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One of the key predictions of the nonlocal photopolymerization driven diffusion (NPDD) model is that a reduc-
tion in the extent of the nonlocal effects within a material will improve the high spatial frequency response.
The NPDD model is generalized to more accurately model material absorbtivity. By eliminating the necessity
for the steady-state approximation to describe the rate of change of monomer radical concentration, a more
accurate physical representation of the initial transient behavior, at the start of grating growth, is achieved,
which includes the effects of oxygen-based inhibition. The spatial frequency response of an acrylamide/
polyvinylalcohol-based photopolymer is then improved through the addition of a chain transfer agent (CTA),
sodium formate. Using the NPDD model demonstrates that the CTA has the effect of decreasing the average
length of the polyacrylamide (PA) chains formed, thus reducing the nonlocal response parameter, �. Further
independent confirmation of the resulting reduction in the PA average molecular weight is provided using a
diffusion-based holographic technique. © 2008 Optical Society of America
OCIS codes: 090.0090, 090.2900, 090.2890, 160.5470.

m
n
t

m
s
g
(
r
o
t

g
o
e
m
c
t
s
o
p
c
m
l
t
L
t
e
m
a
e

. INTRODUCTION
he storage capabilities of photopolymer materials are
nder constant study due to their ability to record low

oss, highly diffraction efficient volume holographic grat-
ngs. These self-processing materials are inexpensive and
ffer characteristics that make them suitable for commer-
ial use. For practical holographic applications such as
ata storage, a high spatial frequency material response
s necessary, as it is the response to high spatial frequen-
ies that determines the resolution and data storage ca-
abilities.
The nonlocal photopolymerization driven diffusion

NPDD) model has been applied to explain the experi-
entally observed temporal evolution of holographic grat-

ng formation in photopolymers [1–4]. In this paper we ex-
mine experimentally and theoretically the spatial
requency response of a simple acrylamide/
olyvinylalcohol (AA/PVA) based photopolymer material.
xperimental growth curves of unslanted transmission
ratings are recorded in our standard AA/PVA material
ayers for a range of spatial frequencies [1–7]. Theoreti-
ally the NPDD model is extended to allow for the depen-
ence of the rate of polymerization on the absorbed illu-
inating intensity and for inhibition effects. Using our

xtended NPDD model we then fit the experimentally ob-
erved behavior and extract key material parameters.
he NPDD model predicts the high-spatial frequency roll-
ff, observed experimentally, by assuming spatially non-
ocal chain growth [5]. A reduction in the polymer chain
ength will reduce the nonlocality of the polymer chains
nd hence improve the spatial frequency response of the
0740-3224/08/030396-11/$15.00 © 2
aterial. Specifically we aim to achieve this reduction in
onlocal chain growth with the introduction of a chain
ransfer agent (CTA).

We note that introducing a CTA into the photopolymer
aterial can result in several effects. These include (i)

hortening the average length of the polymer chains
rown while increasing the number of individual chains;
ii) causing a change in the average, or modulation of, the
efractive index in the layers; and (iii) decreasing the rate
f diffusion of monomer as a result of a more viscous sys-
em. We discuss these issues later in the paper.

The paper is organized as follows. In Section 2, we be-
in by introducing the process of polymer chain growth in
ur material, the nonlocal chain length variance, and the
ffect of this nonlocality. We also present a set of experi-
ents with the aim of validating the process proposed for

ontrolling the length of polymer chains formed. In Sec-
ion 3, the modified model for a material’s response to ab-
orbed intensity is presented [8] along with estimations of
ur material’s absorption parameters. In Section 4, we
resent the extended NPDD model and the resulting
oupled differential equations governing the harmonics of
onomer and polymer concentrations. In Section 5, simu-

ations of the behavior of the monomer radical and inhibi-
or concentrations are presented. In Section 6, the
orentz–Lorenz relation [9,10] that describes the refrac-
ive index of the material layer is presented along with
xperimental results obtained when it is applied to our
aterial. In Section 7, the experimental procedure for ex-

mining the spatial frequency response of the material is
xplained, and the experimental results obtained are pre-
008 Optical Society of America
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ented and fit using a four-harmonic numerical fitting al-
orithm described in Section 4. A comparison of the per-
ormance of the standard and the CTA containing
aterial compositions are then presented. A brief conclu-

ion is given in Section 8.

. POLYACRYLAMIDE CHAIN GROWTH
ND DIFFUSION
ur standard dry photopolymer layer typically consists of
onomer, binder, cross-linker, an electron donor, and a

hotoinitiator [1,6]. As the material is exposed to the re-
ording beams the monomer is polymerized, and the
mount of polymer formed increases with exposure. When
he material is exposed to an interference fringe pattern,
ore monomer is polymerized in the bright fringes than

n the dark fringes. This nonuniform irradiance distribu-
ion sets up a spatial monomer concentration gradient
nd hence results in diffusion of monomer from the dark
egions into the bright regions [11,12].

. Nonlocal Material Response Function
he polymer chains grow away from the point at which
hey are initiated, and in the adjoining regions the chains
ontinue to remove active monomer. This produces a
meared version of the exposing pattern. If we assume
hat the chains (molecular weight, length) have a general
ormal Gaussian probability distribution characteristic
5], then the extent of the nonlocality, that is, the effects of
nitiation at one point upon polymerization at another, is
uantified in the NPDD model by a nonlocal variance pa-
ameter, �. In our NPDD model a nonlocal material re-
ponse function, R(x, x�; t, t�) is used to represent this
onlocal behavior. The nonlocal response function repre-
ents the effect of initiation at location x� and t� on the
mount of monomer being polymerized at location x and
ime t [5]. If we assume rapid chain growth compared to
ther temporal effects, we can neglect the time nonlocal-
ty, and the response function reduces to R�x ,x�� [1], and
e assume an action-at-a-distance. The Gaussian spa-

ially nonlocal material response function can be given by

R�x,x�� =
1

�2��
exp�− �x − x��2

2�
� , �1�

here � is the nonlocal response parameter normalized
ith respect to the grating period [5].
When �=0 (local case), the diffusion-based models in

he literature explain the existence of a low-frequency
ut-off in the spatial frequency response and also the ex-
stence of reciprocity failure [5]. However no high-
requency cut-off is predicted to exist. Using the NPDD
odel, with ��0 (nonlocal case), it is found that the

arger the nonlocal response variance, the lower the vis-
bility of the profile, but also the more closely the profile
ecorded resembles the illuminating sinusoidal interfer-
nce pattern [3,5].

. Polyacrylamide Chain Length Control
f a controlled reduction of the nonlocal chain-length vari-
nce, �, can be achieved, the potential improvements in
he high-spatial frequency material response would be
ignificant. In this paper we aim to achieve this through
he addition of a CTA into our simple standard material
A/PVA layers [1,6]. The CTA used in this study is sodium

ormate �HCOONa�, which has a molecular weight of
8.01 g [13–17]. This CTA has the ability to stop the
rowth of a chain by yielding an atom to the active radical
t the end of the growing chain. The CTA is then left as a
adical, which can reinitiate the growth of a new chain
depending on the reinitiation efficiency of the CTA [17]),
r can be quenched by a terminator or inhibitor. It is pro-
osed that this process will decrease the average length of
he polymer chains grown and hence reduce the nonlocal
hain-length variance, �, i.e., localize the chain growth to
he bright regions of the interference pattern. Since fol-
owing termination the CTA can reinitiate chains, we ex-
ect the formation of more but shorter polymer chains.

. Experimental Procedure: Polyacrylamide
iffusion

n order to examine the effects of adding CTA to our AA/
VA material, we first performed a set of simple experi-
ents to measure the effects of the addition of CTA on the

ate of decay of the recorded refractive index modulation,
n, in a resulting holographic grating. By monitoring the
ate of decay of holographic gratings, an estimation of the
iffusion rate of the polyacrylamide (PA) chains within
ur material, which will depend on their molecular
eight and spatial extent, can be determined. Analyzing a

ange of material compositions enables the effect of the
TA concentration on the diffusion rate to be observed
nd allows relevant comparisons to be made. We examine
hree different materials:

Case 1: standard AA/PVA material composition [1,6].
Case 2: standard material without cross-linker [no

isacrylamide (BA)].
Case 3: standard material without cross-linker and

ith the addition of CTA.

The cross-linker used in this photopolymer material is
A. This chemical binds the PA chains together, which
re formed during the recording process, greatly reducing
heir mobility. This ensures that the point of chain initia-
ion does not move, otherwise a smearing, through PA dif-
usion of the recorded fringe pattern, will occur.

Removing or reducing the cross-linker concentration
rom the material, as in cases 2 and 3 above, has the ef-
ect of increasing the mobility of the PA chains. Thus the
patially periodic concentration distribution in the mate-
ial, formed by the polymer chains, can disperse more
apidly. The resulting increase in the PA rate of diffusion
an be observed holographically as a decrease in diffrac-
ion efficiency (grating strength) with time [18].

We introduce the CTA into the material in case 3, with
he aim of reducing the length of the polymer chains
rown. If the CTA works as required and leads to the for-
ation of lower average molecular weight PA chains,

here should be an increase in the PA chain mobility, as
hey will, on average, diffuse more quickly. Therefore, in
hese experiments we are observing the effect of the dif-
usion of the PA chains. The diffusion of the PA chains will
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educe the corresponding refractive index modulation and
ence a decay in grating strength. This equalization sig-
ificantly reduces the intensity of the diffracted probe
eam.
For each of the three material compositions studied,

everal growth and decay curves were recorded, using a
reviously described holographic setup [6,19], involving
eal time measurement of a diffracted probe beam. This
nables (i) the temporal evolution of the grating growth
growth curve) to be monitored; and (ii) the stability or de-
ay of the refractive index modulation, �n, to be studied
uring and postexposure. Typical normalized decay
urves for the three cases examined can be seen in Fig. 1.

It should be noted that this is a simplified model in
hich the refractive index variations arise due to the ef-

ects of single component constant Fickian diffusion
riven decay [20,21]. Any changes in ambient tempera-
ure and humidity affect this process, resulting in devia-
ions from the expected ideal exponential decay.

. Diffusion Model of Grating Decay
he time varying refractive index modulation, n1�t�, can
e calculated using Eq. (2), which is derived using
ogelnik’s first-order two-wave coupled wave theory [22]:

n1�t� =
� sin−1���t� cos �B

�d
, �2�

here � is the replay wavelength, ��t� is the measured
ime varying diffraction efficiency of the grating, �B is the
n-Bragg replay angle, and d is the thickness of the grat-
ng. As can be seen in Fig. 1 the refractive index modula-
ion in cases 2 and 3 decays more rapidly than in case 1.
e describe this decay using the equation

n1�t� = n1�t → � � + �n1 exp�− 	PAt�. �3�

he parameters n1�t� and n1�t→ � � are the time depen-
ent total refractive index modulation and the minimum
alue of the refractive index modulation, i.e., the value
elow which the grating will not decay under controlled
onditions. The parameter 	PA represents the decay con-
tant of the PA chains, which form the grating refractive
ndex modulation, while �n1 represents the maximum
mplitude of the modulation index variation.
To estimate n1�t→ � �=n1��� we assume that at some

ime the diffraction efficiency ��� reaches a constant
alue, where the � will not fall much lower than this.
herefore, using Eq. (2) we can write that n1�tfinal�
n1���. Manipulating Eq. (3) we can show that

Fig. 1. Postexposure decay curves for cases 1, 2, and 3.
ln�n1�t� − n1�tfinal�� = + ln��n1� − 	PAt. �4�

he slope of the line ln�n1�t�−n1�tfinal	12,000�� as a func-
ion of time represents the value of 	PA, the rate of decay.
e assume that the process governing the decay of the PA

istribution is diffusion driven, involving a relaxation of
he PA density (concentration) distribution. In practice
hotopolymerization produces a distribution of the PA mo-
ecular weights having a range of diffusion constants. In
ur analysis we have assumed that there is a single
umped diffusion parameter, DPA. In this case it can be
escribed using Ficks’ first law [20,21]. The governing
quation, describing the process by which matter is trans-
orted from one part of a system to another as a result of
andom molecular motion, is given by [23]

dC�x,t�

dt
= DPA

d2C�x,t�

dx2 , �5�

here C�x , t� represents the concentration function in
ime and position of the polymer chains not cross-linked,
.e., not held rigidly in place, and DPA is the diffusion co-
fficient of PA chains, which is assumed to be constant
hroughout the medium. To solve this equation we intro-
uce two other parameters, CAV, the average concentra-
ion of polymer chains that are free to diffuse, and Ca, the
aximum amplitude of the concentration of the polymer

hains that are not held rigidly in place. The solution of
q. (5) requires the application of two boundary condi-

ions and one initial condition. We assume that when
=0

C�x,0� = CAV + Ca cos�Kx�, �6�

here K=2� /
 is the grating vector magnitude and 
 is
he grating period. For this equation to be physical, the
oncentration function must be positive and finite for all
alues of x and t, i.e., 0�C�x , t��CAV+Ca. Under these
onditions the full solution of Eq. (5) is given by

C�x,t� = CAV + Ca exp
− DPAK2t�cos�Kx�. �7�

et us assume that the refractive index modulation is lin-
arly proportional to the polymer concentration within
he material. Returning to Eq. (3), we expect that

�n1 exp
− 	PAt� � Ca exp
− DPAK2t�, �8�

mplying that

	PA = DPAK2. �9�

rom Eq. (9) it can be seen that the PA diffusion coeffi-
ient is linearly related to the decay constant of the grat-
ng. This simple model assumes that the diffusion of only
ne material is responsible for the decrease in diffraction
fficiency. In fact both the AA and PA chain concentration
istributions will diffuse within the material immediately
ollowing exposure [10]. The diffusion constant of the
maller AA molecules would be expected to be much
arger, and thus become dispersed much more rapidly
han the more bulky PA chains.

By applying the above method to examine the decay
urves presented in Fig. 1, estimates for the diffusion rate
f the polymer chains were extracted and are presented in
able 1. For case 1, where the standard material contain-
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ng 0.8 g/100 ml of the BA cross-linker, the diffusion rate
as DPA= �7.76±4.4�
10−15 cm2/s [24]. For case 2, where

he standard material contains no cross-linker
0 g/100 ml�, we get DPA= �1.48±3.5�
10−14 cm2/s. This
ncrease in the diffusion rate in comparison to that esti-

ated in case 1 is to be expected as the mobility of the
olymer chains will have increased due to the reduction
n the cross-linking of these chains. In case 3 we see a fur-
her increase to DPA= �7.32±2.1�
10−13 cm2/s. There is
o BA cross-linker present, which as we have already
een increases PA chain mobility, but more importantly
he inclusion of the HCOONa CTA has increased the PA
iffusion constant.
Since great care was taken to ensure environmental

tability during and between experiments, and since the
esults obtained are based on averages from reproducible
ata sets, there appears to be two reasonable explana-
ions for the increase in DPA when CTA is included. It is
ossible that (i) the addition of the CTA leads to a de-
rease in the average molecular weight of the PA chains;
nd/or (ii) the inclusion of the CTA decreases the viscosity
f the photosensitive dry layer. If explanation (i) is true
hen a reduction in the average molecular weight of the
A will in turn reduce the nonlocal chain-length variance,
. In this case the NPDD model predicts that such a re-
uction will increase the spatial frequency response of our
aterial. In relation to explanation (ii), in Section 6 we

how that the volume fraction of CTA added is very small
nd has little effect on other bulk material properties, i.e.,
he average refractive index. In Section 7 we then proceed
o demonstrate experimentally an improvement in mate-
ial spatial frequency response and that the inclusion of
he CTA has little effect on the rate of monomer diffusion
n the layer.

Before proceeding however we must first extend our ex-
sting NPDD model by including the temporal evolution of
bsorbance in our material and improving the physical
epresentations of inhibition and monomer radical pro-
uction in the model.

. ABSORPTION
reviously, the amount of intensity absorbed during grat-

ng growth was determined by measuring the amount of
ight transmitted during exposure and relating it to the
ncident intensity, corrected for Fresnel and scattering
osses [1,4,8,19]. As the molar absorption coefficient and
uantum yield of a photosensitizer are major factors in
etermining the photochemical behavior, it is important
o measure and quantify these parameters accurately. By
tudying the temporal evolution of the medium transmit-

Table 1. Rates of Polymer Diffusion Extracted
from Fig. 1 for Cases 1, 2, and 3

Standard Material
Composition

DPA
�cm2/s�

ase 1 0.8 g/100 ml BA �7.76±4.4�
10−15

ase 2 0 g/100 ml BA �1.48±3.5�
10−14

ase 3 0 g/100 ml BA
+0.0459 g/100 ml CTA

�7.32±2.1�
10−13
ance [1,4,8,19], estimates for these key material param-
ters can be found [8]. Thus a general expression can be
btained for the intensity absorbed during exposure for a
aterial whose thickness and initial photosensitizer con-

entration is known.

Photosensitizer Concentration. Detailed studies of the
rocesses involved during initiation in a photopolymer
aterial have previously been presented in the literature

8,25,26]. When dye molecules are illuminated with an
ppropriate wavelength, excited state dye molecules are
roduced, and these excited forms can be converted into
adical molecules, which can lead to the initiation of poly-
er chains or can be returned to their active ground state

y processes such as quenching, molecule collisions, ra-
iationless transfer, and inhibition (see Fig. 1 in [1]). If we
onsider a photopolymer material of thickness d (cm) and
hotosensitizer concentration A0 �mol/cm3�, the rate
quation for the change in photosensitizer concentration
ith exposure time can be generated for an incident in-

ensity Ii �mW/cm2� of known wavelength. The rate equa-
ion is given by

dA�t�

dt
= − �Ia�t� + kr�A0 − A�t��, �10�

here A�t� �mol/cm3� is the concentration of photosensi-
izer at time t (s), � (mol/Einstein) is the quantum yield,
nd kr �s−1� is the rate of recovery of excited state dye mol-
cules by quenching processes back to its ground state
here it is available for further photon absorption. We as-

ume that this recovery effect is negligible over the period
f exposure. If the quantum yield and molar absorption
re known, A�t� can be predicted using Eq. (10).
To obtain the quantum yield and molar absorption for

ur material, an expression for the transmitted intensity
s generated, and a nonlinear fitting procedure is carried
ut on experimentally obtained transmission curves
1,8,19]. The absorbed intensity �Einstein/cm3 s� is given
y an adaptation of the Lambert–Beer equation:

Ia�t� = I0�
1 − exp�− �A�t�d��/d, �11�

here � �cm2/mol� is the molar absorption coefficient. The
ncident intensity Ii is typically measured in units of

W/cm2; however, when using Eq. (11) it is necessary to
onvert this measurement into Einstein/cm2 s using

I0� = Ii� �

Nahc
Tsf, �12�

hich gives the required units for I0�. In this equation �
nm) is the wavelength of incident light, Na �mol−1� is
vogadro’s constant, c (m/s) is the speed of light, h (J.s) is
lank’s constant, and Tsf is an experimentally estimated

oss parameter, which takes into account Fresnel and
cattered losses. Substituting Eq. (11) into Eq. (10) and
ntegrating with respect to time allows an expression for
he photosensitizer concentration to be derived,
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A�t� =
1

�d
ln
1 + �exp��dA0� − 1�exp�− ��I0�t��. �13�

ubstituting Eq. (13) back into Eq. (12) yields the time
volution of the absorbed intensity

Ia�t� =
I0�

d� �exp��dA0� − 1�exp�− ��I0�t�

1 + �exp��dA0� − 1�exp�− ��I0�t�
� . �14�

s previously described [1,8], when light, Ii, is incident on
he photopolymer material, the light is either absorbed,
a, transmitted, IT, or lost. Equations (12) and (14) can
hen be related by

I0� = Ia�t� + IT�t�. �15�

transmittance function can also be defined, T�t�
IT�t� /I0, where I0 �Einstein/cm2 s� is the incident inten-
ity before Fresnel correction. Combining these results
ives that

T�t� =
Tsf

1 + �exp��dA0� − 1�exp�− ��I0�t�
. �16�

sing an experimental setup similar to that used in [8]
e exposed our standard photopolymer material layer

1,6] of thickness d ��m� with initial photosensitizer
erythrosine B) concentration, A0=1.034
10−6 mol/cm3,
o a normally incident plane wave of wavelength �
532 nm. During exposure the evolution of the transmit-

ed intensity was carefully monitored. This measurement
as then repeated several times under the same condi-

ions with a constant exposure intensity of Ii
8 mW/cm2 for a range of material thicknesses. From

hese results, estimations for the molar absorption coeffi-
ient, �, the quantum efficiency, �, and the Tsf were then
btained and are presented in Table 2. As can be seen,
here is good general agreement for each thickness. The
ean value for each parameter is used in the NPDD
odel calculations presented in Sections 5 and 7.

. EXTENDED NPDD MODEL
e now present the NPDD model used to study the ef-

ects of CTA on our material’s spatial frequency response.

. Previous Analysis
reviously [1–5], it was assumed that during exposure
uch more monomer is consumed due to polymerization

Table 2. Parameters Extracted from Fits to Ex-
perimentally Obtained Transmission Curves

��m�
� �cm2/mol�

�
108�
�

(mol/einstein) Tsf

5 2.014 0.0189 0.792
10 1.941 0.0181 0.800
40 2.220 0.0230 0.680
70 2.041 0.0240 0.678
ean 2.054±0.166 0.021±0.003 0.7375±0.0625
han is consumed in the initiation reaction. This allows
n expression for the rate of polymerization, Rp, to be
iven by

Rp � − d�M�/dt = kp�M.��M�, �17�

here kp is the propagation rate constant, �M� is the con-
entration of monomer, and �M.� is the concentration of
onomer radicals [1]. Furthermore, assuming bimolecu-

ar termination and using the rate equations governing
he photochemical processes involved during grating for-
ation, a steady-state approximation for the radical con-

entration was assumed and given by

d�M.�

dt
= Ri − 2kt�M.�2 − kz�Z��M.� = 0, �18�

here Ri is the chain initiation rate, kt is the rate of ter-
ination, �Z� is the concentration of inhibitor, and kz is

he inhibition rate constant [1]. Solving this quadratic
quation for �M.�, choosing the physically reasonable root,
nd substituting this solution into Eq. (17) enabled an ex-
ression for the polymerization rate Rp to be generated
nd expressed as

Rp =
kp�M�

4kt

�8ktRi + kz

2�Z�2 − kz�Z�� . �19�

nitially dissolved oxygen in the material acts as an in-
ibitor in the polymerization process by reacting with ini-
iating primary radicals formed by electron–proton trans-
er processes and during the growth of macroradicals, Mn

.

1]. These reactions tend to suppress the creation of
onomer radicals and stop polymer chains from starting

o form, therefore reducing the rate of polymerization, Rp,
nd giving rise to an inhibition period, i.e., a dead-band at
he start of exposure [1,4,27,28]. Previously we included
his process by assuming that during exposure the con-
entration of inhibitor, �Z�, decreased exponentially. In
his section, we provide a more complete theoretical basis
or the inhibition effects in the NPDD model. In addition,
e eliminate the necessity for the use of the steady-state
pproximation for the rate of change of monomer radical
oncentration, thus providing a more accurate physical
escription of the initial transient behavior at the start of
rating formation.

. Monomer Radical Concentration
hen our photopolymer material is exposed to an inter-

erence fringe pattern, the initial concentration of dis-
olved inhibiting oxygen reacts with the initiating radi-
als being produced in the bright regions. This
onuniform irradiance causes inhibitor concentration
radients, and hence a diffusion of oxygen from dark re-
ions to bright regions occurs. As the relative size of oxy-
en molecules are small compared to the surrounding ma-
erial, it can be assumed that the oxygen is relatively free
o move, allowing a one-dimensional (1D) standard diffu-
ion equation for the concentration of inhibitor to be writ-
en:
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�Z�x,t�

�t
=

�

�x�Dz�x,t�
�Z�x,t�

�x � − kzZ�x,t�M.�x,t�, �20�

here Z�x , t� is the inhibitor (oxygen) concentration,
z�x , t� is the inhibitor diffusion constant, M.�x , t� is the
onomer radical concentration, and kz is the inhibition

ate constant [28]. The initial condition is given by
�x ,0�=Z0, for −� �x��, where Z0 is the initial concen-

ration of dissolved oxygen. As can be seen in Eq. (20) the
nhibitor concentration has a general dependence on the
ate of change of monomer radical concentration. In order
o solve for the inhibitor concentration, it is therefore nec-
ssary to couple Eq. (20) with the rate of change of mono-
er radical concentration. Rewriting Eq. (18), eliminat-

ng the steady-state approximation, gives

�M.�x,t�

�t
= Ri − 2kt�M.�x,t��2 − kzZ�x,t�M.�x,t�. �21�

f we consider a grating formed by the interference of two
lane waves, the spatial distribution of irradiance can be
ssumed to be cosinusoidal and represented by I�x�=I0��1
V cos�Kx��. As both the rate of change of inhibitor con-
entration and monomer radical concentration are closely
elated to the exposure irradiance, their concentrations
ill be spatially varying periodic even functions of x [2].
he solutions of Eqs. (20) and (21) for Z and M. can there-

ore be expressed as Fourier series. As the calculation of
he Fourier coefficients is algebraically complex, for sim-
licity during the determination of the monomer radical
nd inhibitor concentrations, we assume uniform illumi-
ation across any local exposed region. Thus the spatial
ariation is neglected, and Eqs. (20) and (21) reduce to

�Z�t�

�t
= − kzZ�t�M.�t�, �22a�

�M.�t�

�t
= Ri − 2kt�M.�t��2 − kzZ�t�M.�t�. �22b�

s in previous studies [1], the rate of initiation Ri is rep-
esented by

Ri = 2�Ia�t�, �23�

ith �= f��, where �� is the number of radicals produced
er light photon absorbed, and it is assumed that due to
he cage effect only some fraction f of the free radicals pro-
uced react with monomer in the starting reaction [29].
he absorbed intensity, Ia�t�, is as described in Eq. (14),
nd the factor 2 is because monomers are initiated in
airs [17,29].

. NPDD Model
s before, it is assumed that the polymerization rate
�x , t� is proportional to the exposure irradiance, allowing
s to write

F�x,t� = F0�t��1 + V cos�Kx��. �24�

s seen in Eq. (17), the polymerization rate is dependent
nd proportional to the rate of monomer radical genera-
ion. If we assume that the polymerization rate constant
0 is a function of these generated monomer radicals,
hen

F0�t� = kpM.�t�. �25�

his then enables the coupling between the monomer
adical and inhibitor concentrations and the temporal
hanges in absorbed intensity to be incorporated into the
eneral 1D NPDD equation that governs the evolution of
he monomer concentration distribution [1–5,10,11].

�u�x,t�

�t
=

�

�x�D�x,t�
�u�x,t�

�x � −�
−�

+��
0

t

R�x,x�;t,t��F�x�,t��


�u�x�,t����dt�dx�, �26�

here u�x , t� is the free-monomer concentration, D�x , t�
s the monomer diffusion constant, and R(x, x�; t, t�)
s the nonlocal material response function. The diffusion
onstant is defined by the expression D�x , t�
D0 exp�−	F0�t�t�cosh�	F0�t�t�, where D0 is the initial dif-

usion constant and 	 is the diffusion coefficient’s decay
arameter [11].
Assuming a bimolecular termination mechanism we

erive the NPDD equations when �=1, where � defines
he mode of termination [1,3,10]. In all the analysis and
ata fitting procedures presented in this paper we assume
hat the AA and PA concentration distributions can be
ell described by four-harmonic expansions [1–5]. For
revity we present only the first two coupled differential
quations:

du0�t�

dt
= − F0u0�t� −

1

2
F0Vu1�t�, �27a�

du1�t�

dt
= − S1F0Vu0�t� − �S1F0 + D0K2


exp�− 	F0t�cosh�	F0Vt��u1�t�

− �S1

2
F0V − D0K2 exp�− 	F0t�


sinh�	F0Vt��u2�t�, �27b�

here Si=exp�−i2K2� /2� and ui are the monomer concen-
ration Fourier harmonic amplitudes. These first-order
oupled differential equations are solved numerically
ith the initial conditions, u0�0�=100 and um�0�0�=0.
he concentration of polymerized monomers after an ex-
osure of duration t is given by

N�x,t� =�
0

t�
−�

+�

R�x − x��F�x�,t��u�x�,t��dx�dt�, �28�

hich yields the following polymer concentration spatial-
armonic amplitude:

N1�t� = S�
0

t

F0�Vu0�t�� + u1�t�� +
1

2
Vu2�t���dt�. �29�

n reality the AA and PA spatial concentration distribu-
ions will give rise to a combined refractive index modu-
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ation, the temporal evolution of which has previously
een studied [10].

. SIMULATIONS
e now apply this model to characterize our material be-

avior by experimentally fitting obtained growth curves
t different spatial frequencies. In solving Eqs. (21a) and
21b) we describe the variations of the inhibitor and
onomer radical concentrations during exposure. Then

he solution for the monomer radical concentration can be
ubstituted into Eq. (25) and the variation of the polymer-
zation rate F0�t� found. Figure 2 was produced by assum-
ng the following typical parameter values: termination
ate, kt=5
109 cm3/mol s; propagation rate, kp=4
107 cm3/mol s; and the initial photosensitizer concen-

ration, A0=1.034
10−6 mol/cm3. A dry photopolymer
ayer of thickness d=100 �m was assumed. The mean pa-
ameter estimation values from Table 2 for �, �, and Tsf
ere used in the numerical simulations.
As can be seen in Fig. 2, the inhibitor concentration re-

uces from an initial dissolved concentration of oxygen,
0=1
10−7 mol/cm3 (measured using a dissolved oxygen
robe), to zero as it reacts with the monomer radicals pro-
uced in the initiation process. The simulation exhibits
he same exponentially decaying behavior as was as-
umed in our previous model [1]. For simplicity inhibitor
iffusion, both diffusion inside the volume and diffusion
n from the surrounding environment, have been ne-
lected in this analysis. The three curves presented in
ig. 2 are for three different inhibition rates kz and are
resented as follows: solid curve represents kz=1
109 cm3/mol s, the large dashed curve represents kz=6
109 cm3/mol s, and the small dashed curve represents

z=8
108 cm3/mol s. As is expected, the larger the value
f the inhibition rate the quicker the inhibitor will be con-
umed by the radicals.

Figure 3 shows the change in polymerization rate F0�t�,
hich is proportional to the concentration of monomer

adicals produced due to photon absorption. The effect of
nhibition can be seen clearly during the initial stages of
xposure. Previously we have demonstrated that the
ominant mechanism at the start of exposure is inhibi-
ion [1]. This effect can be clearly seen in Fig. 3. The rea-
on for this dominant effect is the abundance of inhibitors

ig. 2. Simulation of the rate of change of inhibitor concentra-
ion with time for three different inhibition rate constants, kz
cm3/mol s�: 8
108 (small dashed curve); 1
109 (solid curve);

109 (large dashed curve).
in the form of dissolved oxygen) present at the start of
xposure. As the concentration of oxygen decreases, unin-
ibited polymerization proceeds. Figure 3 shows the poly-
erization rate simulated for three different rates of

ropagation, kp= 
3
107, 4
107, and 5
107�cm3/mol s.
s can be seen, an increase in the propagation rate leads

o an increase in the rate of polymerization. The figure
lso shows that the polymerization rate reaches a maxi-
um value and then falls off to zero due to the falloff in

bsorption and the bleaching of the photosensitizer.

. AVERAGE REFRACTIVE INDEX
easurements of the refractive indices of the main com-

onents of our photopolymer recording material were car-
ied out. These values are necessary when calculating
rating strength (refractive index modulation and diffrac-
ion efficiency) and also indicate the impact of the inclu-
ion of CTA on the bulk properties of the material [9,10].

The components of the material are listed in Table 3,
he makeup and composition of our material is presented
n detail elsewhere [1,6]. Using a Metricon 2010 prism
oupler in thick film/bulk material index mode, we mea-
ured the refractive indices of the components presented
n Table 3. Solutions containing different combinations of

aterial components were prepared and then allowed to
ry on glass slides. The refractive indices of the layers
ere then measured at a wavelength of 633 nm (the
avelength used to probe the grating evolution). The re-

ults of these experiments are given in Table 4.

ig. 3. Simulation of the change in polymerization rate during
xposure for three different propagation rates, kp �cm3/mol s�: 3
107 (small dashed curve); 4
107 (solid curve); 5
107 (large

ashed curve).

Table 3. Components and Volume Fractions of the
Material Makeup

omponent
Mass

(grams)
Density
�g/cm3�

Volume
�cm3�

Standard
Volume
Fraction

Volume
Fraction
with CTA

VA 7 1.3 5.384615 0.333025 0.32797
A 2.4 1.122 2.139037 0.132294 0.13028
A 0.8 1.24 0.645161 0.039902 0.03929
EA 8.992 1.124 8 0.49478 0.48727
TA 0.48 1.92 0.25 0 0.01522
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The average refractive index of the material, n, is de-
endent upon the refractive index of the individual mate-
ial components and their concentrations or volume frac-
ions. This relationship can be expressed using the
orentz–Lorenz relation [9,10]:

n2 − 1

n2 + 2
= ��AA�

nAA
2 − 1

nAA
2 + 2

+ ��PVA�
nPVA

2 − 1

nPVA
2 + 2

+ ��BA�
nBA

2 − 1

nBA
2 + 2

+ ��TEA�
nTEA

2 − 1

nTEA
2 + 2

+ ���CTA�
nCTA

2 − 1

nCTA
2 + 2
 , �30�

here nAA, nPVA, nBA, nTEA, and nCTA are the refractive
ndices of monomer (AA), the binder (PVA), the cross-
inker (BA), the electron donor (TEA), and the chain
ransfer agent (CTA), respectively. ��AA�, ��PVA�, ��BA�,
�TEA�, and ��CTA� are the respective volume fractions of

hese components where the volume fraction is given by
�i�=xivi /�xivi, xi is the mole fraction, and vi is the molar
olume of the ith component. These volume fractions are
resented in Table 3 for both cases, with and without the
nclusion of the CTA. We assume that the total volume
raction is approximately conserved during exposure,

��AA� + ��PVA� + ��BA� + ��TEA� + ��CTA� = 1. �31�

ombining the data in Tables 3 and 4 and applying the
orentz–Lorenz relation, the refractive index values for
he main components of the material were estimated.

Our measured values of refractive index for PVA and
EA agree closely with those in the literature. Indepen-
ent verification of our refractive index value for AA is
ore difficult as it is dependent on the form of the mate-

ial. However, having used the same method to calculate
he refractive index in this case as for the previous com-
onents, we believe our result is consistent. The esti-
ated refractive index value for the HCOONa CTA again

losely agrees with that in the literature [30]. It can be
een from Table 4 that the measured difference between
he materials is in the fourth decimal place, n=1.4948
without CTA) to n=1.4943 (with CTA). Furthermore we
ote that the CTA has the smallest volume fraction con-
ribution listed. All the refractive index values have been
stimated based on measurements of dry layers at �
633 nm, which replicates the probe conditions.

Table 4. Measured Refractive Index Values of the
Material Components

Material
nmeasured at
�=633 nm ncalculated nliterature

PVA 1.5127 1.51270 1.52–1.55[10]
TEA 1.4957 1.48446 1.485 [10]
AA 1.4924 1.47162 1.530 [10]

CTA 1.4941 1.46251 1.4623 [30]

PVA+TEA+AA+BA 1.4951 1.4948

VA+TEA+AA+BA+CTA 1.4946 1.4943
. EXPERIMENTAL RESULTS AND
ARAMETER ESTIMATION
e now examine the spatial frequency response of (i)

tandard AA/PVA photopolymer material and (ii) AA/PVA
hotopolymer material with added HCOONa CTA. We do
his by comparing the growth curves and the saturation
alues of refractive index modulation for a range of spa-
ial frequencies.

For each of the six spatial frequencies examined, sev-
ral growth curves were recorded with an exposing inten-
ity of 8 mW/cm2, ��=532 nm� using a previously de-
cribed holographic setup [6,19]. In all cases the
iffraction efficiency of a probe beam ��=633 nm� was
onitored during all of the exposure. An average growth

urve and appropriate error bars were identified for each
f the spatial frequencies, and the diffracted intensity val-
es, having been corrected for Fresnel reflections, were
hen converted into grating refractive index modulations
sing Eq. (2) [22]. The NPDD was then applied to calcu-

ate the first harmonic of polymer concentration N1. For
implicity it is assumed that a linear relationship exists
etween the recorded refractive index modulation and N1,
.e., n1=CpN1 [3,28]; however, we note that a more com-
lex relationship in fact exists [9,10].
The experimental growth curve data was then fit using

he NPDD model predictions. A least squares algorithm in
hich the mean square error (MSE) between the predic-

ion and the experimental data was minimized is used to
btain the best fit as a function of the material param-
ters’ values. In this way the AA monomer diffusion con-
tant, D0, the PA propagation rate constant, kp, termina-
ion rate constant, kt, the refractive index proportionality
onstant, Cp, and the nonlocal parameter, S=exp�
K2� /2�, were extracted.
To carry out the fitting process, search ranges of typical

arameter values presented in the literature were used
1,5,7,29,31–33]. Values for S were allowed to range from
he purely local case, when S=1 ��=0� to a highly nonlo-
al case for which S=0.1. These S values correspond to a
ange for ���, the nonlocal response length of 0����
345 nm, where �=�� /
2. Based on values reported in

he literature [31] we might reasonably expect the nonlo-
al response length to lie in this range.

The mean values obtained for �, �, and Tsf presented in
able 2 were used along with the initial concentrations of
hotosensitizer and inhibitor, A0=1.034
10−6 mol/cm3

nd Z0=1
10−7 mol/cm3 for material layers of thickness
=100 �m. The rate of inhibition was chosen to be kz
1.6
109 cm3/mol s, case 2 in Fig. 2 as it most closely re-
ected the inhibition behavior in the experimental data.
he diffusion decay parameter was chosen arbitrarily to
e 	=0.1, and the exposing fringe visibility was V=1.
The parameters estimated from fitting the NPDD
odel to the experimental growth curves for both materi-

ls are presented in Table 5 (standard AA/PVA) and Table
(AA/PVA and CTA). For each spatial frequency the satu-

ation refractive index modulation value �n1
sat� is given in

he first column of each table.
Examining the parameter estimates for kp, kt, and Cp

rom both tables, it can be seen that they are comparable
o one another and to values in the literature [1,5,7,29].
he values obtained for the diffusion constant D lie
0
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ithin the search ranges and support the results obtained
n our most recent work on diffusion in photopolymers
32]. In particular we note that the mean values for D0,
iven in both tables, are similar.

The values obtained for the parameter S have been
onverted to ��� (nm) values. In Table 5 the mean nonlo-
al response length in the standard AA/PVA material is
stimated to be approximately ����63 nm. This value
grees with the previous estimates in the literature
3,31]. For AA/PVA with CTA, the corresponding value is
���50 nm as given in Table 6. This corresponds to a
20% reduction in the mean ��� value.
Examining the values of the other parameters ex-

racted and presented in Tables 5 and 6 several important
oints must be made. First, the quality of the numerical
ts achieved in all cases are all comparably good with
SE values of 	10−10. Second, following an exhaustive

nd independent search procedure the mean values of all
he other parameters estimated remained similar while
nly the nonlocal parameter varied significantly. Return-
ng to Section 2 we recall that one possible cause of our
bserved increased rate of diffusion of PA with the inclu-
ion of CTA was a change in average material viscosity.
mong those parameters estimated in Tables 5 and 6 is

he monomer diffusion constant, D0. Since it is not found
o change appreciably, we believe only a shortening of the
A chains consistently explains the resulting improve-
ent in spatial frequency response.
To more clearly illustrate this improvement in material

erformance and to demonstrate the quality of our nu-
erical fits to the data, the results used to produce the

ow of parameter values in Tables 5 and 6 for the 2750
ines/mm spatial frequency case are shown in Fig. 4. The

Table 6. Parameter Estimations for Spat

SF
(lines/mm)
�n1

sat
10−3�
kp

�
107�
kt

�
1010�
D0

�
10−1

500 [1.22] 3.20 1.39 2.90
1000 [1.85] 4.00 1.14 1.90
1500 [1.23] 3.51 0.66 0.81
2000 [1.17] 4.00 0.60 0.62
2500 [0.77] 4.06 0.67 0.51
2750 [0.50] 3.01 1.20 1.10

Mean 3.63±0.6 0.94±0.45 1.33±1

Table 5. Spatial Frequency Parameter Est

SF
(lines/mm)
�n1

sat
10−3�
kp

�
107�
kt

�
1010�
D0

�
10−1

500 [1.22] 3.20 1.19 2.90
1000 [1.81] 4.00 0.84 2.00
1500 [1.23] 3.98 0.64 1.50
2000 [1.01] 4.18 0.65 0.80
2500 [0.74] 3.50 0.72 0.22
2750 [0.42] 2.09 1.00 0.95

Mean 3.49±1.4 0.86±0.33 1.39±1.
ata presented and the associated error bars results from
ve to ten repetitions of the same exposure in identically
roduced and exposed dry layers. For this particular con-
entration and type of CTA an average improvement of
17% in the refractive index modulation is observed. It

an also be seen that there is a negligible difference in the
ate of polymerization in both growth curves presented.
his implies an efficient reinitiation of chains is taking
lace [29], which is consistent with our result that a
arger quantity of PA chains of smaller molecular weight
i.e., shorter length) are formed.

. CONCLUSIONS
he NPDD model was generalized to more closely model
aterial behavior during grating formation. An expres-

ion for the change in the absorbed intensity during expo-
ure is presented and the key material parameters con-
rolling the absorption characteristics are estimated. By
liminating the necessity for the steady-state approxima-
ion, a more physical representation of the rate of change
f monomer radical concentration and hence, the initial
ransient behavior, is achieved. Thus a time-varying
hange in the polymerization rate has been included in
he NPDD model.

The spatial frequency response of an AA/PVA photo-
olymer has been improved through the addition of a
TA, HCOONa. The link between this improvement and

he effects of the CTA has been confirmed on the basis of
xperimental results using a diffusion-based holographic
echnique and through the estimation of material param-
ters using the extended NPDD model. The CTA has the
ffect of decreasing the average length of the PA chains

requencies in AAÕPVA and CTA Material

Cp

�
10−5� S
���

(nm)
MSE

�
10−10�

3.66 0.99 45 0.49
4.50 0.94 55 1.32
3.37 0.92 43 1.71
3.13 0.82 50 1.46
2.10 0.73 50 1.85
1.13 0.63 55 1.22

2.98±1.8 — 49.6±6.6 1.34±0.85

ions for Standard AAÕPVA Material Layer

Cp

�
10−5�
cm3/mol S

���
(nm)

MSE
�
10−10�

3.72 0.98 64 1.12
4.51 0.94 56 1.41
3.14 0.86 58 0.22
2.81 0.71 66 1.17
2.61 0.59 65 1.15
2.00 0.46 71 0.54

3.13±1.38 — 63.3±7.7 0.93±0.47
ial F

1�

.5
imat

1�

51



f
d
l
c
a
l
T
e
b
i
n
c
u
r

t
w
r
s
c
n
w
i
e
m
a
c
m
a

c
c
m
h
M
t
c
l
l

A
W
S

v
s
t
T
S

R

1

1

1

1

1

1

1

1

1

F
2
(

Gleeson et al. Vol. 25, No. 3 /March 2008/J. Opt. Soc. Am. B 405
ormed. The chain transfer kinetic effects [17,29] intro-
uced by the CTA, which may contribute to the increased
ocalization of the polymerization, may include: (a) an in-
rease in the concentration of the monomer radicals avail-
ble for bimolecular termination, and/or (b) the effects of
ess than 100% efficiency in the reinitiation process.
hese effects result in a reduction in the nonlocal param-
ter, from 63 to 50 nm. Given that a carbon–carbon �C–C�
ond is approximately 0.15 nm long and an carbon atom
s 	0.1 nm long, a PA repeat unit of length 0.5 nm would
ot be unexpected. Given that coiled polymer chains may
ontain from hundreds to tens of thousands of repeat
nits, the lengths predicted by this model seem physically
easonable.

Thus, in this paper, the prediction of the NPDD model
hat a reduction in the extent of the nonlocal effects
ithin a material will improve the high-spatial frequency

esponse, has been confirmed. The NPDD model pre-
ented in this paper suffers from several serious deficien-
ies that limit the accuracy of the results. The discussion
eglects all three-dimensional effects [33], i.e., variations
ith depth, and a more exact expression for the refractive

ndex modulation calculated using the Lorentz–Lorenz
quation must be applied [10]. Furthermore, to avoid nu-
erical difficulties, fully rigorous finite time domain

nalysis should be used [10]. Other effects such as the
hoice of the dominant chain termination mechanisms [3],
ulticomponent diffusion, and shrinkage effects must

lso be included.
Experimentally a range of CTAs and concentrations are

urrently being examined so as to better understand the
hain transfer kinetics taking place in our photopolymer
aterial. Full analysis and examination of this kinetic be-

avior, such as the rate of chain transfer (Gregg and
ayo method [14,29]), the reinitiation rate and the reini-

iation efficiency are crucial to enable further control of
hain locality. This study may eventually allow a clearer
ink between the nonlocal variance metric and the PA mo-
ecular weight to be found.
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