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Abstract Photopolymer materials are practical materials

for use as holographic recording media due to the fact that

they are inexpensive, self-processing materials with the

ability to record low loss, highly diffraction efficient volume

holographic gratings. In general these materials absorb light

of an appropriate wavelength, causing photo-polymerization

of the local monomer, inducing a change in the material’s

refractive index. These small changes in refractive index

enable the storage of large quantities of data using holo-

graphic techniques. In an attempt to further develop the data

storage capacity and quality of the information stored, i.e.,

resolution, in such materials, a deeper understanding of the

photochemical mechanisms present during the formation of

holographic gratings has become ever more crucial. From

this understanding the response of an acrylamide/poly-

vinylalcohol based photopolymer to high spatial frequency

information is improved through the addition of a chain

transfer agent, i.e., sodium formate, HCOONa.

Introduction

In recent years, free-radical photopolymer materials have

received a great deal of attention for many applications

such as holographic data storage [1, 2]. Their versatility,

ease of use, and self-processing ability give them many

advantages over more traditional materials such as silver

halide and DCG [3]. While the electromagnetic modelling

of scatter by ‘thick’ volume holograms has received a great

deal of attention in the literature [4], the formation of these

gratings in free radical photopolymer materials has

received significantly less attention.

Much of the work discussed in this paper involves

developing a fuller understanding of the formation pro-

cesses that occur during the optical recording of unslanted

volume holographic gratings. In order to further improve

the performance of photopolymer materials, for applica-

tions such as holographic data storage and embedded pho-

topolymer waveguides, a complete and physically realistic

theoretical model of the photochemical processes that occur

during photo-polymerization must be developed. A study of

the photochemical kinetics involved during holographic

recording in an acrylamide/polyvinylalcohol (AA/PVA)

based photopolymer material is presented [5–7]. Specifi-

cally we aim to increase the understanding of what takes

place inside the material during holographic recording. We

thus aim to extend the validity of our theoretical model, the

Non-Local Photopolymerization Driven Diffusion (NPDD)

model, based on this improved understanding.

Recording information holographically in photopoly-

mers, typically involves the material being exposed with a

coherent light field, (i.e., from a laser source), containing

information which is to be optically stored. The ability of

the photopolymer being examined to record this informa-

tion is what determines its quality as a storage medium. In

order to holographically test photopolymers in a repro-

ducible fashion, the material is typically exposed to a

simple sinusoidal interference pattern of a suitable

wavelength.
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When coherent light interferes, bright and dark fringes

are produced as a result of constructive and destructive

interference, as in Fig. 1a where I(x) is the exposing irra-

diance as a function of space. Exposing the photopolymer

material, as illustrated in Fig. 1b, to this interference pat-

tern causes polymerization to occur most strongly in the

regions of high intensity, i.e., where constructive interfer-

ence occurs (bright regions). As monomer is consumed in

these regions due to polymerization, a monomer concen-

tration gradient is created. The excess monomer in the

weakly illuminated regions (dark regions) begins to diffuse

into the brighter regions in order to eliminate the concen-

tration gradient, as indicated in Fig. 1c. This results in a

sinusoidal polymer concentration distribution. Assuming

all the monomer is converted to polymer (which in general

has a higher refractive index), a variation of the refractive

index of the material will be formed, which is proportional

to the polymer concentration distribution.

The NPDD model predicts the high-spatial frequency

roll-off, which has been observed experimentally, by

assuming spatially non-local chain growth [6–8]. High-

spatial frequency roll-off occurs when growing polymer

chains propagate into regions where refractive index vari-

ations are undesired, i.e., outside the region where the

information is being stored, (the dark regions of the

interference pattern). This prediction suggests that a

reduction in the average polymer chain length, which is

grown during photo-polymerization, would reduce the non-

locality of the polymer chains, and hence improve the

spatial frequency response of a given photopolymer

material, i.e., keeping polymer chain growth localized to

the bright regions of the exposure. Specifically we aim to

achieve this reduction in non-local chain growth with the

introduction of a chain transfer agent (CTA), sodium

formate.

In order to systematically present the result of this study,

the paper is structured as follows: In ‘‘Photochemical pro-

cesses’’ section, we first discuss the photochemical reac-

tions, which determine the mechanisms present during

grating formation. A flow chart of these processes is pre-

sented, which succinctly summarizes these photochemical

reactions. In ‘‘Model development’’ section, we further

develop the theoretical NPDD model to incorporate the

photochemical mechanisms presented in ‘‘Photochemical

processes’’ section. Then simulations of the behavior of the

monomer, polymer, and refractive index changes within the

material are presented to illustrate the photochemical reac-

tions, which occur during holographic grating formation. In

‘‘Experimental examination’’ section, we briefly review the

experimental preparation of the photopolymer samples,

(with and without CTA present), and the experimental

techniques used to optically test the performance of these

materials. In ‘‘Model predictions’’ section, the extended

NPDD model is fit to experimental data using a numerical

least squares fitting algorithm in order to compare the per-

formance of the two materials under examination, i.e.,: (a)

The standard AA/PVA photopolymer; and (b) the AA/PVA

photopolymer with CTA. Estimations of the parameter

values associated with the photochemical reactions are then

extracted using a fitting algorithm and the results are pre-

sented and discussed. Finally a brief conclusion is given.

Photochemical processes

Review of kinetic models

Many of the models presented in the literature involve the

assumption of a pseudo-steady state approximation for

macroradical concentration [9]. They operate by setting the

rate of generation of radicals through photo-initiation,

equal to the rate of bimolecular termination. This results in

the polymerization rate (Rp) being given by the expression

Rp ¼ kp M�½ � M½ � ¼ kp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/Ri=kt

p

M½ � ð1Þ

where kp and kt are the kinetic constants of propagation and

termination, respectively, Ri is the rate of decomposition of

the initiator species, / is the initiator efficiency and M and

M� are the instantaneous concentrations of monomer and

of all macroradicals, respectively. The term macroradical

refers to all growing polymer chains, i.e., n [ 0 monomer

units that have an active tip [10].

When a photopolymer material with a low initiator

concentration is exposed to a moderate intensity, the linear

dependence between polymerization rate, the monomer

concentration, and the square root dependence on the rate

(b)

(c)

Monomer Polymer

I(x)
(a)

x

Fig. 1 Grating formation in a photopolymer material: (a) illustrates

the sinusoidal illuminating intensity distribution at the photopolymer

plate; (b) represents the photopolymer before recording; and (c)

represents the photopolymer during recording including monomer

diffusion effects
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of initiation, has been found to agree quite well with

experimentally determined rates [5, 11]. In this case, the

concentration of primary or initiator radicals, R�, (radicals

derived directly from photo-cleavage of the initiator mol-

ecule), is very low, and as a result macroradicals, M�n [7,

10, 12], are much more likely to undergo termination

involving another macroradical, i.e., bimolecular termina-

tion (chain–chain), rather than termination with a primary

radical i.e., primary termination (chain–primary radical).

Under these conditions, the steady state assumption is valid

and Eq. 1 describes the polymerization kinetics well.

However, studies have shown [13–15], that at high ini-

tiation rates, the dependence on initiation drops below that

predicted by the square root dependence in Eq. 1. In this

case, the steady state assumption is violated and the devi-

ation from the ideal kinetic behavior described by Eq. 1

becomes pronounced. These effects have been attributed to

a phenomenon known as primary radical termination, i.e.,

primary termination, [13–15]. At these higher initiation

rates, there is a significantly larger primary radical con-

centration, which, as a result, increases the likelihood of

primary termination. Furthermore, since the primary radi-

cals can act to limit the build-up of macroradicals, they can

effectively reduce the increase in the polymerization rate

that is normally seen during autoacceleration [10].

To proceed, we begin by presenting a consistent set of

chemical reaction equations, which allow us to: (i) remove

the steady state approximation for macroradical concen-

tration; (ii) include spatially and temporally non-local

polymer chain growth; (iii) include time varying photon

absorption; (iv) simultaneously include the effects of both

primary, i.e., R�–M�, and bimolecular, i.e., M�–M�, ter-

mination; and (v) include polymerization inhibiting effects.

Reaction mechanisms

The kinetic model presented in this analysis is based upon

the following four reaction processes,

I. Initiation

I�!hm
2R�; ð2aÞ

R� þM�!ki
M�1 ¼ Chain Initiator: ð2bÞ

II. Propagation

M�n þM�!
kp

M�nþ1 ¼ Growing Polymer Chain: ð3Þ

III. Termination

M�n þ M�m�!
ktc

Mnþm ¼ Dead Polymer, ð4aÞ

M�n þM�m�!
ktd

Mn þMm ¼ Dead Polymer, ð4bÞ

M�n þ R��!
ktp

MnR ¼ Dead Polymer: ð4cÞ

IV. Inhibition

R� þ Z�!
kz;R�

Rþ Z�; and=or RZ�ð Þ ¼ Scavenged Radical:

ð5aÞ

M�n þ Z�!
kz;M�

Mn þ Z�; and=or MnZ�ð Þ ¼ Dead Polymer:

ð5bÞ

In the above set of chemical equations, I is the initiator

concentration, hm indicates the energy absorbed from a

photon, M is the monomer concentration, Z is the inhibitor

concentration, Mn, Mm, Mnþm, MnR, and MnZ� represent

polymer species with no active propagating tip, i.e., Dead

Polymer. The term Dead Polymer signifies the cessation of

the growth of a propagating macroradical of n monomer

units, [10], while the term Scavenged Radical signifies the

removal of a primary radical, [10, 11, 16–18].

Initiation

The initiation process involves two steps: The first step is

the production of free radicals, Eq. 2a. This occurs when

dye molecules are exposed to light of a suitable wave-

length, they absorb photons of light and are promoted to

their excited states. These excited states then react with the

electron donor to produce a pair of radicals, R•. If we

consider a grating formed by the interference of two plane

waves, the spatial distribution of irradiance is co-sinusoi-

dal, (see Fig. 1), [4–9, 11, 12], and the governing Eq. 2a,

for the rate of primary radical production can be given as

Ri x; tð Þ ¼ Ri tð Þ 1þ V cos Kxð Þ½ � ¼ 2UIa tð Þ 1þ V cos Kxð Þ½ �;
ð6Þ

where U is the number of primary radicals produced per

photon absorbed, the inclusion of the factor of two follows

the convention that indicates that two primary radicals are

produced for every photon absorbed, [10, 19], V is the

fringe visibility, K = 2p/K, the grating vector magnitude,

and K is the grating period. The time varying absorbed

intensity, Ia tð Þ (Einstein/cm3 s), is given by an adaptation

of the Lambert–Beer equation,

Ia tð Þ ¼ I00
d

exp edA0ð Þ � 1½ � exp �e/I00t
� �

1þ exp edA0ð Þ � 1½ � exp �e/I00t
� �

( )

; ð7Þ

where d (cm) is the layer thickness, A0 (mol/cm3) is the

initial photosensitizer concentration, / (mol/Einstein) is

the quantum yield, and e (cm2/mol) is the molar absorption
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coefficient. I00 ¼ Ii
k

Nahc

� �

Tsf (Einstein/cm2s) is the exposure

intensity, where Ii (mW/cm2s) is the incident intensity,

Na = 6.02 9 1023 mol-1 is Avogadro’s constant, c =

3 9 108 ms-1 is the speed of light, h = 6.62 9 10-34 Js is

Plank’s constant, and Tsf is an experimentally estimated

loss parameter, which takes into account Fresnel and

scattered losses. A simple simulation of the variation of

absorbed intensity in time and space can be observed

in Fig. 2 where it is assumed that e = 2 9 108 cm2/mol,

/ = 0.021 mol/Einstein, d = 110 lm, and Tsf = 0.74

[18, 19].

The second step, in the initiation process is chain initi-

ation, Eq. 2b, in which the primary radicals produced due

to the absorption of photons react with the monomer to

produce the chain initiating species M�1 , [10]. The kinetic

rate constant for this step is ki (cm3 mol-1 s-1), i.e., the

chain initiation kinetic constant.

Propagation

The propagation step described in Eq. 3 shows a monomer

being added to a growing macroradical chain of n repeat

monomeric units, where the propagation rate kinetic con-

stant is denoted by kp (cm3 mol-1 s-1), see the flow chart

in Fig. 3.

Termination

In Eqs. 4a–4c three possible termination reactions are

presented. Equations 4a and 4b represent the bimolecular

termination mechanisms, where two growing macroradi-

cals come together and terminate. This method of termi-

nation can occur by either combination (ktc), Eq. 4a, or by

disproportionation (ktd), Eq. 4b. Since the specific mode of

termination does not effect the polymerization kinetics

both will be treated in this analysis using a single lumped

rate constant, kt = ktc ? ktd, (cm3 mol-1 s-1), see Fig. 3.

Equation 4c presents the third possible termination

mechanism, primary radical termination. In this step, a

growing macroradical reacts with a primary radical to form

an inactive polymer chain or Dead Polymer. The kinetic

rate constant for this step will in general be different to that

for the bimolecular termination step for two main reasons:

(a) the reactivity of the primary radical can be very dif-

ferent to that of the chain end radical, (radical reactivity

can depend on molecular size [10]); and (b) the primary

radicals will be much more mobile as they are much

smaller than the growing macroradicals and therefore the

diffusion controlled effects, (caused by viscosity changes

due to polymerization), of the two reactions will be quite

different. In the analysis presented here the effects of pri-

mary radical recombination will be neglected as it has been

shown that these events are negligible when compared to

other polymerization kinetic reaction, [13, 20].

Inhibition

The final reaction mechanism, presented in Eqs. 5a and 5b,

is inhibition caused by the reaction of the primary radicals

and macroradicals with inhibitors, such as initially dis-

solved oxygen in the photopolymer material, [7, 10, 11,

16–18]. These radical-consuming reactions tend to:
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Fig. 2 Plot of the time varying absorbed intensity in Einsteins/cm3s
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(i) suppress the creation of macroradicals by scavenging

primary radicals, Eq. 5a; and/or (ii) to inhibit the macro-

radicals that are created, Eq. 5b.

This process therefore acts to stop the production of

polymer chains and most obviously causes an inhibition or

dead-band period at the start of grating growth. This

inhibition period will continue until there is a sufficiently

low concentration of inhibitor in the material to allow

polymerization to occur, [7, 10, 11, 16–18]. The kinetics

presented in Eqs. 5a and 5b, are simplified by assuming

that Z�, MZ�, and RZ� do not reinitiate polymerization and

also that they terminate without regeneration, i.e., they are

removed from any possible future reactions.

In order to succinctly summarize all of the major pho-

tochemical processes discussed in this section, a flow chart

is presented in Fig. 3.

Model development

Based on the analysis of the photochemical mechanisms

presented in ‘‘Photochemical processes’’ section, we now

combine these reactions into the associated coupled dif-

ferential equations in both time and space for the main

components of the material. These consist of: primary

radicals (R•), macroradicals (M•), monomer (M), polymer

(P), and an inhibitor (Z).

Previously, [7, 10, 11, 16, 18], it was assumed that the

effect of inhibition during exposure was due solely to the

initially dissolved oxygen present within the photopolymer

layer. However, when the photopolymer is exposed to a

sinusoidal interference pattern, the initial concentration of

dissolved inhibiting oxygen reacts with the primary radi-

cals produced in the bright illuminated regions. This non-

uniform irradiance of the exposing intensity pattern, see

Fig. 1, causes inhibitor concentration gradients, and hence

a diffusion of oxygen from the dark unexposed regions to

the bright exposed regions occurs. As the relative size of

oxygen molecules is small compared to the surrounding

material components, it can be assumed that the oxygen is

relatively free to diffuse rapidly [17], resulting in a one-

dimensional standard diffusion equation for the concen-

tration of inhibitor which can be represented by,

dZ x; tð Þ
dt

¼ d

dx
Dz

dZ x; tð Þ
dx

� �

� kz;R�Z x; tð ÞR� x; tð Þ

� kz;M�Z x; tð ÞM� x; tð Þ; ð8Þ

where Z is the instantaneous inhibiting oxygen concentra-

tion and Dz is the diffusion constant of oxygen in the dry

material layer, which in this analysis will be assumed to be

time and space independent. The inhibition rate constants,

kz;R�and kz;M� , in the reactions presented in Eqs. 5a and 5b,

will in general have different values (of reactivity) due to

the differences in their relative molecular sizes, [10],

however in this analysis, for the sake of simplicity they will

be treated as being equal, i.e., kz ¼ kz;R� ¼ kz;M� . The initial

condition for this diffusion equation is Z x; 0ð Þ ¼ Z0, for

�1\x\1, where Z0 is the initial concentration of dis-

solved oxygen which can be measured using a dissolved

oxygen probe.

Analyzing the photochemical reactions for the genera-

tion and removal of primary radicals yields the governing

equation of its concentration in time and space,

dR� x; tð Þ
dt

¼ Ri x; tð Þ � kiR
� x; tð Þu x; tð Þ � ktpR� x; tð ÞM� x; tð Þ

� kzR
� x; tð ÞZ x; tð Þ;

ð9Þ

where u(x,t) is the free-monomer concentration, (denoted

earlier by M). This equation states that the rate of change of

primary radical concentration is equal to the amount of

primary radicals generated by photon absorption, Eq. 6,

minus the amounts removed by: (a) the initiation of mac-

roradicals; (b) primary termination with growing polymer

chains; and (c) inhibition by oxygen, see Eqs. 2b, 4c, and

5a, respectively.

Including both types of termination mechanism (primary

and bimolecular) and the effects of inhibition, the equation

governing macroradical concentration is

dM� x; tð Þ
dt

¼ kiR
� x; tð Þu x; tð Þ

� 2kt M� x; tð Þ½ �2�ktpR� x; tð ÞM� x; tð Þ
� kzZ x; tð ÞM� x; tð Þ; ð10Þ

where the squared term represents the effect of bimolecular

termination. The generation term in this equation appears

as the removal term due to macroradical initiation in Eq. 9.

When the layer is exposed to the interference pattern,

monomer reacts with the primary radicals produced by

photon absorption. The non-uniform irradiance creates

monomer concentration gradients as discussed earlier, and

as a result monomer diffuses from the dark regions to the

monomer depleted exposed regions. This enables us to

represent the monomer concentration using the following

one-dimensional diffusion equation,

du x; tð Þ
dt

¼ d

dx
Dm x; tð Þdu x; tð Þ

dx

� �

� kiR
� x; tð Þu x; tð Þ

�
Z

1

�1

G x; x0ð ÞF x0; tð Þu x0; tð Þdx0; ð11Þ

where F(x,t) is the polymerization rate and Dm(x, t)

represents the monomer diffusion constant, [6–8, 12, 21].

G(x,x0) is the non-local material spatial response function:
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G x; x0ð Þ ¼ 1
ffiffiffiffiffiffiffiffi

2pr
p exp

� x� x0ð Þ2

2r

" #

; ð12Þ

where r is the constant non-local response parameter

normalized with respect to the distance between consecu-

tive bright fringes (period), K, [6–8, 12]. This non-local

response function represents the effect of initiation at

location x0 on the amount of monomer polymerized at

location x, [6–8, 12]. The initial monomer concentration

for �1\x\1 is u x; 0ð Þ ¼ U0 (mol/cm3).

In previous theoretical models, which were based upon

the steady state approximation presented in Eq. 1, there is a

square root dependence of polymerization rate on the rate

of initiation. Therefore in order to fully remove the steady

state assumption it is necessary to suitably adjust the rep-

resentation for the polymerization rate, so that it is

expressed as a function of the solution to the non-steady

state equation for monomer radical concentration, Eq. 10.

In this case we obtain

F x; tð Þ ¼ kpM� x; tð Þ; ð13Þ

where kp is the propagation rate. The spatial distribution of

the polymerization rate is accounted for by the generation/

production of primary radicals in the areas exposed by the

co-sinusoidal irradiance, Eq. 6.

The concentration of polymerized monomers after an

exposure of duration t is given by

N x; tð Þ ¼
Z

t

0

Z

þ1

�1

G x� x0ð ÞF x0; t0ð Þu x0; t0ð Þdx0dt0; ð14Þ

where N represents the concentration of polymerized

monomer.

As the generation of both the primary radicals, monomer

radicals, polymer and the removal of monomer and

inhibiting oxygen are dependent upon the spatial distribu-

tion of exposure irradiance; their concentrations will also

be periodic even functions of x. Thus, the expressions in

Eqs. 8–11, can all be written as Fourier series

X x; tð Þ ¼
X

1

j¼0

Xj tð Þ cos jKxð Þ; ð15Þ

where X represents R�, M�, u, Z, N, and Dm. A set of first

order coupled differential equations can then be obtained

by gathering the coefficients of the various co-sinusoidal

spatial contributions and writing the equations in terms of

these time varying spatial harmonic amplitudes. Assuming

that harmonics of order greater than j = 3 are negligible,

we obtain sets of first-order coupled differential equations,

which must be solved with the following initial conditions,

Z0 t ¼ 0ð Þ ¼ Z0, u0 t ¼ 0ð Þ ¼ U0, A0 t ¼ 0ð Þ ¼ A0, un [ 0

t ¼ 0ð Þ ¼ R�n [ 0 t ¼ 0ð Þ ¼ 0, and M�n [ 0 t ¼ 0ð Þ ¼ Nn [ 0

ðt ¼ 0Þ ¼ 0.

Experimental examination

Material composition and preparation

A typical photopolymer material consists of a photosensi-

tizer, an electron donor, a monomer, a cross-linker, and a

binder. They can be made sensitive to a particular wave-

length by using a particular photosensitive dye. In this

study the chosen photosensitiser used is Erythrosin B,

therefore holographic recording was carried out using

a green Solid-State Crystal Laser of wavelength,

k = 532 nm.

Our standard AA/PVA material was made using the

components listed in Table 1 with the exclusion of the

chain transfer agent, Sodium Formate, HCOONa. The

material can be prepared as follows:

(a) Ten gram of PVA (binder) was added to 100 cm3 of

deionized water and dissolved using a heater/stirrer.

This solution is then allowed to cool and 70 cm3 of

this solution is transferred into a beaker.

(b) A total of 8 cm3 of Triethanolamine (electron donor)

was added to the PVA solution and stirred

thoroughly.

(c) A total of 2.4 g of Acrlyamide (monomer) and 0.8 g

of Bis-acrylamide (cross linker) were added to the

PVA solution under a fume cupboard and stirred until

completely dissolved. In order to include the chain

transfer agent into the standard material composition,

Table 1 Components and volume fractions of the material make up

Component Function Mass (g) Density (g/cm3) Volume (cm3) Standard volume fraction Volume fraction with CTA

PVA Binder 7 1.3 5.384615 0.333025 0.32797

AA Monomer 2.4 1.122 2.139037 0.132294 0.13028

BA Cross-linker 0.8 1.24 0.645161 0.039902 0.03929

TEA Donor 8.992 1.124 8 0.49478 0.48727

HCOONa CTA 0.48 1.92 0.25 0 0.01522
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0.48 g of Sodium Formate would be added to the

mixture at this point.

(d) A total of 16 cm3 of 2 9 10-4 M Erythrosin B

(photosensitizer) is added to the beaker. This step and

subsequent steps were carried out under a safety light,

as the material is now sensitive to green light.

(e) The solution is then made up to 100 cm3 in a

volumetric flask with de-ionized water.

(f) The solution is then stored in the dark ready for plate

preparation.

To prepare dry material layers for holographic recording

the solution prepared above is used as follows:

(1) The glass substrates are placed on a level surface so

that the photopolymer layers would adhere to the

glass evenly, producing a layer of uniform thickness.

(2) A total of 2 cm3 of the photopolymer solution is then

deposited evenly over the area of the glass plate using

a syringe drop casting.

(3) Using this method the typical material thickness is

100 ± 10 lm. Different thicknesses can be obtained

by depositing different quantities of material. The

thickness and uniformity of these layers can be

measured using a micrometer screw gauge or using

transmission theory.

(4) The plates are then left in the dark for approximately

24 h until dry. Drying times are dependent on the

thickness of the material and the relative humidity.

(5) Once dried the plates are stored in a lightproof

desiccator ready for use.

Holographic setup and testing

In the study of holographic recording materials it is com-

mon to record gratings in photosensitive materials, such as

photopolymers, and to then optically examine the resulting

grating formation, see Fig. 4. The gratings produced are

often modelled using Kogelnik’s two-wave coupled wave

theory, [22], which describes the efficiency with which

thick (volume) holograms can diffract incident light, Iin.

Analytic expressions for both the angular and wavelength

dependence of the diffraction efficiency, g(t) as the inci-

dent light deviates from the Bragg condition are derived.

Thus the dependence of the diffraction efficiency,

g(t) = ID(t)/Iin, where Iin and ID(t) are the incident and

diffracted probe beam intensities, respectively (see Fig. 4),

on a number of grating parameters is known. For a lossless,

unslanted volume transmission geometry grating, replayed

on-Bragg with TE polarized probe light, an expression for

the time variation of the refractive index modulation can be

obtained,

n1 tð Þ ¼ k cos h
pd

sin�1

ffiffiffiffiffiffiffiffiffiffi

ID tð Þ
Iin

s

" #

; ð16Þ

where d represents the material layer thickness, h and k are

the Bragg angle and wavelength of incident probe beam

inside the grating. In deriving Eq. 1 all boundary reflec-

tions have been neglected. As discussed earlier in ‘‘Intro-

duction’’ section, the refractive index modulation n1(t) can

be assumed to be proportional to the amount of polymer

generated. This relationship can be represented by the

expression, n1 tð Þ ¼ CpN1 tð Þ, where Cp is a constant of

proportionality and N1(t) is the first harmonic of polymer

concentration, see Eq. 14, [7, 23]. Therefore, monitoring

the intensity of the resulting probe diffracted beam, ID(t),

and thus the diffraction efficiency, enables the calculation

of the strength of the grating, i.e., the refractive index

modulation, n1. Therefore, it is possible to monitor the

grating formation (growth curve) by recording the intensity

of the diffracted beam, ID(t), as suggested by Eq. 16. From

this, knowledge about the temporal evolution of the poly-

mer concentration is known and therefore using the pho-

tochemical model developed in ‘‘Model development’’

section, information about the relative rates of reactions, of

the other species within the material can be obtained, i.e.,

Ri(x,t), F(x,t), etc.

One of the main advantages of many photopolymer

materials is that they are self-processing and thus, non-

latent, therefore the diffractive scattering properties are

immediately available as the grating is being formed. This

allows the evolution of the grating to be monitored by

replaying the grating as it is being recorded using a probe

SF

D2

BS 

D1

Sample Holder 

532 nm 

633 nm 

CL 

SFCL

Shutter Controller 

SH

To PC

To PC

PC

HeNe Laser 

Semiconductor
Laser

θ

Motion Control via PC 

Iin

ID

M1

M2

M3

Fig. 4 Typical experimental set-up used to record unslanted volume

transmission holographic gratings with a recording wavelength of

k = 532 nm. CL collimating lens, SH electronic shutter, SF spatial

filter, D1 and D2 power meter detectors, BS beam splitter, M1, M2, and

M3 mirrors
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laser with a wavelength, which lies outside the absorption

spectrum of the photosensitizer used. This ensures that

probing does not affect the fabrication process. In the set-

up presented in Fig. 4 the probe laser is a HeNe laser

operating at k = 633 nm, i.e., outside the absorption

spectrum of the photosensitizer, Erythrosin B.

Model predictions

The predictions of the model presented in ‘‘Model devel-

opment’’ section are now discussed. Numerical results

describing the behavior of the monomer and polymer

concentrations are examined, and n1 tð Þ is then calculated

using the relation, n1 tð Þ ¼ CpN1 tð Þ. Comparisons of the

results of simulations performed retaining 4, 8, and 12

concentration harmonics are made in order to assess the

numerical convergence of retaining higher harmonics of

the Fourier Series expansion, see Eq. 15.

Since all the simulations presented in this section are

generated assuming the same exposure intensity and

material thickness, the values used to predict the time

variation in absorbed intensity, Eq. 7 are as follows;

e = 2 9 108 cm2/mol, / = 0.021 mol/Einstein, and

Tsf = 0.74. U = 0.2, is the number of radicals produced

per photon absorbed, Eq. 6. These values appear in the

literature, [16, 19], and were estimated from fits to standard

AA/PVA experimentally data. The coupled differential

equations derived and presented in ‘‘Model development’’

section, are then solved using the aforementioned initial

conditions, where U0 = 2.83 9 10-3 mol/cm3 and Z0 =

1 9 10-7 mol/cm3. The other parameters used are as fol-

lows: kp = 1.6 9 106 cm3 mol-1 s-1, kt = 9 9 107 cm3

mol-1 s-1, ktp = 1 9 1011 cm3 mol-1 s-1, ki = 5 9 107

cm3 mol-1 s-1, Dm = 2 9 10-11 cm2 s-1, kz = 5 9

108 cm3 mol-1 s-1, and Dz = 5 9 10-8 cm2 s-1. The

spatial frequency assumed in these simulations is

1000 lines/mm, and the non-local response length chosen

to be
ffiffiffiffi

r0
p

= 54 nm, [6–9, 12, 23].

Plots of the amplitudes of the first two harmonics of the

monomer and polymer concentrations, as a function of

time, are presented in Figs. 5 and 6, respectively. In both

plots the solid line represents the solutions when 4 har-

monic, i.e., R�j , M�j , and uj for 0 \ j \ 4, are retained

during the numerical solution of the coupled differential

equations, the short dashed lines represent the solutions

generated with the retention of 8 harmonics, and the long

dashed lines represent the solutions generated with 12

harmonics. In all cases two harmonic of the inhibitor

concentration, i.e., Zj for 0 \ j \ 2, is retained.

As can be clearly seen in both figures there is good

general agreement between the simulations generated using

4, 8, and 12 harmonics. For both the monomer and the

polymer concentration harmonic amplitudes the differ-

ences between the 4 and 8 harmonic simulations, (2.5%

max), are greater than those between the 8 and 12 harmonic

simulations, (1% max). This suggests that the system is

numerically stable and that the model converges rapidly

with the inclusion of higher order harmonics.

In order to simulate the temporal evolution of grating

refractive index modulation for 4, 8, and 12 harmonics, as

presented in Fig. 7, the proportionality constant was chosen

to be Cp = 1.44 cm3/mol. This proportionality constant is

directly related to the average refractive index of the

material and that of the individual refractive indices of the

components within the material. Again it can be seen that

there is good convergence with the retention of higher

concentration harmonics.

Time (s) 

u0

u1

u
mol/cm3

Fig. 5 Predictions of the amplitudes of the first two harmonics of

monomer concentration, u0 and u1, when 4 (solid line), 8 (short
dashed line), and 12 (long dashed line), harmonics are retained during

the simulations

N0

Time (s) 

N1

N
mol/cm3

Fig. 6 The amplitudes of polymer concentration, N0 and N1, when 4

(solid line), 8 (short dashed line), and 12 (long dashed line),

harmonics are retained

J Mater Sci (2009) 44:6090–6099 6097

123



Results and discussion

We now examine the response of: (a) the standard AA/

PVA photopolymer material; and (b) the AA/PVA photo-

polymer material with added sodium formate CTA, to

different spatial variations in the exposing interference

pattern (spatial frequencies), i.e., examining their ability to

record high frequency information, (high resolution). We

do this by comparing the growth curves and the saturation

values of refractive index modulation for a range of spatial

frequencies. For each spatial frequency examined, growth

curves were recorded with an exposing intensity of

8 mW/cm2, (k = 532 nm) using the set-up described in

Fig. 4. In all cases the diffraction efficiency of the probe

beam (k = 633 nm) was monitored during all of the expo-

sure. An average growth curve, and appropriate error bars,

were identified for each of the spatial frequencies and were

then converted into grating refractive index modulations

using Eq. 1, [22]. The NPDD model was then applied to

calculate the first harmonic of polymer concentration N1(t).

The experimental growth curve data were then fit using

the NPDD model predictions. A least squares algorithm,

(in which the Mean Square Error (MSE) between the

prediction and the experimental data is the cost function

which is minimized), is used to obtain the best fit as a

function of the material parameters values. In this way the

monomer diffusion constant Dm, the propagation rate

constant, kp, the bimolecular termination rate constant, kt,

the refractive index proportionality constant Cp, and the

non-local parameter,
ffiffiffiffi

r0
p

were extracted. To simplify the

exhaustive search, two assumptions were made: (i) the

initiation rate constant, ki, was assumed to be equal to the

propagation rate constant, kp; and (ii) the primary termi-

nation rate constant, ktp, was assumed to be equal to the

bimolecular termination rate constant, kt.

The values e = 2 9 108 cm2/mol, / = 0.021 mol/Ein-

stein, and Tsf = 0.74 from ‘‘Reaction mechanisms’’ section

are again used with the initial concentrations of photo-

sensitizer and inhibitor, A0 = 1.034 9 10-6 mol/cm3, and

Z0 = 1 9 10-7 mol/cm3 for material layers of thickness

d & 100lm. The inhibition rate constant was chosen to be

kz = 1.6 9 109 cm3/mol-s.

The parameters estimated from fitting the NPDD model

to the experimental growth curves for both materials are

presented in Table 2. For each spatial frequency the satu-

ration refractive index modulation value is given, [nsat
1 ], in

the second column of each table. Examining the parameter

estimates for kp, kt, and Cp from both tables, it can be seen

that they are comparable to one another and to values in the

literature [7, 23]. The values obtained for the diffusion

constant Dm, lie within the search ranges and support the

results obtained in our most recent work on diffusion in

photopolymers [7]. For the standard AA/PVA material the

mean non-local response length was estimated to be

approximately
ffiffiffiffi

r0
p

& 63 nm. This value agrees with the

previous estimates in the literature [6–8, 12, 23]. For AA/

PVA with CTA, the corresponding value is
ffiffiffiffi

r0
p

& 50 nm.

This corresponds to a *20%, reduction in the mean
ffiffiffiffi

r0
p

value.

Examining the values of the other parameters extracted

and presented in Table 2 several important points must be

made. First, the quality of the numerical fits achieved in all

cases is all comparably good, with typical MSE values of

*10-10. Second following an exhaustive and independent

Time (s) 

n1

4

8

12

Fig. 7 Comparison of the simulated growth curves for the holo-

graphic grating refractive index modulation, for a 2 mW/cm2

exposure, for 4 (full line), 8 (short dashed line), and 12 (long dashed
line) harmonics

Table 2 Parameter extraction from fits to experimental data for: (a) Standard material (AA/PVA) with no chain transfer agent; and (b) Standard

(AA/PVA) with chain transfer agent material

Material SF (lines/mm)

[n1
sat 9 10-3]

kp (9107)

cm3/mols

kt (91010)

cm3/mols

Dm (910-11)

cm2/s

Cp

cm3/mol

ffiffiffiffi

r0
p

(nm) MSE (910-10)

NO CTA 1000 [1.81] 4.00 0.84 2.00 1.39 56 1.41

2000 [1.01] 4.18 0.65 0.80 1.23 66 1.17

2750 [0.42] 2.09 1.00 0.95 1.10 71 0.54

CTA 1000 [1.85] 4.00 1.14 1.90 1.44 55 1.32

2000 [1.17] 4.00 0.60 0.62 1.30 50 1.46

2750 [0.50] 3.01 1.20 1.10 1.11 55 1.22
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search procedure the mean values of all the other param-

eters estimated remained similar while only the non-local

parameter varied significantly.

To more clearly illustrate the improvement in material

performance, and to demonstrate the quality of our

numerical fits to the data, the results used to produce the

row of parameter values, in Table 2, for the 2750 lines/mm

spatial frequency case, are shown in Fig. 8. The data pre-

sented, and the associated error bars, result from 5 to 10

repetitions of the same exposure in identically produced

and exposed dry layers. For this concentration and type of

CTA an average improvement of *17% in the refractive

index modulation is observed.

Conclusion

Following a detailed discussion of free radical photo-

polymerization, a kinetic model, which includes most of

the major photochemical effects, which take place during

holographic grating formation, has been presented. The

model includes the effects of: (i) non-steady state kinetics;

(ii) spatially and temporally non-local polymer chain

growth; (iii) time varying photon absorption; (iv) multiple

termination mechanisms; and (v) inhibition.

The spatial frequency response of an AA/PVA photo-

polymer has been improved through the addition of a chain

transfer agent (CTA), sodium formate. This improvement

has been confirmed through the estimation of material

parameters using the extended NPDD model. The CTA has

the effect of decreasing the average length of the PA chains

formed, thus reducing the non-local parameter, from 63 nm

to 50 nm. Given that a C–C bond is approximately 0.15 nm

long and that a carbon atom is *0.1 nm long, a PA repeat

unit of length 0.5 nm would not be unexpected. Given that

coiled polymer chains may contain from hundreds to tens

of thousands of repeat units, the lengths predicted by this

model seem physically reasonable.
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