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Photopolymer materials are practical materials for use as holographic recording media. To further develop
such materials, a deeper understanding of the photochemical mechanisms present during the formation of ho-
lographic gratings in these materials has become ever more crucial. This is especially true of the photoinitia-
tion process, which has already received much attention in the literature. Typically the absorption mechanism
varies with exposure time. This has been previously investigated in association with several effects taking
place during recording. Since holographic data storage requires multiple sequential short exposures, it is
necessary to verify the temporal change in photosensitizer concentration. Postexposure effects have also been
discussed in the literature, however, such studies do not include effects such as photosensitizer recovery and
bleaching. We report on experimental results and theoretical analysis of the recovery and bleaching
mechanisms, which arise during exposure and postexposure for two different types of photosensitizers,
methylene blue and erythrosine B in a polyvinylalcohol–acrylamide based photopolymer material.
© 2009 Optical Society of America

OCIS codes: 090.0090, 090.2890, 090.2900, 160.5335, 160.5470.
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. INTRODUCTION
he storage capabilities of self-processing photopolymer
aterials are under constant study due to their ability to

ecord low loss, low shrinkage, and high diffraction effi-
ient volume gratings. To obtain the full potential of these
aterials requires quantitative insight into the processes

resent during recording [1,2]. Therefore, the develop-
ents of accurate theoretical models, which are validated

sing reproducible experiments, are needed to allow im-
ortant material parameters to be identified and con-
rolled.

A study of the photochemical kinetics involved during
olographic recording in a polyvinylalcohol–acrylamide
PVA–AA) based photopolymer material [1,3–7] is pre-
ented here. Such materials have received much attention
n the literature [1–11] and are relatively simple to work
ith. In particular, in this paper our aim is to increase
ur understanding of what takes place inside the material
uring exposure when using different photosensitizers. If
t is possible to precisely measure the number of photons
eing absorbed by the photosensitizer in the photopoly-
er material, and the amount of resulting initiation, then

n accurate theoretical representation of the photopoly-
erization process can be made. Therefore, in order to

ully predict the temporal evolution of holographic grating
ormation, it is necessary to thoroughly examine the ki-
etics of photoinitiation in photopolymer materials, which

ncludes taking account of the effects of photosensitizer
ecovery and bleaching [2]. Thus we aim to further de-
elop the theories of the photoinitiation processes
0740-3224/09/030528-9/$15.00 © 2
2,4–6,10] by theoretically and experimentally examining
uch temporal effects during exposure and postexposure.

To systematically present the results of this study, the
aper is structured as follows: in Section 2 we first dis-
uss the photochemical rate equation, which determines
he photoinitiation mechanisms present during grating
ormation. We then incorporate the temporal effects of ab-
orption during exposure into this rate equation, and a
ow chart of these processes is presented. In Section 3, we
xamine the photoabsorptive behavior experimentally for
wo different photosensitizers: methylene blue (MB) and
rythrosine B (EB), respectively. Work done on extending
he analysis of the recovery and bleaching processes is
resented in this section. Then the developed model is fit
o the experimentally obtained results using a numerical
east squares fitting algorithm. Estimations of absorption
arameter values are then extracted using the fitting pro-
edure and are presented and discussed. Finally, in Sec-
ion 4, a brief conclusion is given.

. PHOTOINITIATION MECHANISM
. Photochemical Reactions
uring holographic exposure a PVA–AA material under-
oes a set of three main photochemical processes [2,7,8]:
nitiation, propagation, and termination. In this work we
ocus on the mechanisms involved in the first of these pro-
esses, initiation. Photoinitiation involves the production
f free radicals by photon absorption by the photosensi-
izer. The initiator consists of a photosensitive dye and a
009 Optical Society of America
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educing agent, i.e., a tertiary amine [triethanolamine
TEA) [1,2,8,12]]. The photosensitive dyes examined in
his paper become excited in the presence of a photon and
hen excited can accept an electron from the reducing
gent, and can then produce a free radical, R·. When the
ye molecule is exposed to light of a suitable wavelength,
t absorbs a photon of light and is promoted to a singlet
xcited state 1Dye* [2,13]. The singlet-excited dye can re-
urn to its ground state by radiationless energy transfer
o another molecule such as TEA, the electron donor, ED,
nd by the emission of a photon by a process called fluo-
escence [1,12].

The singlet state dye can also undergo intersystem
rossing into the more stable and longer-lived triplet state
Dye* [2,13] (see flow chart in Fig. 1). This triplet state
ye molecule can return to the ground state by radiation-
ess energy transfer or by delayed emission of a photon,
y collision with another dye molecule, and also by the
resence of initially dissolved molecular oxygen [14–16]
esulting in an unreactive oxygen species 1O2.

The dye molecules can also undergo a reaction whereby
t abstracts two hydrogen molecules (atoms) from the ED
o form the transparent (leuco [1,9,11]) form of the dye.
he production of free radicals takes place when the trip-

et state dye reacts with ED. The ED donates an electron
o the excited “triplet state,” 3Dye*, of the dye leaving the
ye with one unpaired electron and an overall negative
harge, Dye·− [1,2,7,8,11].

The ED radical cation then loses a proton and becomes
free radical. When an acrylamide monomer is present,

he free radical can undergo two different reactions
1,2,7,8,11]. The first possible reaction is the initiation of
he monomer radical M1

· [1,8,17,18]. The second possible
eaction the radical can undergo is dye bleaching [1,11].
his occurs when the dye radical formed abstracts a hy-
rogen molecule from the ED free radical. An unstable
D intermediate, ��HOCH2CH2�2NCH=CHOH� [1,2,11],
nd the transparent di-hydro dye, H2Dye, are formed in

ig. 1. Flow chart illustrating the photoinitiation mechanisms
his reaction, [2]. Dye bleaching is an important process
ecause it allows a grating to be fixed after recording. By
leaching any remaining dye, no new free radicals can be
ormed. This results in the photopolymer layer becoming
ransparent.

. Photosensitizer Rate Equation
hotopolymer materials can be made sensitive to differ-
nt wavelengths using particular photosensitive dyes. Let
s consider a photopolymer material layer with thickness
(centimeters) and initial photosensitizer concentration

0 �mol/cm3�, which is exposed to an incident intensity.
he rate equation for the photosensitizer concentration
hanging with exposure time t can be expressed as
2,10,11]

dA�t�

dt
= −

�Ia�t�

d
+ kr�A0 − Ab�t� − A�t��. �1�

�t� �mol/cm3� is the photosensitizer concentration re-
aining at time t; � is the quantum yield or quantum ef-

ciency of removal of the photosensitizer; Ia�t�
Einstein/cm2 s� is the absorbed intensity with time t; kr
s−1� [2,10] is the rate constant of recovery of exited dye
olecules back to their ground state, where it is then

vailable for further photon absorption. Ab�t� �mol/cm3� is
he amount of photosensitizer concentration that has
een bleached for an exposure of time t, following the
ork by Gleeson et al. [2]. To reduce the complexity of Eq.

26) from [2], we assume a simple linear relationship be-
ween the free radical, ED· and incident intensity, I0�. This
s governed by the rate equation,

dAb�t�

dt
� kbI0�A�t�, �2�

here kb �cm2/Einsteins� is the rate constant of bleach-
ng, I0� �Einsteins/cm2 s� is the incident intensity cor-
ected by the transmission fraction Tsf=Ts�Tf, where Ts
s the transmission fraction after the material scattering
oss and Tf is the transmission fraction after the Fresnel
oundary loss [2,10,11]. Examining Eqs. (1) and (2) we
an identify two limiting cases, which describe these
quations appropriately. Letting texp represent the expo-
ure time, the two cases identified are as follows:

I. When t� texp, we assume that the recovery effect is
egligible during the exposure [2]. This gives,

dA�t�

dt
� −

�Ia�t�

d
. �3�

he absorbed intensity Ia�t� is described using the
ambert–Beer law [11,19],

Ia�t� = I0��1 − exp�− �A�t�d��, �4�

here � �cm2/mol� is the molar absorption coefficient.
ubstituting Eq. (4) into Eq. (3) and integrating with re-
pect to time, an expression for the time varying photo-
ensitizer concentration, A�t� �mol/cm3� can be obtained
10,11],
f the photosensitizer, MB, and EB.
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A�t� = ��d�−1 log�1 + �exp��A0d� − 1�exp�− ��I0�t��. �5�

olving Eq. (2), Ab�t� can be expressed as

Ab�t� =
kb

2��2d���I0�t	��I0�t − 2 log

�
 1 + exp���I0�t�/�exp��A0d� − 1�

1 + exp�− ��I0�t��exp��A0d� − 1���
+ 2Li2
 + exp���I0�t�

1 − exp��A0d�� − 2Li2
 − exp���I0�t�

1 − exp��A0d�� .

�6�

here Lin�z�=�k=1
� zk /kn is the dilogarithm function [20].

he light incident upon the photopolymer material layer
an be broken down into three parts: (i) lost through scat-
er and due to Fresnel Tsf, i.e., I0�=I0�Tsf, where I0 is the
ncident intensity before taking account of the loss frac-
ion, (ii) light that is absorbed Ia�t�, and finally (iii) light
hat is transmitted IT�t�. Then the normalized transmit-
ance, T�t�, i.e., the ratio of the transmitted intensity to
he incident intensity, T�t�=IT�t� /I0, can be expressed as a
unction of time [10,11],

T�t� =
Tsf

1 + �exp��dA0� − 1�exp�− ��I0�t�
. �7�

II. When t� texp, the incident light is turned off, and as
result no new photons are absorbed by the photopoly-
er material layer, i.e., Ia�t�=I0�=0, [2]. Equation (1) re-

uces to

dA�t�

dt
= kr�A0 − Ab�texp� − A�t��. �8�

olving Eq. (8) provides an analytical expression for the
ime varying recovery of photosensitizer, when t� texp,

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

�exp�− kr�t − texp��, �9�

here A�texp� and Ab�texp� represent the concentrations of
hotosensitizer and bleached photosensitizer, respec-
ively, at time t= texp.

In this section, we have described the photoinitiation
echanisms in detail using photochemical rate equations.
evelopment of the flow chart presented in Fig. 1 suc-

inctly illustrates these processes. A set of rate equations
s presented that includes the mechanisms of photosensi-
izer recovery and bleaching. Next, we experimentally ex-
mine these mechanisms of recovery and bleaching for
wo photosensitive dyes, and quantify their postexposure
ffects.

. EXPERIMENTAL WORK
o optimize the process of fabrication of holographic re-
ordings, it is necessary to quantify three main param-
ters [2,10,11]: (a) the quantum yield, �; (b) the molar-
bsorption coefficient, �; and (c) the loss fraction, Tsf,
hich determine the absorptive effects present in a pho-
opolymer material, as they control the temporal evolu-
ion of absorption effects and thus the photopolymeriza-
ion mechanisms during grating formation. We now
stimate these parameters using fits to experimentally
btained transmittance curves.

. Photosensitizer I—Methylene Blue
o obtain estimates for the values of these absorption pa-
ameters, we begin by examining the standard PVA–AA
aterial [1–3,6–8,10,11] with MB, i.e., C16H18ClN3S,

sed as the photosensitizer.

. Photon Absorption
n accordance with the absorption spectrum of MB [21],
n experiment was performed to measure the time vary-
ng transmittance of a normally incident plane wave of
avelength �=633 nm (red). To remove any effects aris-

ng due to diffusion of the photosensitizer from outside
he exposed regions, the area of illumination was made
he same size as the area of the material layer being ex-
osed. The photopolymer material was prepared in the
tandard manner [1,2,7,8,10] with a dry material initial
hotosensitizer concentration A0=2.11�10−6 mol/cm3 for
ecording.

As discussed in [2], the normally incident transmitted
ntensity I0 is measured using a photodetector in units of

W/cm2 s, and is necessarily converted to Einstein/cm2 s
2,10]. Using three material layer thicknesses, 80, 120,
nd 160 �m, experimental transmittance curves were ob-
ained for an exposure intensity of 5 mW/cm2 s. Equation
7) was then fit using a nonlinear fitting algorithm, and
he resulting estimations of the absorption parameters
re presented in Table 1. The parameters obtained for the
ifferent thicknesses tend to converge well and a mean
arameter value for each is displayed.
To further determine the convergence and accuracy of

hese parameter values, the experiments were repeated
sing three different exposure intensities, 2, 4, and
mW/cm2 s, and a constant material layer thickness of

Table 1. Absorption Parameter Extraction from
Fits to Experimentally Obtained Transmittance

Curves of MB for Different Illumination
Intensities and Layer Thicknesses

Intensity
�mW/cm2�

�

�cm2/mol�
��107�

�
(mole/Einstein) Tsf

2 7.707 0.067 0.796
4 7.803 0.070 0.766
6 8.080 0.070 0.788

Mean 7.86±0.216 0.069±0.001 0.783±0.0123

Thickness
��m�

80 7.902 0.066 0.782
120 8.029 0.063 0.761
160 7.858 0.064 0.831

Mean 7.93±0.099 0.064±0.001 0.7913±0.0396
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=120 �m. The estimated parameter values are pre-
ented in Table 1. As can be seen, good agreement be-
ween the two sets of estimated values indicates the re-
roducibility of the results. Also, these results are
onsistent with the values obtained in the literature
2,10,11,22].

Figure 2(a) shows a typical average experimental
ransmittance curve, for a material layer thickness of d
100 �m under an illumination intensity of I0
4 mW/cm2 s for 75 s exposure time. The data were fit
ith the inclusion of error bars to indicate experimental

eproducibility. The corresponding time evolution of the
hotosensitizer concentration, found using Eq. (5), is pre-
ented in Fig. 2(b). The transmittance in cases 1–4, i.e.,
or the exposure times t1– t4, results in particular frac-
ions of the maximum intensity being transmitted
hrough the photopolymer layer at saturation: T1�Tsf /4,
2�Tsf /2, T3�3Tsf /4, and T4�Tsf. In these cases A�t1�,
�t2�, A�t3�, and A�t4� are the instant photosensitizer con-

entrations for each corresponding exposure time. We can
ee that the longer the exposure the greater the intensity
ransmitted, and the less intensity absorbed. In this way
e can quantify the amount and the rates of photosensi-

izer recovered and bleached during exposure [8]. This is
ow discussed in Subsections 3.A.2 and 3.A.3.

. Recovery Process
xtending the work in Subsection 3.A.1 on the relation-
hip between the time evolution of transmittance charac-
eristics and the photosensitizer concentration, the recov-
ry process can be numerically analyzed. When
hotopolymer material is exposed, the excited states of

ig. 2. (a) Experimental data and curve fits T�t� with error bars,
hotosensitive dye molecules are formed, i.e., singlet,
1Dye*, and/or triplet, 3Dye*. They either result in produc-
ion of radical ED·’s, or can be converted to the leuco or
i-hydro state, H2Dye, or can return to the ground state
y relaxation and the fluorescence quenching process, i.e.,
ombination, oxidation and reduction of the radicals, as
ndicated in Fig. 1. Therefore some of the photosensitizer
ecovers to the ground state, Dye.

In this section, the recovery process is examined and its
ate constant, kr �s−1� is estimated. This is done by apply-
ng discrete timed, normally incident exposures of inten-
ity 4 mW/cm2 s to photopolymer layers of thickness
00 �m. As illustrated in Fig. 2(a), the exposure times to
each (T1, T2, T3, and T4) are identified as t1– t4. The ex-
eriment was carried out as follows:

1 The photopolymer material layer was exposed for
ime tI (seconds) and the amount of light transmitted was
onitored, i.e., tI stands for the individual exposure times

rom t1 to t4.
2 The exposing laser source was turned off by closing a
echanical shutter for a relatively longer time, tOFF (min-

tes), than the exposure time tI (seconds).
3 Reopening the mechanical shutter at tII, the trans-
ittance was again monitored until 100% saturation, Tsf,

ccurs.
4 The difference in transmittance, 	T=T�tI�−T�tII�,

as found for tOFF= tII− tI; see Fig. 3. These differences
ere then converted into the corresponding photosensi-

izer concentrations A�tI� and A�tII�.
5 This process was then repeated for different values

f tOFF, in order to quantify the time evolution of the
hanges in transmittance and thus of the photosensitizer
oncentration.

Due to the large time scale, the experimentally ob-
erved transmittance curves, which determine the recov-
ry behavior, are illustrated using the schematic pre-
ented in Fig. 3. The recovery process was numerically
nalyzed by combining Eqs. (5) and (7). During the pos-
exposure period, tOFF, the photosensitizer concentration
hat the dye recovers to can be calculated at any particu-
ar time using Ar�tOFF�=A�tII�=A�tIII�, since T�tII�=T�tIII�.
rom Fig. 3, we see that T�tI� is the transmittance when
he exposure stops. The drop in the transmittance is due
o the increase in the photosensitizer concentration at tII,
hich indicates the existence of an absorption recovery

ig. 3. Representation of normalized transmittance curves ob-
ained experimentally for estimation of recovery mechanism of
ctive photosensitizer.
nd (b) photosensitizer as functions of time A�t�.
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echanism. In this way, we can find the amount of recov-
ry during the postexposure period, tOFF,

	Ar = A�tIII� − A�tI�. �10�

o estimate the rate constant of recovery of MB, kr �s−1�,
our different exposure times, tI=5, 10, 20, and 75 s, were
xamined (see Table 2). In each case, a range of values of
OFF were chosen, resulting in experimental transmit-
ance curves, from which photosensitizer recovery can be
bserved using Eq. (5). The resulting experimental values
f Ar�tOFF� are presented in Fig. 4. Fitting these four re-
overy curves using Eq. (9), the time evolution of the re-
overy process can be determined.

As can be seen, appreciable recovery occurs over long
eriods, with the MB photosensitizer recovering to almost
ts initial concentration. The extracted rate constant of re-
overy kr �s−1� for MB decreases in going from case 1 to
ase 4, i.e., as the exposure time increases, kr1�kr2�kr3
kr4; see Table 2. This appears reasonable, since the

onger the photosensitive dye is initially exposed, the
ore dye molecules become excited. However, these ex-

ited MB dye molecules then react strongly with any oxy-
en dissolved in the material during manufacture, and
hich also diffuses from the air into the unsealed layer
uring recording (see Fig. 1). Therefore, the larger the
umber of excited dye molecules, the longer the time re-
uired for the dye to recover; see case 4 in Fig. 4. To study
he effect of oxygen diffusion into the layer, the layers
ere then cover plated. In this way, the total amount of
xygen available to facilitate recovery can be reduced.
he results of this process are discussed in Subsection
.A.4.

. Bleaching Process
o develop a physical description of the bleaching process,
he recovery process must first be understood (this was
iscussed in Section Subsection 3.A.2). As illustrated in
ig. 1, the amount that is bleached depends on the expo-
ure necessary until the dye is fully bleached. Because of
he bleaching process, 100% recovery cannot be achieved,
hich means that a certain amount of photosensitive dye
ill never be able to return to its ground state. Thus, for

he exposure times previously examined, we can predict
hat as tOFF approaches infinity, and once the recovery
rocess is complete, the photosensitizer concentration
annot recover to its initial value, A0. We illustrate this
ehavior schematically in Fig. 5.
Taking the decaying curve for A�t� from Fig. 2(b), and

nserting it into Fig. 5 graphically, for different initial ex-
osure times �t1– t4� the photosensitizer concentration is

Table 2. Extracted Parameter Values of Recovery
Produced by Fitting Experimental Data for MB

texp
(s) T�t�

A�texp�
�mol/cm3�

��10−6�

kr
�s−1�

��10−3�

Ab�texp�
�mol/cm3�

��10−7�

Case 1 t1=5 T1 1.57 3 0.85
Case 3 t2=10 T2 1.152 1.6 0.95
Case 3 t3=20 T3 0.568 0.84 0.99
Case 4 t4=75 T4 0.042 0.72 1.66
hown to recover to approximately the same value
�tOFF→�� with different rates. It can be seen that there

s a gap between the initial photosensitizer concentration
0 and final value A�tOFF→��. Hence, the amount of pho-

osensitizer concentration bleached by exposure time, t,
an be estimated by taking their differences,

Ab�t� = A0 − A�tOFF → ��. �11�

o study the bleaching process, a larger range of exposure
imes were used, spanning the entire duration of the
ransmittance curve illustrated in Fig. 2(a). Experiments
ere carried out similar to those performed using the re-

overy process set up, except that in this case tOFF
12 �hours� is treated as being effectively t→� for each
articular length of exposure. When the recovery process
s complete, the laser is then turned back on, and the light
ransmission is monitored until saturation. By converting
�tII� (see Fig. 3) into the corresponding photosensitizer
oncentration, the time evolution of bleaching was found
y calculating the differences to the initial concentration,
0, for each exposure time. In each of these experiments,

ig. 4. Fit to experimental data of recovery versus postexposure
ime off �tOFF� of MB for different exposure times: t1=5 s (solid
urve), t2=10 s (long dashed curve), t3=20 s (dashed curve), and
4=75 s (short dashed curve).

ig. 5. Schematic representation of the combining of the photo-
ensitizer concentration (decaying curve) and recovery of MB for
OFF→� with different initial exposure times: t1=5 s (solid
urve), t2=10 s (long dashed curve), t3=20 s (dashed curve), and
=75 s (short dashed curve).
4
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constant intensity, I0�=4 mW/cm2 s, is normally incident
n the photopolymer material layers of thicknesses, d
100 �m.
The amount of photosensitizer bleached not only de-

ends on the exposure time, t, but also on the exposure
ntensity I0�. Fitting the experimental data using Eq. (6),
he rate constant of bleaching is determined to be kb
4.26�105 cm2/Einstein; see Fig. 6. As can be observed,
b�t� increases in an exponential manner, as exposure

ime increases. However, the trend indicated by the ap-
roximate model (solid curve), shows a bleached concen-
ration of approximately A0 /6, where A0=2.11
10−6 mol/cm3, over the examined exposure time, i.e., t
200 s. This appears to be because, as noted, MB has a
trong reactivity with oxygen (initially dissolved and dif-
using in from the air [11–13]). Thus more excited dye

olecules are being continually returned to the ground
tate by the oxygen present, both during exposure and
ostexposure, than are transformed into the transparent
tates.

. Cover Plating and Recovery
n Subsection 3.A.3 we noted that a significant amount of
xygen could diffuse into the material layer from the air
uring exposure and postexposure periods. In an effort to
liminate the effects of such diffusion, the material was
over plated using an index-matched fluid, silicon oil (500
imes the viscosity of water), and a glass plate [7]. Figure

contains two recovery curves: curve (1) represents the
esults of repeated recovery experiments for case 2, i.e.,
hen t2=10 s, but cover plated. Curve (2) shows the

quivalent results for the uncover-plated case, i.e., case 2
xtracted from Fig. 4. As can be seen from curve (1), sig-
ificantly less photosensitizer recovers when the material

s cover plated. As tOFF increases, the amount of oxygen
vailable to react with the excited MB dye molecules de-
reases, furthermore, and as a result that recovery takes
lace with a relatively slower rate constant, kr=1.16
10−3 s−1, than for the uncover plated case in curve (2),

r=1.6�10−3 s−1.

ig. 6. Concentration of the bleached photosensitizer MB (dots),
btained experimentally as a function of exposure time, along
ith a best fit (solid curve).
. Photosensitizer II—Erythrosine B
n this section, using the same experimental procedure
nd theoretical analysis, we examine the photoabsorptive
ehavior of our standard PVA–AA photopolymer material
ontaining a different photosensitizer EB, C20H6I4Na2O5
1,2,7,8,10].

. Photon Absorption
nce again, in order to estimate the absorption param-
ters, experiments were carried out with an input expos-
ng intensity of 4 mW/cm2 s normally incident on the ma-
erial layers of thicknesses, d=100 �m. Almost the same
xperimental setup was used. However, in this case, the
avelength of the incident plane wave is �=532 nm

green), in accordance with the absorption spectrum of EB
23]. The initial photosensitizer concentration of the dry
aterial is, A0=1.22�10−6 mol/cm3. Once again, the

ransmittance curves were monitored for a range of layer
hicknesses with a fixed intensity, and for a range of in-
ensities with a fixed thickness. The material parameters
ere extracted and are presented in Table 3.
The exposure times to reach �T1–T4� and thus A�t1�,

�t2�, A�t3�, and A�t4�, as in Fig. 2 are identified for expo-
ure times of, t1=5 s, t2=10 s, t3=20 s, and t4=75 s. The
B transmission curves are almost identical to those of
B. However, it is important to notice that the recovery

nd bleaching processes, which are taking place simulta-
eously, have significantly different rates. These are dis-
ussed in Subsections 3.B.2–3.B.4.

. Recovery Process
sing the same experimental steps discussed in Subsec-

ion 3.A.2, the recovery experiments were performed for
our exposure times tI, and the transmittance curves were
btained for the same range of exposure time off values,
OFF. The photosensitizer concentration recovered was
hen estimated; see Fig. 8. The experimentally obtained
esults (dots) are then nonlinearly fit using Eq. (9).

Fitting the experimental data the rate constant of re-
overy for EB, kr �s−1�, is then estimated; see Table 4. As
an be seen, the rate constant of recovery tends to agree

ig. 7. Fit to experimental data of recovery versus postexposure
ime off �tOFF� of MB for curve (1) material cover plated (short
ashed curve with big dots) and curve (2) uncover plated (long
ashed curve with small dots).
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ell for each of the different exposure times. This is not
urprising, because of the following:

(i) The possible effects of photosensitizer diffusion
rom outside the exposed regions have been removed, i.e.,
he total layer area is exposed. However, even if this were
ot the case, it is unlikely that photosensitizer diffusion
ould have a significant effect, as the EB molecular
eight is 879.92 g/mol, making it relatively large and im-
obile in the cross-linked PVA–AA photopolymer system.
(ii) The excited EB dye molecules do not have as strong
reactivity with oxygen as MB [24]. This can be observed

n Fig. 8.

The longer the photosensitive dye is initially exposed,
he lower the maximum amount to which the photosensi-
izer concentration can recover. This indicates that the
mount bleached gets larger, and thus less of the dye is
vailable to recover. Therefore, we can see that the

Table 3. Absorption Parameter Extraction from
Fits to Experimentally Obtained Transmittance

Curves of EB for Different Layer Thicknesses and
Illumination Intensities

Thickness
��m�

�

�cm2/mol�
��108�

�
(mole/Einstein) Tsf

80 1.333 0.0356 0.742
120 1.437 0.0370 0.780
160 1.549 0.0350 0.766

Mean 1.44±0.109 0.036±0.001 0.763±0.017

Intensity
�mW/cm2 s�

2 1.416 0.0390 0.776
4 1.452 0.0326 0.780
6 1.450 0.0330 0.758

Mean 1.390±0.127 0.0348±0.001 0.771±0.0086

ig. 8. Fit to experimental data of recovery versus postexposure
ime off �tOFF� of EB for different exposure times and rates: t1
5 s (solid curve), t2=10 s (long dashed curve), t3=20 s (dashed
urve), and t =75 s (short dashed curve).
4
leaching process is quite active during exposure. This is
ow discussed in Subsection 3.B.3.

. Bleaching Process
ased on the analysis of the recovery process, the bleach-

ng process of EB can be analyzed by quantifying its rate
onstant kb �cm2/Einstein� estimated from its time evolu-
ion. Experiments were carried out in exactly the same
anner as in Subsection 3.A.3, with tOFF=12 h, being

gain treated as tOFF→�. The time evolution of the
leaching process (curve) is determined by fitting Eq. (6)
o the experimentally obtained data (dots), shown in
ig. 9.
The value of the bleaching rate constant for EB is esti-
ated to be, kb=6.85�105 cm2/Einstein. As can be seen,

n Fig. 9, Ab�t� continues to increase exponentially, even
t longer exposure times. Therefore 100% bleaching of the
hotosensitizer, A0, appears possible if the recovery effect
s eliminated by exposing it for a sufficiently long time,
.g., three or more times the exposure time necessary for
he transmittance to saturate, as indicated in Fig. 2(a).

. Cover Plating and Recovery
o determine the reactivity of EB with the oxygen, cover
lated recovery experiments were identically performed.
he results in Fig. 10 show that, for the cover plated case,
urve (1), there is a significant drop in the amount of EB
hotosensitizer concentration that has recovered initially
i.e., tOFF=1–3 min). This is as a direct result of the cover
lating leading to a reduction in the amount of oxygen

Table 4. Extracted Parameter Values of Recovery
Process from Fits to Experimental Data of EB

texp
(s) T�t�

A�texp�
�mol/cm3�

��10−6�

kr
�s−1�

��10−3�

Ab�texp�
�mol/cm3�

��10−7�

Case 1 t1=5 T1 1.096 1.19 0.85
Case 3 t2=10 T2 0.894 1.22 1.38
Case 3 t3=20 T3 0.810 1.17 2.96
Case 4 t4=75 T4 0.152 1.18 6.89

ig. 9. Concentration of the bleached photosensitizer EB (dots),
btained experimentally as a function of exposure time, along
ith a best fit (solid curve).
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vailable to enable recovery. We note that the rate of re-
ction of EB with oxygen, (i.e., kz for EB), is not as fast as
he reaction between MB and oxygen, (i.e., kz for MB).
herefore oxygen is less reactive with the excited EB dye
olecules, and this results in a much slower recovery, i.e.,

r=5.94�10−4 s−1 and a smaller concentration of recov-
red EB dye molecules during the initial stages than in
he cover plated case of MB. However, over long periods of
OFF the other possible recovery mechanisms that can still
ake place in the layer, i.e., molecule collisions, radiation-
ess energy transfer, etc., enable the recovery of EB to
each the same amount maximally as curve (2) does. This
ehavior further indicates that the recovery of EB is less
ependent on the presence of the oxygen, since its dye
olecules do not react as readily with oxygen as MB.

. DISCUSSION AND CONCLUSIONS
tarting with a detailed description of the photoinitiation
echanisms taking place in a PVA–AA based photopoly-
er material, we have further developed the governing

ate equation to include the effects of the recovery and
leaching processes arising during photosensitive dye ab-
orption. Quantifying these effects increases our ability to
etermine the time evolution of grating formation during
olographic exposure.
It was previously shown that the main process respon-

ible for the consumption of photosensitizer concentration
as by photosensitive dye absorption [2,7,8]. In this pa-
er, the analytic solutions of the time evolutions of recov-
ry Ar�t� governed by Eq. (9) and bleaching Ab�t� governed
y Eq. (6) are presented.
The photoabsorptive behaviors of two common types of

hotosensitizers, methylene blue (MB) and erythrosine B
EB) used in PVA–AA based photopolymer materials are
xamined, and shown to exhibit different behaviors under
imilar conditions. The key material parameters for both
hotosensitizers controlling the absorption characteris-
ics in each process have been estimated using fits to the
xperimental transmission data.

ig. 10. Fit to experimental data of recovery versus postexpo-
ure time off �tOFF� of EB for (1) material cover plated (short
ashed curve with big dots) and (2) uncover plated (long dashed
urve with small dots).
In the recovery processes, both the MB and EB dyes
eed significant postexposure periods to fully occur. How-
ver, unlike EB, MB reacts strongly with any oxygen
resent, thus most of its excited dye molecules can be re-
overed rather than being bleached. Comparing Fig. 4 to
ig. 8, it can be seen that, kr of MB varies but that of EB

ends to be constant over the same range of exposure
imes. This clearly impacts the bleaching rate constant
alues kb.

In the bleaching processes for both dyes, the amount of
hotosensitizer bleached Ab�t� is proportional to the expo-
ure time, as presented in Tables 2 and 4 for Ab�t�. Fur-
hermore, in both cases, the bleaching process takes place
uch faster than the recovery process, i.e., kb
kr. Ab�t�

or EB continues to increase progressively up to A0 as the
xposure time increases. However, in Fig. 6 it appears
hat A0 /6 is the maximum bleached concentration of MB,
hich can be produced for that particular exposure time
nder the experimentally examined conditions. Thus, this
uggests that MB has a much slower rate constant, kb,
han EB (see Fig. 9).

Examining the results for the cover plated cases, it was
ound that the rate constants of recovery, kr, of both pho-
osensitizers are reduced, but kr of EB reduces more than
he kr MB dose. While there is a reduction in the maxi-
um concentration that MB can recover to, EB still re-

overs to almost the same maximum concentration by
ther possible mechanisms but with much smaller recov-
red concentrations during the initial stage as in the pre-
ious uncover plated case. Therefore, it is shown that EB
s less dependent and reactive with oxygen than MB.

The results obtained have been shown to converge well
nd have good reproducibility. In conclusion, MB behaves
uite differently than EB, and this is most clearly observ-
ble postexposure. In particular, since excited MB mol-
cules react strongly with oxygen, MB recovers more than
B, but bleaches less than EB.
Future work is required to more accurately describe

he behavior of photosensitizers during exposure and pos-
exposure. This work includes the examination of (i)
onger exposure times, (ii) larger ranges of intensities, (iii)

easurement of the concentration of dissolved oxygen in
he photopolymer material, and (iv) the estimation of the
iffusion rate of oxygen into the layer. However, this work
learly indicates that the postexposure photosensitizer ef-
ects taking place in such photopolymer materials can be
ignificant enough to require their inclusion in any com-
rehensive material model.
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