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Effects of absorption and inhibition during grating
formation in photopolymer materials
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Photopolymer materials are practical materials for use as holographic recording media, as they are inexpen-
sive and self-processing (dry processed). Understanding the photochemical mechanisms present during record-
ing in these materials is crucial to enable further development. One such mechanism is the existence of an
inhibition period at the start of grating growth during which the formation of polymer chains is suppressed.
Some previous studies have indicated possible explanations for this effect and approximate models have been
proposed to explain the observed behavior. We examine in detail the kinetic behavior involved within the pho-
topolymer material during recording to obtain a clearer picture of the photochemical processes present. Ex-
periments are reported and carried out with the specific aim of understanding these processes. The results
support our description of the inhibition process in an acrylamide-based photopolymer and can be used to pre-
dict behavior under certain conditions. © 2006 Optical Society of America

OCIS codes: 090.0090, 090.2900, 090.2890, 160.5470.
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. INTRODUCTION
hotopolymer materials have the ability to optically
ecord high-diffraction-efficiency, low-loss, volume holo-
raphic gratings in self-processing materials and are of
ver-increasing commercial importance. Improving their
haracteristics, to attain the full potential of these mate-
ials, requires the development of accurate models, vali-
ated using reproducible experimental data sets, which
an ultimately provide clear insight into the photochemi-
al processes involved during recording. Exploration of
he kinetics involved in the recording of holographic grat-
ngs is an integral part of this work. In this paper the pho-
ochemical kinetics involved during recording in our
crylamide-based photopolymer1 material is examined.
pecifically we aim to better understand what takes place

nside the material during exposure, i.e., to explain the ef-
ects of the variation of the absorbance of the photosensi-
ive dye with time and the suppression of radical produc-
ion due to the presence of inhibitors. By improving the
hysical accuracy of our model, and understanding the re-
ationship between the rate of polymerization and the
oncentrations of monomer, polymer, dye, initiator, and
nhibitor, we aim in this paper to improve the validity of
he one-dimensional polymerization-driven diffusion
PPD) model.2 Development of this model will facilitate
he eventual full nonlocal polymerization-driven diffusion
NPDD) modeling of such materials.3–6

We proceed as follows. First we examine the photo-
hemical processes involved during grating formation and
ncorporate the suppression of radical production into the
ate equations, which form the basis of our models. We
hen incorporate the effects of changes in the absorbance
f the photosensitive dye during exposure. Having devel-
ped appropriate rate equations, we derive and solve the
esulting coupled equations numerically.3–6 A set of ex-
eriments is carried out that, following comparison with
0740-3224/06/102079-10/$15.00 © 2
he model, support the assumptions made in deriving our
quations and illustrate the effects associated with the in-
ibition and bleaching processes.

. PHOTOCHEMICAL PROCESSES
ssuming bimolecular termination,5 we begin by discuss-

ng radical chain polymerization. In particular we exam-
ne polymerization due to photoinitiation and examine
he effect on excited dye molecules due to the presence of
nhibitors such as oxygen. Furthermore we include the ef-
ect of a time-dependent transmittance,7–9 which de-
cribes the change in the material absorption during grat-
ng growth.

Free radical polymerization is a chain reaction involv-
ng three steps: initiation, propagation, and termination.
nitiation involves the production of free radicals,

I ——→
kd

R•, �1�

here kd is the radical generation rate constant. The rate
f this reaction is given by

Rd = d�R•�/dt = kd�I�, �2�

here �R•� is the free radical concentration and �I� is the
nitiator concentration. The free radicals then bind to a

onomer M to form the chain initiation species M1
•,

R• + M ——→
ki

M1
•, �3�

here ki is the initiation rate constant. The radical M1
•

hen propagates by bonding with monomer molecules to
orm long polymer chains with an active tip known as a
acroradical.
006 Optical Society of America
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Mn
• + M ——→

kp

Mn+1
• , �4�

here kp is the propagation rate constant and Mn
• is a

acroradical of n monomeric units where a monomeric
nit is the largest constitutional unit contributed by a
ingle monomer molecule.10 The initiator consists of a
hotosensitive dye and a reducing agent. The dye can be-
ome excited in the presence of a photon and when excited
an accept an electron from the reducing agent, i.e., a ter-
iary amine (triethanolamine),11 and can then produce a
ree radical R•:

dye + h� → dye*,

dye* + M → R•. �5�

s the radicals are produced, some of the dye molecules,
hich are excited, return to their ground state or move to
triplet state:12

dye* ——→
kf

dye + h�,

dye* ——→
kisc

dyeT,

dyeT + CI ——→
kR

dye•− + CI
• + H+. �6�

n excited dye molecule, which has been promoted to that
tate due to a photon interaction, can either decay by
uorescence13 at a rate of kf back to its ground state or
an be excited to a triplet state dyeT by intersystem cross-
ng at a rate of kisc. The excited triplet state can then un-
ergo an electron transfer reaction (rate constant kR) with
he coinitiator CI, which creates the primary radical CI

•, a
ye radical dye•−, and a free proton H+.1,12 The dye radi-
al eventually reacts with other constituents and forms a
leached state.12 This process results in dye molecules be-
ng consumed and can lead to cessation of polymerization
f the dye is consumed too quickly.

All of these effects tend to suppress the creation of radi-
als and therefore slow the rate of polymerization (of
onomer). Other contributors to this radical suppression

re inhibitors, which are present within the chemicals in
ur material, and the presence of oxygen, which also acts
s an inhibitor.14–18 We assume that the effect of inhibi-
ion during the fabrication process is primarily due to the
xygen present in our material. Therefore we suggest that
he oxygen reacts with the excited dye and deactivates it
nto a passive state;

dye* + � ——→
k�

Y + �•, �7�

here Y is the photoreduction product and is assumed to
nly participate once (i.e., its relaxation time is long com-
ared with the exposure time), � is the oxygen, and k� is
he deexcitation rate of the dye.14 This effect is present
hroughout exposure but is most noticeable at the start.
he equation governing the removal of excited dye is
R� =
d�Y�

dt
= k��dye*����, �8�

here R� is the rate of removal of free radicals due to the
emoval of excited dye molecules by oxygen. This process
educes the concentration of excited dye molecules avail-
ble for creating free radicals. Thus it ultimately reduces
he monomer polymerization rate.

The frequency of encounters between the free radicals
s another factor determining the rate of polymerization.
t can be accounted for using the cage effect.19 It is as-
umed that only some fraction f of the free radicals pro-
uced will react with the monomer (in the starting reac-
ion).

From Eqs. (2) and (8) we see that the rate of production
f free radicals Rr that are responsible for the production
f monomer radicals, with the inclusion of the presence of
xygen, can then be given by

Rr = fkd�I� − R�, �9�

ith the initiator concentration �I�. From relation (3) the
ate of production of monomer radicals Ri can be written
s

Ri = d�M1
•�/dt = ki�R•��M�, �10�

here �M� is the monomer concentration and �R•� is the
rimary radical concentration. In general the rate of pro-
uction of monomer radicals Ri is much greater than the
ate of production of free radicals Rr; therefore initiator
adicals are consumed as fast as they are generated.6 The
ate-determining step is thus the decomposition of the ini-
iator. Initiator radicals are consequently formed with a
ate

d�R•�/dt = Rr − Ri = �fkd�I� − R�� − ki�R•��M� = 0. �11�

hus the rate of monomer radical generation Ri is equal
o the chain initiation rate and

Ri = ki�R•��M� = fkd�I� − R�. �12�

hain growth would continue in this way until the supply
f monomer is exhausted were it not for the strong ten-
ency of radicals to react in pairs to form paired-electron
ovalent bonds with the loss of radical activity. At suffi-
iently low initiator concentrations, chain termination
ill occur mainly by combination,6,19

Mn
• + Mm

• ——→
ktc

Mn+m, �13�

r by disproportionation,6,19

Mn
• + Mm

• ——→
ktd

Mn + Mm. �14�

n the basis of these observations, the rate of termination
t can then be given by

Rt = kt�M•�2, �15�

here kt=ktc+ktd is the termination constant, and �M•� is
he total concentration of all chain radicals of size M1

• and
arger.19 For low-monomer conversions we assume that
he rate of radical formation equals the rate of radical dis-
ppearance (Bodenstein steady-state principal19); this is
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lso the case at low-monomer conversions, i.e., when only
little monomer is used up, �I���Iic�, where �Iic� is the

nitial initiator concentration. Although we assume here
hat the rate at which the radicals are suppressed, k�, is
onstant, the rate may differ during exposure. Reaching
teady state in this process implies that the rate of initia-
ion Ri and the rate of termination Rt are equal, yielding

fkd�I� − R� = kt�M•�2. �16�

olving for �M•� we obtain

�M•�stat = � fkd�I� − R�

kt
�1/2

, �17�

here �M•�stat is the total concentration of all chain radi-
als of size M1

• and larger at steady state. Assuming that
uch more monomer is consumed due to propagation po-

ymerization than in the initiation reaction, the propaga-
ion rate Rpg [the rate of reaction of relation (4)] is ap-
roximately equal to the polymerization rate Rp;
herefore

Rp � − d�M�/dt = kp�M•��M�. �18�

ubstituting into Eq. (18) from Eq. (17) for �M•� yields

Rp = k�� fkd�I� − R�

kt
�1/2

�M�. �19�

xamining the photochemical formation of free radicals,
here are a number of initiation mechanisms,20 many in-
olving a photochemical electron transfer reaction. If we
eexamine the way in which the monomer radicals are
ormed, we see that they are dependent on the quantity of
ree radicals formed per photon absorbed and the inten-
ity of the light used for recording. As the inhibitor
resent indirectly consumes some of the absorbed pho-
ons, there is a reduction in the number of free radicals
vailable for the initiation of monomer radicals and thus
or the formation of polymer chains. The rate of initiation

i can therefore be given by

Ri = f��� − R���Ia = �Ia − R�, �20�

here �� is the total number of radicals produced per
hoton absorbed and R�� is the decrease due to the pres-
nce of oxygen. Ia is the intensity of light absorbed in
oles of light quanta per liter per second and � is the to-

al number of propagating chains that would be initiated
er light photon absorbed if no inhibition took place.6,17

s only a fraction f of the free radicals, which are pro-
uced, reacts with the monomer in the starting reaction,
he cage effect has been included. R�� indicates that the
rocess of production of radicals, which cannot produce
hains due to the cage effect, may still undergo inhibition.

Let us assume cosinusoidal spatially modulated illumi-
ation, i.e., I�x�=I0�1+V cos�Kx�� where V is the fringe
isibility; K=2� /�, the grating vector magnitude, and �
s the grating period. The concentration of photosensitiz-
rs is related to the absorbed intensity by Beer’s law:19

Ia�x,t� = I�x�	1 − exp�− �Z�t�d�
 = I�x��1 − T�t��, �21�

here � is the molar absorptivity, Z�t� is the time-
ependent concentration of the photosensitizers (initia-
ors), and d is the photopolymer layer thickness. Since the
oncentration of photosensitizers is a function of time, the
ransmittance of the layer T�t� (Refs. 7 and 8) also de-
ends on time and is discussed below. The concentration
f free radicals given in Eq. (17) can now be written as

�M•� =� f��� − R���I�x��1 − T�t��

kt
�1/2

. �22�

herefore the polymerization rate from Eq. (19) is given
y

Rp = kp�M�� f��� − R���I�x��1 − T�t��

kt
�1/2

= ��t��M��I�x��1/2,

�23�

here ��t�=�0�t�A�t�1/2, A�t�=1−T�t�, �0�t�=kp���t� /kt�1/2,
nd ��t�= f���−R���.
We can summarize the above as follows: A�t� tells us

he fraction of the incident light absorbed, �� tells us the
raction of this absorbed light that results in initiation,
nd finally ��t� tells us the fraction of photons that lead
o polymerization.

The inclusion of the transmittance T�t� allows a time-
arying model for the polymerization rate Rp to be ob-
ained. At the start of exposure the transmittance of the
xposing light will be small due to the high absorbance of
he photosensitive dye. This high absorption results in
arge values of Ia�x , t� and of the polymerization rate fac-
or ��t�, and therefore a high rate of polymerization Rp.
imilarly, as the transmittance of the layer increases dur-

ng the exposure, both the light absorbed by the photo-
olymer material layer and the polymerization rate con-
tant decrease, resulting in a lower rate of polymerization
p.
To estimate T�t�, several transmittance curves were ex-

erimentally obtained for differing exposure intensities in
ur standard material layer.1,7 There is an initial nonzero
ransmittance at the beginning of exposure as the mate-
ial is never completely opaque. The transmittance func-
ion T�t� was then determined based on fits to the experi-
ental data. In Section 3 we introduce a loss fraction B to

llow for nonabsorptive losses, i.e., Fresnel boundary re-
ections. T�t� is estimated by fitting with the function

T�t� = E + G�1 − exp�− a0t + a1t2��, �24�

here E, G, a0, and a1 are constant parameters related to
he exposure intensity and the initial transmittance of
he layer. Equation (24) is used in our numerical simula-
ions, and some typical parameter results (and fitting
rrors) for different exposing intensities are given in
able 1.
In this section we have derived, for the first time to our

nowledge, the rate equations governing the photochemi-
al processes involved in grating formation that include a
erm to explicitly account for radical suppression due to
he effect of inhibition, which we have assumed to be
aused mainly by oxygen. Furthermore, following the
ork of Blaya et al.,8 time dependence for the absorbance

f the photosensitive dye and photoinitiators is included
n our rate equations.
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. POLYMERIZATION-DRIVEN DIFFUSION
n this section the basic theory behind grating growth will
e presented. Following Galstyan et al.,14 we incorporate
he presence of inhibition and time-varying absorption ef-
ects in the material, as discussed in Section 2, into a local
DD model.2

A dry photopolymer layer typically consists of a mono-
er, binder, cross-linker, an electron donor, and a photo-

nitiator. As the material is exposed to the recording
eams, the monomer is polymerized, and the amount of
olymerized monomer increases with the exposure. In our
aterial more monomer is polymerized in the bright

ringes of the interference pattern than in the dark
ringes. This results in a higher concentration of mono-
er in the dark regions than in the bright, and therefore
spatial monomer concentration gradient. The excess
onomer will tend to diffuse into the bright regions.2–6,19

he governing one-dimensional diffusion equation is

�u�x,t�

�t
=

�

�xD�x,t�
�u�x,t�

�t � − F�x,t�u�x,t�, �25�

here u�x , t� is the monomer concentration, D�x , t� is the
iffusion constant, and F�x , t� is the polymerization rate.
quation (25) is Fick’s law with the addition of a driving

unction representing the physical effects of the photopo-
ymerization. The light intensity in the material is as-
umed periodic and is described by

Table 1. Extracted Physical Parameters Obtained
from Fits to the Dataa

Parameter Case 1 Case 2 Case 3

I0
�mW/cm2�

3.5 4.5 5.0

E
�mW/cm2�

0.857 1.124 1.636

G
�mW/cm2�

1.517 1.831 2.143

a0
�s−1�

��10−2�

6.238 7.321 8.397

a1
�s−2�

��10−4�

0.891 1.211 3.623

MSEb

��10−3�
4.48 5.09 5.15

ti

(s)
0.41 0.21 0.13

�
�cm2 mWs−1�

0.109 0.027 0.039

D
�cm2/s�
��10−11�

3.0 2.5 3.5

C
�cm3/mol�

��10−6�

3.1 5.5 6.1

MSE
��10−10�

0.32 1.72 1.26

aSee also Fig. 3.
bMean square error.
I�x,t� = I0�1 + V cos�Kx��, �26�

ith I0 the average irradiance. In Section 2 we derived an
quation governing the resulting polymerization rate. It
s proportional to the exposure irradiance raised to �
1/2 (Ref. 21):

F�x,t� = F0�t��1 + V cos�Kx���A��t�, �27�

here A�t�, the time-varying absorbance of the
aterial,8,9,22 has been included in the expression for the

olymerization rate to account for the change in absorbed
ntensity during exposure. To account for the nonabsorp-
ive losses present, a loss fraction B has been included by
efining the polymerization rate parameter as F0�t�
�0�t�I0

��1−B�. The value of the loss fraction B is empiri-
ally obtained by repeated measurement of the losses in
he layers and plates when all the monomer is polymer-
zed and the dye is bleached, assuming that the nonab-
orptive losses can be obtained. The expression for the po-
ymerization rate parameter also includes the time-
arying function �0�t�, which we introduce to model the
nhibition period present at the start of exposure.16–18,22,23

For the I�x , t� in Eq. (26), the monomer concentration
an be written as a cosine series

u�x,t� = �
i=0

	

ui�t�cos�iKx�. �28�

his is substituted into Eq. (25) with the initial condition
hat u�x ,0�=U0, where U0 is the initial uniform monomer
oncentration in the material. In our analysis we assume
hat harmonics of an order greater than 2, i
2, can be
eglected, i.e., their contributions are assumed negligible

n comparison with that of the first three terms.2 A set of
rst-order coupled differential equations, in terms of the
onomer concentration harmonic amplitudes, is

btained.2,14

We now examine the F0�t� term appearing in Eq. (27)
sing the result from Section 2. From repeated observa-
ions of our experimental results, we know that grating
rowth is negligible for some period of time at the start of
xposure. This appears to be primarily due to the action
f inhibitors, such as oxygen,14 which suppress the cre-
tion of free radicals. The process is as follows:

(i) the photosensitive dye is excited by the exposing
hotons;
(ii) the excited dye then reacts with the monomer gen-

rating free radicals;
(iii) this leads to the formation of polymer chains,14 and

hen
(iv) the inhibitor acts to deactivate the dye from its ex-

ited state, stopping radical creation.

Although this process continually takes place during
rating formation, it is most obvious (and most easily ob-
erved) at the beginning of exposure due to the high in-
ibitor concentration and the low concentration of excited
ye.23 As exposure proceeds, the suppression of radicals
ecomes less visible. We model this sharp temporal-state
ransition using a step function14 ��x�, where
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x = U0/id − ��t�. �29�

ere ��t� is the concentration of oxygen present in the
aterial, and id specifies by how much the monomer con-

entration must be greater than that of the oxygen for po-
ymerization to occur. The fraction U0 / id acts to define a
hreshold (time after onset of exposure), at which poly-
erization begins to take place. The polymerization rate

n Eq. (27) becomes

F�x,t� = �I0
��1 − B���U0/id − ��t���1 + V cos�Kx���A��t�,

�30�

here �I0
��1−B���U0 / id−��t��=F0�t�=�0�t�I0

��1−B�.
In describing the behavior of the dye, we make three

ssumptions about the kinetics:

(a) The diffusion rate of oxygen within the material and
rom the atmosphere into the layer is much higher than
he rates of diffusion of all other materials present.
herefore the oxygen is able to instantaneously maintain
constant distribution.
(b) After the reaction with the dye it is assumed that

he active inhibiting oxygen becomes an inert component,
eferred to in relation (7) as the photoreduction product Y,
hich has no further influence on the polymerization of

he monomer.14

(c) The rate of change of the concentration of the active
xygen during exposure is assumed to be directly propor-
ional to the total concentration of active oxygen.

From assumption (c), the differential equation govern-
ng the concentration of inhibiting oxygen can be written
s

d��t�

dt
= − ���t�, �31�

here �=k�I0�1−B� is a constant that is proportional to
he average recording intensity, where k� is a material
onstant at a fixed temperature. The solution to Eq. (31)
s

��t� = �0 exp�− k�I0�1 − B�t�, �32�

here �0 is the initial oxygen concentration. We substi-
ute this into Eq. (30), which is in turn substituted into
q. (25) along with Eq. (28) giving a set of first-order
oupled equations.2–6,14 Truncated equations, governing
he monomer harmonic amplitudes, are obtained, i.e.,

du0���

d�
= − H���A���u0��� −

1

2
H���A���Vu1���, �33�

du1���

d�
= − H���A���Vu0��� − 	H���A��� + R

�exp�− �H�����cosh��H���V��
u1���, �34�

here

� = �I0
1/2t, R =

DK2

f0
,

H��� = �U0

id
− �0 exp�−

k��1 − B�

�
��� ,

A��� = 1 − T���.

e have assumed that D is the initial unchanged diffu-
ion constant and �=0.2–6

The rate at which the concentration of polymer varies
s proportional to the instantaneous rate of removal of

onomer; thus N�x , t�, the polymerized monomer concen-
ration at time t, is

N�x,t� =�
ti

t

F�x,t��u�x,t��dt�. �35�

e have observed that N�x , t� ti�=0, due to inhibition,
ives the lower limit on the integral ti. While some photo-
olymerization may occur when 0� t� ti, it is assumed
egligible; thus the step function provides a useful first-
rder description of the inhibition process. We substitute
qs. (27) and (28) into Eq. (35) and write N�x , t� as

N�x,t� = �
i=0

2

Ni�t�cos�iKx�. �36�

or volume (thick) holographic gratings replayed on
ragg,24–26 it is the N1 harmonic that diffracts the inci-
ent light. Therefore

N1��� =�
0

�

H����A����Vu0���� + u1���� +
1

2
Vu2�����d�.

�37�

oupled-wave theory27 predicts a relationship between
he diffraction efficiency and the refractive index modula-
ion of a sinusoidal thick transmission grating. Assuming
hat N1 determines the amplitude of the grating refrac-
ive index modulation, �n=CN1 for some constant C.3

he diffraction efficiency ���� of the grating is

���� = sin2 �d

� cos �
CN1���� , �38�

here d is the thickness of the material layer, � is the
avelength of the probe–replay laser, and � is the Bragg
ngle associated with that wavelength.28

We note that a much more complex relationship exists
etween the Ni and the �ni values,29,30 and that while Eq.
38) holds for thick volume gratings, in general a rigorous
lectromagnetic model is needed to calculate the diffrac-
ion efficiency.6

. POLYMERIZATION-DRIVEN DIFFUSION
IMULATIONS
e wish to apply our new model to characterize our ma-

erial behavior by fitting experimental growth curves. Be-
ore carrying out this procedure we wish to examine the
eneral behavior predicted by our model.

First we examine how the initial inhibition period is af-
ected by changes in the oxygen concentration and the ex-
osing intensity. Combining Eqs. (29) and (32) we obtain
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ti =
1

k�I0�1 − B�
ln� id�0

U0
� . �39�

e can find ti using the experimentally reasonable
arameter.14 Examining Eq. (39) it is clear that ti de-
reases as the concentration of oxygen present in the ma-
erial decreases. By increasing the average exposure in-
ensity I0, the concentration of oxygen can be reduced at a
uicker rate and this will result in a reduction of ti. Equa-
ion (39) suggests that by using sufficiently strong expo-
ure intensities, the presence of the initial dead band
ould be completely removed. Furthermore Eq. (39) can
e used to determine the initial concentration of oxygen
0, which is present in the material.

Second we examine the behavior of the harmonics of
onomer concentration, and plots of the first three har-
onics were generated. The results are plotted in Fig. 1

or an average exposure intensity of I0=3.5 mW/cm2. The
ollowing parameter values were used: R=1, V=1, �=0,
=0.3 cm2 mWs−1, and k�=0.1 cm2 mWs−1. The initial
onomer concentration was taken as U0=3.2 g/ l and id
100. A value for the loss fraction was empirically found

o be B=0.2±0.05. The absorbance function A�t� is defined
sing Eq. (24) and the transmittance parameter values
sed can be seen in case 1, Table 1. The initial oxygen
oncentration present in the layer was chosen to be �0
0.03 g/ l. This estimated value appears reasonable rela-

ive to the densities and volumes of the other materials
resent.14 We note the presence of the initial dead band in
ig. 1 with ti�1 s.

ig. 1. First three Fourier harmonics of monomer concentration
ersus �, R=1.

ig. 2. N1, first harmonic of polymer concentration versus � for
=1 and R=10. These values were chosen as being similar to the

xtracted experimental results.
Figure 2 shows the predictions for the first harmonic of
he polymer concentration N1 for the cases when R=1 and
0. These values were chosen to illustrate the experimen-
ally observed range of R values obtained. As can be seen,
he larger the R value, the larger the N1 saturation value.
nce again we note the presence of the inhibition period
t the start of exposure due to inhibition.

. EXPERIMENTAL RESULTS, NUMERICAL
ITTING, AND PARAMETER ESTIMATION
here are three parts to this section. First, in Subsection
.A, we attempt to examine the effects of exposure inten-
ity changes on the inhibition period to verify the predic-
ions made using Eq. (39). Second, in Subsection 5.B, we
iscuss preexposure and note that a minimum dead-band
uration is found to exist independent of the exposing in-
ensity. Finally, in Subsection 5.C, we examine the effects
f cover plating (sealing) on the inhibition effects. In all
ases standard materials1,7 and holographic exposing
etups28 were used. We added 16 cm3 of Methylene Blue
f concentration 1.25�10−3 M to the standard polyvinyl
lcohol–acrylamide mix1 to produce dry layers of thick-
ess d�100±10 �m.7,28

Fits to the experimental data presented in this section
ere performed using the model described in Section 3
pplying the numerical fitting algorithm described in
efs. 1 and 6.

. Intensity Effects
igure 3 contains three growth curves for three different
verage exposure intensities I01=3.5 mW/cm2, I02
4.5 mW/cm2, and I03=5 mW/cm2. The gratings were all
ecorded using a He–Ne laser with �=633 nm, �=1 �m,
nd probing at �=532 nm (Refs. 1 and 7) with the same
etup as that used in Refs. 7 and 28. As expected, the rate
f polymerization increases with increasing exposure in-
ensity. It is also noticeable that there is a decrease in the
nhibition period.15–18 The corresponding inhibition peri-
ds for the three intensities are ti1=0.41 s, ti2=0.21 s, and
i3=0.13 s, respectively. The results are in agreement
ith the predictions of Eq. (39). The dye molecules within

he material are excited at a faster rate due to the in-
rease in the intensity entering the material. This causes
he oxygen present in the material to be removed at a
uicker rate, as described by the rate equations in

ig. 3. Refractive index amplitude growth curves, showing the
hanges in the rate of polymerization for three different exposure
ntensities: theoretical fit (solid curves) and experimental data
dotted curves).
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ection 2. This reduces the radical suppression, caused by
he oxygen, and hence there is a decrease in the duration
f the dead band caused by inhibition.

Since in Eq. (39) the �=k�I0�1−B� term is a function of
he average exposure intensity I0, we can estimate values
or id for different exposing intensities. From the experi-

ental data presented in Fig. 3 we can extract values for
he inhibition times; and by substituting reasonable val-
es for U0, k�, �0, I0, and B, we can estimate id. These val-
es can then be used during the data fitting procedure.
Applying a numerical least-squares algorithm we ob-

ain best fits to the experimental data for the mean
quared errors (MSEs) shown in the lower part of Table 1.
e fit by first substituting known parameter values, i.e.,
0=3.2 g/ l, id=85, �0=0.03 g/ l, k�=0.1 cm2 mWs−1, and
=0.2, into our equations and then interactively testing

he fit quality over reasonable ranges of the unknown pa-
ameters. In this way estimates for D (the diffusion coef-
cient), � (the polymerization rate constant), and C are
xtracted. In Fig. 3 the solid curves are the theoretical fits
o the data points. Typically the loss fraction is measured
o have values in the range B=0.2±0.05. We note that us-
ng values over this range does not appreciably vary the
uality of the fits achieved (the calculated MSE values).
The resulting physical parameters are summarized in

he lower part of Table 1. It can be seen that, as the ex-
osure intensity is increased, the inhibition time de-
reases as expected. We note that the values for the dif-
usion constant D are comparable with previous
esults,1,3–5,30 and the diffusion constant values of water
nd propanol reported recently.31 The C values estimated
re also comparable with previous results.29 As can be
een in the lower part of Table 1, the resulting MSE val-
es are small, which is also evident in the quality of the
ts in Fig. 3. However, the estimated values for the poly-
erization rate constant � vary significantly from case to

ase. This variation occurs due to the breakdown of the
odel. For example, all nonlocal material effects (tempo-

al and spatial) have been neglected.29 A step function has
een used as a first-order approximation to model the
hreshold effect created by the inhibition process.14 Fur-
hermore the mechanism of chain termination is assumed
o be bimolecular �=1�.5,8,29 Recently, we have indicated5

hat better fits can be achieved when a primary termina-
ion mechanism is used �=2�.

. Minimum Dead Band and Preexposure
e have observed experimentally that increasing the ex-

osure intensity above some fixed value results in no fur-
her discernible reduction in the dead band. Where we in-
reased the average holographic exposure intensity above
mW/cm2 in our experiments, no further reduction of the

nitial inhibition period took place. We will discuss some
ossible explanations for the existence of this minimum
ead band in Subsection 5.C. But first we note that it
ould seem reasonable to expect that by preexposing the
aterial, dye molecules will become excited and reduce

he concentration of active oxygen causing radical sup-
ression. At this point, with all inhibition processes (i.e.,
ctive oxygen) eliminated, it should be possible for unin-
ibited holographic recording to take place.
In Fig. 4 the grating refractive index modulation, ex-
racted from three different diffraction-efficiency grating-
rowth curves, are presented. In each case the polymer
ayer was preexposed, prior to holographic exposure, by a
niform plane wave with a preexposure intensity of IPE
1.5 mW/cm2. The preexposed region on the plate was

wice that of the area undergoing holographic grating ex-
osure. This was done to ensure that there was no oxygen
n the surrounding layer to diffuse into the area in which
rating formation is taking place. The holographic expo-
ure started almost immediately after the preexposure
as complete, a typical delay of 0.5 s occurred, and in all

ases a holographic exposure intensity of 3.5 mW/cm2

as used. Curves 3, 2, and 1 are the growth curves of the
ratings recorded with preexpose durations of 3, 2, and
s, respectively.
It can be seen in Fig. 4 that preexposure reduces the

ate of polymerization. This may arise because preexpo-
ure bleaching means that less dye is available at the
tart of the holographic exposure. Importantly we note
rom Fig. 4 that the inhibition period does not seem to
hange significantly with the preexposure. This would ap-
ear to suggest that the active oxygen, which is removed
efore the start of the holographic exposure by the preex-
osure, is being rapidly replaced from the air above the
late. If oxygen is constantly and rapidly diffusing into
he layer, then the suppression of radicals is continuously
aking place and reducing the rate of photopolymerization
t all times during the exposure.
Fits to the experimental data presented in Fig. 4 were

btained (solid curves). The values for the transmittance
nd material parameters used are those given in Subsec-
ion 5.A and Table 1 for the holographic exposure inten-
ity, I0=3.5 mW/cm2. This intensity was chosen to allow
he inhibition period to be easily observed. The resulting
xtracted physical parameters obtained for the data in
ig. 4 are summarized in Table 2. Once again disagree-
ents between the experimental and theoretical results

an be explained in terms of the deficiencies of our mod-
ls.

. Cover Plating
rom the experiments described above we have identified

he effects on the inhibition period and on the rate of po-
ymerization of the average holographic exposure inten-

ig. 4. Growth curves with varying preexposure times of 3, 2,
nd 1 s: theoretical fit (solid curves) and experimental data (dot-
ed curves). There are changes in the inhibition periods and the
ates of polymerization.
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ity and of preexposure. However, to explain the continu-
ng existence of a minimum dead band, which is observed
n Fig. 4, we have proposed that a significant amount of
xygen is diffusing into the material from the air. In an
ffort to eliminate the effects of such diffusion, we cover
lated the material using an index-matched fluid, silicon
il, and a glass plate. Figure 5 contains two growth
urves. Curve (a) is for a sealed plate that has been pre-
xposed for 1 s with a preexposure intensity of IPE
1.5 mW/cm2 and then, within 0.5 s, holographically ex-
osed with an average exposure energy of I0=3 mW/cm2.
urve (b) is for an unsealed plate that was not preex-
osed. In both cases identical holographic exposure is tak-
ng place. While a significant reduction in the inhibition
ead band can be seen to have taken place in curve (a), it
as not, however, been completely eliminated.
At the start of Subsection 5.B we indicated the exis-

ence of a minimum inhibition dead-band duration. Let us
ssume that the excitation of the dye by light is instanta-
eous. It would seem possible that the remaining dead
and is due to an induction period19 associated with the
nitial stages of free radical polymerization. If polymer
hain growth does not occur instantaneously, this will
ead to a corresponding delay in grating formation, which
ccounts for the remaining dead band. This effect will
ontinue to occur even after the effects of the inhibitor are
emoved. Although increasing the intensity used to record

grating can reduce the induction period, it cannot be
ompletely eliminated in this way.19

Examining Fig. 5, the initial rate of polymerization in
urve (a) is larger than that in curve (b). We have experi-
entally observed that the relaxation of the bleached dye

equires times significantly longer than the 0.5 s delay
mployed by us between preexposure and holographic ex-

ig. 5. Fit to the experimentally obtained growth curve of re-
ractive index amplitude versus exposure time for (a) cover-
lated material layer preexposed for 1 s and (b) uncover-plated
aterial layer without preexposure: theoretical fit (solid curves)

nd experimental data (dotted curves).

Table 2. Physical Parameter Values

Time
(s)

�0
(g/l) id

ti

(s) �

1 0.0400 87.0 0.30
2 0.0376 92.0 0.22
3 0.0355 95.2 0.15
osure. Therefore the reduction in the rate of photopoly-
erization, which arises due to the reduced concentration

f unbleached dye, appears to be significantly less than
he rate reduction arising due to the presence of oxygen.

For both sets of data, fitting is performed using the
ame material parameter values used in Fig. 3. However
ince I0=3 mW/cm2, the transmittance parameters used
re different: E=0.7656 mW/cm2, G=1.45 mW/cm2, a0
4.45�10−2 s−1, and a1=0.361�10−4 s−2 extracted from a
t with an MSE=4.01�10−3. The loss fraction value used
o produce the fits shown in Fig. 5 are (a) B=0.3 and (b)
=0.2. The reason for the difference in the loss fraction

or the two cases is the change in the amount of light lost
ue to the extra reflective surfaces in the cover plate.
nce again errors in the B values �±0.05� do not effect the
uality of the resulting growth curve fits.
The resulting extracted physical parameters are sum-
arized in Table 3. Clear differences between the numeri-

al estimates of the various polymerization rates and in-
ibition periods are found. The good agreement between
he experimental data and theoretical fits can be seen in
ig. 5 and are quantitatively supported by the low MSE
alues presented in Table 3.

We believe that Fig. 5 illustrates most clearly the sig-
ificance of effects studied in this paper. Comparing the
wo growth curves, it can be seen that for particular ho-
ographic exposure intensities, the inhibition period can
e reduced to a minimum induction period value by a
ombination of preexposure and cover plating. This reduc-
ion is accompanied by an increase in the rate of polymer-
zation.

While the values obtained for the diffusion rate D and
he constant C are consistent with values presented in
he literature,3–5,29 once again it can be seen that the po-
ymerization rate constant values vary significantly. Once
gain we attribute this to the assumptions made in deriv-
ng our model and we are currently working to generalize
ur model.

. CONCLUSIONS
tarting with a detailed description of the photochemical
rocesses taking place in acrylamide-based photopolymer
aterials, we have developed a polymerization-driven dif-

usion model (PDD), which includes the effects of oxygen-
ased inhibition and dye absorption during grating for-
ation. Including these effects has increased our ability

o predict the time evolution of grating formation during
xposure. The resulting understanding has allowed us to
mprove material performance appreciably via a combina-
ion of preexposure and cover plating.

ined from Fits to the Data in Fig. 4

s−1�

D
�cm2/s�
��10−11�

C
�cm3/mol�

��10−6�
MSE

��10−8�

00 4.54 2.6 25
70 4.52 0.94 3.8
67 4.52 0.69 2.2
Obta

�
cm2 mW

0.01
0.00
0.00
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Experimentally we have explored the behavior of the
nhibition period. We have shown that this initial dead-
and period can be reduced, although not eliminated, us-
ng strong holographic exposing intensities. We have ex-
erimentally observed both a decrease in the inhibition
eriod and an increase in the rate of polymerization using
combination of preexposures and cover plating to seal

he dry layer. We have explained the minimum dead band
s a photopolymerization induction period.
The model presented here has many limitations and

hese have been discussed. However, despite these draw-
acks, we have succeeded in applying the model to pro-
ide plausible explanations for the observed results and
o numerically extract reasonable estimates for several
aterial parameters.
Much work remains to be done. One fundamental as-

umption made in this paper is that it is the reaction of
xygen with the excited dye molecules that leads to inhi-
ition. It is also possible that inhibition may occur prima-
ily at the radicalized monomer stage. While much work
s still clearly needed in either of these cases, our simpli-
ed mathematical model, which stresses the suppression
f chain initiation, will be of value.

The model for the time-varying absorption of the mate-
ial also needs to be improved to include variations with
epth.9 The theoretical models for inhibition and absorp-
ion must be integrated into the nonlocal polymerization-
riven diffusion model for both nonlocal time and spatial
esponses. A more exact expression for the refractive in-
ex modulation such as the Lorentz–Lorenz equation
hould be included.29 Other effects such as the chain ter-
ination mechanisms and material shrinkage8,29,32,33

ust be included to enable a more accurate physical pic-
ure to emerge. In particular we note that our use of a
tep function to model the inhibition period must be reex-
mined. However, given the variety of material in which
nhibition effects23,34 and threshold effects35 have been
bserved, even the incomplete results presented here are
ignificant for a wide range of applications, including ho-
ographic data storage,36–38 diffractive optical element
abrication,39–41 and photoembossing.32
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ti
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�cm2 mWs−1� id
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no preexposure
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