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Abstract This paper characterizes holographic scattering
and demonstrates its application in determining the kinetic
parameters in materials with high transmittance and strong
holographic scattering like phenanthrenequinone doped
poly (methyl methacrylate) (PQ-PMMA). We define a poly-
merization rate parameter which can be determined by the
temporal evolution of the scattering losses. Two basic ki-
netic parameters, quantum yield and molar-absorption co-
efficient, are obtained by nonlinear fitting the curve of the
polymerization rate parameter as a function of the thickness,
which are 1.9 x 10~ mol/einstein and 2.1 x 10* cm?/mol
for a wavelength of 532 nm respectively. These results im-
prove the understanding of photochemical behaviors and al-
low us to describe the grating formation in the photopolymer
reasonably.

PACS 42.70.Ln - 42.70.Jk - 42.40.Ht

1 Introduction

In recent years the interest in thick photopolymers for holo-
graphic information storage and optical data processing has
increased [1-6]. One of the basic requirements for high-
density storage is that the thickness of materials must be
500 pum or thicker [3]. Phenanthrenequinone (PQ) doped
poly (methyl methacrylate) (PMMA) photopolymer is a
potential holographic storage material due to its excellent
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ability to form thick mediums that exhibit high diffrac-
tion efficiency, neglectable shrinkage and good stability
[4-12]. The applications of this material for high-density
data storage and holographic optical elements have at-
tracted much attention [8—12]. The photochemical reaction
in this material is different from the typical chain polymer-
ization in other polymers, such as acrylamide photopoly-
mer. Under illumination the PQ molecules are photoexcited
and bonded to the polymers. The refractive index modu-
lation grows due to the photoattachment of PQ radicals to
PMMA macromolecules. The unique photochemical reac-
tion can provide a significant strategy for determining the
kinetics parameters and optimizing fabrication of materi-
als.

The determination of kinetic parameters is crucial for
investigating the photochemical dynamics. Both the quan-
tum yield and the molar-absorption coefficient of the pho-
tosensitizer are significant parameters which influence the
photochemical behaviors of photopolymers [13]. Carretero
et al. obtained the two parameters in acrylamide systems
by analyzing the temporal growth of transmittance as a
result of the bleaching of dye [13, 14]. This method,
however, is not suitable for the PQ-PMMA photopoly-
mer due to its high transmittance and strong holographic
scattering. Holographic scattering is considered as a draw-
back because it limits the applicability of bulk materials.
However it can advantageously be exploited in applica-
tions because of the properties of various material parame-
ters [15, 16].

In this paper, we studied the observation of holographic
scattering in PQ-PMMA photopolymer, and demonstrated
its application in determining the kinetic parameters of pho-
topolymers, for the first time to our knowledge. Reasonable
parameters are obtained.
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2 Materials and experimental setup

In our experiments, the samples were formed by poly
(methyl methacrylate) (PMMA) host matrix and phenan-
threnequinone (PQ) photosensitizer. The thermal initiator
2,2-azobis (2-methlpropionitrile) (AIBN) and PQ molecules
were dissolved in a solvent methyl methacrylate (MMA) and
mixed to form a uniform solution. The mixture was poured
into a glass mold and solidified at 60°C for 120 h. After the
thermal polymerization, the sample, with PQ’s concentra-
tion of 0.1 M, was prepared.

A single beam experimental setup was used to investigate
the holographic scattering in PQ-PMMA photopolymer, as
shown in Fig. 1. A single collimated beam was incident to
the surface of the sample. The incident beam was operated
at a wavelength of 532 nm and s-polarization. The sample
was placed on a computer-controlled motorized stage with
a resolution of 0.0025°. The detectors D; and D, were used
to detect the transmitted intensity and the fluctuation of the
incident intensity, respectively.

3 Characteristics of holographic scattering
3.1 Parasitic grating formation

To get the details of holographic scattering in PQ-PMMA
material, we investigate the parasitic grating formation in a
collimated beam experiment firstly. Figure 2 shows the tem-
poral evolution of the intensity distribution of far-field scat-
tering light. The thickness of the sample is 2 mm. At the be-
ginning, the scattered beams develop symmetrically around

- = e
(g — [ s
nm ' .__I. | l
A SF A 5 A
PC

Fig. 1 Experimental setup: A: aperture, BS: beamsplitter, SF: spatial
filter, S: sample, D1, D,: detectors, PC: data recorder

Fig. 2 Temporal evolution of intensity distribution of far-field scatter-
ing light
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the incident beam. However, after 90 s exposure, an obvi-
ous scattered ring pattern appears in the left underside of the
screen.

In this experimental setup, parasitic gratings are formed
by the interference of the original incident beam with the
scattered lights from the inhomogeneities of the sample and
the reflected beams from the back surface. This scattered
ring comes from the spatial distribution of scattering beams
which are diffracted by parasitic gratings [17]. The diameter
of this circle is related to the directions of both the scattered
beams and the reflected beams from the back surface of the
sample.

After recording parasitic gratings in the exposure spot,
we rotate the sample by a motorized stage and probe the
diffraction patterns using collimated 532 and 633 nm laser
beam simultaneously. Two diffraction rings are observed on
a screen placed behind the sample. The diameters of these
rings as a function of the read-out angles are shown in
Fig. 3. The phenomenon of two diffraction rings in poly-
mer was first reported by Moran and Kaminow in 1973 [18]
and was explained by the Ewald sphere construction [17].
The schematic explanation of two ring patterns in recipro-
cal space was shown in Fig. 3(b). The basic idea was the
following [19, 20]: the refractive index changes by interfer-
ence between the incident beam and scattering beam takes
place on two spheres which are named the primary and con-
jugate sphere. The two spheres for recorded parasitic grat-
ings intersected with the reading sphere. Diffraction of the
read-out light occurred at intersected places, resulting in
two cones which projected on the screen and produced two
bright rings. The apex angle of the cones was given by the
equation [17, 21, 22]

sin 6,
>, (H

& =2arctan| ——
cosO, £ Ap/A,

where 6, is the read-out angle of incident beam within the
medium. A, and A, are read-out and pump wavelength re-
spectively. The positive and negative sign are assigned to the
conjugate and primary sphere, respectively.

Screen

b

Fig. 3 (a) Two rings of diffraction patterns at different read-out angle
for wavelengths of 532 and 633 nm. (b) Schematic explanation in terms
of the Ewald sphere construction
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By rotating the sample we measure the apex angle of the
smaller ring as a function of the read-out angle at 532 and
633 nm, respectively. The results indicate an obvious linear
relationship over the read-out angle range from —30 degree
to 30 degree, as shown in Fig. 4. It is demonstrated that this
phenomenon is ascribed to the holographic scattering.

3.2 Analysis of parasitic gratings

During exposure, the scattering field can be treated as the
superposition of a larger number of plane waves, and each
plane wave interferes with the incident beam, producing a
plane grating. The parasitic grating may be treated as the
sum of a larger number of weak plane gratings [23]. The
contributions of weak plane gratings on the refractive index
modulation of parasitic grating can be considered as a total
impaction. Therefore the refractive index modulation of the
parasitic grating can be described approximately by a plane
grating. The scattering ratio is generally defined as the total
scattering intensity outside the incident beam divided by the
initial transmitted intensity [9].

() = <1 _ IT(t)) « 100%. )
Iy
where I7(¢) is transmitted intensity at ¢ time, Ij is initial
transmitted intensity. The scattering ratio can also be con-
sidered as the diffraction efficiency of parasitic gratings. Ac-
cording to the Kogelnik theory [24], we can obtain

arcsin(\/S(t)) x An(t), A3)

where An(t) is the refractive index modulation of parasitic
gratings.

4 Application of holographic scattering in determining
kinetic parameters

The holographic scattering method may be used to deter-
mine the quantum yield and the molar-absorption coefficient
in PQ-PMMA photopolymer. In comparison with two-wave
coupling, the holographic scattering can be achieved more
easily due to the simple and steady experimental setup (only
one beam, no sensitivity to vibrations). It is especially sig-
nificant for long term experiments. Moreover, it reflects the
real situation of optical data storage with a host of gratings
recorded, whereas only one grating is created in two-wave
coupling.

4.1 Photochemical mechanism
Firstly, we briefly analyzed the physical mechanism of pho-

tochemical reaction inside the sample. The primary photoat-
tachment of PQ radicals to the PMMA macromolecules can

be described as [4-10]

PQ 4, pQ*, “
PQ® + HR - HPQ® +R°, (5)
HPQ® +R® > RQPH, 6)

where R represents the polymer matrix. k4, k;, and k; are
the rate constants of radical generation, initiation and termi-
nation respectively. Under uniform irradiance the spatial de-
pendence of the diffusion coefficient of PQ molecules disap-
pears [25]. Moreover, the residual PQ molecules in the dark
region of parasitic gratings are photoexcited and bond to the
PMMA matrix by the subsequent homogeneous illumina-
tion due to the low diffusion coefficient, 102! mz/ s [6].
Therefore the diffusion processes of the primary compo-
nents can be prevented.

The primary molecule consumption is related to both the
free radical generation and initiation reactions,

OIPQI() _

Ri+ R;, 7
a1 d i ()

where R, is the rate of free radical generation, R; is the
rate of initiation reaction, and [PQ] is the concentration of
PQ molecules. R; is generally much greater than Ry, and
therefore the rate of the initiation reaction can be written
as R; = fkq[PQ] [26]. f presents the fraction of radicals
reacted due to the cage effect only [26, 27]. Consequently
the solution of (7) is given by

[PQ](1) = [PQloexp(— fkat) = [PQJoexp(—E/E:),  (8)

where E is exposure energy, E; = Io/fkq = 1/k, « is de-
fined as the polymerization rate parameter. On the other
hand, the initial rate of dye molecules is proportional to the
incident intensity which can be given by R; = @ 1,,/d [28].
The initial rate is considered as the primary polymerization
rate due to the unique photochemical reaction [25, 28, 29].
Therefore the dependence of the primary polymerization
rate of photochemical reaction on the intensity is linear. The
growth evolution of corresponding polymer density can be
represented as

[Polymer](E) = [PQJo[1 — exp(—E/E)]. )

The refractive index modulation is proportional to the den-
sity of primary components in any point [28]:

An(E) o< [Polymer](E) + [PQI(E) exp(i¢), (10

where the phase ¢ corresponds to the relative phase differ-
ence between two offsetting gratings. Substituting (8) and
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Fig. 4 The apex angle of conjugate sphere versus read-out angle for
wavelengths of 532 and 633 nm, respectively. The symbols are experi-
mental results and the solid lines are simulations of (1) for correspond-
ing wavelength

(9) into (10), the refractive index modulation grows follow-
ing an asymptotic curve,

An(E)=C) — Crexp(—E/Ey), (11)

with constants Cy, C,.

According to (3), the refractive index modulation of par-
asitic grating can be described by (11). We measured the
temporal evolution of the scattering ratio. The typical exper-
imental curve of the square root of the scattering ratio, being
a function of exposure energy, is shown in Fig. 5. The circles
represent experimental data, and the solid line represents the
fitting curve by the exponential function. The transmitted in-
tensity detected by detector D decreases with the exposure
increasing until it reaches a steady minimum. The polymer-
ization rate parameter, which is inversely proportional to the

constant E, was given as 2.5 x 107> cm? mW~!s~I,

4.2 Determination of kinetic parameters

Initiation mechanisms of free radicals formation generally
involve the photochemical electron transfer reaction. The
generation of monomer radicals is dependent on the quan-
tity of free radicals formed per photon absorbed and the in-
tensity used for recording. Thus the rate of the initiation re-
action can be rewritten as [13, 28, 30]

r _ Pla (12)
r d )
Io=1Io[1 — T]=Iy[1 — Ty exp(—ed[PQ])]. (13)

where @ is the quantum yield for the radical production, ¢ is
the molar-absorption coefficient, d is the thickness of the
sample, T is the transmittance defined as It (t)/lo, and T
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Fig. 5 Square root of the scattering ratio as a function of the expo-
sure. The symbols are experimental data and the solid line is a fitting
curve by using an exponential function. The thickness of the sample is
1.0 mm

is a parameter taking into account reflected light. Relating
(12) and R; = fk4[PQ], we can obtain

@1
Fka[PQ] = 70[1 — Ty exp(—d[PQ])]. (14)

The relationship between the polymerization rate parameter
and the thickness of the sample appears as follows by sim-
plifying (14) at the initial time:

)
d[PQlo

The quantum yield @ and molar absorption coefficient € can
be obtained by nonlinear fitting the curve of polymerization
rate parameter as a function of thickness.

Figure 6 shows the polymerization rate parameter x as
a function of the thickness of the sample. The solid curve
represents the nonlinear fitting using (15). The kinetic pa-
rameters of the polymerization reaction are determined by
the nonlinear fitting of this curve. The corresponding results
for the quantum yield and molar absorption coefficient are
shown in Table 1. For comparison, the parameters of other
dyes in acrylamide photopolymer systems are included in
Table 1. As can be seen, the kinetic parameters of PQ mole-
cules are lower than the values of methylene blue (MB) and
Azure-C (Ac) dyes, which is ascribed to the low absorbance
of the sample at a wavelength of 532 nm [5, 13].

[1 — Tfexp(—ed[PQlo)]. (15)

4.3 Results from transmittance measurements

To prove that our approach may lead to reasonable results,
the parameters were calculated using another method. Ac-
cording to the relationship between the initial transmittance
of sample and the molar absorption coefficient, at initial time
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Fig. 6 Polymerization rate parameter versus thickness of the sample.
The symbols are experimental data and the solid line is the nonlinear
fitting curve

Table 1 Quantum yield @ and molar absorption coefficient ¢ of the
photosensitizer

Photosensitizer & (cm? /mol) @ (mol/einstein) A (nm)
PQ? 2.1 x 10* 1.9 x 1076 532
PQP 1.3 x 10* 2.7 x 1076 532
MB [13] 7.29 x 107 0.032 633
Ac [13] 5.88 x 107 0.050 633

#Parameters are obtained from the fitting curve of polymerization rate
parameter versus thickness of sample

bParameters are estimated values based on (16) and (17)

Table 2 Kinetic parameters from the transmittance measurements

Thickness (mm) Transmittance (%) & (cm? /mol) @& (mol/einstein)

0.8 85.2 2.0 x 10* 1.1 x 107©
1.2 85.0 1.4x10*  20x107°
2.7 78.5 09x10* 35x10°°
3.8 76.7 0.7x10*  42x107°
we can obtain [28]
—log(T;
_ g(To) ’ (16)
d[PQlo

where Tj is the initial transmittance of the sample. At the
same time the approximate representation of quantum yield
can be represented as based on (14),

_ fkalPQlod

= = 17
Ip[1 — Tp] (n

To obtain these parameters, we measure the initial trans-
mittance of the sample with different thickness. The corre-
sponding values of these parameters are shown in Table 2. It

is found that the average values of both the quantum yield,
2.7 x 107 mol/einstein, and the molar absorption coeffi-
cient, 1.3 x 10* cm? /mol, are close to the fitting values in
Table 1. Therefore the kinetic parameters obtained by holo-
graphic scattering are reasonable and acceptable.

5 Conclusions

A detailed study of holographic scattering in PQ-PMMA
photopolymer is presented. We demonstrated holographic
scattering as an efficient method to determine the kinetic pa-
rameters. The method is based on a certain assumption to
describe the photochemical processes and it is suitable for
measuring the materials with high transmittance. The quan-
tum yield and the molar absorption coefficient are obtained
for the first time in a PQ-PMMA system. They provide real
kinetic parameters to describe the photochemical dynamics.
The results enhance the understanding of photochemical be-
haviors and confirm the applicability of holographic scatter-
ing.
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