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Foreword

It is my pleasure to write the Foreword to this book. I have known the authors, as well as their profes-
sional accomplishments in this field, for three decades.

Hans 1. Bjelkhagen has devoted his entire professional life to holography. He is most well known for
advancing the fields of silver-halide materials and their processing, interferometry, pulsed portraiture,
Lippmann photography, and ultrarealistic color holography. He taught annual summer workshops at
Lake Forest College from 1982 to 1997 that included courses on color holography. photochemistry, and
pulsed portraiture.

As leader and organizer, Bjelkhagen cochaired with me the triennial International Symposium on
Display Holography (ISDH) until I retired in 1997. In 2005, he revived and chaired a successful ISDH
in the United Kingdom..With this encouragement, we held an ISDH in China in 2008, where he was a
cochairman. He also helped organize the 2012 ISDH at the Massachusetts Institute of Technology. He
is the current chairman of the annual Practical Holography Conference in California sponsored by the
International Society for Optical Engineers (SPIE). Less well known is that he is a meticulous collector
of all information pertaining to holography, maintains a detailed directory on holographers past and
present, and collects holographic postage stamps that have been issued internationally.

David Brotherton-Ratcliffe is a polymath whose career spans both theoretical and experimental sci-
ences including plasma physics, magnetohydrodynamics, nuclear fusion, laser engineering, diffractive
optics, holography, and advanced systems design for the recording and production of both analogue
and digital large-format holograms. His recent work in pulsed laser portraiture systems and computer-
generated full-color, full-parallax holograms as presented in this book is truly state-of-the-art.

An abundance of books and articles on holography at the elementary level have already been published
over the years since the mid-1960s. It is not necessary to repeat their contents here. This book is a con-
densation at the highest level of the authors’ collective knowledge and experience in the area of display
holography that includes history, theory, practice, and detailed designs of industrial systems. It includes
over 500 photographs, diagrams, and design schematics for the recording and production of ultrarealistic
holographic images.

Tung H. Jeong
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Preface

Ultra-Realistic Imaging may be defined as any imaging technique that is able to record and reconstruct
the visible electromagnetic light field scattered from a real-world object or scene with a resolution better
than or equal to that of the unaided human eye. This book is devoted to a discussion of how the goal of
ultra-realistic imaging may be attained through the application of the interferential methods of modern
analogue and digital holography—and in particular through volume phase holography.

Holography was discovered more than 60 years ago. With the discovery of the laser and the off-
axis technique in the early 1960s, it very quickly became obvious that the method constituted a unique
imaging principle with enormous possibilities. However, the quality of the holographic image depended
intrinsically on many things—such as the photosensitive material, the chemical processing scheme, the
recording laser and not least, the illumination source with which the recorded hologram had to be viewed.
This innate dependence of holography on critical associated technologies has been responsible for the
waves of great enthusiasm for the subject being followed by periods of equally great disillusionment.

Holography has of course had its successes. The embossed security hologram and packaging industries
are testament to this, but the role of holography as a technique of true ultra-realistic imaging is only just
now becoming possible. This has been due to great progress in the key associated technologies of pho-
tosensitive materials, recording lasers, light sources, spatial light modulator technology and computers.

Digital techniques in holography are particularly exciting. Very large, high-definition full-colour holo-
grams can now be written as a matrix of tiny elementary holograms, rather like a modern high-definition
television screen is made up of pixels. One of the applications becoming possible with this technology is
the creation of high virtual volume (HVV) displays. These are full-colour, full-parallax holograms that
can replay 3D scenes having volumes from tens of cubic metres to cubic kilometres. Well-known holog-
raphers such as Nick Phillips and Paula Dawson took the first steps towards this type of display in the
1970s and 1980s using analogue laser transmission holography. Virtual volumes of tens of cubic metres
were realised, but the images were noisy, monochromatic and had to be illuminated by bulky lasers. The
new digital HVV holographic displays will have none of these deficiencies. In their ultimate incarnation,
HVYV displays can be used to create virtual holographic windows—these are ultra-realistic displays that
seek to mimic a real window with a virtual 3D scene. As “space with a view” becomes an ever more
costly commodity within the context of humanity’s inextricable progression to increasingly high-density
urban environments, holographic windows may well provide a valuable solution.

Such applications are of course simply light-years away from the conventional holography that most
people are used to today. This radical transformation is only becoming possible now because of great
progress in many associated fields. The information content of an HVV hologram is enormous—the
required image processing has simply not been practical until recently. Likewise, the image data could
not be written to a hologram at a sufficiently high resolution without the recent progress in HD spatial
light modulator technology. Panchromatic photosensitive materials of sufficient resolution were not pre-
viously known. And compact narrowband laser and LED illumination technology was not available for
the illumination of such displays.

This book is certainly not intended as a basic introduction to holography. There are already many
excellent books fulfilling this need. Rather, it brings together a discussion of key methods that enable
holography to be used as a technique of ultra-realistic imaging.

The book starts with a historical review of progress to date in holography. We felt that this was merited
from a contextual point of view and we have also taken the liberty to document some of our personal
work here. Chapter 2 is devoted to Lippmann photography. This 100-year-old interferential colour photo-
graphic technique is relatively unknown, but Lippmann photographs offer exceptional colour fidelity.
When Lippmann photography was introduced by Gabriel Lippmann, the impression his type of colour
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XX Preface

images made on photographers of the day was clearly expressed by Edward Steichen who wrote to
Stieglitz in 1908:

Professor Lippmann has shown me slides of still-life subjects by projection, that were as perfect
in colour as in an ordinary glass positive in the rendering of the image in monochrome. The
rendering of white tones was astonishing, and a slide made by one of the Lumiere brothers, at a
time when they were trying to make the process commercially possible, a slide of a girl in a plaid
dress on a brilliant sunlit lawn, was simply dazzling, and one would have to go to a good Renoir
to find its equal in colour luminosity.

A discussion of CW recording lasers for holography is given in Chapter 3. This has been an area of
great progress and there is every reason to expect that such progress will continue at an even greater rate
into the future. Small DPSS and semiconductor lasers can now be integrated into portable full-colour
holographic cameras. Such systems have potential for use in areas such as museum archives. Museums
such as the British Museum in London and the Louvre in Paris have shown real interest here. Pulsed
holography lasers are reviewed in Chapter 6. Recent progress in RGB pulsed laser design has been
instrumental in achieving high-quality digital colour holograms; pulsed lasers constitute a crucial tech-
nology for HVV displays. Detailed optical designs are reviewed for many of the principal laser types
with emphasis on attaining the parameters necessary for digital and analogue holography.

A full review of current photosensitive materials for colour holography is given in Chapter 4. Such
materials are totally key to ultra-realistic holographic imaging. Some great materials are available today
and there are indications that further progress will occur in the field. For example, processing-free pho-
topolymers with index modulations approaching and even surpassing those observed in dichromated
gelatin have been discovered. Modern methods of analogue holography are covered in Chapter 5; the
latest work in this field has demonstrated the production of holograms that are almost indistinguishable
from real objects. Work has underlined the importance of choosing the correct recording lasers here and
progress in laser engineering has greatly helped this field.

Chapter 7 is devoted to the relatively new but extremely exciting field of digital holographic printing.
Digital holographic printing is distinct from computer-generated holography (CGH). Here, we describe
the detailed design of various types of digital holographic printers. We explain how ultra-realistic vol-
ume phase holograms may be printed as a matrix of elementary volume holograms using computer
image data. Unlike CGH, each elementary volume hologram is created by an optical interference pro-
cess. We discuss the generation of HV'V displays and the design of HV'V printers. The image processing
algorithms required for the different types of digital holograms are developed in depth in Chapters 8 and
9. Chapter 8 introduces the mathematical and geometrical notation but is otherwise devoted mostly to
horizontal parallax-only holograms. Chapter 9 deals with practical computational algorithms required
for the full-parallax case.

3D image data acquisition systems must be used when digital holograms are to be printed of real-world
objects or scenes. The most popular type of system is the Holocam—a camera on one or more motorised
rails. These systems and the image processing algorithms required to convert the raw image data to the
format required by digital printers are reviewed in Chapter 10. Other techniques such as structural light
are also reviewed.

Chapters 11 and 12 are devoted to physical theory of the holographic grating and the hologram. Here,
we develop various models from first principles. Paraxial and fully non-paraxial formulae are derived for
image distortion, image blurring and chromatic aberration. Kogelnik’s coupled wave theory is derived
from first principles and expressions for diffractive efficiency are given. We also review N-coupled wave
theory and discuss the question of diffuse holograms and polychromatic gratings. Of special interest is
Chapter 12, which describes a new theory capable of treating the polychromatic grating as an infinity of
parallel stacked mirrors. This theory lends a useful insight to the interpretation of Kogelnik’s model—an
issue which is not usually taken up in standard texts but which is nevertheless of some importance for a
proper understanding of the process of holographic diffractive reflection and transmission.

[Mlumination sources are of fundamental importance to holography as they dictate how the holographic
image replays. We give an up-to-date review of these sources in Chapter 13. Of particular importance are
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the new LED and laser diode sources. These devices are characterised by a much smaller value of éten-
due, a high power and a narrower bandwidth. They may be expected to improve, in a rather fundamental
way, the displayed image properties of the polychromatic volume reflection hologram.

Finally, Chapter 14 contains a review of some of the most important applications of ultra-realistic
holography. We include a section on scientific imaging where holographic microscopy, holography
endoscopy and bubble chamber holography are discussed. Sections are also included on how digital
holography can be used in advertising and display, urban planning, military mapping and architecture.
Analogue holography is discussed in relation to its increasing interest from museums as a vehicle for
both archival and travelling exhibitions. The book ends with a section on updateable and real-time digital
full-colour holographic displays.

We have included a number of (mostly technical) appendices that should be of interest to workers in
the field. Wherever possible in the book, we have tried to include enough detail so that the experienced
reader may actually start using the techniques described. It is the authors’ hope that this book will fill
a gap that currently exists in the technical literature by providing a comprehensive treatment of holog-
raphy and its key associated fields in the context of ultrahigh-fidelity full-colour imaging. By necessity.
familiarity with a number of relatively advanced topics is assumed. Some of the chapters are completely
non-mathematical; others, such as Chapters 8 through 10, despite the apparent complexity of expres-
sions, only require a basic knowledge of mathematics. Chapters 11 and 12 probably require a slightly
deeper knowledge, but nothing more than the mathematics learnt at the second or third year of a typical
~ undergraduate course in mathematical physics. The book is, however, designed to be relatively modular
and omission of the more mathematical chapters should not, in general, preclude a reading of the less
mathematical ones.

Finally, we should point out that we have included within the book a number of photographs of holo-
grams. In many previous books, it has always been possible to discriminate between a photograph of
an actual object and a photograph of the hologram of the object. However, as the field progresses and
the quality of images increases, this discrimination becomes increasingly difficult. Various hologram
images we present here, particularly those recorded recently using the technique of full-colour analogue
holography, may therefore appear to simply be photographs—which, of course, is not the case!

H. I. Bjelkhagen
D. Brotherton-Ratcliffe
London, UK
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