hologram” refers to a type of hologram that is laminated to a clear block made of
plastic or glass. One of the beams that is used to record the hologram passes through the block
so that the film is illuminated at an angle that is much steeper than possible if the beam had
passed only through air. A hologram that is recorded in this manner must also be viewed with
the illumination beam passing through a block. This viewing geometry allows the hologram and
light source to be integrated into a single unit, with the lamination block placed on a base that
has a light source inside. This is in contrast to a typical traditional hologram, which requires the
light source to be carefully located some distance away. In addition, image quality can be kept

high by preventing ambient light from illuminating the edge of the block and the hologram.

1.2 Background

Although work on edgelit holograms was first reported thirty years ago, relatively little
research has been done on them compared to traditional holograms. The great majority of the
work that has been done has been on transmission types—a review of the literature found only
one paper from a non-Media Lab source that discussed reflection edgelit holograms in any detail.
There has been a small amount of work done by past members of the Spatial Imaging Group at
the Media Lab as part of their theses, but the topic of reflection edgelit holograms was addressed
only briefly for completeness. As with traditional holograms, edgelit holograms have been used

in both pictorial and optical element applications.
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There are two major reasons why edgelit holograms have not been a popular research topic.
The first is that it is very difficult to make an edgelit hologram with image quality comparable to
that of a traditional hologram. The exposing setup is more complicated, and there are numerous
technical issues that do not arise when making standard holograms. A second reason is that there
is currently no way to replicate an edgelit hologram. The ability to be mass replicated is
necessary for a hologram to be used for more than a prototype display. Therefore, there has not
been as much interest in edgelit holograms as there has been in traditional holograms.

Despite the lack of research attention given to edgelit holograms, their integrated nature
gives them a clear advantage over traditional holograms. Having the light source and hologram
contained in a single unit means that the image can be viewed under ideal conditions simply by
pressing a switch to turn on the light source, in contrast to having to carefully illuminate a
traditional hologram with the proper light at the proper angle each time the hologram is to be
viewed. This can be simplified by permanently mounting a light source on the wall or ceiling,
but this procedure needs to be done anywhere the hologram is to be viewed. Edgelit holograms
also require proper illumination but only need to be aligned once, when the system is assembled.
The edgelit hologram and its viewing assembly form an easily portable system with some useful

applications.

1.3 Purpose

As with traditional holograms, edgelit holograms can be recorded in either transmission or
reflection mode. A transmission hologram is viewed by passing light through the hologram, and
a reflection hologram is viewed by reflecting light off the hologram. A transmission holographic
optical element (HOE) is a grating that acts like a lens, while a reflection HOE acts like a mirror.
A holographic mirror is made by making a hologram of an actual mirror. The HOEs in this
thesis are holograms of an off-axis section of a parabolic mirror, which has the property of
collimating without spherical aberration light from a point source.

The purpose of a stereoscopic device is to present different two-dimensional versions of the
same three-dimensional scene to the left and right eyes of a human viewer to create the illusion
of looking at something in three dimensions. An autostereoscopic display does this without
requiring the viewer to wear goggles or glasses or some other type of viewing aid. It is designed

to present image depth from a distance. Reflection HOEs have been used in autostereoscopic
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devices, but the requirements of traditional holograms make for an awkward device. The
integrated nature of edgelit holograms will make possible a better system by allowing for a
simple and compact device.

The proposed autostereoscopic device is a dual microscope system, with one microscope for
each of the left and right eye images. These images can be either two computer-rendered
perspectives or the output from two video cameras that look at the same object. The images can
be provided by fixed pictures or by compact display devices such as liquid crystal displays. A
lens is used to form intermediate images of the pictures, and two adjacent edgelit holographic
mirrors (EHMs) collimate the light from each image. When a viewer focuses at infinity, one
image will line up with each eye. The images will become sharp and will converge to create a
three-dimensional scene when the viewer stands at the correct distance from the display.

There are two goals of the work that is described in this thesis. The first is to contribute to
the field of holography by determining the necessary exposure conditions for making a high-
quality reflection edgelit hologram and by performing a theoretical analysis of the same
hologram. The second is to design, assemble, and test a new autostereoscopic display using

EHMs.

1.4 Outline

This thesis will document the theory, design, assembly, and evaluation of the proposed
autostereoscopic system. The second chapter of this thesis discusses the theory of hologram
formation and reconstruction and compares traditional holograms to edgelit holograms. It also
contains a summary of the history of the research that has been done on edgelit holograms. The
third chapter describes the physics and physiology of stereoscopic and autostereoscopic displays
and explains in detail the proposed autostereoscopic display using EHMs. The fourth chapter
lists the experimental procedure for producing a high-quality EHM. The fifth chapter evaluates
the performance of the hologram made according to the steps in the fourth chapter and compares
the results to the theory outlined in the second chapter. In the last chapter, the data in the fifth

chapter form the basis for a discussion of the usefulness and the future of the device.
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Chapter 2: Holography

Holography is the process of recording and playing back optical wavefronts. A hologram is
a recording of the interference of two or more wavefronts. The first two sections of this chapter
discuss the recording and reconstruction of a hologram. The third section defines and describes
the edgelit hologram, and the last section gives the historic background of holograms and edgelit

holograms in particular.

2.1 Recording a hologram

2.1.1 Fringe formation
A holoéram is made by interfering two coherent beams of light inside a recording medium.
Light from a laser is split into two beams, the reference beam and the object beam. When these
beams are recombined they form an interference pattern of light and dark fringes, the amplitude
of which is recorded in an emulsion. The intensity of the interference pattern is proportional to
the square of the total amplitude. The beams can be written in complex notation: Uo=0(r)e'i¢o(’)
and U,=R(r)e'i¢,(’), where R and O are the amplitudes as a function of distance and ¢, and ¢, are
the phases. The intensity is therefore’
I=|U,+U, P=|U P +|U P +UU,+UU,
=0*+R*+U'U,+UU, 2.1)
=1 +1 +2L1 coslp, —¢,]
where I, and 7,, the squares of the complex amplitudes, are the intensities of the two beams.
When the hologram is re-illuminated with the reference beam the reconstructed beam is formed
C=IU =UIL+UI+UU'U +UUU,
=U Il +UI +1U +UU, .
The first two terms are the reference wave modulated by intensities of the two original

2.2)

waves. The fourth term is the modulated conjugate of the object beam. The third term is the
desired holographic reconstruction term, the object wave modulated by the intensity of the
reference beam. When the hologram is illuminated with the reference beam, typically a plane
wave or spherical wave, the wavefront corresponding to the object beam will be output from the

hologram along with the phase conjugate of the object beam and some noise.
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The object beam is named such because it is modulated by reflecting off or passing through
some object before reaching the plate. The complete modulated wavefront is recorded on the
hologram and can be played back. Because holograms are made with coherent light, both the
amplitude and phase of the object are preserved as shown above, so that the reconstructed object
beam contains the full three-dimensional information about the object. If the object is a lens or
mirror then the hologram will have the same light shaping properties as that optic and will be a
holographic optical element (HOE).

2.1.2 Fringe geometry

A transmission hologram is formed by the interference of two beams that are traveling in the
same direction. A transmission hologram of a physical object is viewed on the opposite side as
the reconstructing light source. If the illuminating light has the same basic wavefront as the
reference beam (C=IU,), then the viewer sees a virtual image behind the hologram of the original
object. If the reconstruction wavefront is the phase conjugate of the reference beam (C=IU,"),
then a real image will be projected. It is in this way that a transmission HOE will act like a lens.
One basic example is when two plane waves interfere to form a simple sinusoidal grating. The

phases of the two beams are given by?
¢(x,»), = %ﬂxsin 0, (2.3)

where A is the wavelength of the interfering light and 0, and 6, are the angles of inclination with
respect to the horizontal axis of the object and reference beams. Substituting these values into
Equation 2.3 with /,=1,=1 gives

I(x,y)= 1+1+2\/ﬁcos[—2&£xsin00 —27”xsin9rJ

=2+ 2005(2—; x(sin 0, —sin0, )J (2.4)

This represents a sinusoidal variation in intensity where the distance between peaks is

A

d=r—-
Ism 0, —sin0,

: 2.5)

An example of a hologram formed by plane wave interference is shown in Figure 2.1. The
reference beam is incident on the recording medium at 0° and the object beam is incident at

30°.
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Figure 2.1: Transmission hologram

The reference beam is refracted inside the hologram according to Snell’s Law

n, sinf, = n, sinH, (2.6)

where 7; and n, are the indices of refraction and 6, and 6 are the angles with respect to the
normal to the surface of incidence. In this and all future examples, light with a wavelength of
532 nm travels from air (#=1.0) to Dupont photopolymer. The angle of the fringes that are

formed by two plane waves is

0, +6, @.7)
6, =
2
The perpendicular spacing between the fringes A is given by
Aln
A=—Fras (2.8a)
2sin| —
(3
® =0, -0,]| (2.8b)

and the vertical spacing between the fringes along the surface of the recording medium is given

by

d= A 3 Aln
~(6,+6,) . .(6,-6, 0, +6,
cos[ > J 2511’1[ > Jco{ 5 ]
2.9
Aln 29

|sin6, —sin6,
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The above case illustrates the fringe formation when the object beam has a single uniform
wavefront. When the object beam is more complicated, it can be thought of as the superposition
of a large number of smaller wavefronts. The fringe structure in the hologram is then the
superposition of the interference of each wavefront with the reference beam in the manner
discussed above. All of the examples in this section show two-plane wave interference for
simplicity.

Figure 2.2 shows the fringe structure of a reflection, or Denisyuk, hologram. In this case,
the object beam travels in a direction roughly opposite to the reference beam. A reflection of a
physical object hologram is viewed with the reconstruction light source on the same side of the
hologram as the viewer. If the reconstruction beam has the same phase as the reference beam
then a virtual image will be seen. If the reconstruction beam has the conjugate and is incident
from the opposite side then a real image will be projected. It is in this way that a reflection HOE
will act like a mirror. For comparison, the object beam is again 30° from normal and the fringes
are shown at the same scale. The value of d is the same for both the transmission and reflection
holograms, and the fringes bisect the angle between the two beams in each case. However, ina
transmission hologram the fringes are nearly perpendicular to the hologram surface while in a
reflection hologram the fringes are nearly parallel. Therefore, the perpendicular fringe spacing is

much smaller for the reflection hologram in this example and in the general case.

o =160.4°

0,’=150°

i} SN

0,=0°

Figure 2.2: Reflection hologram
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2.2 Hologram reconstruction

2.2.1 Transmission holograms
Transmission holograms act like diffraction gratings with a surface spatial frequency f,

where®
(2.10)

1 Isin@o —sind,
d A

where A is the exposing wavelength. This grating then diffracts an illuminating beam with a

f=

wavelength A, that enters at an angle 6, into the output beam, 6, by the grating equation,

sinf, = A, f +sin6,. (2.11)

These two equations can be combined to give the ray tracing equation for transmission
holograms, where
. Ay . . .
sin@, = mTI(51n90 —sin@,) +sin0,. 2.12)
In Equation 2.12, m=1 for orthoscopic reconstruction and m =-1 for conjugate reconstruction.
There is an equivalent equation for distances, where the R-values are the distances to the

hologram.

1 ﬂ_[ 1. LJ p L
R AR R | R’ (2.13)
Because the fringes in a transmission hologram are nearly perpendicular through the
hologram, it will act like a diffraction grating and exhibit strong dispersion when illuminated
with white light. A small change in the illuminating wavelength can cause a large change in the
output angle. The image produced by a transmission hologram must be viewed with a laser
because white light illumination spreads out and blurs the image too much to be seen. A solution
to the dispersion problem is the rainbow hologram. The real image from a “master” hologram is
projected through a slit to the plane of a second, “transfer” hologram. The amount of dispersion
in an object hologram is a function of the distance from the object to the hologram. Placing the
“object” in the plane of the hologram reduces the dispersion so that the change in wavelength
with angle becomes much smaller. Although the slit eliminates vertical parallax, it also further
reduces dispersion. The effect is that at any one viewing angle the viewer sees a single color

such that the entire visible spectrum is spread out over the full viewing range of the hologram—a
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white-light viewable transmission hologram. Multiple colors can be displayed in a single view
by making multiple exposures properly registering the resulting holograms.
2.2.2 Reflection holograms

An important characteristic of any hologram is its thickness, or Q-value, which depends on
the light wavelength, the grating period, and the physical thickness of the hologram. “Thick”
means that the grating period is smaller than the thickness, and “thin” means that the grating has
a period that is larger than the thickness. A thick hologram will behave like a three-dimensional
diffraction grating, while a thin hologram will behave like a two-dimensional grating. A thick
hologram is one where Q is greater than 10, as defined by®

27TAL
nA? (2.14)

0=

where A is the recording wavelength, ¢ is the thickness, # is the index of refraction, and A is the
fringe spacing as defined in Equation 2.8a. When a thick hologram is illuminated, the
reconstructed beam will be subject to Bragg diffraction and depends on the angle and wavelength
of the reconstructing beam.

The reconstruction properties can be calculated by defining vectors describing the exposing
and reconstructing beams. The fringes in a hologram can be described by a vector, K, with a
magnitude that is related to the fringe spacing and is perpendicular to the fringes®, in terms of the

object and reference beam vectors k, and k; such that

K, =k, -k, (2.152)
2

K, |= -~ (2.15b)

ZK, =6, %. (2.15¢)

The reconstructing vector, K, is defined by the illuminating and output vectors k; and k; where

K, =k, -k, (2.16)

For an infinitely thick grating, there will be an output only if

K, =*K, 2.17)

where the positive case indicates direct reconstruction and the negative case indicates phase-

conjugate reconstruction.
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These vector equations become more useful when they are decomposed into their

component equations, in this case the x- and z-directions, with symmetry applying to the y-

direction’,
2mn, . .
le = A.] (Slneo - SIner )intemal (2.183)
K, =2 (cos, - cosh, )., (2.18b)
A
2nn, ;. .
Ky, == (5in6, =5in6, ) (2.18¢)
2
K, = 22712 (cosB, —cosH,). . (2.18d)

2

where n; and A; are the index of refraction of the hologram and the wavelength during exposure
and reconstruction. Snell’s Law allows the x-direction equations to be converted to external
angles, giving the x-axis constraint of

1 . . 1 . .

Z (sin@, —sinb,) ema = iz— (sin@, —sinb, ) . emal 219
where the negative sign gives a virtual image and the positive sign gives a real image. This is
very similar to the corresponding equation as for transmission holograms.

The z-component of the vector equation will be affected by shrinkage of the hologram since
it is in the direction of the possible change in thickness. Therefore, the z-axis must take this

change into account:

internal

79 (c0s6, - cos8,)
A

= ini]—t‘(coseo =080, )i emal (2.20)
where t1and #, are the thicknesses of the hologram during exposure and reconstruction.

Equation 2.19 is used to give the direction of the output beam, as with a transmission
hologram. However, for a reflection hologram, Equation 2.20 must also be satisfied. It will give
a limit on which wavelengths will be diffracted, given white-light illumination. If there is a
change in the thickness or index of refraction of the hologram then the ideal reconstruction
wavelength and angle can be found by solving Equations 2.19 and 2.20 simultaneously.

In a reflection hologram, the fringes are nearly parallel to the hologram surface, causing the
hologram to act like a dielectric mirror and exhibit wavelength selectivity. A perfect hologram

that does not change between exposure and re-illumination and is perfectly reconstructed with
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white light will only reflect the exposing wavelength. Other reconstructing conditions would not
be reflected at all. This property means that a hologram that has been recorded with multiple
wavelengths of light will reflect all of those wavelengths when illuminated with white light.

This allows for the creation of a “true color” hologram that accurately reflects the full spectrum
of colors.

Because holograms are not infinitely thick, they will not exhibit perfect Bragg diffraction.
There will be a range of grating vectors that will be formed, all with the same magnitude but
with different angles, such that®

A A

AO =—= }
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2.3 Edgelit holograms
2.3.1 Definition

There is a maximum in-emulsion angle that a beam can have when passing from air to the
hologram because light refracts to a smaller angle when passing from a low index medium to a
high index medium. For example, a beam that is incident at 90° on an emulsion with an index of
refraction of 1.49 will have an in-emulsion angle of only 42°. In an edgelit hologram the
reference beam passes through a recording block before reaching the emulsion so as to increase
the angle of the reference beam. This is done by having the beam enter through a face of the
block that is perpendicular to the hologram plane. A fluid with an index of refraction close to
that of the block, such as xylene, is placed between the block and the hologram so that the
reference beam travels between materials of similar indices of refraction (Fig. 2.3). In this way
the film is illuminated at an angle that is much steeper than possible if the beam had passed only
through air. A hologram that is recorded in this manner must also be viewed with the
illumination beam passing through a block. This viewing geometry allows the hologram and
light source to be integrated into a single unit, with the block placed on a base that has a light

source inside.

22



Glass__,
Substrate

/ . - Recording
/ Block

Figure 2.3: Steep reference beam angle

<“«— Emulsion
«— Xylene

Having the light source and hologram contained in a single unit means that the image of a
pictorial hologram can be viewed under ideal conditions simply by pressing a switch to turn on a
light source, in contrast to having to carefully illuminate a traditional hologram with the proper
light at the proper angle each time the hologram is to be viewed. This can be simplified by
permanently mounting a light source on the wall or ceiling, but this procedure needs to be
repeated anywhere the hologram is to be viewed. Edgelit holograms also require proper
illumination but only need to be aligned once, when the system is first assembled.

2.3.2 Fringe structure

Figures 2.4a and 2.4b show edgelit holograms in transmission and reflection geometries.
The object beam is incident at 0° and the reference beam is incident to the entrance surface at
30° for comparison to the fringe structures shown above. One difference between edgelit and
traditional holograms is that the fringe angle of the transmission edgelit hologram is greater than
that of its traditional analogue while the fringe angle of the reflection edgelit hologram is less. A

second, related difference is that the vertical fringe spacing is smaller for edgelit holograms.
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Figure 2.4a: Transmission edgelit hologram Figure 2.4b: Reflection edgelit hologram

2.3.3 Problems with edgelit holograms

These two differences in fringe formation give rise to an important difference between
edgelit and traditional reflection holograms. As discussed in Section 2.2.2, reflection holograms
exhibit wavelength selectivity. Equation 2.21 can be used to show that the selectivity is greatest
when @ is close to 180° (and ;= 90°). This is typically the case, as shown in Figure 2.2.
However, the fringes in reflection edgelit holograms are inclined away from 90° as shown in
Figure 2.4b. This means that there is a much larger range of possible angle and wavelength
combinations that can be used in reconstruction. This can be a problem when white light is used,
because wavelengths far from those that are desired can be reflected.

An additional difficulty with edgelit holograms is caused by reflections. Whenever light
passes from one dielectric medium to another some light is reflected and some light is
transmitted unless the two media have exactly the same index of refraction. To obtain the
highest fringe contrast, holograms are recorded with light that is linearly polarized with the
electric field perpendicular to the plane of incidence (s-polarization). The amplitude reflection
coefficient 7, for light that crosses and refracts at an interface is given by'5

_ n,cosB, —n, cosb, (2.22)
n, cos, +n, cosb,

5
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where the reflected intensity R; is the square of 7,. As @) increases, the value of R, goes to 1,
meaning all light is reflected. Because the reference beam in an edgelit hologram has a steep
angle, the greater the difference of the indices of refraction between two surfaces, the more light
will be reflected. Therefore, close index matching must be used to prevent the reference beam
intensity from being greatly reduced.

An additional reflection effect is total internal reflection (TIR), which can occur when light
passes from a higher index of refraction medium such as an emulsion to a lower index medium
such as air. The critical angle is defined as the in-emulsion éngle that will refract to a 90° angle
in air. Light that has an angle greater than this will be reflected back into the emulsion rather
than be refracted. Because the reference beam in an edgelit hologram has a steep angle, it can
experience TIR and reflect back into the emulsion and interfere with itself and again with the
object beam. This causes additional, undesired holograms to be formed that reduce the quality of

the desired hologram.

2.4 Prior work

Gabor invented the process of recording and reconstructing three-dimensional information
using coherent illumination in 1947"%. It was developed as an improved method of electron
microscopy using electron beams to record and a mercury arc lamp to reconstruct the images.
His holograms were in-line, where a single beam diffracts around or passes through the object
and the modulated and unmodulated parts of the same beam interfere. The transmission
hologram as it is known today was developed by Leith and Upatnieks in the 1960s”'°. They
extended Gabor’s concept by using the recently developed laser for both recording and
reconstruction. They also developed the off-axis display hologram by splitting the laser into
separate reference and object beams. In 1969, Benton developed the rainbow hologram1 ! which
is a transmission hologram that is viewable in white light. The reflection hologram was invented
by Denisyuk in 1958 and published in 1962'2, although it was not recognized by the community
until after Leith and Upatnieks published their work. His original work also used a mercury arc
lamp. The first edgelit hologram was made by Lin. He did not follow his 1970 paper'* with any
additional work due to difficulties with woodgrain caused by Fresnel reflections.

There were no more publications about edgelit holograms until Upatnieks received a patent

on a method for recording and displaying edgelit holograms in 1987'*. This patent describes the

25



process of recording a laser illuminated transmission edgelit hologram in detail and the
advantages of edgelit holograms. Upatnieks illustrated two reference beam configurations. In
the first, the reference beam illuminates the hologram only once. In the second, the reference
beam reflects multiple times inside the block. The patent does not describe any problems with
this recording format. A 1988 paper'® showed the results of the method described in the patent
in the form of an edgelit holographic gun sight. In 1992, Upatnieks published a follow-up
paper'® on edgelit holograms with short sections on several topics. He discussed ways to
increase efficiency by reducing undesired reflections through better index matching and by
decreasing scatter. He also described a chromatic dispersion compensator, letting the reference
beam reflect multiple times inside the block, and different types of monolithic display systems.

The first rainbow edgelit hologram was reported by Birner in her 1989 thesis!’. She used a
three-step process to make edgelit holograms that were viewable with a nearby white light point
source. She and Benton received a patent for a multi-color edgelit hologram display in 1992'%.
In 1990, Benton et al. published a paper'® on the rainbow edgelit hologram and introduced the
method of recording an edgelit hologram in a tank of xylene. This greatly reduced unwanted
reflections caused by the large index of refraction mismatch between glass and air. In 1991,
Farmer ef al. published a paper” that reduced the three-step process to two steps as a way of
making holographic stereograms. They also did additional work on the recording tank. Farmer’s
thesis® discussed the tank and the stereogram process in further detail.

In 1991, Phillips e al. reported their work on edgelit holograms in two papers™>*. They
noted that the Dupont photopolymer dye will fluoresce under proper conditions and discussed
the physical effects involved with this, including the Goos-Héanchen effect as a component of
total internal reflection. They also mentioned that shrinkage effects in the silver halide emulsion
of an edgelit hologram can cause the image to be visible with external illumination. A follow-up
paper was published in 1993** that discussed photopolymer and other material effects in more
detail. An additional paper from 1996% focused on fringe contrast in edgelit holograms made in
Dupont photopolymer. It included both a mathematical discussion of fringe formation and
experimental results.

Huang and Caulfield published multiple papers in 1991. One topic was “waveguide”
holograms, where the reference beam reflects multiple times as previously discussed by

Upatnieks and the illumination is either laser light or white light.?**’ They included a discussion
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of the effects on the image of this process. The second topic was reflection edgelit holograms®.

They described their setup but did not provide any analysis of their results except to report that
they were successful.

Kubota et al. published a paper in 1992% on work in which they used an edgelit-exposed
grating to collimate light for illuminating an edgelit object hologram. They discussed
polarization effects on diffraction efficiency and provided a measurement of the diffraction
efficiency of an edgelit holographic grating.

Henrion demonstrated a three-color rainbow edgelit hologram in 1993. Her 1995 thesis™
emphasized the theory of edgelit holograms, including discussions of fringe formation exposure
requirements, and polarization effects.

A paper on image blur of edgelit holograms was published by Ueda et al. in 19933, They
also made a three-color rainbow hologram and examined image blur of transmission and
reflection edgelit holograms. In a 1998 follow-up paper>> they compared the amount of color
and image blur for reflection, transmission, and rainbow white-light illuminated edgelit
holograms. They concluded that rainbow edgelit holograms are better for color applications than
reflection edgelit holograms because they have less image blur.

In 1998, Wang et al. published their work® on making edgelit holograms for use as
illuminators in fingerprint recognition systems. They discussed how to preshape the reference
beam for exposing directly into the edge of a holographic plate without the use of a large
recording block. They also included detailed calculations on the transmissivity of the reference
beam into the emulsion for different exposure configurations.

In 1998 and 1999, researchers at Sony Corporation published two papers34’3 > on a “one-step
edge-lit holographic stereogram printer.” This is a method of exposing holographic stereograms
in an edgelit format onto holographic photopolymer.

Nesbitt’s 1999 thesis*® focused on edgelit holograms as a display format. It included a
detailed discussion of the laboratory techniques and hardware required to make a large format,

high-quality rainbow hologram.
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Chapter 3: Stereoscopic displays

A stereoscopic display combines two or more two-dimensional images such that a human
viewer sees a three-dimensional scene. Hundreds of different systems based on a large variety of
concepts have been designed and built since 1832, when Sir Charles Wheatstone invented the
first stereoscope. Despite the large variety in designs, every successful system accomplishes the
same task, that of presenting a different perspective view of the same scene or object to each eye.
An autostereoscopic display creates a three-dimensional scene without the use of glasses or other
head-mounted hardware. This chapter discusses the physiology and physics of stereoscopy with
some historic examples of stereoscopic systems. The last section proposes a new type of

autostereoscopic display that uses edgelit holographic optical elements.

3.1 Mechanisms of seeing in three dimensions

There are several mechanisms involved in three-dimensional viewing, some of which are
object dependent (psychological) and some of which are viewer dependent (physiological), with
the assumption that the viewer has two eyes. There are four physiological cues: accommodation,
convergence, binocular parallax, and monocular movement parallax. Accommodation is when
the eye refocuses to view objects at different depths. Convergence is the ability to fuse the two
images that the eyes see into a single image. Binocular parallax is the change in appearance in
an object when it is viewed from different locations. Monocular movement parallax is the
viewing of an object from different locations by moving either the head or the object. The
psychological cues are retinal image size, linear perspective, areal perspective, occlusion,
shading and shadows, brightness and specular reflection, and texture. The goal of a stereoscopic
system is to give the illusion of three dimensions by reproducing these mechanisms.

All of these mechanisms play a part in three-dimensional viewing of real objects, but no
stereoscopic display other than a hologram can reproduce all of them. However, some provide
stronger depth cues than others. The most important is parallax. When we look at a three-
dimensional object, each eye looks at the object from a slightly different direction and sees a
different two-dimensional image. The brain then fuses the two images together to create a three-
dimensional scene. With real objects, we also have the ability to move our heads around and see

a continuously changing set of two-dimensional perspectives.
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3.2 Stereoscopic displays

3.2.1 Examples

The simplest type of stereoscopic display consists of a single pair of “left” and “right”
images placed side-by-side. Each eye sees the two-dimensional image that it would see if the
viewer looked at a scene from a single location. Sir Charles Wheatstone invented the image pair
stereoscope in 1832. His device used mirrors to send a single picture to each eye (Fig. 3.1a)"".
Sir David Brewster replaced the mirrors with prisms in 1849 (Fig. 3.1b), and Oliver Wendell
Holmes added lenses in 1865. The basic image pair stereoscope using photographs remains
virtually unchanged to the present day. There are also devices such as the View-Master®,

invented in 1939, which use slides or film rather than photographs.

Mirror Mirror Left

Left 1 Right | Ey Prism
{ \/ Picture '<e

Picture
} |
\ Right Right
Left Right Eye Prism Right
Eye ; Eye Picture
Figure 3.1a: Wheatstone stereoscope Figure 3.1b: Brewster stereoscope

One example of a modern stereoscope is the handheld device available from Keystone
View. It has two separated five diopter half lenses that act as magnifying lenses. A magnifying
lens (Fig. 3.2) works when an object is placed closer to a lens than its focal distance®. This
decreases the divergence of the rays that enter the eye so that they appear to be coming from an
object that is larger and farther away than the actual object. The pupil of the eye acts as the
aperture stop of the system so that the image of the aperture stop, the exit pupil, is also located at

the eye pupil.
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Figure 3.2: Magnifying lens

Each half lens in the stereoscope also acts like a prism, shifting the images laterally away
from each other. This effect is combined with a divider so that there is no overlap in what each
eye sees (Fig. 3.3). The stereoscope is used by centering left and right perspective photographs
behind their respective lenses. The viewer then adjusts the distance from the lenses to the
pictures until they are in focus. The brain fuses the two images together and the illusion of a

three-dimensional scene is created.

Right Right
oo Lo -

Figure 3.3: Keystone stereoscope

3.2.2 Drawbacks of stereoscopic displays

The image pair stereoscope creates a strong three-dimensional image by using binocular
parallax along with psychological cues such as occlusion, texture, and lighting. However, there
are three major drawbacks to this system. The first is physiological in nature and must always be

taken into account.
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This system can create a conflict between convergence and accommodation because the
photographs remain at a fixed focus while the eyes converge on different depth planes within the
scene that is pictured. The conflict gives rise to the “disparity budget,” the depth range over
which a viewer can look without eyestrain. Scenes with a range of convergence angles of
approximately 1.25° can be viewed without the viewer needing to refocus®’. This angle range
corresponds to different sets of depth ranges (Table 3.1). A stereogram that covers a distance

greater than a single range will require the viewer to refocus to see the entire picture.

Far Distance | Infinity | 24.0° 12.0° 6.0° 3.

Near Distance | 10.0° 7.0° 5.5 3.8 2.3
Table 3.1: Disparity budget depth ranges

The conflict between accommodation and convergence will always exist, but it can be
minimized with the use of images that do not have a total depth that is greater than one range
shown above. The other drawbacks to the stereo pair system can be eliminated entirely. The
first is lack of monocular parallax or “look around” due to the use of fixed images. The user
does not see different perspectives when he moves his head. One solution to increasing the
number of views is the headmounted goggles that exist for use with computer action games.
These goggles have two miniature liquid crystal displays to create a three-dimensional scene that
the user can move around in using the keyboard or a joystick. Although this type of system
eliminates the fixed view problem it still has a problem in common with the Keystone
stereoscope—they both need to be held up to the head. Other binocular stereoscopic systems
such as those that separate the two images by using opposing polarizations or different colors
require the user to wear special glasses. Devices that can present a three-dimensional view from

a distance without the use of glasses or other user-worn hardware are termed autostereoscopic.

3.3 Autostereoscopic displays

3.3.1 The compound microscope

The first autostereoscopic display, a two-prism cube using total internal reflection, was
invented in 1863 by Henry Swan. A large variety of approaches have been implemented since
then, including lenticular arrays, raster barriers, slice stacking, and holography.

Autostereoscopic image pair displays are also possible. The optics in a stereoscope can be
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redesigned so that each eye only sees one image even when the lenses and pictures are at a
distance from the viewer. One way to do this is to replace the simple magnifying lens with a
compound microscope.

A schematic of a typical compound microscope is shown in Figure 3.4%,
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Figure 3.4: Simple compound microscope

The objective serves as the aperture stop and creates an inverted, magnified image of the object.
The primary magnification is given by
n_g 3.1)
h 1,
The eyepiece collimates the light from the intermediate image and creates the exit pupil. The
distance from the eyepiece to the exit pupil is called the working distance. The eye is placed at
the exit pupil and the viewer sees a virtual image at infinity. The angle of light exiting the
eyepiece is given by
LW
f. f.1. 3.2)

The closest distance at which an object can be resolved is the near point, Dy. The angle of

light from the object to the eye at this point is

D (3.3)
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The magnification of the microscope is defined by

visual angle of image seen with instrument
visual angle of object seen with unaided eye (3.4a)

(3.4b)

The location of the eye determines the location of the exit pupil formed by a simple
magnifier while the location of the exit pupil formed by the compound microscope is
independent of the viewer. Therefore, with a microscope the image of the object can only be
seen when the eye is aligned with the exit pupil. This means that microscopes can be used to
make an image pair autostereoscope.

3.3.2 An autostereoscopic display using compound microscopes

An example of an autostereoscopic system that uses microscopes is shown in Figure 3.5.
Intermediate images of the left and right pictures are formed by a single objective lens. The two
eyepieces are separated by the typical human interpupilary distance, and the focal lengths of the
eyepieces and the objective lens are chosen to give the desired magnification and working
distance. The viewer aligns his eyes with the exit pupils of the system and accommodates to the
at-infinity images. The images then fuse together and the viewer sees a three-dimensional

image.

Left Left
Intermediate  Eyepiece

Picture

-
Right
Intermediate ~ Right
Image Eyepiece

Figure 3.5: Autostereoscopic system using microscopes
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3.3.3 A compound microscope with an off-axis parabolic mirror

The above figure shows a microscope-based autostereoscopic display that uses all lenses.
This system can be modified by replacing the eyepieces with mirrors, particularly off-axis
parabolic mirrors sections. An off-axis section of a parabolic mirror has two advantages over a
lens. The first is that mirrors do not add any chromatic aberration to a system. The second is
that a point source that is placed at the focus of this type of mirror will be perfectly collimated at

an angle that depends on from which section of a full paraboloid the mirror was taken as shown

in Figure 3.6.
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Figure 3.6: Off-axis section of a parabolic mirror

This collimation property makes these mirrors suitable for use in a microscope as shown in
Figure 3.7. Here the mirrors reflect at 15° because when a point source is replaced by an
extended image, aberrations are introduced. However, these are at a minimum at small angles so

that the mirror is still an effective replacement for a lens.
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Figure 3.7: Compound microscope with mirror eyepiece
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3.4 An autostereoscopic display using holographic mirrors

3.4.1 System configuration

The display shown in Figure 3.5 can be modified by using edgelit holographic mirrors

(EHMs) rather than traditional mirrors. A schematic of the necessary exposure setup is shown in

Figure 3.8

Point Source
o “M
i \‘-“‘\

/k

= Q

/

Hologram

Reference Beam

Point Source

Object Beam Off-axis
Parabolic
Mirror

Figure 3.8: Exposure setup for an EHM

The reference beam, which passes through a glass block to the hologram, is formed by a

point source. The object beam is light that has been collimated by an off-axis parabolic mirror.

When this hologram is reconstructed with a point source at the location of the reference beam

point source, the reflected light will be collimated. If the image of an extended object is placed

at the location of the reference beam point source then the entire image will be collimated and an

exit pupil will be formed as shown in Figure 3.7.

Figure 3.9 shows the path for one eye of a dual-microscope-type autostereoscopic display

that uses EHMs that have been exposed as shown in Figure 3.8. The left and right images are

displayed on a backlit LCD. An LCD is used to provide dynamic images that can be controlled

by a computer. A lens is used to form an intermediate image of the LCD at the location of the

reference beam point source, and the viewer’s eyes are placed at the exit pupil of the system.
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Figure 3.9: An autostereoscopic display using EHMs
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3.4.2 Advantages of EHMs

There are many advantages to using an edgelit hologram for the mirror shown in Figure 3.7.
The first advantage of holographic mirrors is flexibility. Having a large working distance
microscope requires using a long focal length eyepiece or mirror. This adds length to the
distance between the objective and the eyepiece since the intermediate image needs to be at the
focal length of the eyepiece. In contrast, a holographic mirror will collimate an object or focused
image that is the same distance from the hologram as the point source of the reference beam was
when the hologram was exposed. This allows the distance between the objective and the
eyepiece to be shortened by using a short reference beam distance. An EHM also has flexibility
in its reflecting angle. Edgelit holograms redirect light at a very steep angle. This allows the 15°
off-axis parabolic mirror shown above to be converted to a near-90° off-axis parabolic mirror
that has the same low aberration properties of the original. This angle change and short distance
from the intermediate image to the hologram can be used to create a much more compact system
than one that used physical mirrors. A tabletop unit can be designed where all of the optics are
placed in a base below the hologram.

The second advantage of using holographic mirrors is the ability to multiplex. The above

discussions of image pair stereoscopes only include one pair, but the system in Figure 3.9 is not
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restricted to a single three-dimensional view. Several interlaced pairs can be used to give the
user the ability to move among multiple views. This can be accomplished with a single objective
lens but requires a separate eyepiece for each view. A large number of views in a small space
would require impossibly overlapping lenses or mirrors. However, it is possible to overlap
holograms so that several views could be spaced close together with holographic mirrors (Fig.

3.10).

Hologram

\/gé
Right 1 —§ —
Right 2 —

Figure 3.10: Multiple stereoscopic views

The third advantage is that if the holograms do not reflect at 100% efficiency they will be
partially transparent. If they do not have an opaque backing then the viewer will be able to see
both the image reflected by the mirrors and the real-world scene in front of him. This effect can
be used to overlay the scene with information or another view of the same scene but with
different objects. The fourth advantage is reproducibility. Off-axis parabolic mirrors are
expensive. However, once a hologram is made of a mirror that hologram can be cheaply copied
for mass production. The fifth advantage is that an EHM will only reflect light that enters
through the edge of the viewing block. This property is a good way to prevent stray light from

being imaged by the system.
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Chapter 4: Experimental

There is a limited amount of both published and anecdotal information available about
reflection edgelit holograms. Therefore, a series of experiments was performed to determine the
optimal exposure configuration for reflection edgelit holograms with the goal of making the
hologram required for the display discussed in Section 3.4. The initial successful setup that was
used to make an edgelit holographic mirror (EHM) is shown in Figure 4.1. After this hologram
was made, every part of the setup was modified or studied to increase the efficiency and image
quality of the hologram. The areas that were investigated are described in the following sections.

The last section describes the final exposure conditions.

4.1 Initial trial

In every case, a frequency doubled Nd:YAG laser radiating at 532 nm was used. In the
initial trial, the recording material was a holographic plate from HRT GmbH, type BB-520. The
plate was indexed matched to the recording block using xylene with the emulsion facing out.
The reference beam and object beam intensities were in a ratio of 1:1. The reference beam was
perpendicular to the object beam and the object beam was incident on the recording block at 18°

so that the in-hologram angle was 12° (Fig. 4.1).
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Figure 4.1: Initial EHM setup
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This initial exposure suggested a few modifications that could be immediately taken to
improve the image quality of the holograms. The first was to eliminate all stray light coming
from the reference beam. Light that entered through the edge of the plate experienced total
internal reflection (TIR), creating a second reference beam and a second hologram. Light that
was incident on a corner or edge of either the plate or the recording block diffracted and
scattered into the hologram, decreasing the efficiency. The best results were obtained when the
reference beam was stopped down so that it passed only through the middle of the recording
block to the plate (Fig. 4.2).

Internal reflection at the back of the recording block also caused additional holograms to be
exposed. When recording a mirror the collimated object beam reflected off the back of the
recording block and passed back through the hologram. The reflected beam interfered with the
forward traveling object beam and created an in-air viewable plane mirror. This reflection was

greatly reduced by index matching light absorbing gray glass to the back of the block.
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Figure 4.2: Initial problems and solutions
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4.2 Modifications to the exposed hologram

4.2.1 Change of recording material

The next change was to use Dupont holographic photopolymer instead of the HRT silver
halide emulsion. The HRT plates were first used even though Dupont holographic photopolymer
has been shown to be better suited than silver halide plates for making edgelit holograms. This is
because the HRT plates were cheaper and easier to obtain than the photopolymer and were more
sensitive by two orders of magnitude. However, the HRT plates had a wide variation in plate-to-
plate sensitivity and in coating uniformity over a single plate. These problems made it very
difficult to obtain consistent results, so the recording material was changed to photopolymer.

The photopolymer used with green light was type 750x313-20 (750).

The Dupont photopolymer is a tacky substance. It is deposited on a Mylar substrate and is
shipped with a second Mylar cover sheet. It is typically exposed by removing the cover sheet
and laminating the photopolymer to a piece of glass to provide stability and ease of handling.
The front cover sheet must also be removed because it exhibits birefringence that lowers the
holographic fringe contrast by affecting the linear polarization of the laser beam used for
recording.

4.2.2 Reducing total internal reflection

The 750 film is designed for use as a master for transferring holograms and the Mylar
substrate is intended to be removed after the hologram is exposed. However, better results were
obtained when the substrate was removed before exposure. When the reference beam entered
the Mylar substrate after passing through the photopolymer it experienced TIR at both the Mylar-
glass and Mylar-photopolymer interfaces. Therefore, a portion of the reference beam bounced
back and forth inside the Mylar and interfered with itself, creating a light and dark woodgrain
pattern. This pattern was then transferred to the hologram by the reference beam. Removing the
substrate before exposing the photopolymer eliminated this problem. To protect the
photopolymer from the xylene the glass substrate was index matched to the recording block.

Photopolymer laminated to a glass substrate is equivalent to a silver halide emulsion on a
glass plate and was the way the photopolymer initially replaced the HRT plates. The similarity
of the two types of holograms led to each type having the same problem. After passing through
the glass substrate and the recording material the reference beam experienced TIR at the

hologram-air interface and reflected back into the hologram. The light would then reflect at the
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hologram-xylene interface and bounce back and forth (Fig. 4.3). The amount of light reflected at

each surface was small but was enough to cause several undesired holograms to be recorded.

Substrate

Glass __,)

<«— Photopolymer

Recording
Block
Side View

«— Xylene

Recording
Block
Front View

Figure 4.3: TIR in glass substrate

The glass substrate was eliminated to eliminate the extra exposures. After the cover sheet

was removed, the Mylar substrate was index matched directly to the recording block (Fig. 4.4).

This prevented the TIR inside the glass but caused a more serious problem. Without the weight

and support of the glass, the photopolymer was so light that it did not lie flat against the

recording block. The variations in distance through the xylene from the block to the

photopolymer were enough to cause interference inside the xylene layer, creating dark and light

areas in the reference beam. This brightness variation was then transferred to the exposed

hologram giving it a mottled appearance. An attempt to give more structure to the photopolymer

by stretching it on a frame was unsuccessful. The problem with this setup led to the

reintroduction of the glass substrate.
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4.2.3 Modifying the glass substrate

Because the glass could not be eliminated, it was modified so that the TIR of the reference
beam would not cause multiple exposures. Initially 4”x5” silver halide holographic plates were
used as substrates after being soaked in chlorine bleach to remove the emulsion. Each plate was
cut in half so that each hologram measured 4”x2.5”. These plates were replaced by 0.75” thick
window glass that was cut into the same size pieces. The thickness of the glass was selected so
that the reflected reference beam did not pass back through the photopolymer (Fig. 4.5). While
this was the only intended purpose of using such a thick substrate, the thickness led to another

change in the setup.

Photopolymer

Glass
Substrate

/ Recording
Block

<«— Xylene

Figure 4.5: No TIR in glass substrate

The thick glass substrate was thick enough both to prevent double exposures and to accept
the reference beam directly. One problem with index matching an edgelit hologram to a
recording block is that light is reflected at the liquid interface, reducing the amount of light that

reaches the hologram. A second problem is that holograms can only be viewed by light that
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reproduces the reference beam used for exposure. An edgelit hologram that is made while index
matched to a recording block can only be seen when it is index matched to a viewing block. An
edgelit hologram that is recorded with the reference beam passing diréctly into the glass substrate
does not have these problems. The holograms were exposed while index matched to a table-

mounted piece of gray glass that served as a plate holder and absorbed the object beam (Fig. 4.6).

<— Photopolymer

/ Glass
Substrate

Gray Glass
Plate
Holder

Figure 4.6: Exposing directly into glass substrate

4.2.4 Reducing additional reflections

Holograms exposed as shown above still had a weak but significant red reflection when
illuminated by white light through the side of the glass opposing the substrate. The reference
beam interfered with itself inside the photopolymer after experiencing TIR at the photopolymer-
air interface. The fringes formed by this interference were similar to those formed by the object
beam interfering with itself as shown above. This reflection was defeated by index matching a
thick piece of glass to the photopolymer (Fig. 4.7). Exposing directly into a photopolymer-
laminated thick substrate with gray glass behind it and thick, clear glass in front eliminated all

internally reflected beams and undesired gratings.

Glass
Substrate

Substrate

Figure 4.7: Glass in front
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4.3 Modifications to the exposing beams

4.3.1 Creating the object beam

The first EHM setup as shown in Figure 4.1 was made with a lens as the collimating optic
for testing purposes. All subsequent setups used one of two different off-axis parabolic mirrors
as described in the previous chapter. The first mirror reflected at 90° and had a focal length of
60 mm. The short focal length and large angle of this mirror were convenient for designing
compact configurations. However, the same properties created large aberrations. The first
mirror was replaced by a 15°, 310 mm focal mirror because both the longer focal length and the
smaller reflecting angle led to much smaller aberrations and a better-collimated beam. The long
focal length mirror was used to collimate a point source that was formed by a 10x microscope
objective. The 10x objective was used because the beam from it only slightly overfilled the
mirror so that a minimum amount of light was lost.

4.3.2 Varying the object beam angle

Most exposures were made with the object beam normally incident to the plate. The effects
of changing this angle were investigated by exposing holographic mirrors with object beam
angles of +75° (Fig. 4.8). As the object beam angle becomes increasingly negative, the angle
between the reference and object beams becomes smaller and approaches values that would be
used for a regular transmission hologram. When the hologram recorded with a —75° object beam
angle was illuminated, only two-thirds of the light was reflected. One-third of the light was
collimated in a transmitted beam. When the hologram recorded with a +75° object beam angle
was illuminated most of the light was reflected in the expected direction. However, due to the
steep angle some of the light was reflected into the conjugate beam. A small amount of light was
trahsmitted due to TIR effects that were not accommodated for in this test. This effect was more
apparent due to the angles involved. In contrast to these tests, holograms that were exposed with
a normally incident object beam and had TIR-defeating measures only reflected light in the

desired direction.
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Figure 4.8: Varying object beam angles

4.3.3 Modifying the reference beam

Two different properties of the reference beam were modified from the original setup. The
first was the angle at which the reference beam illuminated the hologram. Holograms were made
with in-hologram angles that ranged from 70° to 80° with no measurable change in efficiency.
The upper end of this range was selected because the energy per unit area of a beam incident at a
non-normal angle to a hologram goes by the sine of the incident beam angle. A beam with an
angle greater than 80° would not impart much energy. The lower end was selected because an
in-photopolymer angle of 70° corresponds to an in-air angle of 31°. Angles less than this would
require the hologram to be tipped too much to be viewed. All subsequent holograms were made
with an in-photopolymer angle of 73° because sin(17°)=0.3, which was convenient for
calculating actual beam energies and exposure times.

The second way in which the reference beam was modified was the way in which the point
source of the reference beam was created. In the initial setup the laser beam was split with a
beam splitter. The point source was formed by passing the reference leg through a 40x
microscope objective. The hologram was placed near the objective so that most of the light
would reach the hologram and not spread out past it. However, because of the Gaussian intensity
profile of laser beams the center of the reference beam was much brighter than the edges,
causing the holograms to have a non-uniform brightness. The intensity could be made more
uniform by moving the objective back but this would have also given the holograms an

undesirably long focal length. This problem was solved by placing the beam splitter after the
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same 10x microscope objective that was used for the object beam. The reference beam point
source was created by refocusing the light from the objective with a 60 mm focal length lens.
This lens could be positioned to place the reference beam point source in the desired location.
This setup created a more uniform reference beam because only the central portion of the
diverging beam from the objective passed through the refocusing lens. The benefit of a uniform

beam outweighed the loss of light.

4.4 Final exposure setup

The final setup for creating EHMs for the autostereoscopic display is shown in Figure 4.9.
This setup was used to expose mirrors on Dupont 750 photopolymer. The mirrors were exposed
with a frequency doubled Nd:YAG laser at 532 nm. The first optic was a 10x microscope
objective. A variable, partially silvered beam splitter was placed close after the objective so that
it did not cause the beams to have a lateral variation in intensity. The two beams were split such
that they had equal intensities at the photopolymer plane. The object beam passed through the
splitter and was collimated by a 2” diameter, 15°, 304 mm focal length off-axis parabolic mirror.
The collimated beam was normally incident to the photopolymer. The photopolymer was
laminated to a 2.5”x4x0.75” piece of window glass. The back of the glass was index matched
with xylene to a piece of table-mounted gray glass. A second, identically sized piece of clear
glass was index matched to the photopolymer.

The reference beam reflected off the beam splitter and was directed by two mirrors. The
second mirror was smaller than the width of the beam at the location of the mirror so that it only
reflected the central portion of the beam. The beam was focused by an achromatic doublet with
a 60 mm focal length to create a point source 50 mm from the hologram. The object beam
entered the glass substrate at 25° and was blocked where appropriate to eliminate stray light.
Two mirrors were exposed onto each hologram, corresponding to the left and right mirrors
needed for the autostereoscopic display. The first was exposed with the hologram placed on a
riser block so that a mirror was formed on the bottom half of the photopolymer. The riser was

then removed and the top half was exposed to create two adjacent mirrors.
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Figure 4.9: Final EHM setup
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Chapter 5: Evaluation of edgelit holographic mirror

To evaluate the properties of an edgelit holographic mirror (EHM) for use in the
autostereoscopic system that was described in Section 3.4, a test setup was constructed using the
hologram that was made as described in Section 4.4. The setup consisted of a light source, an
object, a lens, and the hologram. The first two sections of this chapter describe the results of the
system when used with a white light source and with laser illumination. Section 5.3 provides a

mathematical explanation for the results discussed in the preceding sections.

5.1 Testing with white light

5.1.1 System setup

The system described in Section 4.4 was tested by creating the setup shown in Figure 5.1. A
large halogen bulb was used to illuminate a grid printed on a transparency. The line spacing of
the grid was 1 mm with a thicker line every 1 cm. A diffuser was placed between the bulb and
the transparency to create more even illumination. A 120 mm focal length, 40 mm diameter lens
was placed 240 mm from the transparency so that it focused an image of the transparency with
1:1 magnification at a distance of 240 mm from the lens. The lens was used in a unit
magnification position to minimize aberrations caused by it. The edgelit hologram was placed

on a mount that allowed for rotation and travel in all three axes.

Figure 5.1: Setup to test hologram
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5.1.2 Results |

The hologram was tested in two different configurations. To verify the functionality of the
hologram as a mirror it was initially positioned so that the image of the grid was focused onto the
surface of the hologram. The hologram was rotated to the point where it had the best efficiency
and provided the brightest reflection. When this was done the hologram acted like a “field
mirror,” such that it redirected the light and the grid could be seen on the surface of the
hologram. The power of the mirror caused the grid to be altered so that the squares were
stretched into rectangles. Figure 5.2a shows the grid as seen when it was focused on the

hologram, and Figure 5.2b shows the grid at the hologram when a 10 mm aperture was placed

over the lens.

Figure 5.2a: White-light illuminated image of Figure 5.2b: White-light illuminated
grid when focused at hologram image of grid at hologram with aperture

The optimum location for the hologram to collimate light was found by moving the

hologram back from the image of the grid. This location was defined as the point where the grid
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came into focus while the viewer focused past the hologram to a point at infinity. A picture of

this is shown in Figures 5.3a and 5.3b.

= T

Figure 5.3a: White-light illuminated image Figure 5.3b: White-light illuminated
of grid when focused at infinity image of grid at infinity with aperture

All of the above pictures show that the edgelit hologram did act like a mirror. Some
problems are immediately apparent, however. In Figure 5.2a, the horizontal lines are only sharp
in one section of the image and are blurry above and below. The full effect is that as the
hologram is moved through the image focus, the area where the horizontal lines are sharp moves
up the hologram. More of the grid can be brought into focus at one time by limiting the amount
of light passing through the system. Figure 5.2b shows that the grid became much sharper when
a 10 mm aperture was placed over the lens. Figure 5.3a shows that when the hologram was used
as the eyepiece in a microscope system the image became much worse. The vertical lines were
all sharp while the horizontal lines were completely blurred out. When the grid was viewed with
defocused eyes as the hologram was moved away from the focused image, the vertical lines

became sharper while the horizontal lines never came into focus. This problem was a function of
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angle— a rotating diagonal line was sharper when it was closer to vertical and became defused
as it rotated toward horizontal. Figure 5.3b shows that with an aperture, the horizontal lines were
brought into enough focus to be barely seen, but they are greatly blurred. An additional problem
that these pictures do not show is that over the area of the hologram the reflected color could
change significantly. When the hologram was viewed from a range of angles the reflected color

varied across the visible spectrum from red to blue.

5.2 Testing with laser light

5.2.1 System setup

To evaluate the hologram with laser illumination, the light from an Nd:YAG laser pointer
from Lasermate Corporation was spread out by a 40x microscope objective. The laser light
illuminated the same diffuser and grid as in the white-light setup, and the same lens was used to
focus the image.
5.2.2 Results

Figure 5.4 shows the image formed by the hologram when used in a microscope
configuration. The grid was imaged at less than unit magnification to show more lines in the
image formed by the hologram. Both the vertical and horizontal lines of the grid are sharp.
However, there is only a limited area corresponding to an angle of view of a few degrees. The
center of this area is very bright and the amount of reflected light quickly drops off to zero above

and below.

Figure 5.4: Laser-illuminated image of grid when focused at infinity

Two additional problems can be seen in the grid as imaged by the hologram. The
rectangular shape of the grid is a result of perspective distortion. This illustrates the fact that
although the grid is imaged at a square in one location, at different viewing distances from the

hologram the grid becomes stretched out in the horizontal direction. In addition, the image is
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rectangular in the middle of the field but experiences pincushion distortion toward the edges.
These problems are due to pupil aberrations of the hologram and can only be compensated for by

additional optics.

5.3 Analysis of image properties

5.3.1 Causes of image degradation

The causes of the problems described above can be explained by using the equations that
were presented in Chapter 2. The first problem is that the horizontal lines do not focus when the
hologram is illuminated with white light. The cause of this is due to the relatively large tilt angle
of the fringes. The large angle reduces the angle selectivity of the hologram, and multiple
wavelengths of light can be reflected from a single point. Each wavelength is reflected into a
different angle along the vertical axis. The total angular spread of light that is reflected from a
single point is so large that the point becomes blurred, and a single point or a thin horizontal line
will become completely blurred out. Vertical lines appear to be sharp because the blur of each
point on the line overlaps with the blur from points above and below. Any non-vertical
information content of a picture will be blurred so that the picture cannot be clearly seen.

The multiple colors that occur when the hologram is illuminated with white light occur
because the point source that is used during exposure subtends a different angle to every part of
the hologram. For each of these angles there is an ideal reconstruction angle/reflected
wavelength pair that corresponds to an off-axis image point. Every wavelength has a different
output angle, so that when the viewing angle changes, different parts of the image will be seen
with different colors. The large range of reflected wavelengths allows the image to be seen over
an extended field of view but also means that the color shifts with viewing angle, making it very
difficult for the viewer to see only the intended color.

The limited field of view that is seen when the hologram is illuminated with laser light is
due to the illumination angle range that occurs when an extended image is viewed with the
hologram. Any point on the image that is not on-axis will subtend a different angle to the center
of the hologram than the on-axis point source that was used when the hologram was exposed.
When the hologram is illuminated with light of a single wavelength, the amount of light that is
reflected by the hologram decreases as the illuminating angle differs from the exposing angle.

The range of input angles that are reflected depends on the uncertainty of the grating vector in
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the hologram. As opposed to the white-light case, because the light is of a single wavelength, the
light from any area of the image that is too far off-axis and is therefore outside the uncertainty
range will not be reflected.
5.3.2 Ideal reconstruction values

After the Dupont photopolymer is exposed, it is fixed with UV light and baked to increase
the efficiency. After processing, the index of refraction of the HRF-700 series film changes from
1.493 to 1.522 and the thickness changes by —4.2%, from 20 um to 19.16 um>®. The result of
these changes is that the ideal reconstructing wavelength and angle for the center of the
hologram will differ from the reference beam values used during exposure. The new ideal
values can be calculated from Equations 2.19 and 2.20 by finding the wavelength and
illumination angle that solve the two equations simultaneously for an output angle that is equal to
the object beam angle of 0°. The result is that for the EHM described in Chapter 4, with a glass
block index of refraction of 1.52, the ideal illumination wavelength changes from 532 nm to
538.1 nm and the central illumination angle changes from 25° to 21.11° with respect to the side
of the glass block. The calculations that follow are all based on reconstruction at the center of
the hologram. For this hologram, the grating spacing A=222.9 nm, which gives a Q-value of
900. This means that the hologram is thick and the K-vector analysis that follows is valid.

5.3.3 Grating vector uncertainty

The uncertainty relation of Equation 2.21 gives a value for the range of angles of grating
vector components, all with the same length, due to the finite thickness of the hologram. Any
illumination vector that is aligned within the uncertainty of grating vectors will have an output
vector. Equation 2.17 with the addition of thickness compensation can be combined with the

uncertainty relation of Equation 2.21 such that

5.1
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Equation 5.1c¢ can be rearranged to give an expression for the range of possible output
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wavelengths given white light illumination from a single point (bandwidth), and an expression
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for the range of possible input angles that will all have the same output angle (alignment range),
given single-wavelength illumination.
t,n,(cosB, — cos6,)

ﬂ(cosOO ~cos,)*1

Z
Acos6, = cosb, —ﬁ{tl—n'(cos@ —cosf, )+ 1:|

Ln,

(5.2)

(5.3)

These two equations can be used to explain the image blur that occurs with white light

illumination and the limited field of view that occurs with laser illumination.

5.3.4 Image blur

For the values given in Section 5.3.2, wavelengths from 530.2 nm to 546.2 nm will be
reflected when a white-light illuminated object point reconstructs at the ideal angle. Each of the
reflected wavelengths within the bandwidth of the edgelit hologram will be reflected into a
different angle. Equation 2.19 can be used to calculate the range of output angles by rearranging
the equation to solve for the output angle, fixing the illumination angle, and varying the

illumination wavelength.

+5sin6, (5.4)

i,external *

sin 01 ,external = ext

A .
—=(sinf, —sinf,)
A

For an edgelit hologram, the external angles are still within the glass block, and Snell’s Law
is used to calculate the angles in air after the light reflects from the hologram and passes though
the glass. Table 5.1 shows the output angles for selected input wavelengths, given an initial

reference beam angle of 25°, an object beam angle of 0°, and an illumination angle of 21.11°.

Input Wavelength (nm) | Output Angle (deg)
546.2 -1.276

539.1 -0.1574

538.1 0

537.1 0.1571

530.2 1.238

Table 5.1: Output angle as a function of input wavelength

The output angle varies very quickly with input wavelength because of the large tilt angle of
the fringes. In a typical optical system, a point should be imaged with no more than

approximately 0.5° of angular blur to be seen as being sharp®®. However, the EHM described
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here has a blur of 0.16° due to a change in wavelength of one nanometer, and a total angular blur
of 2.5° over the full bandwidth of the hologram. In contrast, a typical traditional holographic
mirror will have an angular blur of approximately 0.05° with an illumination range of 5 nm.
Therefore, the hologram will blur an object point that is illuminated with white light far past the
limit of human vision.
5.3.5 Limited field of view

For the values given in Section 5.3.2, single-wavelength input angles ranging from 19.36° to
22.89° with respect to the side of the glass block will be reflected at 0°. When the hologram is
used to view an extended object, as with the microscope configuration, any point that is off-axis
in the vertical direction will have a different angle to the hologram. The light from points that
illuminate at an angle that is within the alignment range will be reflected from the hologram at
the same angle and will be seen when the viewer’s eye is placed at the exit pupil of the system.
Points that fall outside the range will not be reflected from the hologram. It is in this way that
the field of view becomes limited. This effect occurs mainly in the vertical direction, so the
image extends across the hologram in the horizontal direction and the field of view has the shape
that is shown in Figure 5.4. Different parts of the image can be seen by changing the viewing
angle, but the size of the field of view remains constant.

The intermediate image height that corresponds to the alignment range (Fig. 5.5) can be

found by using following trigonometric relations, where in this case = 50mm, 6=21.11°,
61=19.36°, and 0,=22.89°:
r= /hZ +r2 (5.53)
A6 =t (5.5b)
r

0'=0 - A0. (5.5¢)
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Figure 5.5: Alignment range

The intermediate image size that corresponds to the above angular field of view is roughly £1.55

mm, which corresponds very closely to what is seen in the system as built.
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Chapter 6: Conclusion

6.1 Objectives

There were two main objectives of the work that is described in this thesis. The first was to
contribute to the field of holography by conducting research on reflection edgelit holograms.
This research was comprised of experimental and theoretical work. The experimental work
consisted of a series of experiments that were performed to determine the ideal exposure
conditions for making collimating edgelit holographic mirrors (EHMs). In particular, emphasis
was placed on eliminating the formation of undesired fringes that can reduce the brightness of
such a hologram. The optical properties of such a holographic mirror were calculated using the
K-vector approach to holographic ray-tracing and were compared to the measured results. The
second research goal was to design, build, and evaluate a new autostereoscopic display using

EHMs.

6.2 Results
6.2.1 EHMs

An experimental procedure for making high-quality edgelit holographic collimating mirrors
was successfully executed. The result of the experiments that are described in Chapter 4 is that
the extra fringes that can be formed in an edgelit hologram were all either eliminated or greatly
reduced in strength. The theoretical calculations that were used to analyze the behavior of the
EHM were also successful in that they corresponded well to the observed imaging characteristics
of the EHM.

6.2.2 Autostereoscopic display

A new type of autostereoscopic display using EHMs was conceived, designed, and built.
When side-by-side slides were illuminated with a green laser and imaged using the dual edgelit
mirror described in Section 4.4, it was possible to converge the stereo pair together and see a
three-dimensional image. Although this image required laser illumination and was small due to
the limited field of view of the display, the ability to see it proved the concept of the
autostereoscopic display described in Chapter 3. However, the quality of the image would need

to be improved for the display to be of practical interest.
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6.3 Discussion and future work

6.3.1 EHMs
The only drawback to the methods that were developed for recording EHMs is that it could

become difficult to scale them up to a larger size because they require a single glass block to
record and view an edgelit hologram. However, many of the other results can be applied to both
pictorial and optical element edgelit holograms that are recorded and viewed on separate blocks.
The correspondence of the theoretical calculations to the measured results shows that the K-
vector holographic analysis method that includes the finite-thickness uncertainty term can be
accurately applied to reflection edgelit holograms.

Future work with reflection edgelit holograms could include extending the techniques that
were described in this thesis to making pictorial holograms. These experimental results of this
thesis can be extended to transmission edgelit holograms as well as pictorial holograms.

6.3.2 Autostereoscopic display

The autostereoscopic display as built worked as expected. However, it had limited
performance due to the two drawbacks of a small field of view and the necessity of using laser
illumination. A better system would be compatible with white light illumination and would
preferably be true color rather than single color. Each of these improvements can be made,
although the result would be a significantly different system from the one described in this thesis.

The angular field of view of a hologram is fixed for any given object and reference beam
angles, but the size of an image that can be seen can be increased by changing the distance from
the object to the hologram. A collimating EHM with a point source distance of 200 mm can be
used to view an object height of £6 mm. In general, the viewable object size changes linearly
with the point source distance. For the purposes of demonstrating the viability of the
autbstereoscopic display, a short reference beam distance was chosen to keep the size of the
exposing configuration and the size of the display as small as possible. However, it is clear that
for this display to be useful this distance must be lengthened.

The solution to the color blur problem is to change the tip angle of the fringes inside the
hologram so that they run more nearly parallel to the surface of the hologram. This requires
making a traditional reflection hologram because the fringe angle of an edgelit hologram will
never be close enough to 90°. A holographic mirror that is made with one beam at 175° and one

beam at 0° will have a bandwidth of approximately 5 nm, and within that bandwidth the output

58



angle will only change by 0.05°. This hologram could then be used to image full color pictures
with white-light illumination. The autostereoscopic display cannot have an edgelit hologram and
be compatible with white-light illumination, but a traditional hologram will work.

The basic concept of the autostereoscopic display that was described in this thesis is viable,
and with some modifications can be made into a well-functioning device. Future work could
include modifying the design of the display to incorporate the changes described above to build a

better functioning autostereoscopic display that uses conventional holographic optical elements.
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Appendix A: Calculations

Tables A.1 through A.6 show the calculation steps that were performed in a spreadsheet to
obtain the numerical results of Chapter 5. Values that were calculated using an equation from
the text are labeled in the left-hand column; SL refers to Snell’s Law. All other values are taken

directly from their stated textual values or are obtained from a simple trigonometric relation.

Lengths are given in meters and angles are given in radians.

A 5.32E-07
0r0 25
Or.ext 115
eo,ext 0
SL |0 glass 1.853
SL 9o,glass 0
sin(0,.)  |0.9606
sin(0, ¢1) 0
SL 9r,emulsion 1.772
SL 9o,emulsion 0
coS(Or.em) -0.1994
c0S(0.em) 1
n 1.493
n, 1.522
t) 2.00E-05
t2 1.916E-05
2.21 A 2.229E-07
2.8a |AB 0.01163

Table A.1: Basic values

Ao 5.381E-07
Oio 21.11

SL B 1.810
Sin(ei,gl) 0.9715

SL |0iem 1.815
cos(Biem) | -0.2422

2.19 [sin(By) 0.000

2.2 |cos(Bcem) 1.000

Table A.2: Ideal reconstruction values
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5.2

)\fmin

5.302E-07

3.2

Mmax

5.462E-07

Table A.3: Wavelength range

5.3 icos(Biem)min [0.2606
5.3 cos(Qiem)max [F0.2237
0i em.min 1.834
0i em.max 1.796
SL  10i gl.min 1.830
SL  [0i g1 max 1.791
SL 0 out.min 0.3994
SL  0i out max 0.3378

Table A.4: Illumination angle range

Ao 5.600E-07| 5.462E-07| 5.391E-07 5.381E-07/5.371E-07|5.302E-07|5.200E-07
sin(0y¢)-0.03961 |-0.01465 |-0.001807 | 0.000 0.001804 [0.01422 0.03261
O1ql -0.03962 |-0.01465 |-0.001807 | 0.000 0.001804 [0.01422 0.03261
Orout  |-3.453 -1.276 -0.1574  -0.0001325/0.1571  |1.238 2.842

Table A.5: Output angle as a function of wavelength

h 0 1.535 |-1.55
R 50 50.02 [50.02
0 0.3685|0.3378]0.3995

Table A.6: Alignment range intermediate image heights
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Figure A.1 is a screen capture from the spreadsheet that was used to obtain the above tables.

The cells are expanded to show the full calculations at each step.

N e S T T A o e |
Al 5.32E-07 »2 5.600E-07
60 25 sin(é.gl) (K$1USCH1)(-$CE7)+$C824

3 br.ext 115 &gl ASIN(K$2) |

4 fo.ext 0 &,out ASIN{1 52*K$3)*180/PI()

5 8 glass ASIN{SIN(C$2"PI()/180)/1.52)+PI()i2 Table A5

6 fo,glass 0

7 sin(6r.gl) SIN($C$5

8 sin(o.gl) 0 ) h 0 1.535 -155]

9 SL r.emulsion PI(}-ASIN{1.52/1 49" SIN($C$5)) R 50| SQRT($F$9"2+1$8"2) | SQRT(FF$9"2+.$8"2)
10 SL Bo,emulsion 0 i) 0.3685|$FE10-ATAN(I$8/1$9) | $F$10-ATAN(J$8/J$9)
11 cos(6r.em) COS($C$9 Table A6

12 c08(flo,em) 1

13 n 1493

14 n2 1.522

15 ] 2.00E-05

16 © 1.916E-05

17 2.21 A (SCHUSCS13)/(2*SIN($C$5/2))

18 28a  |A8 $C$17/4C$16

19 Table A.1

20

2 A2 5381E-07

2 60 21.11

23 SL il ASIN(SIN{$C227PI{)/180)/1.52)+PI()/2

24 sin(8i.gN SIN($C23) | _
'357 _SL 6i,em PI(}-ASIN{1 52/$C$14"SIN(PI(}-$C23))

cos(fi.em) COS($C25) -
cin{6t.g1) ($C21/$CH1)*(-$C$7)+$C24
cos(6t,em) (($C21*$CH13°$CH15M($CH1"$CE14*$CH1 B)1*(1-$C$11)+$C26

Table A2
Amin ($C$14'$C$16'($_C$28—$C$26))I(($C$13'$C$15I$C$1)'(1-$C$1 1)+1)
Amax ($C$14‘$C$16’($C$28-$C$26))!{{$C$13'$C$15!$C$1)’(1-$C$1 1)-1)
Table A3

cos(Giem)min [$C$28-($CF21/($CE14*$CH1 6))*((($C$13*$CH15/$CH1)*(1-$CE11))+1)
COS(8i,em)max $C$28-(3C$21/($CH147$CH16))"(($CH13"$CE15/$CH1 )(1-$C$11))-1)
&i,em.min ACOS($C$35)

& em max ACOS($C$36)

SL 8i,gl,min PI(-ASIN($C$14/1.52*SIN(C37))

SL 6i,gl,max PI()-ASIN($C$14/1.52*SIN(C38))

i, out,min ASIN(1.52*(SIN(C39-PI()/2)))

SL Gouwmax  |ASIN(T52(SIN(CA0-PION2)

Table A4

NS0
@

Figure A.1: Spreadsheet screen capture
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