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which also modulates the index of refraction of the medium, according to the Lorentz-Lorenz
relationship. A mathematical model developed in this research predicts that the amplitude of
the periodic concentration decays exponentially with time; the time constant varies
quadratically with the period of the grating.

A detectable grating is formed in DMP-128 immediately upon holographic exposure.
Experiment revealed that when the grating period was 25 microns or more, the effect of
diffusion was insignificant, and the diffraction efficiency continued to increase long after
exposure ended, due to residual free radical in the system. Shorter grating periods led to
progressively more rapid decay of diffraction efficiency after exposure. The decay can be
explained by assuming that the index modulation of the medium was varying as the sum of two
decaying exponentials, indicating that both monomer and the sensitizing dye were diffusing
within the medium. The total amplitude of the decay indicates that less than 10% of available
monomer is free to diffuse within the photopolymer medium.
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I. INTRODUCTION
A. Classical Reciprocity Failure and Image Formation

This research is directed towards a general understanding of holographic image
formation in photopolymers, of which Polaroid's DMP-128 holographic photopolymer is an
example. However, it is useful to first look at the development of the theories of both
classical reciprocity failure and holographic reciprocity failure in conventional silver halide
films. The reciprocity failure is the name given to the fact that for silver halide films, the
exposure energy necessary to produce a certain effect in the film depends upon the intensity
of the exposure. Earlier research by others into the reciprocity failure led to an understanding
of the physical basis of image formation in silver halide films.

Conventional films and photopolymer recording media form images quite differently.
The chemistry and physics of image formation in the two types of medium are quite distinct,
but they have at least two things in common. Both types of media amplify the effects of
incident photons, and both are subject to time-dependent processes which form the basis for
reciprocity failure. This thesis will show that for photopolymers, the critical time-dependent
process is the diffusion of monomer and other photopolymer components, with the
characteristic diffusion time controlled by the diffusion constants of the medium and the
spatial periodicity of the hologram.

A conventional photographic medium consists of small silver halide crystals
dispersed in a gelatin film, along with sensitizing dyes and other agents. When the film is
exposed to a pattern of varying light intensity, an invisible, or latent, image is formed.
Development maps the invisible latent image into a visible pattern of varying absorption.
Figure 1-1 shows a characteristic plot of T, the intensity transmission of the developed film,
versus E, the time-integrated optical energy per unit area that was used to expose the film.
The slope of the linear portion of the T vs. E curve is important in holography and will be
discussed later. A more commonly used measure of the response of the film to exposure is
the optical density D, defined as [1]:

D=log (%) (1-1)

In the nineteenth century, early photographic researchers believed that the density
of an exposed photographic emulsion depended only on the total light energy per unit area
that exposed the film, not on the intensity or duration of the exposure. The formulation of this
belief was called the reciprocity law; that is, a decrease in intensity could be compensated for
by a reciprocal increase in exposure time to achieve the same final optical density. The
reciprocity law was experimentally confirmed for various photo-chemical reactions. However,
astronomical exposures made at extremely low intensities revealed a failure of the reciprocity
law [2]. It was established that at both very high [3] and very low intensities, a greater
amount of light energy per unit area is required to produce a given density than that required
at intermediate intensity levels. Reciprocity law failure is illustrated in Figure 1-2. Intensity
is assumed to be constant, so that the exposure E (whose log is plotted on the vertical axis)
is the product of intensity I and time t. The curve is a contour of constant optical density D.
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It shows that at both low and high intensities, exposure time must be increased over
"normal” values to obtain a given optical density.

Understanding of the reciprocity failure had to await the development of a theory of
latent image formation. The first comprehensive theory, still accepted for the most part today,
was laid out by Ronald W. Gurney and Nevill F. Mott [4]. In their model, the absorption of a
photon in a silver halide (usually AgBr) grain liberates an electron-hole pair in the grain. The
electron becomes trapped in a "sensitivity site." There the electron may attract and
neutralize an interstitial silver ion. If as few as four to six neutral silver atoms collect at the
sensitivity site, the developer will be able to reduce the entire grain into a speck of metallic
silver, which will contribute to the optical density of the film, while the undcveloped AgBr
grains are washed out of the emulsion by the fixing bath. Further insights into the formation
of the latent image were provided by Mitchell [5], who observed that the sensitivity sites
were often crystal defects, such as dislocations.

The Gurney-Mott framework explained the great sensitivity of silver-halide
emulsions in terms of a gain mechanism. The action of a few photons was sufficient to form a
latent pre-speck of silver atoms which could catalyze the reduction of the entire grain. In his
recent review article, Tani [6] estimates that a 1 micron grain contains approximately 20
billion silver ions; therefore the gain of a typical emulsion is on the order of a billion reduced
silver atoms per absorbed photon. An increase in grain size will reduce the resolution of a
photographic film, but also increase the sensitivity, by providing a larger cross-section for
photon interaction, and a larger quantity of material to be reduced by the same four to six
atom pre-speck.

The high-intensity reciprocity failure was explicable in the Gurney-Mott model in
terms of the_low mobility of the interstitial silver ions [7]. At a sufficiently high light
intensity, photoelectrons are generated and accumulate at the sensitivity sites so rapidly that
the relatively slow-moving silver ions cannot neutralize them immediately. A net negative
charge builds up at the sensitivity sites, preventing the accumulation of further photoelectrons
untl the sites can be neutralized by the migration of ions. Therefore, the effect of high
intensity is to decrease the quantum efficiency of the latent image formation process, and to
increase the amount of energy necessary to produce a given optical density.

Another necessary insight into the reciprocity failure came from the work of J.H.
Webb of Kodak, who in 1933 linked low-intensity reciprocity failure to the so-called
intermittency effect [8]. It had been observed that a rapidly flashing light produced an
exposure that depended only on the integrated energy. However, if the flashing fell below a
certain critical frequency, an increase in exposure was necessary to produce the same optical
density. The critical frequency was different for various types of films and plates. Webb
realized that "from the standpoint of discrete light quanta incident upon a photographic grain,
all exposures may be viewed as intermittent exposures. Further it is known that reciprocity
law failure is governed in some manner, yet undetermined, by the time distribution of
reception of quanta by some portion or all of a photographic grain.”




More than a decade later Webb developed the currently accepted explanation of the
low-intensity reciprocity failure in terms of the thermally induced dissociation of silver pre-
specks [9]. The explanation rested on the observation that the reciprocity failure curve for a
given emulsion, as shown in Figure 1-2, shifts to the left as the temperature is lowered. In
other words, a latent image in the beginning of its formation is less likely to decay if the
temperature is low. It seemed that a latent image pre-speck had to contain a minimum
number of silver atoms to survive. If not, its binding energy would be so low that thermal
fluctuations would cause the pre-speck to disintegrate before enough photons were absorbed
to produce a stable, developable cluster.

Webb modeled the absorption of photons and the generation of photoelectrons at a
grain sensitivity site as a Poisson process. This was appropriate for a theory of low-intensity
reciprocity failure, since the Poisson model gives the distribution of photon arrival time
intervals when the photon arrivals are so infrequent as to be discrete and countable. As the
pre-speck forms by the combination of photoelectrons and silver ions, its electrons are bound

to the sensitivity site with a binding energy €, and they oscillate at a frequency v. The

probability per unit time P of an electron being ejected is given by the product of the frequency
and the probability of electron ejection per oscillation, given by the Boltzmann factor:

P=v exp[- ff} ' (1-2)

Comparison of the model with low-intensity exposure data at various temperatures
led to the conclusion that reciprocity failure occurs when a sensitivity site does not

accumulate at least two neutral silver atoms within a critical time 1. A single silver atom at a
site has an estimated dissociation energy of the order of 0.7 ev, and a corresponding lifetime,
at room temperature, of only a few seconds. The silver dimer is, however, effectively stable
at room temperature, but unless the second atom is added to the site before the first one
dissociates, the pre-speck disappears. Note that the formation of a stable silver dimer is only
a necessary but not sufficient condition for the formation of a developable pre-speck. It is
thought that at least four to six silver atoms must cluster to make development of the grain
possible.

In summary, the early stages of formation of the silver halide latent image are
affected by a time-dependent decay process. It is this thermally induced decay that causes
the failure of the reciprocity law at low light intensities, since a photographic grain may start
to form a latent pre-speck, lose it by thermal ejection of an electron, and repeat this process
until a stable silver dimer is formed. Only then is it even possibie for the grain to integrate
the effect of more photons and become capable of development.




B. The Holographic Reciprocity Failure

The holographic reciprocity failure was identified as a distinct phenomenon during
dissertation work by Kristina Johnson at Stanford University [10]. The motivation for the
work was to develop a means to display the output of medical computerized tomography (CT)
scanners as a three-dimensional holographic display. CT scanners produce cross-sectional
image slices of the fluman body by digital processing of X-ray absorption data, but they lack
true three-dimensional display capability. Johnson's approach was to record the image slices
as multiple exposure holograms on a single recording plate. Each single exposure hologram
was of the Leith-Upatnieks type [11], a recording of the interference between separate object
and reference waves, as shown in Figure 1-3. However, the initial results were
unsatisfactory, since for equal exposure energies, each successively recorded hologram had a
smaller diffraction efficiency than the one that came before. This effect was labeled the HRLF
(holographic reciprocity law failure).

Johnson's analysis of the HRLF began with Biederman's empirical expression for the
diffraction efficiency n of a single exposure hologram [12]:

B'Eb-m-MTF(Q)}z
2

where Ep is the bias exposure energy, m is the exposure fringe visibility, and the MTF
(modulation transfer function) of the recording medium is a function of Q, the spatial
frequency. P is a film-dependent characteristic based on the so-called amplitude
transmission, T,. ‘The amplitude transmission is the square root of the previously discussed
intensity transmission, shown in Figure 1-1. In the Biederman approximation, holographic
exposures occur on the linear part of the T, - E curve, and B is the slope of the linear region.

In these terms, it appeared that the reduced diffraction efficiency of multiple exposure
holograms was due to some mechanism that reduced the slope of the T3-E characteristic

curve after the first exposure.

n= (1-3)

The T, - E characteristic curve for multiple exposures was simulated using Monte
Carlo techniques. The grains of the holographic film were simulated as a checkerboard array,
each element subject to the random arrival of photons, which form neutral silver atoms at a
sensitivity site, in accordance with the Gurney-Mott theory. Between exposures, the array
clements that have accumulated two or more silver atoms remain unchanged. Those with
exactly one silver atom are subject to decay back wc zero accumulated atoms, with a half-life
of about two seconds. After all the multiple exposures are simulated, those cells with four or

more atoms represent a developed grain. The fraction of developed grains gives the intensiry
transmittance, and the square root of this quantity is T,, the amplitude transmittance.
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The Monte Carlo calculations indicated that, as expected, the value of B decreased
with increasing number of multiple exposures when the delay between exposures was on the
order of or greater than two seconds. The Monte Carlo calculations were confirmed by
analytical techniques that treated silver atom formation and dissociation as stochastic
Poisson birth and death processes. The agreement between the numerical and analytical
techniques was good. Finally, the theoretical results were verified by experiments in which
multiple exposures with various time intervals between the exposures were used to

determine f. Experimental and theoretical T5-E curves are shown in Figure 1-4.

The crucial mechanism responsible for the HRLF was the dissociation of single atom
pre-specks at sensitivity sites during the intervals between holographic exposures. Johnson
presented an intuitive argument for this. Consider the case of two holographic exposures on
the same plate, several seconds apart, and assume that four silver atoms are necessary to
develop a grain. Some grains will accumnulate three atoms in the first exposure, and one atom
in the second exposure. These grains will tend to be located where the first exposure was
bright, and the second dark, and thus they will contribute to the signal from the first hologram,
and to the noise of the second. An equal number of grains will accumulate one atom in the
first exposure, which will dissociate, and three more in the second exposure. Of course these
grains will not develop, and being situated where the first hologram is dim and the second one
is bright, their failure to develop will diminish the density of the second hologram.

The complete treatment of HRLF in Johnson's thesis also involved Monte Carlo
simulation of multiple exposure hologram formation, an analytical model, and experiments.
Figure 1-5 shows the calculated and observed decrease in diffraction efficiency for a second
holographic exposure made at various time intervals after the first.

The practical result of this exhaustive analysis was the development of techniques
to compensate for the holographic reciprocity law failure. The first technique was to give the
holographic plate a uniform pre-exposure, too small to really expose the plate but sufficient to
give most grains stable silver dimers at their sensitivity sites, thus reducing the problems
associated with the decay of single atom sites. The second technique was to increase the
exposure of later multiple exposures inversely to their theoretically calculated decline in
efficiency. Though both techniques were successfully used to compensate for the HRLF, the
latter yielded a better signal to noise ratio, and was used to generate three-dimensional
displays of CT data.

The investigation of the holographic reciprocity failure brings together, in one theory,
the time-dependent processes responsible for latent image formation, and the holographic
recording properties of silver halide emulsions. This suggests that other holographic
recording media whose exposure process is more complicated than the simple integration of
incident photons, may also be better understood by an analysis of the image formation
mechanism.
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C. Holographic Photopolymers

The word photopolymer is generally used to refer to light sensitive compositions
that record images by photochemically effecting permanent changes in a polymeric material, or
by forming polymers by the action of light on monomers. Photopolymers of various types have
found applications in holography [13,14], printing, and electronic circuit fabrication [15]. The
polymerized material may differ from its original form in its solubility, adhesion, or index of
refraction.

The current work presented here uses the Polaroid photopolymer composition known
as DMP-128 as an example of a currently available and well-known photopolymer. Initial
reports [16,17] indicated that volume phase holograms recorded in this material are similar in
quality and have the high diffraction efficiency of those recorded in dichromated gelatin
(DCG), while requiring less exposure energy and less stringent environmental controis
during processing. In contrast to DCG and earlier photopolymer systems, DMP-128 need not
be coated on glass plates immediately before exposure, but can be prepared months in
advance. Researchers have exploited this material in fabricating matched spatial filters and
multi-focus holographic optical elements (HOE's) with high diffraction efficiencies
[18,19,20,21]. Users of DMP-128 have accumulated a body of empirical knowledge relating
holographic diffraction efficiency to total exposure, reference to object beam intensity ratio,
and the spatial frequency of the holographic grating [22]. However, there is little
understanding of these properties in terms of the underlying mechanism of image formation.

The formation of holograms in DMP-128 is similar to that in other photopolymers.
The holographic medium is available on glass plates or plastic backing, with emulsion
thicknesses ranging from 3 to 20 microns. By a suitable choice of sensitizing dye, it can be
made sensitive to the major Argon-ion and Helium-neon laser lines in the visible. The plates
are stored over a dessicant, and made sensitive to light by exposing them to air of 51%
relative humidity for several minutes. Moisture absorbed by the film makes light-induced
polymerization possible; this report will show that the absorbed water has a role in both the
photochemistry of the polymerization and the diffusion of monomer necessary for the
formation of a high quality grating. Humidity is held constant while the holographic exposure

is made. When the reference beam and signal beam are of equal intensity, about 5 mj/cm2 is
required to produce a highly efficient holographic transmission grating. After exposure, a
uniform flood of white light serves to uniformly polymerize some of the remaining monomer,
and thus fix the image formed by exposure. The final developing stage is an alcohol
developing bath, which removes dye and unreacted monomer from the plate, followed by
drying of the emulsion.

Image formation in photopolymer materials has little in common with silver halide
recording, except that both processes employ a chemical gain mechanism to amplify the effect
of incident light. Holographic photopolymers almost always form phase-modulated images,
rather than amplitude modulated images [23). Apart from the sensitizing dye, the entire
system must be fundamentally transparent in order to form a phase-only hologram.
Therefore, only a small fraction of the incident photons will be absorbed during exposure, so it
is important that the system be able to amplify the effects of a single photon. The gain in the
process occurs because a single photon can form a radical that will catalyze the combination
of thousands of monomer units into a long-chain polymer molecule.
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A typical photopolymer consists of a sensitizing dye, an initiator capable of forming
free radicals, a monomer in solution, and a gel or polymer binder. When a photon is absorbed
by the sensitizing dye, the dye molecule enters an excited state. If the dye molecule
transfers its excess energy to the initiator, the initiator will dissociate into one or more free
radicals. The radical can attach itself to a monomer molecule and catalyze a chain reaction in
which monomer molecules are added one at a time to form a long-chain polymer. The
polymerization will continue until the free-radical is terminated by combination with another
free radical, or quenched by some other reaction. This radical-catalyzed addition of monomers
is called vinyl polymerization.

Photopolymerization can form a holographic grating in two ways. First,
photopolymerization is capable of mapping the holographic exposure into a modulation of the
medium'’s bulk refractive index, forming a volume phase hologram [24]. Second, some
photopolymers form a surface relief grating after an exposure [25]. Whichever effect
predominates, the medium still remains transparent, with no appreciable change in the optical
density. Both effects have been observed in the DMP-128 photopolymer, and are probably
due to an internal mass transport process initiated by photopolymerization [23]. Figure 1-6
depicts a photopolymer film exposed to plane wave object and reference beams at equal and
opposite angles with respect to normal incidence. The sinusoidal intensity pattern caused by
the interference of the two beams initiates polymerization. The fringe pattern, with a spatial
period of A, is indicated by dark and light shading in the figure. Polymerization proceeds more
rapidly in the bright fringes than in the dark fringes. As the reaction proceeds, the monomer
is consumed at a rate dependent upon the intensity, and the resulting concentration gradient
causes diffusion of monomer from the dark fringes into the bright fringes. The direction of this
diffusive mass flow is indicated by arrows. This diffusion results in a periodic modulation of
the mass density of the film. A final high-intensity uniform exposure completes the
polymerization of any remaining monomer within the medium and fixes the recording.

The spatial variation of mass density resulting from the photopolymerization
reaction is probably responsible for the formation of both a surface relief hologram and a
volume phase hologram in the DMP-128 emulsion. Simple subsidence or sagging of the
monomer-depleted regions of the emulsion could account for the relief pattern formed on the
surface. The existence of a volume phase hologram is inferred from the fact that the material
can be used to record transmission gratings with nearly 100% diffraction efficiency; a thin
phase grating is not capable of that efficiency [26].

The volume phase hologram is a direct result of the mass density modulation. The
Lorentz-Lorenz equation [27] relates refractive index n and mass density p of a material by

-1 . 4mpNe .
n2+2 iM

where N is Avogadro's number, M is the molecular weight of the material, and « is the
polarizability of a single molecule. It is reasonable to assume in a polymerization reaction

that a/M is constant, or nearly so, which is to say that the dipole moment of a large polymer
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molecule is approximately equal to the sum of the dipole moments of the constituent
monomers. Even when this assumption is violated, An due to Ap dominates [23]. Implicit

differentiation of Eq. 1-4 yields the relation of An and Ap, to first order, where n is the index
of the unpolymerized material:

oo (@242)@-1) ap s
, 6n P

Although other mechanisms could contribute to the refractive index modulation in DMP-128,

only density nr composition changes could yield the values of An inferred from the diffraction
efficiency (253, which are as high as 0.2. However, small changes in molar refractivity due to

the breaking of double bonds that occurs in vinyl polymerization could aiso cosntribute to An.
Other interesting optical properties have been observed in polymeric materials, including
photoconductivity and second and third order nonlinear responses [29], but none of these
properties have been reported in the literature relevant to the commonly used holographic
photopolymers.
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The interest in developing a theory of holographic reciprocity failure in
photopolymers stems from two observations. First, it has been shown that an understanding
of the classical and holographic reciprocity failure in silver halide materials depends upon an
understanding of the process of latent image formation, in particular the exponential decay of
the critical first step of image formation. Secondly, image formation in photopolymers is
governed by several time-dependent processes such as initiation, polymerization, and
diffusion. The practical use of photopolymers may benefit from a theory that can determine
the effect of exposure for various intensities and exposure times.

More than a century went by between the first observation of reciprocity law failure
and the theoretical explanation of the holographic reciprocity law failure. The prospect for a
research program in holographic photopolymers is less daunting. The reason is that the
latent images formed in silver halide media are invisible, and almost undetectable, except by
the use of extremely sophisticated diagnostics [6]. Holographic photopolymers, on the other
hand, may begin to form volume phase gratings almost immediately upon exposure, though
chemical baths and other processing techniques may be necessary to complete the formation
of a high-efficiency grating.

The means of measuring grating formation are well documented in the photochemical
literature [30,31,32]. If the initial stages of a photochemical reaction cause optical absorption
or index of refraction changes, a hologram can be recorded. Indeed, most photochemical
reactions produce absorption or index changes; the undetectable latent image of silver halide
films is the anomaly.

When a photochemical system is exposed to the sinusoidal intensity pattern formed
by the interference of two coherent wavefronts, the spatial distribution of index or amplitude
modulation will map the interference pattern, forming a holographic grating. The hologram
may be weak, and it may disappear quickly, but it will be present. If the chemical system has
a narrow spectral responsivity, it may be simultaneously probed with another wavelength
which will not activate the chemical reaction. The diffraction efficiency of the probe beam will
give a measure of the photochemical reaction. Alternatively, a single light source can be used
to form the grating and probe it by chopping the reference beam, as shown in Figure 1-7. The
intensity of the conjugate wave, recreated by diffraction of the object wave, gives the
efficiency of the grating. In either case, very small diffraction efficiencies may be measured,
since the background level of scattered light can be made very small.

Real-time probing of the formation of photopolymer gratings was demonstrated in
the early 1970's by researchers developing a holographic photopolymer at DuPont [24]. The
phompolymerwascxposedwnhawavelcngmof364nm,andwaspmbedw1tha633anc-
Ne beam, which did not affect the polymerization. The results of these experiments supported
the hypothesis that volume phase holograms are formed in part by diffusion of material within
the emulsion.
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Figure 1-7: Single-beam measurement of transient grating efficiency.

The goal of the present investigation is to apply the techniques of real-time grating
measurement to characterize the process of image formation in the DMP-128 photopalymer
system, and to determine the implications of this process for hologram fabrication. Chapter
Two of this report will summarize the state of the art in the field of holographic
photopolymers, and discuss the fundamental photochemistry of this class of materials. A
model of latent image formation in holographic photopolymers will be the subject of Chapter
Three. Chapter Four will be devoted to the theory of diffusion in photopolymers, and Chapter
Five will detail the experimental results of this investigation in light of the imaging model.
Finally, Chapter Six will present the overall conclusions of this project, and indicate its
relevance to future research and utilitarian applications.
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II. PHOTOPOLYMERS FOR HOLOGRAPHY

A. The Development of Photosensitive Polymers

The appearance of commercially available photopolymer films for holography is not
a wholly recent innovation, nor is it a sudden departure from the mainstream development of
light sensitive materials. The first photograph, created by Nicephore Niepce in 1826, utilized
a natural photosensitive resin called bitumen of Judea, which is a light asphalt from Syria.
The bitumen was coated on a pewter plate and exposed to a sunny outdoor scene for several
hours in a primitive camera. The exposed resin hardened, while the unexposed resin
remained soluble and was washed away with mineral oils, leaving a faint image [33]. The
hydrocarbon molecules in asphalt are a special type of polymer, large molecules built on a
chain of carbon atoms. The very existence of polymers was not widely accepted until a
century after Niepce's photograph, but it is now known that the impurities in the asphalt
catalyzed a crosslinking reaction that bound the linear polymer molecules together into a
dense network, immobilizing the material and making it resistant to solvents. '

Niepce and his partner Daguerre (of daguerrotype fame) developed this process
further, not for photography, but for printing. The bitumen was coated onto a copper
engraver's plate and exposed through a black ink line drawing. The bitumen under the black
lines remained soluble and was washed away, exposing the bare copper to the action of an
etching solution. When all the bitumen was finally stripped away, the line drawings had
become grooves etched into the plate, ready to accept ink. The exposed bitumen resisted the
action of the etchant; thus it became known as a resist. In modern terminology it was a
negative photoresist, a resist which becomes insoluble on exposure to light by the light
activated crosslinking of existing polymer molecules. Negative photoresists are widely used
today in various printing techniques, including printed circuit board fabrication.

Within a few years of Niepce's invention, numerous experimenters discovered that
dichromate salts converted common organic substances into negative resist imaging layers.
Paper, egg albumen, starch, and gelatin could be sensitized by dichromate. Dichromated
gelatin became a mainstay of printing technology for over a century. Only in the twentieth
century was it understood that the proteins in gelatins are macromolecules, polymers built up
from amino acid units, and that photoreduced trivalent chromium ions promote crosslinking of
the protein molecules and insolubilization of the exposed areas [23]. The mechanism of
dichromated gelatin crosslinking is illustrated in Figure 2-1. The two molecular fragments
shown represent simplified amino acids. The amino acids themselves are polymerized
amides; the repeated amide group is the carbon atom, doubly-bonded to an oxygen and singly-
bonded to a nitrogen. The Cr(IIl) ion serves as a coordination center, linking together the
amide groups from different molecules. As a general rule, crosslinking of a polymer causes a
decrease in solubility, though if the crosslinking is sparse, solvent can still penetrate the
polymer network and cause swelling.

The development of polymer chemistry led to the creation of synthetic
crosslinkable polymers which found wide application in printing technology, and have largely
supplanted the use of dichromated gelatin (DCG) as a negative resist. However, this natural
polymer system is still widely thought to be the best holographic medium for many
applications.
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B. Photopolymerization

Unlike the photosensitive polymer resists, which exploit the photo-induced
crosslinking of an existing polymer, photopolymerization systems use light to initiate the
chemical reaction that creates a polymer from its monomer building blocks. A survey of the
literature will show that almost all holographic polymer systems are based on
photopolymerization reactions, and that almost always this reaction is of the type known as
radical chain polymerization or vinyl polymenmuon Furthermore, the holographic polymers
in widespread use are almost all based on the reactions of acrylic acid and related compounds
that can be dye-sensitized to polymerize under the influence of visible light.

1.  Acrylic Acid

As a basis for understanding radical polymerization, it is best to first look at
the structure of the acrylic acid molecule shown in Figure 2-2. Acrylic acid is one of numerous
carboxylic acids, which owe their acidity to the characteristic carboxylic (COOH) group.
Acrylic acid is the simpiest of the unsamrated carboxylic acids; unsaturated means that it
contains a double carbon bond. This carbon-carbon double bond is a prerequisite for radical
chain polymerization [34]. The acrylic monomer in Figure 2-2 is converted to the repeating
sub-unit of poly(acrylic acid) shown in Figure 2-3 by "opening” the carbon double bond for
linking with the next acrylic monomer [35]. Although reaction kinetics will determine the
length of the polyacrylic chain, there is no theoretical maximum to the length that the molecule
can reach.
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In this research, acrylic acid is more than an academic example; almost all of
the known holographic photopolymerization systems employ monomers that are salts or
esters derived from acrylic acid. Esters are formed by the reaction of alcohols with the
carboxylic acid group; likewise, salts form in the normal manner, with a positive metallic ion
replacing the hydrogen in the carboxylic group. In either case, the formation of the long-chain
carbon backbone from the unsaturated monomers is much the same. The esters of acrylic acid
are widely used in industry to form polymers, especially poly(methyl methacrylate), which is
better known as Plexiglass. Poly(acrylic acid) itself seems to be used mainly in floor
polishes.

2.  Radical Chain (Vinyl) Polymerization

Radical chain polymerization is a multi-step chain reaction in which free
radicals promote the growth of long polymer chains from monomers [36]. Free radicals are
molecular fragments with an unpaired electron capable of forming a covalent bond. The
reaction begins with the initiation step, in which a free radical is formed (usually by the
thermal or photochemical decomposition of a molecule called the initiator) and bonds itself to
a monomer molecule. This radicalized monomer is now itself a radical, and it begins the step
of propagation, in which it reacts one-by-one with more monomer molecules to form an ever-
larger radicalized macromolecule. Finally, in the termination step, the radical is neutralized
by reaction with oxygen or another radical, and the growth of the molecule stops.

The initiation step can be illustrated by the polymerization of acrylic acid as
initiated by benzoyl peroxide. This reaction was one of the first radical polymerization
processes to be discovered, partly because the peroxide is a commonly occurring impurity in
the monomer. The reaction can proceed spontaneously in acrylic acid exposed to light or heat;
the polymerization is exothermic, and can be quite violent, even explosive [37]. Benzoyl -
peroxide is a bilaterally symmetric molecule that can dissociate into two equal halves when
excited by thermal excitation or a UV photon. The two halves undergo a further
decomposition, yielding free radicals, as shown below:

(CsHsCOO), — 2CHsCOO — 2CsHs +2C0;

(The dot after a chemical formula indicates a free radical.) The following short-hand notation
is often used for the formation of a radical R-, such as benzoyl peroxide from an inidator, I:

I 2R

However, note that in dye-sensitized photopolymerization, to be discussed later, usuaily only
one active free radical is formed from each initiasor molecuie.

Once a free radical is formed, it is effective in initiating polymerization only if
it bon-< to a monomer and regenerates the radical. The initiation of an acrylic acid molecule
by a geueric radical is shown in Figure 2-4. The carbon-carbon double bond is opened to form
a bond with the radical fragment, and one carbon is left with an unpaired electron, ready to
bond with the next monomer it encounters. This propagation stage can continue for as long
as the growing polymer maintains its radical character.
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Figure 2-4: Radical initiat ¢ lic acid

The termination of the polymer molecule growth is generally due not to total
consumption of all monomer present, but rather to reactions between radicals. When two
radicals meet, they react either by combination, in which the two polymer chains are joined
head to head by a carbon bond, or by disproportionation, in which a hydrogen is transferred
from one chain to another. In disproportionation, the two chains remain separate; one
terminates in a single bond, the other in a double bond. Termination of a chain can also occur
when a radical is "poisoned” by reaction with atmospheric oxygen.

3. Dye-Sensitized Photopolymerization

The fission of benzoyl peroxide and other "classical" initiators into free
radicals can be stimulated by UV photons, but not by visible light. The formation of free
radicals by visible light requires a sensitizing dye which engages in reactions with one or
more intermediate steps. Some of the first polymerization systems of this type were found by
Oster [38]. He found that some dyes initiated polymerization of common monomers
(acrylates, styrene, etc.) in the presence of atmospheric oxygen and a reducing agent. When
excited by the absorption of a photon, the dye molecule abstracts one or more protons from
the reducing agent. Oster hypothesized that the reduced dye molecule then reacted with

atmospheric oxygen to yield polymerization-initiating hydroxyl radicals (OH-).

In a recent review of dye-sensitized photopolymerization, [39] one finds that
there has been a re-evaluation of Oster's proposed mechanisms; in particular, the reactions
that required oxygen may have been due primarily to the formation of atomic oxygen by
reaction with excited dye molecules, with the subsequent formation of radical peroxides.
Nonetheless, a number of visible light initiating systems are known in which an excited dye
molecule abstracts hydrogens from the reducing agent, transforming one molecule of the
reducing agent into a potent radical [23]. A reaction of this type is the initiator in Polaroid's
DMP-128 holographic photopolymer.
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The discovery of dye-sensitized polymerization excited considerable interest
in the photographic community. It was thought that the sensitivity might match or exceed
that of silver halide materials, since the free radical produced by a single photon could
polymerize a large number of monomers, just as the reduction of a few silver atoms can
catalyze the reduction of an entire photographic grain. In one of Oster's systems [38],
acrylamide monomer served as both monomer and reducing agent, with the vitamin riboflavin
serving as the sensitizing dye. In the resulting polymerization, over 4,000 monomer
molecules were converted to polymer for each photon absorbed by the system. This gain
mechanism is important in determining the sensitivity of holographic photopolymers.

4. Photopolymerization Kinetics

As noted before, a propagating polymer chain continues to grow until
terminated by combination or disproportionation. The length of the chain, and thus the gain of
the light-sensitive system, is determined by the relative rates of initiation, propagation, and
termination. Though the reaction kinetics of photopolymerization systems can be quite
complex, there are realistic simplifying assumptions that lead to useful models of
photopolymerization rates. The most important assumption is the steady-state, or
stationary-state condition [40]. This con