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Holographic data storage requires multiple sequential short exposures. However, the complete
exposure schedule may not necessarily occur over a short time interval. Therefore, knowledge of the
temporally varying absorptive effects of photopolymer materials becomes an important factor. In
this paper, the time varying absorptive effects of an acrylamide/polyvinylalcohol photopolymer
material are examined. These effects are divided into three main photochemical processes, which
following identification, are theoretically and experimentally examined. These processes are �i�
photon absorption, �ii� photosensitizer recovery, and �iii� photosensitizer bleaching. © 2008
American Institute of Physics. �DOI: 10.1063/1.2985905�

I. INTRODUCTION

In the literature, extensive studies have been carried out
on the storage capabilities of photopolymer materials due to
their ability to record low loss, low shrinkage, high diffrac-
tion efficient volume holographic gratings.1–10 These self-
processing materials are inexpensive and provide storage
characteristics, which make them suitable for commercial
use.9,10 Obtaining their full potential requires quantitative in-
sight into the processes present during holographic record-
ing. Developing accurate theoretical models, which are vali-
dated using reproducible experimental data sets, will allow
crucial material parameters to be identified and controlled.

The specific focus of the work presented in this paper is
the initiation mechanisms, which occur in these photopoly-
mer materials during illumination. When a photopolymer
material absorbs photons, primary �initiator� radicals, R•, are
created. These free radicals can then react with monomer
molecules within the material, to produce macroradicals, M•.
The macroradicals can then react with monomer to form
propagating polymer chains, resulting in a change in the ma-
terial’s density in the exposed regions, and hence a change in
the refractive index. It is this recorded change in refractive
index that enables a photopolymer material to store informa-
tion using holographic techniques.

If it is possible to precisely measure the number of pho-
tons being absorbed by the photopolymer material, then an
accurate theoretical representation of the photopolymeriza-
tion process can be made. Therefore, in order to fully predict
the temporal evolution of holographic grating formation, it is
necessary to thoroughly examine the kinetics of photoinitia-
tion in photopolymer materials. Thus, we aim to further de-
velop existing theories of the photoinitiation processes,1–14

by theoretically and experimentally examining these tempo-
ral effects during and postexposure.

This paper is organized as follows: In Sec. II, we begin
by discussing the photochemical reactions, which determine
the photopolymerization processes during grating formation.
A flow chart is presented, which succinctly summarizes these
photochemical reactions. The processes which remove
�bleaching� and replenish �recovery� the active absorptive
photosensitizer are also discussed, and a general rate equa-
tion for this behavior is presented. Section III is split up into
three subsections: �A� presents a theoretical analysis of the
photosensitizer behavior during and postexposure, �B� de-
scribes an experimental examination of the photosensitizer
concentration during exposure, and �C� examines the effects
of the photosensitizer recovery and photobleaching postex-
posure. Section IV contains a brief discussion and
conclusion.

II. PHOTOCHEMICAL ANALYSIS

A. Initiation mechanisms

The initiation step in our photopolymer material is con-
sidered to involve two main reactions. The first of these re-
actions, shown in Eq. �1�, is the production of primary radi-
cals, R•, by homolytic dissociation of a photoinitiator or
catalyst species I

I→
kd

2R•, �1�

where kd is the rate constant for the catalyst dissociation and
the factor of 2 indicates that radicals are created in pairs.15

This reaction occurs when the photoinitiator species absorbs
the incident photons of a suitable wavelength. In our analy-
sis, the photoinitiator consists of a photosensitive dye �Eryth-
rosin B� denoted by Dye, and an electron donor �ED�, i.e.,
triethanolamine �HOCH2CH2�3N.16–18

The second reaction in the initiation process involves the
primary radicals, which are produced due to the absorption
of photons, reacting with monomer molecules to produce the
chain initiating or macroradical species, M1

• ,15,18–20
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R• + M→
ki

M1
• , �2�

where ki is the initiation rate constant associated with this
reaction. The macroradical, M1

• , then propagates by bonding
with other monomer molecules to form polymer chains.

In the first initiation reaction, when the photosensitizer is
exposed to light of a suitable wavelength, it absorbs photons
and is promoted into a singlet excited state, 1Dye�,21

Dye + h��photons� → 1Dye�. �3�

The singlet excited state dye can return �recover� to the
ground state by radiationless transfer to another molecule
such as the ED,22

1Dye� + ED → Dye + ED. �4�

It can also revert or recover back to the ground state, Dye, by
the emission of a photon by a process called fluorescence22

1Dye� → Dye + h� . �5�

The singlet excited state can also undergo intersystem cross-
ing into the more stable and longer-lived triplet state 3Dye
�see flow chart in Fig. 1�18,20

1Dye� → 3Dye�. �6�

This triplet state dye molecule can return �recover� to ground
state by radiationless transfer or by delayed emission of a
photon. At high dye concentrations the triplet state dye mol-
ecules can also be deactivated by collision with another dye
molecule

3Dye� + Dye → 2Dye. �7�

The dye molecules can also undergo a reaction whereby it
abstracts two hydrogen molecules, for example from the ED
to form the transparent or clear �leuco� form of the
dye.13,18,20,23

The actual production of primary radicals �ED• or R•�
takes place when the triplet state dye reacts with the ED. The
ED donates an electron to the excited triplet state of the dye
leaving the dye with one unpaired electron and an overall
negative charge

3Dye� + ED → Dye•− + ED•+. �8�

The ED radical cation then loses a proton and becomes a free
radical

ED•+ → ED• + H+, �9�

where the free radical, ED•, is equivalent to the primary radi-
cal, R•, appearing in Eqs. �1� and �2�.

When a monomer molecule, M, is present the primary
radical can undergo two possible reactions. The first of these
reactions is the initiation of the monomer radical species,
M1

• , shown in Eq. �2�, and the second involves the radical
undergoing dye bleaching.13,18,20,23 This occurs when the dye
radical formed in Eq. �8� abstracts a hydrogen molecule from
the ED free radical, as shown in Eqs. �10a� and �10b�. This
results in the production of an unstable ED intermediate,
��HOCH2CH2�2NCH=CHOH�, and the transparent dihydro
form of the dye, H2Dye,

ED• + H+ + Dye•− → �HOCH2CH2�2NCH

= CHOH + H2Dye, �10a�

or equivalently

R• + H+ + Dye•− → R + H2Dye. �10b�

The unstable intermediate then rearranges to form a more
stable form. Dye bleaching is an important process because it
allows a grating to be fixed after recording. By bleaching any
remaining dye, no new free radicals can be formed by expo-
sure. This results in the grating layer becoming transparent.

It has also been reported15,20,24–26 that the primary radi-
cals produced in Eq. �9� can be scavenged by reacting with
inhibitor molecules such as any initially dissolved oxygen
�see Z in the flow chart in Fig. 1�. This reaction can be
described as

ED• + Z→
kz

�ED + Z• and/or EDZ•� , �11a�

or equivalently

R• + Z→
kz

�R + Z• and/or RZ•� , �11b�

where Z is the inhibitor concentration and kz is the inhibition
rate constant. All of these processes, i.e., Equations �1�,
�11a�, and �11b�, are summarized in Fig. 1.
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FIG. 1. Flow chart of the photoinitiation mechanisms present in our photo-
polymer material.
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B. Primary radical generation

The flow chart in Fig. 1 presents the main photochemical
mechanisms involved in the generation of primary radicals
during photoillumination. The rate-determining step for the
production of these primary radicals is

Ri = 2�Ia�t� , �12�

where Ri is the rate of generation of primary radicals, Ia�t�
�Einstein /cm3 s� is the time varying absorbed intensity, and
� is the number of primary radicals initiated per photon
absorbed. The factor of 2 again indicates that radicals are
created in pairs. The time varying absorbed intensity in Eq.
�12� can be expressed using an adaptation of the Beer–
Lambert law15

Ia�t� = I0��1 − exp�− �A�t�d��/d , �13�

where I0� �Einstein /cm2 s� is the incident intensity corrected
for Fresnel and scattering losses, � �cm2 /mol� is the molar-
absorption coefficient, and d �cm� is the photopolymer layer
thickness.

The time varying photosensitizer concentration, A�t�
�equivalent to Dye in the Sec. II A� can be expressed using
the general rate equation23,27

dA�t�
dt

= − �Ia�t� + kr�A0 − Ab�t� − A�t�� , �14�

where � �mol/Einstein� is the quantum yield for the elimina-
tion of the photosensitizer, and A0�mol /cm3� is the initial
photosensitizer concentration. We note that the quantum
yield, �, is not equal to the number of primary radicals ini-
tiated per photon absorbed, �.

The second term on the right hand side of Eq. �14� �Ref.
27� describes the regeneration or recovery of photosensitizer
molecules back to their active ground state, where they are
available for further photon absorption, see Fig. 1. The rate
constant for this reaction is kr�s−1� and Ab�t� represents the
concentration of photosensitizer that is bleached, or brought
to its clear nonabsorptive state �leuco or H2Dye� during ex-
posure, see Fig. 1. The first term on the right hand side of Eq.
�14�,23 which signifies the removal of the photosensitizer,
occurs at a much faster rate than the regeneration rate and
therefore dominates the photosensitizer processes during
short exposures.

As the generation of primary radicals �which is the driv-
ing function of the polymerization of monomer� is dependent
on the amount of light absorbed by the photosensitizer, it is
necessary to examine the temporal evolution of absorption
both during and postexposure. In the Sec. III, two limiting
cases of Eq. �14� are examined and experiments are proposed
and carried out in order to determine the parameters and
rates, which dictate the photosensitizer behavior.

III. TEMPORAL EVOLUTION OF PHOTOSENSITIZER
CONCENTRATION

The work carried out in this section is split up into three
subsections. The first �Sec. III A�, which provides the basis
of the other subsections, contains the theoretical analysis of
the two limiting cases of the rate equation presented in Eq.

�14�. These two limiting cases are �a� during exposure and
�b� postexposure. The second, Sec. III B, describes the ex-
perimental examination of the temporal evolution of the pho-
tosensitizer concentration during exposure, i.e., the first lim-
iting case. The third, Sec. III C, examines the effects of
photosensitizer recovery and photobleaching postexposure.

A. Limiting regimes of photosensitizer
concentration

Examining the rate equation in Eq. �14� we see that there
are two limiting cases, �a� during exposure, 0� t� texp, and
�b� postexposure, t� texp, where texp represents the exposure
time.

1. During exposure „0< t< texp…

It is assumed in this analysis that the rate of removal or
destruction of the photosensitizer in Eq. �14� is much faster
than the regeneration or recovery rate. This assumption is
verified experimentally later in the paper. Therefore, during
exposure, the rate of removal of photosensitizer dominates
the rate equation in Eq. �14� allowing us to write that23

dA�t�
dt

= − �Ia�t� . �15�

Substituting the expression for the absorbed intensity Ia�t�
shown in Eq. �13� gives

dA�t�
dt

= −
�

d
I0��1 − exp�− �A�t�d�� . �16�

Integrating both sides with respect to time yields an expres-
sion for the time varying photosensitizer concentration, A�t�
�mol /cm3 s�, and is given by

A�t � texp� = ��d�−1 ln�1 + �exp��dA0� − 1�exp�− ��I0�t�� .

�17�

Substituting this solution for the photosensitizer concentra-
tion, A�t�, back into Eq. �13�, yields the time evolution of the
absorbed intensity, which can be expressed as

Ia�t� =
I0��exp��dA0� − 1�exp�− ��I0�t�

1 + �exp��dA0 − 1��exp�− ��I0�t�
. �18�

When the exposure intensity is incident on the photopolymer
material, the light is either absorbed, Ia�t�, transmitted, IT�t�,
or lost. This can be represented by

I0� = I0Tsf = Ia�t� + IT�t� , �19�

where Tsf is a loss fraction that takes into account Fresnel
and scattering losses. A normalized transmittance function
can also be defined, T�t�= IT�t� / I0, where I0 �Einstein /cm2 s�
is the incident intensity before Fresnel correction. Combin-
ing these results gives that
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T�t� =
I0� − Ia�t�

I0
,

=
TsfI0�

I0�
�1 −

�exp��dAo� − 1�exp�− ��I0�t�
1 + �exp��dAo − 1��exp�− ��I0�t�

� ,

=
Tsf

1 + �exp��dA0� − 1�exp�− ��I0�t�
. �20�

This essentially follows the result of Carretero et al.23

2. Postexposure „t� texp…

The second limiting case of Eq. �14� is when t� texp.
This corresponds to the processes, which occur after the in-
cident light is switched off, and hence when no new photons
are available to be absorbed by the photopolymer material,
i.e., Ia�t�=0. Postexposure photosensitizer effects become
important when theoretically modeling or predicting the stor-
age capabilities of a multiply exposed photopolymer. If ho-
lographic exposure �or storage� is discontinued for an ex-
tended period of time, it is necessary to know the quantity of
photosensitizer that will be available for absorption and pro-
duction of radicals during later recordings.

In this case the rate equation derived from Eq. �14� after
the light has been switched off is

dA�t�
dt

= kr�A0 − Ab�texp� − A�t�� . �21�

Integrating both sides of Eq. �21� enables an analytical ex-
pression for the time varying recovery or regeneration of
photosensitizer for t� texp. This analytical expression is
given as

A�t� = �A0 − Ab�texp�� − �A0 − Ab�texp� − A�texp��

�exp�− kr�t − texp�� , �22�

where A�texp� and Ab�texp� represent the concentrations of
photosensitizer and bleached photosensitizer, respectively, at
time texp.

In this subsection, analysis of the two limiting cases of
the rate equation, which predicts the concentration of photo-
sensitizer with time, have been presented. Two approximate
analytic expressions for the concentration of photosensitizer
in these limiting cases have been developed. These mecha-
nisms include photosensitizer recovery and bleaching. In
Secs. III B and III C, we examine the experimental behavior
and using Eqs. �20� and �22� estimate key physical
parameters.

B. Photon absorption

Based on the photoinitiation mechanisms presented in
Sec. II and the processes of photon absorption present during
photoillumination described in Sec. III A 1, it can be seen
that three main parameters are predicted to determine the
absorptive effects of a photopolymer material. These param-
eters are �i� the quantum yield for the destruction of the
photosensitizer,�, �ii� the molar-absorption coefficient, �,
and �iii� the loss fraction, Tsf. We now extract values for
these important parameters, which control the temporal evo-

lution of absorption effects and, as a result, the photopoly-
merization mechanisms of grating formation. We do this by
fitting experimentally obtained transmittance curves using
Eq. �20�.

To obtain estimates for these absorption parameters, we
measured the time varying transmittance for a normally in-
cident plane wave of wavelength 	=532 nm, see Fig. 2. In
order to remove any possible effects due to the diffusion of
photosensitizer from outside the exposed regions, the illumi-
nation beam exposed the entire photopolymer material layer.
The photopolymer material was prepared in the same manner
as presented in Refs. 18 and 20. The photosensitizer used
was Erythrosin B, which is sensitive at a wavelength 	
=532 nm. The initial concentration used was A0=1.22
�10−6 mol /cm3.

As shown in Fig. 2, the illuminating plane wave, which
is controlled using a mechanical shutter, propagates through
an iris of diameter, Di. The measured intensity, I0, is then
incident on the photopolymer material layer. The amount of
light transmitted through the material during exposure is
monitored using a photodetector. As the photodetector mea-
sures intensity in mW /cm2, it is necessary to convert these
measurements into Einstein /cm2 s, for use in the expression
presented in Sec III A. This is done using

I0� = I0	 	

Nahc

Tsf, �23�

where 	 �nm� is the wavelength of incident light,
Na �mol−1� is Avogadro’s constant, c �m /s� is the speed of
light, and h �J s� is Plank’s constant. The monitored trans-
mission curves are then normalized with respect to the inci-
dent intensity, I0� �corrected for scattering losses using Tsf�
and then fit using a nonlinear fitting algorithm and Eq. �20�.
In this way estimates for �, �, and Tsf are obtained. Figure
3�a� shows a typical experimental transmission curve �dots�
with nonlinear fit �solid line� for an exposure of I0�
=4 mW /cm2 and a material layer thickness of d=100 
m.
Figure 3�b� shows the time varying photosensitizer concen-
tration, A�t�, generated from the results presented in Fig. 3�a�
using Eq. �17�.

In order to obtain accurate estimations of the absorption
parameters �, �, and Tsf, a set of experiments were carried
out. First, several transmission curves were measured for an
exposure intensity of 5 mW /cm2 incident on a set of stan-
dard material layers, each with different layer thicknesses,
d�
m�. The resulting parameter values produced by nonlin-
ear fits to this experimental data are presented in Table I. As

Di

Photo-
detector

Photo-
polymer

Iris
Substrate

Plane-
Wave

Shutter

FIG. 2. �Color online� Experimental setup used to monitor time varying
transmittance curves.
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can be seen from Table I the parameters estimated for the
different material layer thicknesses are similar, and a mean
value for each of the absorption parameters is presented.
These values are of the same order as those obtained by
Carretero et al.23 using the same methods. Second, several
transmission curves were measured for a range of exposure
intensities, all of which were incident on a standard material
layer of thickness d=120 
m. The absorption parameters
were again estimated and are presented in Table II. Once
again there is a good general agreement between each of
the estimated parameters, and those attained by Carretero
et al.,23 and the mean values obtained in both tables do not
differ significantly. Further verification of the absorption pa-
rameters obtained are presented in Refs. 28 and 29.

For the transmittance curve presented in Fig. 3�a�, cases,
1, 2, and 3 correspond to exposure times, t1, t2, and t3, re-
spectively, which result in a particular fraction of light trans-
mitted through the photopolymer. These fractions correspond
to one-quarter, Tsf /4, one-half, Tsf /2, and three-quarters,
3Tsf /4 of the maximum intensity that is transmitted at satu-
ration, Tsf, i.e., the maximum amount of light that can be

transmitted after taking into account the Fresnel and scatter-
ing losses. A�t1�, A�t2�, and A�t3� are then the photosensitizer
concentrations at these particular exposure times. This de-
scription now forms the basis of the methods used to mea-
sure the concentrations of photosensitizer regenerated and
bleached as discussed in SecIII C.

C. Postexposure measurements

Using the analysis presented in Sec. III A 2, we now
examine the effects of regeneration and bleaching of the
photosensitizer.

1. Recovery process

As discussed in Sec. II, when a photopolymer material is
illuminated with an appropriate light intensity, the photosen-
sitive dye molecules absorb photons and are excited to the
singlet, 1Dye, and/or triplet, 3Dye, state forms of the photo-
sensitizer. As can be seen from the flow chart in Fig. 1, these
excited states can result in the production of free radicals,
ED•, or can be converted to the leuco or dihydro states,
H2Dye, or can return to the unexcited ground state, Dye,
which is available for the reabsorption of photons.

The analysis carried out in this section attempts to esti-
mate the rate, kr, at which the photosensitizer recovers or
returns back to its initial ground state form. In order to
achieve this, a set of experiments is performed, which en-
ables the photosensitizer concentration to be approximated at
any time, t, after a given exposure time, i.e., texp.

By exposing standard material layers of thickness,
d=100 
m, to an incident intensity, I0�=4 mW /cm2, the
transmittance curves were monitored in the same manner as
that described in Sec. III B. From these data, the exposure
times necessary to reach one-quarter, one–half, and three-

TABLE I. Parameter values extracted from fits to experimental transmit-
tance curves for a range of material layer thicknesses. In all cases
I0�=5 mW /cm2.

Thickness
�
m�

�

�cm2 /mol�
��108�

�
�mole/Einstein� Tsf

80 1.333 0.0356 0.792
120 1.437 0.0370 0.800
160 1.549 0.0350 0.780
Mean 1.440�0.109 0.036�0.001 0.7375�0.0625

TABLE II. Parameter values estimated from transmittance curves for a
range of intensities and constant layer thickness d=120 
m.

Intensity
�mW /cm2�

�

�cm2 /mol�
��108�

�
�mole/Einstein� Tsf

2 1.416 0.0390 0.792
4 1.452 0.0326 0.800
6 1.450 0.0330 0.780
Mean 1.390�0.127 0.035�0.004 0.7375�0.0625

3Tsf/4

A(t)

1

(mol/cm3)

10 20 30 40 50 60 70

0.2

0.4

0.6

0.8

10 20 30 40 50 60 70

2×10-7

4×10-7

6×10-7

8×10-7

1×10-6

1.2×10-6

T(t)

Time(s)

Tsf

Case 1 Case 2 Case 3

Tsf/2
Tsf/4

(a)
Eq (20)

Time(s)

(b)
Eq (17)

A(t1)

A(t2)

A(t3)

t1 t2 t3

FIG. 3. �a� Experimental data and nonlinear fit to a transmission curve, T�t�,
using Eq. �20� with error bars indicating experimental reproducibility, and
�b� the corresponding photosensitizer concentration, A�t�.

T(tII)
DT = T(tI) - T(tIII)

T(tIII)

T(tI)

Tsf

tIII tIItI

T(t)

Time (s)
tOFF

FIG. 4. Schematic of the experimental processes involved to determine the
rate of recovery of photosensitizer after an exposure, tI.
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quarters of the saturated value of transmittance, Tsf, see Fig.
3�a�, were identified. These times are denoted by t1, t2, and t3

respectively. From this information, the experiment to deter-
mine the rate of recovery can be carried out using the fol-
lowing five steps: �see Fig. 4�

�1� Expose a standard material layer of uniform thickness,
d, for time tI, i.e., the exposure time required to obtain
one quarter of the saturated value of transmittance, i.e.,
Tsf /4.

�2� Turn off the exposing light using the mechanical shutter
for a period of time toff.

�3� Open the shutter after the time toff �when t= tII� and
record the transmitted intensity.

�4� Calculate the difference in the transmitted intensity, �T,
between the light transmitted at time tI, i.e., T�tI�, and
time tII, i.e., T�tII�, and convert these differences in trans-
mittance into the corresponding photosensitizer concen-
trations, i.e., A�tI� and A�tII�.

�5� Repeat for different values of toff in order to quantify the
time evolution of these changes in transmittance and
thus photosensitizer concentration.

Figure 4 is a schematic representation of the experimentally
observed transmittance behavior used to determine the rate
of recovery of the photosensitizer. This schematic represen-
tation is used because the recovery of the photosensitizer is a
much slower process than the instantaneous transmittance.
Thus the time axis in the schematic is chosen to make the
experimentally observed effects more clearly visible.

In order to approximate the concentration of the photo-
sensitizer at the required times, i.e., tI and tII, it is necessary
to relate Eqs. �17� and �20�, as was done in Fig. 3. This
means that the transmittance at any time, T�t�, corresponds to
a photosensitizer concentration at that time, A�t�. Also, it is
assumed that the photosensitizer concentration correspond-
ing to the light transmitted at time tII, i.e., A�tII� in Fig. 4, is
the same concentration that corresponds to an equal transmit-
tance at time, tIII, i.e., A�tIII� in Fig. 4. This then allows us to
use Eq. �17� to predict the photosensitizer concentration for
the light transmitted for any value of toff. We can therefore
write that

A�tII� = A�tIII�, since T�tII� = T�tIII� . �24�

By determining from the experimental data, the difference in
the amount of light transmitted, �T, from the time when the
light was switched off, T�tI�, to the time the light was
switched back on, T�tII�=T�tIII�, the amount of photosensi-
tizer recovered, Ar, during the postexposure period toff can be
calculated,

Ar�toff� = A�tIII� − A�tI� . �25�

This process is repeated for varying values of toff so that a
full description of the photosensitizer recovery process can
be obtained. At small values of recovery time, toff, the
amount of the recovered photosensitizer will be small. This
value will get progressively larger for larger recovery times
�see Fig. 5� until the amount of photosensitizer available to
recover is reduced �due to bleaching�. This behavior is de-
scribed using Eq. �22�.

To find the rate at which the photosensitizer recovers,
kr�s−1�, in our photopolymer material, three different expo-
sure times were examined, i.e., t1=5 s, t2=10 s, and t3

=20 s. For each of these cases, experimental transmittance
curves were obtained for a range of values of toff. From these
transmittance curves, the concentration of photosensitizer re-
covered was calculated using Eq. �17�. The experimental re-
sults are presented in Fig. 5 for each of the three different
exposure times. These times correspond to one-quarter, one-
half, and three-quarters of the Tsf, as shown in Fig. 3.

The three photosensitizer recovery curves were then fit
using Eq. �22�, which predicts the temporal evolution of pho-
tosensitizer recovery, postexposure. The theoretical fits are
shown as lines in Fig. 5.

The value of A�texp�, which represents the concentration
of photosensitizer when the light has been switched off, is
extracted from the experimental data and is presented in
Table III. The value of the bleached photosensitizer concen-
tration, Ab, which will be discussed in Sec. III C 2, is as-
sumed to be the amount of photosensitizer, which did not
recover by toff=90 min, i.e., Ab�texp�=A0−Ar �toff=90 min�,
where A0 is the initial photosensitizer concentration. Fitting
the experimental data, the rate constant of recovery of the
photosensitizer, kr, is then estimated. The values obtained are
presented in Table III.

As can be seen, the rate constant of recovery, kr, is al-
most the same for each of the three cases examined. This is
not surprising since the possible effects of photosensitizer
diffusion from outside the exposed regions have been re-
moved, i.e., the total layer area is exposed. However, even if
this was not the case, it is unlikely that photosensitizer dif-
fusion would have much of an effect, as the Erythrosin B
molecular weight is 879.92 g/mol, making it relatively large

20 40 60 80

8×10-7

9×10-7

1×10-6

1.1×10-6

1.2×10-6

t2 = 10 s

t1 = 5 s

t3 = 20 s

Ar
(mol/cm3)

A0

tOFF (min)

FIG. 5. Theoretical fit to experimentally determined photosensitizer recov-
ery concentration for three different exposure times: t1=5 s �solid line�,
t2=10 s �long dashed line�, and t3=20 s �short dashed line�.

TABLE III. Extracted parameter values from fits to experimental deter-
mined photosensitizer recovery curves.

texp

�s� T�t�

A�texp�
�mol /cm3�

��10−6�

Ab�texp�
�mol /cm3�

��10−7�

kr

�s−1�
��10−3�

t1=5 Tsf / 4 1.096 2.130 1.19
t2=10 Tsf / 2 0.894 6.798 1.22
t3=20 3Tsf / 4 0.810 9.632 1.17
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and immobile in the cross-linked acrylamide/
polyvinylalcohol �AA/PVA� photopolymer system.

Also, the values obtained for the rate constant of recov-
ery shown in Table III are significantly slower than the rate at
which the photosensitizer is removed �of the order of
minutes�. Thus verifying the assumption made in Sec. III A 1
that during exposure the effects of recovery can be assumed
negligible.

The results presented here indicate that there is a signifi-
cant amount of photosensitizer recovery over extended peri-
ods of time in this material. Since for larger initial exposures
more dye molecules become excited, therefore, up to a cer-
tain exposure time, more photosensitizer will be available for
recovery or regeneration. This process is obviously signifi-
cant for data storage applications in photopolymers that are
similar to the AA/PVA, photopolymer material studied here.

2. Bleaching process

The bleached form of the photosensitizer �leuco and
H2Dye� is produced when a dye radical, Dye•−, see Eq. �8�,
abstracts a hydrogen molecule from the ED free radical, ED•,
i.e., R•, as shown in Eqs. �10a� and �10b�. The rate equation
for this process can be given by

dAb�t�
dt

= kb�A�t�R•�t�



� , �26�

where kb is the rate constant of photobleaching of the pho-
tosensitizer and 
 indicates the fraction of photosensitizer
and primary radicals, which react to form the inert form of
the photosensitizer. In order to solve Eq. �26� and estimate
physical values for kb and 
, the corresponding set of
coupled differential equations should be derived and solved.
However, in this section, a simple phenomenological model
to predict the time varying photosensitizer concentration and
extract estimations of the photobleaching rate constant, kb, is
presented.

First a set of experiments was carried out with the aim of
calculating the concentration of photosensitizer bleached
during exposure. This was done using the setup presented in
Fig. 2. In these experiments, the transmitted light was moni-
tored for varying exposure times, spanning the entire dura-
tion of the transmittance curve, i.e., Fig. 3�a�. In all cases a
constant exposure intensity, I0�=4 mW /cm2, was normally
incident on standard material layers of thickness d
=100 
m.

The exposure time, texp, was varied and following expo-
sure value toff=12 h �
�� was chosen. This large value of
toff allows all recovery processes �for each particular length
of exposure� to completely take place. When the incident
light is switched back on, the amount of light transmitted is
recorded and the difference, �T, between this value and the
transmittance value T�texp� is determined. Using Eq. �17�, the
corresponding concentrations of photosensitizer can be cal-
culated enabling the concentration bleached, Ab�texp�, to be
estimated.

Figure 6 shows a schematic representation of the photo-
sensitizer processes, which occur during and postexposure.
The decaying curve illustrates the temporal behavior of the

photosensitizer concentration, A�t�, when the material is con-
tinuously exposed. The three increasing exponential curves
show the behavior of the recovery of the photosensitizer for
exposures t1 �solid line�, t2 �long dashed line�, and t3 �short
dashed line�. The corresponding quantities bleached for each
exposure are denoted as Ab�t1→��, Ab�t2→��, and
Ab�t3→��.

The experimental data obtained from this process are
presented in Fig. 7. As can be observed, with increased ex-
posure time, the concentration of bleached photosensitizer,
Ab�t�, increases slowly. This process continues until all the
photosensitizer has been bleached.

The experimental data presented in Fig. 7, for the con-
centration of photosensitizer bleached per second of expo-
sure, were fit using the simple expression

Ab�t� = A0�1 − exp�− kbI0�t�� , �27�

where A0 is the initial photosensitizer concentration and I0� is
the exposure intensity, which is corrected for Fresnel and
scattering losses. kb=6.18�105 cm2 /Einstein is the rate
constant extracted from the best fit to the data in Fig. 7. Table
IV shows the values obtained for Ab�t� by fitting the experi-
mental results in the three cases presented in Secs. III B and
III C 1 for t1=5 s, t2=10 s, and t3=20 s.

A(t) (mol/cm3)

A(t1)

A0 Ab(t1Æ•)

A(t3) tÆ•
(12 Hrs)

A(t2)

tOFF

Ab(t2Æ•)

Ab(t3Æ•)

t1 t3t2
Exposure Times

FIG. 6. Schematic representation of the experiments carried to calculate the
concentration of photosensitizer bleached per second of exposure.
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FIG. 7. Concentration of bleached photosensitizer �dots� obtained experi-
mentally as a function of exposure time and a best fit using Eq. �27� �solid
line�.
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As can be observed in Fig. 7, a reasonably good fit is
achieved to the experimental data using the simple phenom-
enological model proposed, i.e., Eq. �27�. However, we note
that the values for the concentration of bleached photosensi-
tizer presented in Table IV differ with those presented in
Table III. There are three plausible reasons for this: �i� the
assumption made in Sec. III C 1, for determining the rate
constant of recovery that after toff=90 min, the difference
between the concentration A�toff=90 min� and the initial
photosensitizer concentration, A0, was the concentration of
bleached photosensitizer, Ab�t�; �ii� the use of a simple func-
tion to model the rate of change of photosensitizer, i.e., Eq.
�27� �a more complete model is clearly necessary to accu-
rately predict this behavior�; and/or �iii� the data presented in
Fig. 7 show the concentration of photosensitizer bleached for
an exposure time which is greater than that required to reach
the saturated transmittance, Tsf, i.e., texp� tTsf. However, the
experimental data set presented does not illustrate the full
range of photosensitizer bleaching behavior. The data tend to
suggest that due to the effects of recovery and regeneration,
a significantly longer exposure time is necessary to fully
bleach all the photosensitizer.

IV. DISCUSSION AND CONCLUSIONS

Starting with a detailed description of the photoinitiation
mechanisms taking place in the AA/PVA based photopoly-
mer material, we have further developed a rate equation to
include the effects of both the recovery and the bleaching
processes, which arise during photon absorption in photo-
polymer materials. Quantitatively understanding these effects
increases our ability to predict the time evolution of grating
formation during and postexposure.

It was previously shown that the main process respon-
sible for consuming photosensitizer concentration was pho-
tosensitizer absorption. In this paper, an expression for the
change in the absorbed intensity during exposure is pre-
sented and the key material parameters controlling the ab-
sorption characteristics are estimated. Experiments have
been carried out to find the rate constants of the recovery and
bleaching processes using postexposure experimental data.
The results obtained tend to agree for a large range of ex-
perimental parameter values. Further work is required to
more accurately describe these effects, including longer ex-
posure times, larger ranges of intensities, and a more com-
plete theoretical model describing the effects of photosensi-

tizer bleaching. However, the work presented here clearly
shows that the postexposure photosensitizer effects taking
place in such photopolymer materials can make a significant
enough contribution to require their inclusion in any compre-
hensive material model.
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