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In this paper, we present a novel apodization technique using three beams to fabricate an
apodized grating in photopolymer. An orthogonal-polarization beam used to control the saturated
modulation amplitude of the grating is added during recording time. As a result of the experiment,
holographic apodized gratings with uniform, inverse Gaussian, and triangular profiles are fabricated
successfully in DuPont’s HRF-150-38 photopolymer.
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I. INTRODUCTION

The apodization technique and apodized gratings are
well-known as the keys for suppressing the sidelobes
and reducing the crosstalk in optical demultiplexer for
the dense wavelength division multiplexing (DWDM)
system [1, 2]. Another application utilizing apodized grat-
ing is a beam shaping, where the laser beam is resh-
aped into another form such as a flat-top distribution
[3, 4], or conversely the uniform beam is turned back
to Gaussian profile. In those fields, the fabrication of
apodized grating intensively depends on the require-
ment of the optical system, i.e. when the size or apodiz-
ing profile is subject changed; all the recording system
is set up again. On the other hand, the properties of
holographic material are varied and nonlinear generally.
Therefore, it is necessary to have a fabrication that is
flexible and controllable to overcome those limits.

Over the past few years, photopolymers have reached
a primary position in the variety of holographic recor-
ding materials [5]. They find applications in hologra-
phic display, optical data storage, optical demultiplexer,
and holographic optical elements. To fabricate the
apodized grating in photopolymer, the time evolution
of index modulation in photopolymer, the dependence
of the saturation diffraction efficiency on the recording
intensity and on the beam intensity modulation must
be known. In Ref. 6, Piazzolla and Jenkins presented

a model that gave a simple closed-form expression
with which one can predict a number of experimental
observations. Basing on the model of the polymeriz-
ation, we propose a method of fabricating apodized
grating in photopolymer using an additional orthogonal-
polarization beam, which is controlled by a spatial light
modulator (SLM).

This paper is divided as follows. We first present the
scheme of the three-beam recording method in section
2. In section 3, the verification of the photopolymer
characteristic is analyzed. Finally, by the three-beam
recording method, the trial of fabrication of several
kinds of apodized gratings including uniform, inverse
Gaussian, and triangular is described in detail.

II. THREE-BEAM RECORDING SCHEME

In recent years, there is much progress in manufac-
turing photopolymer. The photopolymer has several
advantages over the other options. These advantages
include high reliability, large thickness for volume
application (up to 100 um), high index modulation, dry
processing, and low price. The final holograms recorded
in photopolymer are insensitive to humidity and tem-
perature and can be conveniently mounted onto paper,
glass or plastic, or even embedded in acrylics. The ease
of use and simple processing requirements allow these
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materials to be amenable to mass production of holo-
graphic optical elements.

A grating is built in the photopolymer due to the
polymerization of monomers when they are exposed by
coherent beams. At bright fringes of the interference
pattern, the monomers are polymerized, which causes
a decrease in the monomer concentration there. The
concentration gradient between the dark and bright
regions makes the monomers diffuse. After the expo-
sure, the difference in the concentration of polymer in
the material decides the index modulation of the gra-
ting, which in turn determines the diffraction efficiency
of the grating as pointed out by H. Kogelnik [7]
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where L is the thickness of the grating, A, is the
recording wavelength, and 6, is the recording angle.
Because the index modulation depends on the exposure
time, the beam intensity, and the beam intensity
modulation, we can use them to control the diffraction
efficiency and to obtain the apodized grating. However,
the response of the photopolymer to the exposure time
and the recording beam intensity is non-linear and
unstable. Meanwhile, the beam intensity modulation m
is the only external factor that can affect and control
the index modulation An_, at saturation’.
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where An,, is the maximum available index modula-
tion. From Eq. (1) and (2), it is seen that the satur-
ation diffraction efficiency of the grating intensively
depends on the beam intensity modulation by
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Conclusively, if one can control the intensity modul-
ation spatially, an apodized grating will be fabricated
easily. In the case of the two recording beams, a varied
index modulation can be obtained when the intensity
of one beam is fixed and that of the other is spatially
modified. However, a self-diffraction phenomenon that
is a dynamical process of interaction between material
and recording beams will happen. During the recording
time, the growing grating couples the recording waves,
changes their phase, amplitude, and the beam intensity
modulation within the holographic region. The modified
waves interfere and write an updated grating, which
may be not uniform in amplitude, and may be not in
phase with the preexisting one. Consequently, the
self-diffraction in the photopolymer may cause the
change of the grating geometry with non-uniform index
modulation. Therefore, the phase and the intensity of

the diffracted beam are unpredictable.

To overcome the self-diffraction problem, we propose
an apodized grating-recording method using three
beams in which one beam has a function to change the
beam intensity modulation spatially. This third beam
has the polarization mode perpendicular to those of the
two others and therefore cannot make the interference
with them. With that arrangement, the intensity
pattern of the two interfering plane waves with the
attendance of the third wave can be expressed as

Mz) =1 L 1+mcos (Kz) | (4)

where [, =1 + 1+ is the average recording intensity,
4, L, and Z are intensity of the first, second and the
third beams, respectively, A, =2r/A, is the grating
wavenumber with the grating period 4,, and the beam
intensity modulation is
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From here, if the intensities Z and I, are equal, Eq.
(5) will become
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where the beam intensity ratio is B=—=.
1 2

Finally, from Eq. (3) and (6), the saturation diffrac-
tion efficiency will be controlled by the beam intensity
ratio as follows

Msar = Sin2( 253)5 (7)
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where 8= is a constant describing the recor-

ding condition and the material. Now, a desired apo-
dized grating can be obtained if one modulates the
third beam intensity by such a function that

1
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In order to do that, a Spatial Light Modulator
(SLM), which is capable of converting data in elect-
ronic form into spatially modulated optical signals, is
a useful device. It is remarkable that the third beam
modulated by the SLM just controls the index modula-
tion but does not take part in the energy-exchanging
process. As a result, the self-diffraction phenomenon
does not occur. Moreover, by use of the SLM, gratings
with various sizes and profiles are fabricated easily and
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flexibly. Basing on this scheme, we have fabricated
several gratings with different profiles in HRF-150-38
photopolymer. The results will be presented in following
sections.

1. PHOTOPOLYMER CHARACTERISTICS

Firstly, before applying the scheme of the three-
beam recording, the saturation diffraction efficiency
characteristic of the material when the beam intensity
modulation is varied should be verified. A number of
transmission holograms in the HRF-150-38 photopoly-
mer are exposed and monitored in the experimental
setup that is shown in Fig. 1. The laser beam from a
continuous wave (CW) Nd-YAG source (wavelength
A,=532 nm) is filtered by a spatial filter, collimated
by a lens, and passed centrally by an aperture to
ensure that its intensity has a uniform distribution.
The recording beams normally polarized to the plane
of incidence are symmetrically interfering, each incident
with an angle 6, of 15° in air with respect to the
holographic plate normal. The half wave plates H1 and
H2 are used to change the intensity ratio. The shutter
controlled by a computer blocks a beam for every 10
s. The detectors collect the intensity data of the
diffracted and transmitted beams at the blocking time.
The diffraction efficiency is calculated by the ratio of
the intensity of the diffracted beam to the total output
intensity.

Relied on this experimental setup, a thorough inve-
stigation has been performed. The average intensity is
fixed at 0.4 mW/ cm’, and the intensity modulation is
varied according to values 1, 0.95, 0.85, 0.8, 0.6, 0.45,
0.35, 0.25, 0.17, and 0.1. The results that present the
growth of the diffraction efficiency versus the exposure
time are shown in Fig. 2. In all cases, the diffraction
efficiencies grow up after the photopolymer is exposed
for 250s. The saturation diffraction efficiency highly
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FIG. 1. Experimental setup to investigate the charac-
teristic of the photopolymer.
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FIG. 2. Diffraction efficiency of the photopolymer de-
pends on the exposure time.

depends on the beam intensity modulation m as shown
in this figure.

FIG. 3. shows the saturation diffraction efficiency
versus the beam intensity modulation. The solid line is a
predicted saturation diffraction efficiency according to the
value 8 calculated from measured value for m = 1. It is
obvious that the saturation diffraction efficiency exactly
follows the rule described in Eq. (3). This result once
again confirms that we can determine the pattern, which
is put into the SLM during the recording time to obtain
the desired diffraction efficiency profile of apodized
grating.

IV. APODIZED GRATING FABRICATION

Based on three-beam recording scheme in the photo-
polymer as mention above, a fabrication of several
apodized gratings is implemented. In our experiment,
the uniform, inverse Gaussian, and triangular profiles
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FIG. 3. Saturation diffraction efficiency of the photo-
polymer depends on the beam intensity modulation.
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are used for demonstration. Fig 4 shows the scheme of
the recording system. The laser light of 532-nm
wavelength emitted from the Nd:YAG laser source is
spatially filtered and collimated by lenses. Intensity of
each two beams in s-polarization mode is fixed at 0.2
mW /cm®. The third beam has p-polarization mode to
ensure that it does not make interference with two
others. The intensity of the additional beam is modul-
ated by a 640<480-resolution liquid crystal display
(LCD). The data put into the LCD should have the
form as being pointed out in Eq. (8). Besides, a spatial
filter, which includes two lenses and an aperture, is
used to block all the high diffraction orders created by
the LCD. The recording material is placed in the
interference region of two beams in around 600 s. As
long as this time, all monomer is polymerized, and the
diffraction efficiency is saturated.

To measure the profile of recorded  gratings, the
633-nm He-Ne laser beam is used as a probe. After
being created, the grating is horizontally shifted over
the probe beam by a linear stage as depicted in Fig.

5. A computer automatically collected the intensity -

vahie of the diffracted light, which is measured by the
detector. A note is that the probe beam should have
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FIG. 4. Experimental setup to record the apodized grating.
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FIG. 5. Experimental setup to measure the grating profile.

50 Y T 4 T v T v T T Y T
— ——-m=0.6
R a0 —m-m=04 | -
3 -y m=0.35
8
£ 30| .
b
o
S i 1
©
S 20 : -
&=
O -
| W
0 i ] 1 1 i ]

0 T2 4 6 8 10 12
Horizontal axis (mm)

(a)

100+ T T T T v T T T T
80 -
.”."’-’”-'“""'“i']\ ‘/gﬂ_._,.w._!\.‘-A'_l
=
. v
60 + \ / -

Diffraction efficiency (%)

L u 1
20 k- / i
w=0.95345 0.02287

A =-6064963 1.18157

0 i N 1 R i t N $ . 1
o} 2 4 6 8 10 12

Horizontal axis (mm)

(b)

50 T T T T T T T T v T

40 L -

Diffraction efficiency (%)
8
H
1

10 |-

0 2 4 6 8 10 12
Horizontal axis (mm)

(©)

FIG. 6. Gratings recorded by orthogonally-polarized
beam with a) uniform, b) inverse Gaussian, and ¢) tri-
angular profiles.

a small spot size to distinguish any fast variation of
the modulation amplitude along the apodized direction.
In our experiment, a focused Gaussian beam with 10-u
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m spot size is employed.

Fig. 6 shows the results of gratings of 13-mm width
created and measured by the above fabricating process.
In the case of the uniform grating, the beam intensity
modulations are chosen equal to 0.6, 0.4, and-0.35, at
which the predicted diffraction efficiencies are 45%,
23%, and 17%, respectively. However, as results of the
experiment, the according values are 30%, 15%, and
12%, as shown in Fig. 6(a). It is understood that the
diffusion of monomers is strongly suppressed when photo-
polymer is exposed under the high average intensity
because the tacky composition gels and hardens quickly
in this condition. For this reason, the diffraction efficie-
ncies are smaller than expected.

For the case of the Gaussian grating, a Gaussian
function is used to fit the measured data. The fitting
line has the standard deviation w of about 1 mm and
the amplitude A of 60%, as shown in Fig. 6(b). The
maximum and minimum intensity modulations is fixed
at 0.85 and 0.4 resulting in the highest and lowest
diffraction efficiencies of 76% and 16%, respectively.
Those values in case of the triangular grating are 0.45
and 0.3, and the respected diffraction efficiencies are
24% and 8%, respectively, as shown in Fig. 6(c). The
lower diffraction efficiencies than predicted values in all
cases have the same reason as mentioned above. From
the figure, it is clear that the measured profiles are not
exactly matched to the ideal cases. This is due to the
fringes happening inside the SLM. To avoid this
problem, another spatial light modulator that has good
optical quality such as deformable micro-mirror device

(DMD) should be used.

V. CONCLUSION

In this paper, we have considered the apodized-
grating-recording method using an additional beam to
control the diffraction efficiency. This three-beam
method helps avoiding the unwanted self-diffraction
phenomenon inherent to the photopolymer. Moreover,
the diffraction efficiency of the apodized grating is
controlled exactly as desired because the non-linear

response of the photopolymer to the low recording
beam is overcome. By utilizing LCD, we have demon-
strated that it is possible to create gratings in various
sizes and profiles without changing recording setup. In
the experiment, the apodized gratings with three kinds
of profiles, which are uniform, inverse Gaussian, and
triangular, are successfully recorded. In conclusion, we
have seen that the three-beam apodization technique
is useful and applicable to fabricate holographic elements
for applications such as laser diode beam shaping and
low cross-talk filtering.
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