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ABSTRACT

Polymerisation induced shrinkage is one of the main reasons why photopolymer materials are not more widely used for
holographic applications. The aim of this study is to evaluate the shrinkage in an acrylamide photopolymer layer during
holographic recording using holographic interferometry. Shrinkage in photopolymer layers can be measured by real time
capture of holographic interferograms during holographic recording. Interferograms were captured using a CMOS
camera at regular intervals. The optical path length change and hence the shrinkage were determined from the captured
fringe patterns. It was observed that the photopolymer layer shrinkage is in the order of 3.5%.
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1. INTRODUCTION

Photopolymers are under investigation for applications including LCD displays [1], holographic data storage [2-4], and
holographic optical elements [5], because of their easy processing, high photosensitivity, relatively high refractive index
contrast and reasonable cost. Polymerisation induced shrinkage is one of the main reasons why photopolymer materials
are not more widely used for holographic applications. The aim of this study is to evaluate directly the shrinkage during
holographic recording in an acrylamide photopolymer developed at the Centre for Industrial and Engineering Optics [6]
using real time holographic interferometry, a non-destructive technique that measures small static or dynamic changes
occurring in an object [7-9]. Shrinkage in photopolymer layers has been determined [10] by measuring the shift in the
angular position of the Bragg peak. The disadvantage of the Bragg curve measurement is that the shrinkage can be
measured only after recording the grating whereas real-time holographic interferometry is a dynamic method by which
deformations, including photo induced dimensional changes, in a material can be monitored throughout the entire
experiment [11].

Holographic interferometry was introduced in 1965 by Powell and Stetson [12]. Using the interferometric technique
shrinkage in photopolymer layers can be determined by real-time capture of holographic interferograms during
holographic recording. The interferograms are produced by interference between a holographically reconstructed light
wave traversing the photopolymer layer or reflected from its surface, recorded in a separate hologram before
photopolymerization begins and a wave traversing or reflected from the photopolymer surface during the
photopolymerization process, which is insensitive to the hologram recording light. A Virtual instrument (VI) developed
in LabVIEW (Version 8.2) was used to capture interferograms using a CMOS camera at regular intervals. One can
determine the optical path change and hence the shrinkage from the captured fringe patterns. The important feature of
holographic interferometry is that the fringes corresponding to the displacement of the object are produced in real-time.
The fringes produced in such a way will provide useful information regarding changes in the dimensions of the
photopolymer.

Real time holographic interferometry helps to determine minute changes in an object in real time by superimposing the
image reconstructed from the hologram of the object, on the object itself while it is undergoing change.

The vector displacement (L) at a point on the surface of the object can be determined using holographic interferometry,
since the vector displacement is proportional to the phase difference between two interfering beams [13]. The phase

difference ¢ is given by
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Where k1 and k, are unit vectors in the direction of illumination and observation. K is known as the sensitivity
vector [14, 15].
The optical path length with respect to angles of illumination and observation is

OPD = d(cos , + cos ,,) ()

where @, and @, are the angle of illumination and observation respectively. The optical path length can also be

expressed in terms of wavelength A
OPD =ni 3)

Where # is a number. From equation (2) and (3) the object displacement d is
=nAi 4
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2. EXPERIMNTAL PROCEDURES
2.1 Sample preparation

A green sensitive photopolymer layer was prepared as described in [6]. Briefly, 0.6g of acrylamide monomer was added
to 17.5 ml stock solution of polyvinyl alcohol (20% wt). Then 2ml of triethanolamine was added. To this solution 0.2 g
of N, N-methylene bisacrylamide and finally 4ml of Erythrosine-B dye was added (0.11 %wt. water stock solution). Of
this photopolymer solution, volumes of 0.25, 0.5 and 0.75 ml were spread on 25 mm %75 mm glass plates. The samples
were allowed to dry for 24 hours. The corresponding sample thicknesses after drying were approximately 50, 100 and
150 pm respectively. A solution was also made up using similar amounts of acrylamide, methylenebisacrylamide,
triethnolamine, polyvinyl alcohol (10 %wt) and 4ml of methylene blue dye. Of this solution 0.6 ml was spread on a 25
mm x75 mm glass plate and allowed to dry for 24 hours. The corresponding layer thickness after drying was
approximately 60 u m. Theses red sensitized layers were used to record holograms of the studied green sensitive layers.



2.2 Experimental technique

The interferometer setup is as shown in Fig.1. It comprises two independent pairs of interfering beams. The green
(532nm) beams interfere at a green sensitive photopolymer (Er.B sample) to produce a grating. The red (633nm) beams
are used in an interferometry arrangement to monitor movement in the surface of that grating. The 633nm beam from a
He-Ne Laser is spatially filtered collimated and split into two beams using a beam splitter. One of the beams is partially
reflected from the green sensitive, Erythrosine B sample (object beam) whereas the other beam (reference beam) is
partially reflected from a glass plate and these beams are allowed to interfere so as to record a hologram in the red
sensitive Methylene Blue layer of the surface of the of Erythrosine B (Er. B) layer. The angles of illumination and
observation of the object beam were 26.2° and 33.7° respectively. The combined intensity of the 633nm beam, the light
reflected from the Er.B surface and from the glass plate was 0.5 mW cm™. After recording the hologram in the red
sensitive layer for around 140 sec the beam from a Torus 532 nm laser, spatially filtered, and split into two beams using
a beam splitter was switched on. These beams interfere with one another to record a holographic grating in the
Erythrosine. B layer as a result of which the material shrinks. The combined intensity from the 532 nm beams used to
record the grating was 5 mW cm™. Due to shrinkage, a change occurs in the optical path of the red beam reflected from
the surface of the green sensitive layer and this can be calculated from the number of fringes appearing as a result of the
interference of the beam reflected from the green sensitive layer surface and the beam reconstructed by the hologram
recorded in the red sensitive layer. The appearance of fringes can be observed during the recording of the holographic
grating in the green sensitive layer.
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Figure.1 Holographic Interferometric System

Due to limited visibility of holographic interferometry fringes, in order to determine photopolymer shrinkage we have
used image subtraction. A CMOS camera was used. A LabVIEW (Version 8.2) coded virtual instrument (VI) was used
with a National Instruments IMAQ-1409 frame grabber card to capture images. The camera (AVT Guppy F-036B) was
set in externally triggered mode and supplied by a D/A board with a digital pulse to initiate each image capture. The
digital pulse frequency can be varied according to our requirement (1 to 25Hz). A reference frame was subtracted from
each incoming frame and the result representing the change in the interferogram displayed on the computer monitor in
real time. The reference frame and other acquired frames were also stored in the computer. The movement of the
interference fringes was captured as a live video which was processed using NI Vision Assistant software. The



advantage of the subtraction method for the production of secondary fringes is that it can produce high contrast [16]. The
reference frame was captured at the end of the recording of the hologram in the red sensitive layer, just before switching
on the green laser.

3. EXPERIMENTAL RESULTS

A hologram of the front surface of the 90 um thick Er. B layer was recorded in a 60 u m Methylene Blue sensitive layer

using the interference of a 633 nm beam reflected from the front surface of the Er.B layer and a reference beam reflected
from a glass plate. The image reconstructed from this hologram, Fig. 2(a), was used as the reference image for the static
subtraction method. It was captured after the recording process at 633 nm was completed and the Methylene Blue
sensitive photopolymer layer was fully polymerised. When the Er.B sample was not undergoing polymerisation no
fringes were produced by the subtraction of the reference image, Fig.2 (b). The result of the subtraction was observed for
several seconds, confirming that the fringes, appearing at this stage are produced only while recording a holographic
grating. The interferogram obtained while the Er. B layer was undergoing polymerization using the 532 beam is shown
in Fig.2(c). Fig. 2(c) clearly shows a dark fringe and the number of fringes appearing will vary depending on the layer
thickness and the duration of polymerisation.

(b} (c}
Figure.2 a) Reference frame, produced by capturing the beam reconstructed by the hologram recorded in the red sensitive

layer; b) Result of subtraction of the reference frame from the current frame ( before switching on the green laser); c) Result
of subtraction of the reference frame from the current frame ( after switching on the green laser);

Table 1. Shows the total number of fringes appearing during the recording and hence the shrinkage for layer thicknesses
of 55, 90 and 155 um for exposure time of 180sec.

Table.1: Thickness dependence on shrinkage

Thickness (ym) | No: of fringes (n) | Path difference (d) ym | Shrinkage (%)

55 6 2.21 4
90 9 3.31 3.68
155 15 5.52 3.56

From the table it is clear that the absolute shrinkage increases with photopolymer layer thickness.
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Figure.3 a) Comparative study of relative shrinkage with sample thickness; b) Real time shrinkage of 155 ym layer with

exposure time

Figure.3(a) shows a comparison of relative shrinkage versus sample thickness using Bragg technique[10] and
holographic interferometry technique. Shrinkage measurements using Bragg curve shift were made for sample
thicknesses of 30, 60 and 120 um and the gratings were recorded at 10 mW cm™ and exposure time of 8sec whereas in

the holographic interferometric technique shrinkage has been calculated at the end of 16 sec from the real time curve of
shrinkage with exposure, such as that shown in fig. 3(b). The recording intensity was SmW cm™. Both sets of results
show the same trend. The shrinkage at 16 sec has been taken for the comparison to keep the exposure energy constant at
80mJ cm™. Greater shrinkage has been observed for recording with lower intensity and longer exposure time [10]. Fig.
3(b) shows the absolute shrinkage measurements in real time using the holographic interferometric technique for sample
thickness 155 ypm. The results show that shrinkage increases correspondingly with exposure time. We have observed that

the polymerisation shrinkage occurs faster during the early stage of exposure.

4. CONCLUSIONS

Real time holographic interferometry has been used to characterise the process of shrinkage in acrylamide based
photopolymer during holographic recording. Initial tests were carried out in order to confirm that the observed
interference fringes are the result of the shrinkage during the holographic recording. The absolute shrinkage in the layer
is proportional to the layer thickness. Comparison is made with data previously obtained using the Bragg shift method.
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