Holographic Recording in Polymeric
Materials with Applications

Thesis by

Gregory J. Steckman

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

2001

(Defended November 20, 2000)



Copyright © 2001
Gregory J. Steckman

All rights reserved

il



1ii

Acknowledgments

Although only my name appears on the cover, I couldn’t have completed this thesis
and the past five years of research without the help of many people. First, I would like to
thank my wife, Alicia, for her years of patience and understanding while I was off working
long hours in the labs of Caltech. Also, my family for their continued encouragement

through all the years of my education.

I owe my gratitude to Professor Demetri Psaltis for his support of my research as
well as expert guidance on the direction and goals of my research. Undoubtedly, none of
the results in this thesis would have been possible without his guidance and support. I owe
a big “thank you” to Lucinda Acosta for her enthusiastically assisting with administrative
matters that I preferred not to deal with. Even though Caltech is a relatively small place, it
still has its bureaucracy, and without her efforts in shielding me from it I would have gone
mad long ago. In the course of experimental research, few things are as important as reli-
able equipment. I would like to thank Ya-Yun Liu for her work on maintaining the many

lasers I’ve had the privilege to use, as well as other assorted lab equipment.

Iouri Solomatine has been irreplaceable with his dexterity in fabricating all sorts of
polymer materials. He was instrumental in my ability to work efficiently with many poly-
mer samples. He literally made hundreds if not over a thousand material samples for me to
use and abuse. I’d like to thank Vladimir Shelkovnikov and his team of chemists for the
design and synthesis of chromophores for the NQ:PMMA material described in Chapter 3.
Thanks to Dr. Gan Zhou for many conversations leading to insight into how to tackle some
of the problems encountered with PQ:PMMA. Thanks also to Klaus Meerholz and Rein-
hard Bittner for bringing their photorefractive polymer materials from Germany and show-
ing me the inside scoop on how to use them. I’d also like to thank Professor Ares Rosakis
and Dr. David Owen for introducing me to the world of high-speed cameras, the inspiration

for the sixth chapter.

I’d like to thank all of the Psaltis group members, past and present, for helping to
create a professional and stimulating research environment. These include Dr. Xin An, Dr.

George Barbastathis, Greg Billock, Dr. Geoff Burr, Dr. Ernest Chuang, Dr. Jean-Jacques



iv
Drolet, Wenhai Liu, Zhiwen Liu, Irena Maravic, Dr. David Marx, Chris Moser, Jose Mum-
bru, George Panotopoulos, Dimitris Sakellariou, Dr. Xu Wang, Yunping Yang, and anyone
else I might have unintentionally missed. Special thanks go to Dr. Allen Pu for showing me
many of his tricks in the lab. Dr. Michael Levene was instrumental in formulation of the
theoretical treatment of the adjustable shift-selectivity correlators in the fifth chapter.
Thanks to Dr. Ali Adibi for many interesting conversations and for always finding the

cheapest places to stay during conferences.

Finally, I would like to thank those additional organizations which have provided
some form of financial support over the years. They are: Virginia Steele Scott for a one year
fellowship, the Intel Foundation for a fellowship plus the donation of a computer which was

extremely useful, and the Walker von Brimer Foundation for a generous grant.



Abstract

This thesis presents the results of research in volume holographic recording in sev-
eral polymeric recording materials and their use in selected applications. The first chapter
discusses the key properties of holographic recording materials. The second chapter devel-
ops a technique for calculating exposure schedules for photorefractive polymers which do
not exhibit mono-exponential recording dynamics. It is determined that these materials
require performance improvements before they can be successfully applied to many inter-
esting applications of volume holography, such as holographic data storage and optical cor-

relators which are described in later chapters.

The third chapter investigates recording in diffusion amplification based polymer
materials. This class of materials overcomes many limitations of other polymer types, such
as limited thicknesses and volume shrinkage. A new material based on the diffusion ampli-
fication principle is developed with the goal of increasing dynamic range. The new mate-
rial, a naphtoquinone and PMMA based co-polymer, is demonstrated in holographic

recording experiments.

In the fourth chapter, holographic data storage experiments are performed and a
storage density of 7 bits/um2 is achieved. A holographic data storage system which utilizes
shift multiplexing is modeled and simulated to determine optimal system parameters and
material characteristics. It is discovered that the dynamic range of the material used,
phenanthrenequinone doped poly(methyl methacrylate), is insufficient to provide very high

data storage densities.

In the fifth chapter attention is focused on the development and characterization of
an optical holographic correlator system using the DuPont HRF-150 photopolymer. The
system is used for image recognition and tracking. The performance of the system is char-
acterized with multiple 2-d and 3-d objects with respect to camera resolution, magnifica-
tion, rotation, and other transformations. The system is demonstrated to be capable of
~ simultaneously recognizing and tracking multiple targets, even in the presence of extrane-

ous objects and partial obscuring of the targets.



vi
The final chapter describes the development of a high-speed holographic movie

camera. Utilizing a Q-switched Nd:YAG pulse laser and Aprilis ULSH500-7A recording

material, multi-frame holographic exposures with a 80 MHz frame rate are recorded.
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1 Introduction

Holographic recording in polymeric materials is not new, and in fact one of the
oldest and most widely used holographic recording materials, dichromated gelatin, is a
polymer-based material. However, it is not suitable for many volume holographic applica-
tions due to its limited thickness of a few tens of microns and the severe shrinkage that
occurs during exposure.[1-1] For many volume holography applications, the quality of the
recording material is the most significant factor which limits performance. This thesis pre-
sents the basic characterization of several new polymeric recording materials in the context
of their use in high-performance applications, such as high-density data storage. Further-
more, the large dynamic range, sensitivity, and durability of certain new materials have
enabled applications to be realized which were not possible before. One example is the high

frame-rate holographic movie system discussed in Chapter 6.

The development of new materials is driven primarily by the lure of a variety of
applications of volume holography. The Bragg-effect[1-2] makes these applications possi-
ble, providing selectivity not possible with thin materials. With greater selectivity, a higher
multiplexing density can be achieved. A single spot of material can be made to record and
retrieve more holograms with less crosstalk, which is utilized in holographic memories.
- Nonspatial filters can also be constructed[1-3] to filter laser beams. However, there are
many other properties of a recording material that influence the performance of a holo-

graphic system, which are outlined here:
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*Volume shrinkage and swelling. Typically shrinkage is a problem in photopoly-
merizable materials because the process of creating the index modulation, poly-
merization, also causes an increase in density in the material, resulting in
shrinkage. This causes distortion in the reconstruction of high-bandwidth images
due to Bragg-mismatch of some grating components. For a data storage system,
the effect is a loss of quality in the reconstructed data page. If swelling were to

occur, it would cause similar problems to the quality of the recorded holograms.

*Sensitivity. High sensitivity is desirable so that shorter recording times can be
used. There are two reasons why a short recording time is desirable. First, during
recording the optical setup must be very stable. Any vibrations or unequal phase
shifts between recording beams will cause the interférence pattern to shift,
decreasing the hologram quality. With a shorter recording time these problems are
minimized, and the hologram quality will be better. The second reason is related to
the multiplexing of many holograms in a single material. If a holographic memory
is to be built and one-million holograms need to be recorded, then a 1 second expo-
sure time per hologram would require about 11 days of recording. With higher sen-

sitivity, this time can be reduced.

eDynamic range. For holographic multiplexing, the maximum index change that
can be induced in the material affects how many holograms can be stored at one
location of material. For higher data densities at a given diffraction efficiency, a

larger dynamic range would be needed.
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°Modulation transfer function. The modulation transfer function (MTF) of a
material determines how well it can record gratings of different frequencies. When
recording high-bandwidth images, gratings covering a large bandwidth will be
recorded. If the MTF of the material is not the same over the whole range, then
essentially image filtering will occur upon readout, where the filtering depends on
the shape of the MTF. Also, if the MTF extends over a large range, then many dif-
ferent angles between signal and reference beams can be used for holographic
recording. The MTF can also impact system design because, for example, some

materials cannot record reflection holograms which have a large grating vector.

°Non-destructive readout. For many applications, it is desirable to be able to
readout holograms without causing them to erase. Many polymeric recording
materials are write-once and non-destructive at the recording wavelength due to
irreversible chemical reactions that take place during recording. The most notable

exception are photorefractive polymer materials, discussed in Chapter 2.

eAbsorption. As the recording beams propagate through the recording material,
they are absorbed and exponentially decrease in strength, resulting in an uneven
grating strength through the material. This causes broadening of the Bragg-selec-
tivity. A low absorption is needed in order to minimize this problem; however, it

often conflicts with the goal of high sensitivity.

°Bulk optical quality. For applications that perform imaging through the record-
ing material, such as data storage, good optical quality is essential. Scatter is a

major contributor to noise, and should be low.
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*Shape and thickness. As discussed previously, thicker materials have better
Bragg-selectivity. Depending on the application, a material should be able to be
made in a large range of thicknesses as well as geometries, such as disks, cubes,

etc., to fit the needs of a larger range of applications

*Stability, durability, and weight. Many applications require long-term stability
of the recorded holograms. The material should be able to be heated and cooled by
reasonable amounts without causing a significant degradation of hologram quality.

For disk applications the less weight the better, enabling higher spin rates, lower

cost motors, and lower power consumption.

For holographic data storage applications, the thickness of the material has a direct
impact on storage densities due to selectivity. The most common type of materials used for
this application are photorefractive crystals,[1-4]-[1-6] which can be made in very large
thicknesses and used in the 90-degree geometry.[1-7] Due to their ability to be erased and
re-used, as well as the extensive understanding of the photorefractive effect in crystals,[1-8]
photorefractive polymers are an intense area of research, in which it is sought to duplicate
the photorefractive effect in polymer based materials. Due to the great variability of poly-
mer materials which can be chosen based on their performance characteristics, they have a
level of compositional flexibility that is unmatched by inorganic crystals. Chapter two
reviews the main types of photorefractive polymers that have been investigated in the past,
and presents experimental results of holographic recording in a new type of photorefractive
~ polymer. The performance of the material is studied with respect to its use in a read-write,
multiple hologram system, and for this purpose a new exposure schedule is determined to

enable the recording of multiple holograms of equal strength. It is shown that certain prop-
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erties and the performance of the current generation of materials make them insufficient for
holographic data storage applications, compared to the latest inorganic photorefractive

materials.

Chapter 3 investigates holographic recording in materials exhibiting diffusion
amplification. These polymers are not as limited in form-factor as many other photopoly-
mers, and have been made into 3-mm thick disks, as well as 1 cm cubes. One such material,
phenanthrenquinone doped poly(methyl methacrylate), is used for a holographic storage
system capable of recording with a surface density of 7 bits/umz, described in Chapter 4. A
new material was developed, based on the recording principles of diffusion amplification,
with the goal of increasing the dynamic range. The experimental results of its recording

behavior are also reported in Chapter 3.

Previously, storage densities as high as 10 bits/um2 have been achieved[1-9] using
a 100 micron thick photopolymer made by DuPont, which, unlike photorefractive materi-
als, is a write-once material. For certain applications, such as content distribution, a write-
once permanent storage material is preferred, and it is for this application that photopoly-
mers look most promising. Chapter 4 discusses holographic data storage with photopoly-
mers that exhibit heating assisted diffusion amplification of the recorded holograms.
Furthermore in Chapter 4, a model of holographic data storage systems is developed to
enable the prediction of bit-densities based on properties of the recording material and opti-
cal system. It was determined through simulations that the material thickness is not the key
- limiting factor as was previously thought, but rather the dynamic range of the material is

chiefly responsible for limiting the storage density.
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Applications besides holographic data storage are also possible with volume holo-
graphic recording materials. In Chapter 5, the development of an optical holographic corr-
elator system for image recognition and tracking is described. The performance of the
system is characterized with multiple 2-d and 3-d objects with respect to camera resolution,
magnification, rotation, and other transformations. The system is demonstrated to be capa-
ble of simultaneously recognizing and tracking multiple targets, even in the presence of
extraneous objects and partial obscuring of the targets. This system utilized DuPont
HRF150 as the recording material. Theory and experiments for a simple technique of

adjusting the shift-selectivity of holographic correlator systems is also presented.

Holography has been used as a diagnostic tool for many years. Chapter 6 describes
the development of a system capable of taking holographic movies of high-speed events
with a frame rate in excess of 80 MHz. First, the characterization of a photopolymer capa-
ble of recording holograms with both CW and pulsed lasers is described. Then the design
and operation of the optical system is described. Finally the recording of 5 holograms

within 54 ns is demonstrated. Methods of improving the current system are discussed.
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2 Holographic Multiplexing with
Photorefractive Polymers

2.1 Introduction

With the advent of the orientational enhancement effect, [2-1] photorefractive poly-
mer materials have undergone tremendous improvements in their performance as measured
by the maximum achievable refractive index modulation and two-beam coupling
gain.[2-2]-[2-4] While these figures of merit may be useful for some applications, they are
not sufficient for characterizing a material’s capabilities when it comes to multiplexing
holograms, which is essential for holographic data storage, as well as many other interest-
ing applications. It is important, therefore, that measurements concerning the ability to
record multiple overlapping holograms be performed in order to understand the capabilities
and limitations of these materials. Such an understanding will lend itself to the further
development and improvement of the material. Furthermore, the characteristics of a record-
ing medium must be well understood before it can be successfully used in a holographic

system.

Photorefractive polymers are a complicated class of holographic materials. Because
of the variability and complexity of the materials and the unique nature of the photorefrac-
tive effect, a brief introduction to photorefractivity and photorefractive polymers will be
4first given. The remainder of the chapter is devoted to describing experiments performed

on a single type of photorefractive polymer and a slight variation of it. The goal of the
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experiments is to characterize and understand the material for use in holographic data stor-
age applications. In order to be useful for holographic data storage, a material must be capa-
ble of achieving a high M/# [2-5], a property dependent on both the recording and erasure
dynamics of the stored holograms. Experiments performed to measure the dynamic behav-
ior of the material are described in Sebtion 2.2. The photorefractive polymer that was used
behaves differently than previously studied photorefractive materials and therefore a new
scheme for deriving a holographic multiplexing recording schedule was needed.
Section 2.3 describes the derivation of the new recording schedule based on experimental
measurements, and Section 2.4 describes multiplexing experiments using this schedule.
During the course of working with the photorefractive polymer material it was discovered
that in the dark the holograms would decay with time. Section 2.5 describes experiments to
measure this dark decay, and the effect it has when multiple holograms are stored in the

material.

2.1.1 Photorefractivity

Photorefractive polymers are designed with the goal of duplicating the photorefrac-
tive effect that occurs in many inorganic crystals. Therefore, before getting into the details
of photorefractive polymers, it is necessary to first look at the principles of photorefractiv-
ity. In the broadest meaning of the word, photorefractivity is any change in the refractive
index of a material as a result of being illuminated. However, its common usage is to refer
to the “photorefractive effect” of certain types of inorganic crystals such as LiNbO3,
~ BaTiO3, SBN, and many others. In these materials, a spatial modulation of the index of
refraction occurs only through the build-up of a space-charge field within the material. This

process is inherently delocalized, requiring the photo-generation of charges, charge trans-
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port, and trapping. Consequently, the term “photorefractive” is almost exclusively applied
to the process of grating formation through non-local effects as occurs in traditional inor-
ganic crystals. By comparison, many polymer materials and popular silver halide recording
films are not thought of as photorefractive due to the local nature of the grating formation.
Photorefractive polymers differ from most polymers in their approach to hologram forma-
tion. Their design approach is to mimic the hologram creation process of the inorganic crys-
tals in order to take advantage of some of their useful properties, such as the ability to be
recorded and erased multiple times, but with the added flexibility in tailoring performance

that polymers provide over inorganic crystals.

Figure 2-1 illustrates the steps involved in photorefractive hologram formation.
Two cbherent laser beams interfere to form a spatially modulated intensity pattern through-
out the photorefractive material. This results in an inhomogeneous generation of charges.
In photorefractive polymers hole generation occurs, while in inorganic crystals, electrons
are . typically generated. Furthermore, the classical description of the photorefractive
effect[2-6] involves the concept of a conduction band and a valence band resulting from the
crystalline nature of inorganic materials. The material can be effectively thought of as con-
sisting of two energy levels, the conduction and valence band, with impurities doped at
more or less discrete levels between these two. Polymers, on the other hand, are not ordered
materials, which makes it impossible to describe things in terms of energy levels and a con-

duction band.

Free charges can be redistributed through two mechanisms, drift and diffusion.
Some inorganic crystals, such as LiNbO3, have a “built-in” electric field which causes drift.

For optimal performance, photorefractive polymers require an applied electric field, and
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this will also cause drift. Eventually the free charges will become trapped as depicted in

Figure 2-1(c). Because of drift, the phase of the distribution of charges will be shifted rel-

ative to the incident illumination. The sinusoidal distribution of charges gives rise to an
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electric field, called the space-charge field, which is 90-degrees out of phase with respect
to the charge distribution. In a photorefractive material the space-charge field induces a
modulation of the index of refraction through the electro-optic effect. The phase shift
between the illumination intensity and the grating is a key indication of the presence of the
photorefractive effect and leads to beam-coupling and gain, the measurement of which can

be used to confirm the existence of the photorefractive effect in a material.[2-7]

2.1.2 Photorefractive polymers

Several classes of photorefractive polymer materials can be identified, distin-
guished more or less by the amount of functionalization of the polymer backbone.[2-7] As
discussed previously, a photorefractive material requires charge generation, transport, trap-
ping, and an electro-optic response. How these properties are incorporated into the material
is the basis for dividing photorefractive polymers into classes. The properties can be incor-
porated into the polymer itself, produced by the doping of guest molecules into the poly-
mer, or a combination of the two. These three possibilities are schematically shown in
Figure 2-2. In the first case, the polymer is responsible for the nonlineaf behavior of the
material, while dopants provide the required functionality of charge generation, charge
transport, and trapping. In the second case, Figure 2-2(b), the polymer chain itself is respon-
sible for charge transport, while dopants provide the nonlinear, generation, and trapping
behaviors. In the final case, referred to as fully functionalized polymers, all functionality is
provided by functional groups attached to the polymer backbone. The review
papers[2-7]-[2-9] should be consulted for a more thorough description of these three

schemes as well as a review of photorefractive polymers of each type.
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(@)

Fig. 2-2. Three approaches to creating a photorefractive polymeric material. (a) The nonlinear
optical property (NLO) is incorporated directly into the polymer while dopants are responsible for
charge generation (CG), transport (CT), and trapping (T). (b) The polymer chain is responsible
only for charge transport. (c) All properties are provided by functional groups attached to the
polymer.

The polymers used for the experiments described in this chapter are of the type
depicted in Figure 2-2(b). It is very similarto a photorefractive polymer which has achieved

7 80% diffraction efficiency and is capable of image storage.[2-10] The material is based on
the photoconductive polymer poly (N-vinylcarbazole) (PVK), shown in Figure 2-3. Photo-

sensitivity to visible light is obtained by doping with a small amount of 2,4,7-trinitrofluo-
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Fig. 2-3. Photoconductive polymer poly (N-vinylcarbazole) (PVK) which forms the basis for the
photorefractive polymer used in experiments.

renone (TNF), shown in Figure 2-4, which forms a charge-transfer complex with

PVK.[2-10] The electro-optic properties are provided by doping with the azo dyes 2,5-dim-

O —
O,N NO,

NO,

Fig. 2-4. 2,4,7-trinitrofluorenone (TNF) provides photosensitivity for the photorefractive
polymer.

ethyl-4,4’-nitrophenylazoanisole (DMNPAA) and 3-methoxy-4,4’-nitrophenylazoanisole
(MNPAA), shown in Figure 2-5. The final component, added to allow adjustment of the
glass transition temperature of the composition, is N-ethylcarbazole (ECZ), shown in
Figure 2-6. The glass transition temperature of the material impacts the speed and amount
of reorientation possible with the azo dyes MNPAA and DMNPAA, which are the key con-

tributors to holographic grating formation.
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Fig. 2-5. Azo dyes (a) 2,5-dimethyl-4,4’-nitrophenylazoanisole (DMNPAA) and (b)
3-methoxy-4,4’-nitrophenylazoanisole.

H,C—CH,
N

Fig. 2-6. N-ethylcarbazole (ECZ) is a plasticizer added to the photorefractive polymer.

To record a hologram with photorefractive polymers a tilted recording geometry

must be used, as depicted in Figure 2-7. The bisector of the two recording beams is at an
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Fig. 2-7. Geometry used for holographic recording in photorefractive polymers.

angle ¥ relative to the surface normal of the material, with the recording beams separated

by an angle 8. Writing the incident recording fields as
J'ZTTC[—Sin(‘P - g) SX+ cos(‘{’ - g) . z:l
E, =¢
and
j%—?[—sin(‘l’ + g) CX+ COS("P + g) . z]
E,=¢

allows the holographic grating vector to be expressed as

k, = %sin(g)(cos(‘l’), sin (W) .

(2-1)

(2-2)

(2-3)
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The space-charge field that results from the generation, transport, and trapping of charges

during holographic recording depends on the grating as

Esc = Eocos(Eg -1){cos(P), sin(¥)). (2-4)
The modulation of the birefringence of the polymer, the primary source of index modula-

tion,[2-1] is proportional to the square of the total electric (polling) field E,,

Ep = (Eycos(Kg - 1)cos (¥), By, + Egcos(Kg - )sin(¥)) . (2-5)
Due to the presence of the bias a first order grating is produced, as well as higher order grat-
ings, which are typically of no consequence since they are not Bragg-matched upon readout

of the hologram.

The reasons for choosing the slanted recording geometry can now be explained. If
the grating vector were normal to the bias field, there would be no drift current, the primary
mechanism acting to transport charges. The corresponding space charge field would be
very weak and consequently so would the hologram. Additionally, since the induced bire-
fringence modulation depends on the square of E,,, without a component of the grating in
the direction of the bias field, there would be no cross term 2E,; aS(Eocos(f(g -1)sin(¥))
producing a first order grating. In practice, the maximum tilt angle ¥ that can be achieved
is extremely limited by the index of refraction of the recording material, and based on the
known dependence of the hologram strength on tilt angle,[2-1] the largest possible angles

outside of the material should be used if no index matching techniques are utilized.
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2.2 Dynamic behavior

In order to use a photorefractive material for holographic data storage it is necessary
to have a complete understanding of the dynamic behavior of the recording characteristics.
After a hologram is recorded in a photorefractive material subsequent illumination at the
recording wavelength will cause the hologram to decay. If multiple holograms are to be
recorded in the material, a suitable exposure schedule must be used. Furthermore, in order

to get an idea of the capacity that is possible with the material, the M/# is measured.

2.2.1 Experimental system

The experimental optical system that was used is shown in Figure 2-8. The record-
ing light source was a Helium-Neon laser operating at 633 nm. The raw laser beam was spa-
tially filtered and collimated. A beamsplitter, which was actually a thick piece of glass, was
used to provide a low intensity probe beam. A polarizer was used to polarize this beam in
the plane of the recording beams, whose polarization was out-of-plane. In this way, the
probe beam would not cause holograms to be recorded between it and the recording beams.
Furthermore, the direction of polarization was chosen to coincide with the orientation of
the birefringence modulation of the material in order to maximize the diffraction efficiency.
After the first beamsplitter is a mirror mounted on a galvanometer. A galvanometer is an
electro-mechanical device with an axle that rotates by an amount determined by the applied
current. By connecting it to a power supply which could be switched by a computer, the
mirror could be moved in or out of the beam path. This mirror was used to provide an eras-
~ ing beam, which was necessary for measuring the erasure dynamics of the material. It was
important to erase the holograms with a beam that was not Bragg-matched to the recorded

hologram or else during erasure a new hologram would be recorded between the erasing
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Fig. 2-8. Optical setup used for testing the photorefractive polymer materials. BS: beamsplitter,
PBS: polarizing beamsplitter, A/2: half-wave plate.

beam and the beam diffracted by the hologram. Also, the mirror used in the path of the eras-
ing beam was actually a circular variable attenuator that used partial reflection and trans-
mission to operate. With this device, the amount of power that reached the material could

be easily set by rotating the attenuator.

After the erasure-beam pick-off mirror is a set of half-wave plates and polarizing
beam splitters. The first half-wave plate is used to adjust the power ratio of the beams that
are reflected and transmitted by the subsequent polarizing beam splitter. Since a polarizing

beam splitter transmits light with a polarization orthogonal to the reflected beam, the
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second half-wave plate is needed to rotate the beam transmitted from the first polarizing
beam splitter such that the necessary optical power will be reflected by the second polariz-
ing beam splitter. With this configuration two beams, polarized normal to the plane that

contains them, were generated with a large amount of flexibility in their relative intensities.

When the hologram is read out with the probe beam, the diffracted wave will coun-
terpropagate through the same path as the right most recording beam since it was aligned
with the left most recording beam in a phase conjugate manner. Since the probe beam was
polarized in the plane of interaction, it will pass through the subsequent polarizing beam
splitter relatively unattenuated. A set of two irises and a lens are used to block scattered
light so that a better signal to noise ratio could be obtained in reading the power of the dif-
fracted beam. With a very slight misalignment of the polarizing beam splitter, reflections
from the recording beam could be completely blocked by the second iris, which was placed

at the back focal plane of the lens.

The recording beams corresponded to angles of W=60 degrees and 6=20 degrees,
outside the material, each with an intensity of 500 p,W/crn2 at the surface of the material.
The erasure beam was normally incident on the material. The intensity of the readout beam
was 1 uW after passing through the material. In order to simulate the erasure of a hologram
by the subsequent recording of additional holograms, the erasure beam was used with an

intensity approximately equal to the sum of the recording beams.

2.2.2 Hologram recording and erasure experiments
Using a photorefractive polymer with (by weight) 42% PVK, 7% ECZ, 25% each

of the non-linear chromophores DMNPAA and MNPAA, and 1% TNF, the recording and
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non-bragg matched erasure dynamics were measured. Figure 2-9 shows the results of the
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Fig. 2-9. Holographic recording and erasure curves for the photorefractive polymer.

measurements with two different recording times and an applied voltage of 7.7 kV across
a 125 micron thick sample. Unlike conventional inorganic photorefractives, the recording
and erasure curves could not be fit adequately with mono-exponential functions, but rather

bi-exponential functions of the form A = A exp(-t/T;) + A,exp(-t/T,) were needed.

Another interesting result of this measurement is that different erasure time con-
stants were observed for the two different recording times used. Because of the multi-expo-
nential behavior, it becomes difficult to compare the erasure time constants between the
multiple holograms which were recorded for different times. The time it takes the grating

strength to decay to 1/e of its maximum value was chosen as a simple way to compare the
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erasure behavior of different holograms. The alternatives are to individually compare the
two time constants and their associated weighting factors directly, or to use some type of
logarithmic averaging of the time constants that takes into account their associated weights.

For multiple hologram recording times, Figure 2-10 shows the variation of the 1/e points
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Fig. 2-10. Variation of the erasure rates with recording time.

during erasure. From this plot it is easily seen that the exposure time has an effect on the
“hologram’s erasure behavior. In these experiments the diffraction efficiency was measured
in increments of 1 second, which explains the lack of variation at some points and the incre-

mental jumps at others. This large variability in the erasure time scales becomes important
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when multiple holograms are to be stored in a single sample of material and a recording

schedule needs to be derived, which is the topic of the next section.

Another factor influencing the recording and erasure times is the voltage applied to
the sample. The applied field affects the amount of polling that occurs in the material as

well as the charge generation and drift processes. Figure 2-11 and Figure 2-12 show the
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Fig. 2-11. Effect of applied voltage on the recording behavior of the photorefractive polymer.

holographic recording and erasure curves for two different applied fields. The time con-
~ stants are faster at higher fields for both recording and erasure. Furthermore a higher peak

diffraction efficiency can be achieved with a higher applied voltage. Because of these
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Fig. 2-12.  Effect of applied voltage on the erasure behavior of the photorefractive polymer.

effects on the recording behavior of the material, the applied voltage will influence the

recording schedule as well as the final M/#.

2.3 Deriving a recording schedule

In order to record multiple holograms of equal strength, a suitable exposure sched-
ule must be used. With conventional inorganic photorefractive materials, mono-exponen-
tial recording and erasure dynamics are observed, allowing the exposure schedule and M/#

" to be calculated by measuring the initial slope of the recording curve and the single holo-

gram erasure time constant. The hologram growth function can be written as
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_t
A= Ao(l —e ) (2-6)
and the hologram erasure can be expressed as

TE
A= Age ", 2-7)
where A is the grating strength at time t with a saturation value of Ay, in the case of record-
ing, and an initial strength of A, for case of erasing. T, and T are the time constants for

recording and erasing, respectively.

When M holograms are to be recorded the strength of the m'" hologram is given
by[2-12]
M

A = Ayll—exp(-t,/T.)]exp| - 2 t ./ Te | (2-8)

m=m+ 1
The m™ hologram is recorded for t,, seconds, and then subsequently erased for a time equal
to the sum of the recording times for all of the subsequently recorded holograms. To have
equal strength holograms requires A=A, , which after assuming t,, « T, T, and linear-

izing the exponentials yields the exposure schedule

1/t = 1/t + 1/7,. (2-9)
If the first hologram is recorded for t;=T,, then after application of the recording schedule
all holograms will have an equal strength of
A0 Te 2
=== . 2-10
n= ) (2-10)

From the definition of M/#[2-5],
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n = (“-41\2—#)2 (2-11)

the M/# for inorganic photorefractives can be determined from measurement of the initial

hologram recording slope and the erasure time constants as

M/# = (‘:—O)re. (2-12)

T

Since photorefractive polymers do not exhibit mono-exponential recording dynam-
ics the M/# cannot be calculated in the standard way. An alternative method for measuring
the M/# consists of recording multiple holograms of equal strength and then summing the
grating strength of the recorded holograms.[2-11] To record multiple holograms at a single
location of material the setup shown in Figure 2-8 was used with the material mounted on
a rotation stage to enable the use of peristrophic multiplexing.[2-13] The beam angles,
intensities, and polarizations are the same as those described previously for the setup to
record a single hologram, and the applied voltage was 7.7 kV. The material was rotated 3
degrees between holograms. After some trials with various erasure time constants, 20 holo-
grams were recording using the above schedule with a time constant of 75 seconds and an
initial hologram recording time of 20 seconds. Figure 2-13 shows the strength of the 20
recorded holograms read-out immediately after recording. Obviously, there is significant
deviation in the strengths of these holograms, making it difficult to deduce a value for the

M/# from this experiment.

The primary factor for the inability of the standard, mono-exponential based,
recording schedule to yield equal-strength holograms is the fact that the recording dynam-

ics of the photorefractive polymer are inherently not mono-exponential. Furthermore, it has
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Fig. 2-13. 20 multiplexed holograms recorded using the standard recording schedule.

been experimentally shown that the erasure time constants vary depending on the initial
strength of the recorded hologram. For the purpose of finding a holographic recording
schedule that equalizes the strength of all the multiplexed holograms, the experimentally
measured erasure curves were fit by a series of decaying exponentials. In this case, the

strength of the m' hologram after being erased for t, seconds was:

to/ Te1(ty) —to/ Teo(ty)

W= Wit t) = Ay (t,)e +A,(t)e +..., (2-13)

m
where t,, is the time for which the m'™ hologram was recorded, and the coefficients, A, as

well as the time constants, T,;, are determined experimentally by fitting the erasure mea-

surements. To find the time constants and coefficients for various values of t,,, multiple
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measurements were performed where the hologram was recorded for a certain time, and
then erased. A set of time constants and coefficients were then generated, each applicable
to a different recording time t,. Given the time to record the last, Mth, hologram, ty;, the
strength of the last hologram is wy; = w(ty;, 0). The recording time required for the M-1
hologram can be computed by numerically solving for ty;; from the relation
W(ty_ 1> tm) = Wy since the second to last hologram will be erased during the recording
of the last hologram. In this way, the times necessary for recording all holograms can be

numerically solved for, in backwards order, with the relation

Wi Y | = wy (2-14)

m =m+ ]

In general when finding numerical solutions the hologram strength function w must
be known for some recording times t,, which were not experimentally measured. In this
case the coefficients and time constants were linearly interpolated from the measured
values for the nearest recording times. With this method, by recording and measuring the
erasure curves of enough holograms, sufficiently accurate erasure curves can be generated

by interpolating the parameters in Equation (2-13).

When using this method for computing the recording schedule, the time for record-
ing the last hologram must be chosen carefully depending on the dynamics of the material
and the total number of holograms to be recorded. In some instances, a solution cannot be
found. A simple explanation of this is to consider what would happen if the last hologram
were picked to be recorded long enough that it reached saturation. Then in this case, no

matter how long the second to last hologram is recorded, it cannot reach a value large
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