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one-step fabrication technique. A surface relief structure is fabricated by means of irradiation of interference
fringes. We propose a new reversible surface relief hologram using photoinduced surface deformation on
azo-polymer films. The diffraction efficiency of the hologram is dramatically increased by corona charging, and
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The side-chain azo-polymer, poly-orange tom-] isophoronediisocyanate, is used in this study, Figure 1 shows
the chemical structure the material. The glass transition temperature T, is 136°C, The absorption peak and the
cut-off wavelength of the dye are 440 nm and 560 nm, respectively. This polymer is dissolved in cyclohexanone.
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Abstract

Holographic recording characteristics using a photoinduced surface deformation in a side-chain type azo-polymer
film were investigated, Corona charging at temperatures above the glass transition temperature increased the diffraction
efficiency of the recorded hologram from 0.24% to about 30% and the relief depth from 20 to 350 nm., © 2001 Elsevier

Science B.V. All rights reserved.

Keywords: Hologram; Photoinduced surface deformation; Surface relief grating; Corona discharging; Increase effect

1. Introduction

The most important characteristics of ho-
lographic recording material are sensitivity, res-
olution, maximum diffraction efficiency, and
signal-to-noise ratio, Up to now, silver halide has
been most commonly used due to its high sensi-
tivity and high resolution. However, photorefrac-
tive crystals [1] and photopolymers [2] are also to
record a holographic grating after a shorter irra-
diation time by use of a high power laser beam.,
These materials show the advantages over silver
halide of high resolution and real-time recording.

" Corresponding author, Fax: +81-208-33-5205,
E-mail address: munakata@opilab2.blc.tsukuba.acjp (K.
Munakata).

The recording of polarization holographic grat-
ings using azobenzene-containing polymer films
as photoanisotropic materials has been reported
[3]. This photoinduced anisotropic effect is due
to trans—cis—trans isomerization and the orienta-
tional effects of the azo-dye chromophore, To re-
cord a polarization holographic grating, a setup
comprising two mutually orthogonal linear po-
larization beams and a relatively thick film of over
10 pm is necessary. On the other hand, the direct
recording method of a surface relief grating (SRG)
on azo polymers has been reported [4-7] in which
the grating is recorded by means of a spatially
varying intensity distribution combined with a
spatially varying polarization distribution [8]. The
recording mechanism of this SRG is due to the
photoisomerization and the movement of the poly-
mer chains [9,10). A surface relief type hologram

0030-4018/01/% - see front matter © 2001 Elsevier Science B.V, All rights reserved.
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can be recorded using this SRG recording tech-
nique. The diffraction efficiency of this type of
hologram depends on the recording polarization
state and the recording energy. This hologram has
advantages including real time recording, multi-
plex recording [11], repetition recording and high
diffraction efficiency [4], but the material requires a
long recording time to obtain a high diffraction
efficiency. We have recently reported that the dif-
fraction efficiency and relief depth of the SRG can
be dramatically increased by corona charging at
temperatures above the glass transition tempera-
ture (7y) [12]. This process is same as the devel-
opment process, Using this increase effect by
corona charging after the hologram recording by
SRG recording technique, the hologram with high
diffraction efficiency can be recorded and the re-
cording time can be short, and the diffraction ef-
ficiency of the hologram can also be control by the
corona charging condition. Still more, this in-
creased hologram has the nonlinearity {13], be-
cause the orientation of the azo chromophore and
the increasing of the diffraction efficiency are per-
formed concurrently by corona charging,

In this letter, we report Fourier transform ho-
logram recording using a photoinduced surface
deformation technique. We also propose a method
for increasing the diffraction efficiency of the re-
corded Fourjer transform hologram by means of
corona charging.

2. Recording of the surface relief grating

An azo-polymer film was prepared by spin-
coating poly-orange tom-1 Isophronediisocyanate
[7] on a pyrex glass substrate. The concentration of
dye is 18 wt.% and Ty is 136°C. This film has a
light absorption peak at the wavelength of 440 nm,

We first measured the recording time depen-
dence of the diffraction efficiency in a SRG re-
corded using a two-beam interference fringe. A
circularly polarized Ar-ion laser beam with a
wavelength of 488 nm was used as the light source.
We monitored the first-order diffraction efficiency
of the SRG using the He-Ne laser beam during the
recording. The recording time dependence of the
first-order diffraction efficiency is shown in Fig. 1.

| —=—sampie.1

© 8| —*—sample.2
bl —8— gsample.3
36| g
3
S 4
=
ol

0

Recording Time {min)

Fig. 'l. Time dependence of the first-order diraction efficiency
on the SRG.

The SRGs were recorded in all three cases. The
power of two beams are same. The recording
power and film thickness were 88 mW/cm? and 2
pm in Sample 1; 193 mW/em? and | wm in Sample
2; and 88 mWfem?® and 1 pum in Sample 3, re-
spectively. The angle between the two beams was
set at 30°, resulting in a grating period of about |
pm. The diffraction efficiency after 10 min of re-
cording was 9.9% in Sample 1, 6.4% in Sample 2
and 2.6% in Sample 3, respectively. This shows
that the diffraction efficiency is dependent on the
film thickness and the recording power and time
(energy). The high diffraction efficiency can be
obtained at a short titme by high power recording,

3. Hologram recording and diffraction efficiency
increase

3.1. Recording of the Fourier transform hologram

Next, we examined Fourier transform hologram
recording using the photoinduced surface modu-
lation technique. The hologram recording setup is
shown in Fig, 2. A circularly polarized Ar-ion laser
beam with a wavelength of 488 nm was used. The
laser beam was collimated with a 6 mm diameter
and separated by a beam splitter, The Fourier
transform hologram was recorded on the azo-
polymer film at a thickness of about 2 pm as
shown in Fig, 3(a) and (b). The letters A and E,
each 4 mm tall and 3 mm wide, were used as ob-
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Fig. 2. Experimental setup for the Fourier transform hologram recording.

(a) (b)

{e) ()

() H

Fig. 3. The Fourier transform holograms of (a) letter A and {b)
letter E recorded on the azo-polymer film and the reconstructed
images before corona charging of (c) letter A and (d) letter B,
The reconstructed images after corona charging of (e) letter A
and (f) letter E.

jects. The beam power in front of the object was
f; = 118 mW/em?. The object beam was Fourier
transformed on the azo-polymer film using a lens
with a focal length of 100 mm. The reference beam
power was I = 118 mW/em® and the recording
time was ! min. The reconstructed iimages are
shown in Fig, 3(c) and (d). These reconstructed
images were observed using a He—Ne laser beam.
The diffraction efficiency of the recorded holo-
grams (letters A and E) measured by He-Ne laser
beam with 1 mn diameter was about 1.2% and 1%,
respectively.

3.2. Diffiraction efficlency increase of the hologram

We have recently confirmed that the diffraction
efficiency and the relief depth of the SRG is dra-
matically increased by corona charging at tem-
peratures near or above Ty, and the SRG is not
thermally erased above T, [12]. This mechanistm is
not clear, but we think that the relief depth in-
creases as a result of the Coulomb force exerted by
the electric charge, and therefore the diffraction
efficiency is increased. This increase effect depends
on the corona charging conditions, specifically the
corona charging temperature, the applied voltage
and the corona charging time. This increase effect
can be used to increase the initially low diffraction
efficiency of the recorded hologram. We examined
the increase in diffraction efficiency of the letters A
and E as recorded by the Fourier transform ho-
logram. Fourier hologram was recorded using the
hologram recording setup shown in Fig. 2 and
uncler the following conditions: The film thickness
was about 1 pm. The recording power and time
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Fig. 4. Corona charging setup.

was [, =, = 88 mW/cm? and 1 min. The period
of interference fringes was 1 um. The electric
charge was deposited on the hologram using a
corona depositing poling setup in an oven shown
in Fig. 4. The voltage was applied between the
nickel electrodes and the needle electrodes, which
was positioned 7 mm above the polymer film. In
the corona charging process, the voltage was ap-
plied at a temperature near 7, and the polymer
film was heated to the corona charging tempera-
ture with the voltage applied, because the SRG
is thermally erased above T, without the volt-
age applied. After the corona charging time, the
polymer film was cooled to room temperature with
the voltage applied, The corona charging condi-
tions and the result are shown in Table 1. Fourier
transform holograms were poled under two con-
ditions. The only difference between the two con-
ditions is the corona charging temperature. The
first-order diffraction efficiency of a letter A mea-
sured before and after corona charging using a
He-Ne laser beam with 1 mm diameter increased
from 0.28% to 4.73% under Condition 1 and from

Table 1
First-order difiraction efficiency before and after corona
charging

Condition | Condition 2
Recording letter A A E
Corona charging 7KV, 136°C, 7TkV, 141°C,
conditions 20 min 20 min
Diffraction efficiency (%)
Before 0.28 0.24 0.49
After 4,73 28.39 32.63

0.24% to 28.39% under Condition 2. For the letter
E, the diffraction efficiency increased from 0.5% to
32,6%. The difference between the two results
shows that this increase of the corona charging
depends on the corona charging conditions and
the diffraction efficiency of the hologram can con-
trol by corona charging conditions, The recon-
structed images after corona charging are shown
in Fig. 3(e) and (f). The reconstructed images of
a letter A and E were clear and this means the
damage caused by corona charging was not obvi-
Qus.

Finally, we observed the recorded Fourier
transform hologram using an atomic force mi-
croscope (AFM). The surface profiles of the Fou-
rier transform hologram before and after corona
charging are shown in Fig, 5(a) and (b). In this
case, we used the letter A recorded under Condi-

(b)

Fig. 5. Surface profile of the Fourier transform hologram as
measured by AFM (a) before corona charging; and (b) after
corona charging,
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tion 2. The relief depths measured before and after

corona charging were about 20 nm and about 350
nm, respectively. This shows that the increased
diffraction efficiency caused by corona charging
strongly depends on the increased relief depth of
the recorded hologram, We have confirmed that
the diffraction efficiency of the hologram increases
dramatically as a result of corona charging and the
maximum diffraction efficiency is over 30%. The
first-order diffraction efficiency of the increased
Fourier hologram remained unchanged for several
months at room temperature under natural light.
To our knowledge, this is the first example of the
combination of the hologram recording by the
photoinduced surface deformation and the in-
crease effect by corona charging.

4, Cenclusion

We have described Fourier transform hologram
recording using the surface deformation tech-
nigue. We have afso proposed the corona charging
method for increasing of the initially small dif-
fraction efficiency of a recorded hologram. Using
this increase effect, a hologram with high diffrac-
tion efficiency can be fabricated and the diffraction

efficiency of the hologram can be controlled by
corona charging conditions.
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The diffraction efficiency of a surface-relief grating (SRG) was dramatically increased by corona discharge.
We fabricated thig SRG by applying surface modulation to azo polymer films, using laser interference {ringes.

The electric charge was deposited upon the SRG by a corona discharge in an even,

The first-order diffraction

officiency measured before and after corone discharge above the glass-transition temperature increased from
~2% to ~40% in a SRG written with a circularly polarized beam, The relief depth of the S8RG as measured
with an atomie-force microscope also increased, from ~130 nm to ~450 nm. The increase in diffraction effi-
ciency was independent of the writing polarization.. @ 2001 Optical Society of America

OCIS codes: 050.1950, 050,7330, 090.2900, 210.4770, 230.1960, 2560.2080.

In the past several years, direct fabrication of relief
structures in azo polymers has been reported.'~* This
method is a one-step fabrication technique, A sur-
face-relief grating (SRG) is fabricated by irradiation
of interference fringes. This S8RG has the following
properties: It can be fabricated only upon azoben-
zene functionalized polymers such as side-chain-
and main-chain-type azo polymers. The diffraction
efficiency and the surface relief depth depend on the
writing energy and the polarization of the writing
laser beam.! The fabrication temperature is below
the glass-transition temperature (T'), and this type of
SRG is fabricated at room temperature upon a poly-
mer with high T (=280°C). A large surface-relief
depth (>0.7 pem} has been reported. This form of
8RG is highly stable at temperatures less than 7', and
can be erased by heating above T. It can also be
erased by laser irradiation below T, but this erasure
is dependent on the polarization state.” This fabrica-
tion mechanism is not well understood at present, but
several models have been proposed.®-*

SRG fabrication with an azo polymer film has been
reported.’® This type of SRG can be used as a passive
grating element''? or a holographic element, How-
ever, the long fabrication time required for high diffrac-
tion efficiency is an cbstacle to practical use of the
SRG, It can however, be used ag an active diffrac-
tion device when it is subjected to poling beeause the
azo polymer film exhibits an electro-optic effect. The
modulation of a surface-relief electro-optic grating with
this SRG has also been reported.™

In this Letter we describe the diffraction-efficiency
increase of a SRG caused by corona discharge. This
inerease is evaluated by the first-order diffraction ef-
ficiency and the relief depth of the SRG.

A BRG was fabricated by the irradiation of interfer-
ence fringes on a side-chain-type azo polymer, Paoly{or-
ange Tom-1 isophoronediisocyante).’® Polymer films
of ~1-pm thickness were prepared by spin coating

0148-9692/01/010004-03$15.00/0

upon a Pyrex glass plate. The concentration of dye
was 18 wt. %, and the Ty was 136 °C. The refractive
index was 1.61 at a wavelength of 633 nm. The light
source was an Ar-ion laser beam with a wavelength of
488 nm, An electric charge was deposited upon the
SRG in 8 corona-depositing poling setup in an oven.
The voltage was applied between a nickel electrode and
a needle electrode, which was positioned 7 mm above
the polymer film, FElectrons were released from the
needle electrode by corona discharge, The tempera-
ture of the alr in the oven was measured with a heat
sensor, Changes in temperature and applied voliage
during corona discharge are shown in Fig, 1, Volt-
age V, was applied after the polymer film was heated
to temperature T, (usually T, was set at 7). When
T, > Tg, Vp was applied at a temperature near T,
After time 7,, the polymer film was cooled to room
temperature Ty with the voltage applied.

First we examined the change in the relief depth by
heating the film without applied voltage so we could
investigate the influence of the electric charge gener-
ated by the corona discharge. We observed this relief
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Fig. 1. Changes in temperature and applied voltage
aver time,

© 2001 Optical Soclety of America
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depth with an atomic-force microscope. The SRG was
fabricated under the following conditions: writing
by means of a circularly polarized beam, power of
50 mW/em?, iivadiation time of 15 min, and grating
period of 1 pm. The relief depth before heating was
130-160 nm. As a result of the heating of the SRG,
the relief depth SRG was erased by ~30% under the
conditions of T, = 136°C and 7, = 20 min and was
erased completely under the conditions of 7', == 141 °C
and 7, = 20 min, We confirmed from the experiment
that the SREG in the corona poling equipment was
erased at temperatures above T,

Next we examined the change in diffraction effi-
ciency as a vesult of eorona discharge. The SRG was
fabricated under the following econditions: writing
by means of a circularly polarized beam, power
of 50 mW/em?, irradiation time of 10 min, and
grating period of 1 um. The electric charge was
deposited under the following conditions: V, = 8kV
and v, = 20 min were fixed, and T, was changed.
When T, = Ty, V, was applied at a temperature of
130°C. The temperature dependence of the first-
order diffraction efficiency before and after corona
discharge as measured by a He—Ne laser beam is
shown in Fig. 2. In the polarization of the laser
beam, s, 45°, and p polarization are equivalent to 0°
(perpendicular to the grating vector), 45°, and 90°
(parallel to the grating vector) polarization, respec-
tively, No change in diffraction efficiency caused
by corona discharge was detectable below 100°C,
but a dramatic increase in diffraction efficiency was
observed at temperatures near or above T, The
first-order diffraction efficiency measured before and
after corona discharge increased from ~2% to ~40%.
The experimental results demonstrated that the
SRG was thermally erased above T, without corona
discharge buf that the diffraction efficiency of the
SRG was increased above T, with corona discharge.
This inerease in diffraction efficiency can be caused
by increased birefringence as a result of chromophore
orientation caused by the electric field or by an in-
crease in the relief depth caused by the electric charge
or by both., We measured the surface profile of the
SEG with an atomic-force microscope. The surface
profiles before and after corona discharge under the
condition 7', = 141°C are shown in Figs. 8{a} and 3(b),
respectively. The relief depth before and after corona
discharge increased from ~130 to ~450 nm. This
means that the increased diffraction efficiency that
results from corona discharge depends strongly on the
increased relief depth of the SRG.

We examined the relation between the increase
in diffraction efficiency caused by corona discharge
and the diffraction efficiency before corona discharge.
The irradiation-time dependence of the first-order
diffraction effieiency before and after corona discharge
is shown in Fig. 4. The fabrication conditions for the
SRG were the same as described above, except that
Tp = 141 °C was fixed and the irradiation times were
changed. The diffraction efficiency of the SRG fab-
ricated by an irradiation time of 2 min was increased
sufficiently by corona discharge. In this case, the
first-order diffraction efficiency for the 45°-polarized

beam increased from ~0.22% to ~386%, The diffrac-
tion efficiency in the case of a shorter irradiation

50
+ Bafore {p} © After {p) 2

240 |- aBefore (45) & After (45) " o
- | W Before (s} @ After {s) o
830 - g
éze 5
wig

0 B 1 1 1 1 l-_EL-_._

0 30 80 490 120 150
' Temperature (°C)
Tig. 2. Poling-temperature dependence of the first-order

diffraction efficiency for p-, 45°-, and s-polarized beams
hefore and after corona discharge.

Fig, 3. Surface profile of the SRG measured with an
atomie-force microscope (a) before and (b) after corona
discharge.
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Fig. 4, Irradiation-time dependence of the firat-order
diffraction efficiency for a 456°-polarized beam before and
after corona discharge.
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Table I. Diffraction Efficiency Before and After
Corona Discharge of a SRG
Written by Differently Polarized Beams

Diffraction Efficiency (%)

Polarization State of Before After
Writing Beam Discharge Discharge

Circular 8.2 18.6

r 4.7 10.8

45° 7.7 17.1

s 0.02 0.23

time (1 min), however, was increased only from 0.07%
to 0.83%. This result shows that a critical relief
depth is necessary for an increase in the diffraction
efficiency of a SRG. The relief depth of the SRG
that demonstrates a diffraction efficiency of 0.22% is
~30 nm.

The process of SRG fabrication depends strongly on
polarization' and the polymer film becomnes birefrin-
gent with the chromophores preferentially oriented.
Finally, therefors, we examined the diffraction-
efficiency increase in SRG's fabricated by different
polarization beams. SRG’s, were fabricated under
the following conditions: power of 50 mW/em? ir-
radiation time of 10 min; grating period of 1 um.
With respect to the polarization state of the laser
beam, the cireular polarization state, p polarization,
45° polarization, and s polarization were used. The
electric charge was deposited under the following
conditions: V), =8 kV, 7, = 20 min, and T, = 136 °C.
The experimental results are detailed in Table 1, The
polarization of the readout He—Ne laser besam was
45°. The diffraction efficiency of the SRG fabricated
with all polarization states used was increased hy
corona discharge, which shows that the mechanism by
which diffraction efficiency increases is independent
of the polarization state of the writing laser heam.

Qur experimental results indicate that the change
in 8 SRG cause by corona discharge has the following
characteristics: (1) A dramatic increase in diffraction
efficlency and relief depth are observed at tempera-
tures near or above T, and the SRG is not thermally
erased above Ty, (2) Increasing the relief depth and
the diffraction efficiency of the SRG in a short time re-
quires a critical relief depth. (3) This increase doss
not depend on the polarization state of the writing
laser heam. We speculate that the mechanism that
leads to an increase in diffraction efficiency caused by
corona discharge is similar to that for thermoplatstic
film* We conclude that, when a SRG with a fine
period is exposed to a corona discharge, an electric
charge collects in the groove area because the relief
depth is inereased even if the polymer film becomes

soft above Ty, The relief depth increases as a result
ofthe Coulomb force exerted by the electric charge, and
therefore the diffraction efficiency is increased. How-
ever, chromophore orientation caused by the electric
ficld may also influence this effect. The effects de-
seribed here have not yet been experimentally proved.
Further experiments will be necessary to elucidate the
mechanism fully.

In conclusion, we have described the increase in
the diffraction efficiency and the relief depth of a
swface-relief grating caused by corona discharge,
The first-order diffraction efficiency measured before
and after the corona discharge increased from ~2%
to ~40% in & SRG written with a cirveularly polarized
beam. This increase was independent of the writing
polarization of the SRG but depended on the relief
depth. Using this increase effect, one could fabricate
a SRG or a surface-relief electro-optic grating with
high diffraction efficiency at a relatively low writing
power.

This research was partly supported by a grant-in-aid
for scientific research from the Ministry of Eduecation,
Science, Sports and Culture of Japan and by the Yata-
gai Project, Tsukuba Advanced Research Alliance, Uni-
versity of Tsukuba, K, Munakata’s e-mail address is
munskata@optlab2 bl tsukuba.acjp.
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Using Photoinduced Surface Deformation on Azo-Polymer Films
Kenji HARADA®, Hajime INOUE, Mohamed A, GL-Monsy!, Masahide ITOH,

Shinsuke UMEGAKI® and Toyohiko YATAGA!

Institute of Applicd Physics and Tsikiha Advenced Research Alliauce (TARA), Universite of Trubude, Tsukiba 3058573, Japan
VPhysics Depavmmens, Favrdty of Science, Daniotia, Universiny of Matsonra, Damietio, Egyin
2 Facudiy of Science aad Tochnology, Keio University, Hivoshi, Yokehama 223-0061, Jupan

{Reeeived October 1, 2001; accepted for publicistion October 30, 2001}

Surface reliel holograms were fabricated on aza-polymer films by the irradiution of interference laser fringes. The side-chain
azo-polymer, poly-orange tom-1 isophoronediisocyanate, was used in this study, Recqguding characteristics of susface relief
structures were invesligated; they nesded no post-treatment, and could be erased by heating or irradiating & uniform laser beam,
The diffraction efficiency of the recorded hologram was markedly increased by corona charging, It was also controlled by

irradiation of the laser beam (488 nm) with corona charging.

[DOF: 10.1 143/JJAPA41.1851]

KEYWORDS: hologram, azo-polymer, photoinduzed surface deformation, surface refief grating, corona charging

1. Infroduction

Polymeric materials are the most promising organic materi-
als for electrooptic devices and memory devices. The record-
ing of polarization holographic gratings using azobenzene-
containing polymer films as photoanisotropic materials has
been reported.” This photoinduced anisotropic effect is due
to trans-cis-trans iSomerization and the orientationai effects
of the azo-dye chromophore, Direct fabrication of relief strue-
tures in azo-polymers has been reported in the past several
years.>™ A surface relief structure is recorded through pho-
toisomerization and the movements of the polymer chains. 5™
This is a one-step fabrication technique. A surfice relief strue-
ture is fabricated by irradiation of interference laser fringes
onto azobenzene functionalized polymers such as side-chain-
type and main-chain-type azo-polymers. The diffraction af-
ficiency and the surface relief depth depend on the writing
energy and the polarization of the writing laser beam.® This
structure is very stable at temperatures below the glass tran-
sition temperature T, and can be erased by heating above Tj.
This fabrication mechanism is not well understood at present,
but several models have been proposed,?'?

We have recently reported that the diffraction efficiency
of the surface relief structure can be markediy increased by
corona charging.'™ Moreover, such a hologram exhibits non-
linearily, because the orientation of the azo chremophore and
the increase in the diffraction efficiency are performed con-
currently by corona charging, Surface relief grating fabrica-
tion and the modulation of a surface relief electrooptic grating
have been reported. ' :

In this paper, swrface relief holograms are fabricated on
nzo-polymer films by irradiation of interference laser fringes.
The diffraction efficiency of the hologram is controlled by ir-
radiation of the laser beam with corona charging.

2. Surface Deformation Method
The side-chain azo-polymer, poly-orange tom-l iso-

phoronediisocyanate, is used in this swdy. Bigure | shows
the chemical structure and ubsorption gpectrum of the mate-

*BEomail address: haeada @optleh, bk, tsukubnae.jp
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ERSl

rial. The glass transition temperature is 136°C. The absorp-
tion peak and the cut-off wavelength of the dye are 440nm
and 560 nm, respectively. This polymer is dissolved in cyclo-
hexanone. Samples of 1-5 jam thickness ave prepared by spin-
conting on a slide glass plate. The refractive index of the film
is measured as 1,65 at a wavelength of 633 nm by the m-line
lechnique.

The surface relief grating is fabricated by the irradintion
of two-beam interference fringes. The experimental setup is
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shown in Fig. 2. A polarized As-ion laser beam at a wave-
length of 488 nm is used as the light source, The laser beam

is collimaled 10 6 mm in diameter, hall of the lnser beam is '

reflected by o mirror and the two beams interfere on the sam-
ple. The setup is strong srangement in the vibration. The an-
gle between the sample and the mirror is 90° and the period of
the grating can be adjusted by varying the angle between @ the
beam propagation axis and the miwor plane. Figure 3 shows
the polarization dependence of the diftfraction efficiency. The
period of the swface relief grating is selected as 1 pm. There
is a strong polarization dependence of the writing laser beam,
High diffraction efficiency is obtained using a p- or circularly
polarized writing beam. The relief structure is not recorded
using an s-polarized writing beam. A high diffraction etli-
ciency cap be obtained in a short time by high-power record-
ing.'¥ Figure 4 shows an atomic force microscopy image of

Ar't laser
488nm

Collimator Mirror

Babinet-Soleil

Compensator Sample

Fig. 2. Oplical setup for surface relief grating fabrication by the surface
deformation method.
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Fig. 3. Polarization dependence of the diffraction efficiency.
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a surface reliefl structure recorded using a p-polarized beam,
The laser bean power was 220 mW/em? For 10 min, A mini-
munt reliet period of 275 nm was recorded. The surtace relief
deptlt was 16 nm.

3. Recording of Fourier Transform Hologram

Next, we examined Fourier transformy holegram recording
using the photoinduced surfuce modulation technique. The
hologram recording setup is shown in Fig, 5. A cireularly
polarized Ar-ion laser beam with a wavelength of 488 aim
was used, The laser beam was collimated to a 6 mm diameter
and separated by a beam splitter. The Fourier tronstorm holo-
gram was recorded on an azo-polymer film with o thickness
of about 2 um. The letter A, 4 mm tall and 3 mm wide, was
used as the object. The beam pawer in {tont of the ohject was
I = 113 mW/cm?®, The object beam was Fourier transformet
on the azo-polymer film using a lens with a focal length of
}00mm. The reference beam power was J» = |18 mW/em?
and the recording time was | min. The reconstructed lmage
is shown in Fig. 6(a). This reconstructed image was observed
using a He-Ne laser beam. The diffraction efficiency of the
recorded hologram measured using a He-Ne laser was 1.2%,

4. Diffraction Efficlency Control of the Hologram

We have recently confirmed that the diffraction efficiency
and the relief depth of a surface relief structure is markedly in-
creased by corona charging at temperatures near or above ils
Tg.m The mechanism is not clearly understood, but we con-
sider that the relief depth increases as a result of the Coulomb
force exerted by electric charge; therefore the diffraction ef-
ficiency is increased. This increase depends on the corona

Object Polymer film

Ar-ioh Collimator BS lens

[aser ” ('\
- h

488mn U [J U

A4
plale

Mirror

Fig. 5. Experimental setp for Fourier transform holagrant recording.

(a) (b)

Fig. 6. The veeonstructed imiges (u) before caronys charging and (b aher
corona chirging.
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charging conditions, specifically, the corona charging tem-
peralure, the applyied voltage and the corona charging time,
The increase can be used to increase the initially low diffrac-
tion efficiency of the recorded hologram, We examined the
increase in diffraction efficiency of the letter A recorded by
the Fourier transform hologram. The Fourier transform holo-
gram was recorcled using the hotogram recording setup shown
in Fig. 5. The recording power and time were [} = [, =
88 mW/cm® and | min, respectively. The period of interfer-
ence fringes was | g,

The electric charge was deposited on the hologram using a
corona deposition poling setup in an oven. A sharp needle
electrade was positioned above the ground electrodes. The
holagram was pinced on the ground electrode. The distance
between the polymer filim and the needle electrode was 7 mun.

In the corona charging process, the volinge was applied at
a temperature near T, and the polymer film was heated to
the corona charging temperature with the voltage applied, be-
cause the surface relief structure is thermally erased above T,
without the applied voltage. After corona charging for 20 min,
the polymer film was cooled to room temperatwe with the
applied voltage. During the corona charging process, a volt-
age of 7kV was applied at 14{°C. The frst-orcer diffrac-
tion efficiency of the hologram measured before and after
corona charging using a He—-Ne laser increased from 0.24% to
28.39%. This increase in the corona charging depends on the
corona charging conditions, and the increase in the diffraction
efficiency of the hologram can be controlled by the these con-
ditions. The reconstructed images afler corona charging are
shown in Fig. 6(b).

We observed the recorded Fourier transform hologram us-
ing an atomic force microscope (AFM). The surface pro-
files of the Fourier transform hologram before and after
corona charging are shown in Figs. 7(a) and 7(b). The re-
lief depths measured before and after corona charging were
about 20nm and about 350 nm, respectively, This indicates
that the increased diffraction efficiency caused by corona
charging strongly depends on the increased relief depth of
the recorded hologram. We have confirmed that the diffrac-
tion efficiency of the hologram increases markedly as a re-
sult of corona charging, and the maximum diffraction effi-
ciency is over 30%. The first-order diffraction efficiency of
the incrensed Fourier hologram remained unchanged for sev-
eral months at room temperature under natural light,

Next, the diffraction efficiency was controlled by the irradi-
ation of the laser beam, A circularly polarized laser beain was
irradiated onto the holograny with corona charging at 141°C.
The refected first-order diffraction efficiency of the He-Ne
laser was detected, Figure 8 shows the fir siter measurement of
the diffraction efficiency control of the hologram, At ¢ = Qs,
The electric charge was deposited on the hologram at 130°C,
The applied voltage was 6.5kV. At = 20s, the hologram
was heated to 150°C with corona charging. Diffraction ef-
ficiency increased upon heating the sample lo above its T,
with corona charging, Al = 90s, a uniform Ar-ion luser
beam of about 5 mW/em? was irraciated onto the hologram.
The increase in the diffraction elficiency became slower, At
t = 1305, uniform Ar-ion laser beam of about 50 mW/iem?
was irradiated onlo the hologram and the ditfraction effi-
ciency decreased. At 1 = 1505, the Ar-ion laser beam was

K. HARADA eraf, - 1833

(b)

Fig. 7. Surface profiles of the Fourier transform hologram (a) before
cerona charging and (b) afler corana chuiging.
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turned off and the diffraction efficiency increased again.

Thus, the diffraction efficiency was increased by the corona
charging, andl cdecreased by the laser beam irradiation with
corona charging. We can control the diffraction efticiency
of the surface relief hologram by controlling the irradiation
power of the laser beam. To our knowledge, this is the frst
example of diffraction efficiency control of a surface relief
hologram by the irradiation of a laser beam with corona dis-
charge,
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5. Conclusions

We proposed a new hologram recording technique using
photoinduced surface deformation an azo-polymer (ilms, The
first-order diffraction efficiency of the hologram increased
from 0.24% to 28.39%. The diffraction efficiency was con-
trolled by the irradiation of a uniform laser beam at a wave-
length of 488 nm with corona charging. This recording tech-
nique can be applied to helographic memory devices.
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ABSTRACT: In this article the Fourier transform method is applied to analyze mnltipie-
beam interference Fizeau fringes. The real part of the inverse Fourier transform is used
to estimate a theoretical pattern. This pattern coincides with the experimental one. A
derivative-sign binary image of the interference pattern is also used in automated
determination of the contour line of the fringe pattern, regardless of the quality of this
pattern. A correlation between the pixel size and the accuracy of the measured fiber
refractive index is presented. © 2009 Wiley Periodicals, Inc. J Appl Polym Sci 85; 476484,

2002

Key words: multiple-beam Fizean fringes; refractive index profile; polyethylene fi-

ber; fringe analysis; Fourier transform

INTRODUCTION

The study of the optical properties of fibers is a
valuable task in fiber research because their
structural characteristics are manifested in their
optical properties. There are many parameters
that affect the characteristics of optical fibers,
such as the fiber radius, refractive index profile,
numerical aperture, material dispersion, and at-
tenuation. The refractive index profile and mate-
rial dispersion have strong affects on the group
delay characteristics of an optieal fiber.? The val-
ues of the refractive indices of textile fibers, using
plane polarized monochromatic light vibrating
parallel and perpendicular to the fiber axis, give

Correspondence io; M, A. Bl-Morsey (ehmorsy@optlab2,
bk.tsukuba.acjp or elmersynmi@yahoo.com).

Jeurnat of Applicd Polymer Science, Vol, 85, 475-484 {2002)
© 2002 Wiley Perindlicals, Ine.

useful information about the molecular arrange-
ment of these fibers. They can also provide infor-
mation about the structural and mechanical prop-
erties of these fibers. Thus, refractive index mea-
surements using accurate methods have been
studied by numerous authors.??

Different techniques have been developed to
determine the fiber refractive index profile, All of
these techniques have their own advantages and
disadvantages. The ideal measuring technigue
should be nondestructive and applicable to any
preform and have high accuracy, high resolution,
and easy measurement and processing of data,!®

The multiple-beam Fizeau fringe system is a
sensitive optical technique, and it needs no spe-
cial sample preparation for measuring the refrac-
tive index profile of textile and optical &-
bers.27# 1! Interference fringes are formed across
the fiber when immersed in a silvered liquid

476
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wedge interferometer iluminated by a parallel
beam of moncchromatic light, The shift in the
position of the interference fringe is formed be-
cange the fiber inside the interferomeater works as
a phase object. The value of this shift depends on
the optical properties of the fiber, It gives quan-
titative information about the optical properties
of the fiber under test and its structure. The
methods in which matching immersion liquids
are used give good results for the fiber refractive
index profiles, especially when liquid and fiber
cladding both have refractive indices close to each
other. However, to minimize the error in the mea-
sured data, it is essential to take into consideration
the effect of refraction of the beam through the
liquid-fiber and core~cladding interfaces.*”1? The
manual work for processing multiple-beam Fizeau
fringes is however time consuming, cumbersome,
and error prone because the interferogram must be
photographed, enlarged to a suitable magnification,
and the measured quantities then obtained from
the magnified image.

Automated, high-speed image-processing tech-
nigues are used to analyze the fringe pattern and
give an accurate analysis, The main procedure in
automatic fringe-patiern analysis is fringe skele-
ton extraction. Several investigators'®~!® pro-
posed various digital image-processing algo-
rithms for extracting fringe skeletons from the
fringe patterns. This process can be classified into
two categories. In the first category the fringe
field is identified as & binary image and the fringe
skeletons are obtained using algorithms that
were primarily developed for optical character
recognition. A recently published article® comes
under this category. In the second category the
intensity variation within a fringe is uszed in de-
vising algorithms for fringe skeleton determina-
tion, The algorithm applied by Yatagai et al.*
comes under this category.

One of the biggest problems involved in prac-
tical digital fringe-pattern analysis is the noise
reduction problem, regardless of what type of im-
age-processing mathod is used, Without noise the
fringe-pattern analysis is much easier to analyze
and is usually straightforward, Unfortunately,
during the acquisition and digitization of the
fringe pattern various noises appear in the digital
fringe patterns. We applied a Fourier transform
(I'T) passband filter to reduce the pattern’s noise,

The main focus in this work is to analyze the
multiple-beam Fizeau fringe pattern using i-di-
mensional (1-D) FT for accurate measurement of

the refractive index profile of a polyethylene poly-
mer fiber.

THEORETICAL

Refractive Index Profile

Interference methods are used to determine the
refractive index distribution along the fiber ra-
dius from the lateral shift of the interference
fringe, whith gives the phase shift of light passing
through it. The fiber cross section is assumed to
be divided into V circular zones. For a large num-
ber of layers, each layer can be considered to have
a constant refractive index, The interference
fringe shift (Zg) of the @th layer in the fiber
region is related to the refractive index (ng) of the
layer as

AZ, ﬂ don,\?
—2hQ = E'; 2)1j{ (BR—-{—La)3- ( :ijl )
dghta
- - (%)}

2
+ EnQJ(R (@ - Da)? - (@”—)

n;

—n{yR*—-dy+ JR®- X3} (1)

where A is the wavelength of the light used, A is
the interfering space, R is the fiber radius, ¢ is the
layer thickness (o = R/N), n, = ny, is the immer-
sion liquid refractive index, and X, and dg are the
emergent and incident ray distances from the fi-
her center, respectively, where

e (e-3))

dQ=

Q-1
Bszz(aj'" 3+ B (2)

J=0

where # is the angle between the radius at the ray
exit point and the incident ray and # and « are the

- incidence and refraction angle, respectively.” Us-

ing eq. (1) and the Z; value a computer program
was prepared to measure the refractive index pro-
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Figure 1 A schematie diagram of 1-dimensional (1-D) filtering: (a) the original 1.D
relatively noise-free fringe pattern, (b) the modulus of the Fourier transform of the
original, (c) filtering of the desired pealk of the former, and {d) the real part of the

inverse Fourier transforim.
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Figure 2 A schematic diagram of a derivative-sign
binary fringe pattern: (a) the intensity distribution of
the interference fringe pattern, (b) the intensity distri-
bution of the derivative-gign binary fringe pattern of
the former, and (¢} the fringe skeleton; B, bright; D,
dark,

file of the fihers. The accuracy of this profile de-
pends on the accuracy of the fringe shift measure-
ment. The following section deals with the meth-
ods of fringe shift data refinement.

Fourier Filtering

Interference periodic fringe and their Fourier
spectra occur quite frequently in optics. The FT
method of fringe-pattern analysis is useful in re-
moving the noise from the fringe pattern. Fourier
fringe analysis was originally introduced and
demonstrated by Takeda et al.?%?! The technique
wag also studied by many others,?*®® The inten-
sity data contained in such a fringe pattern can be
written as

glx) = alx) + b(x)eos(2mfyx + px))  (3)

where elx) represents the background variations,
bix) deseribes variations in the fringe visibility,
¢(x) is the phase of the object, and f; is the carrier
frequency. This equation can be rewritten as

glx) = a(x) + elx)exp(i2mfox) + c¥x)exp(—i2afyx)
(4)

where

elx) = ;—b(x)exp(iﬂb(x))

and ¢*(x) denotes complex conjugation of c(x).

Using the F'T algorithm, we compute the 1-D
T of eq. (4) for the variable x as shown in Figure
1 and y is fixed.

GH=AN+Cf - ) + CH{—1-fp) (B

where the,capital letters denote Fourier spectra, f
is the variable in spatial frequency space, and C(f
~ fo)is the FT of e(x) with respect to x. From eq.
(5) one can notice that alx), blx), and Hx) are
slowly varying functions compared to the varia-
tions introduced by the f;. Thus, when the F'T of
the fringe pattern is taken, three peaks are ob-
tained as shown in Figure 1. The FT of the term
A(f) is placed in the center of the spectrum and
the I'T's of C(f — f3) and C*(f — f,) will be sym-
metric with respect to the center and placed at a
distance that is determined by £,.2%%7 We make
ugse of either of the two peaks’ spectra on the
carrier, say C(f — fp). In other words, the un-
wanted peaks are filtered out in thig step, Using
the inverse FT (II']), if we compute the IFT of C(f
= fo) with respect to £, then the term c(x) itself will
be obtained. The real part of c(x} represents the
filtered image pattern,

Image Skeleton (Fringe Centers}

The location of the geometric fringe centers can be
determined by two methods. The first method
uses a thinning algorithm; the disadvantage of
this algorithm is that it usually requires numer-
ous iterations in order to peel the fringe pattern.
The second method consists of differential filter
techniques.'®1® This algorithm is very simple be-
cause it requires one step to find the center of the
fringe pattern and is suitable for straight, circu-
lar, or any fype of fringe pattern. More explana-
tions about the differential filter techniques are
given in the following text.

Regardless of how dark or bright the interfer-
ence fringes are and no matter what the fringe
density, one of the most characteristic of the in-
terferometric fringe patterns is that the deriva-
tives in the fringe normal direction on both sides
of a fringe centerline have opposite signs. We
used this feature to determine the derivative-sign
binary image of a fringe pattern. In the binary
image, if the derivative signs of the original fringe
pattern of the points are positive, the points are
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Figure 38 The optical setup for producing multiple-beam Fizeau fringes in transmis-
sion: 1, mercury lamp; 2, condenser lens; 3, iris diaphragm; 4, collimating lens; &,
polarizer; 6, monochromatic interference filter; 7, microscope stage; 8, silvered liquid
wedge interferometer; 9, microscope objective; 14, mieroscope ocular; 11, CCD camersa;
12, frame grabber; 18, graphic and text sereen; 14, multisyne monitor.

set to a bright value, On the other hand, if the
derivative signs of the original fringe pattern of
the points are negative, the points are set fo a
dark value, as shown in Figure 2(a,b). From this
figure one can see that the boundaries of the
binary fringes are exactly the centerlines of the
original fringes without any deviation (Fig. 2(cl].
The derivative-sign binary fringe image is ex-
pressed as follows:

glx, »)

_ [ bright color (say 265) if Aglx,y) >0
- dark color (say 0) if Agfx,y) <0

(6)

where

Aglx,y) =glx,y) —glx+ 1, %)

After constructing the derivative-sign binary im-
age pattern it is easy to extract the fringe center-
lines over the image field using the following
aquation:

glx, y) = |glx, y) —glx — 1, 9)] (7

EXPERIMENTAL

A schematic diagram representing the optical
setup for producing multiple-beam Fizeau fringes
is shown in Figure 3, The fringes are character-
ized by sharp hright fringe on a dark background.
This system is reported elsewhere.® The liquid
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(@) (b)

Figure 4 (a) The original microinterferogram of the
polyethylene fiber with a draw ratio of 7.6 nsing mono-
chromatic light vibrating parallel to the fiber axis and
(b) the resultant noise-free normalized fiinge pattern of
the original.

wedge interferometer is adjusted in such a way
that the fiber is exactly perpendicular to the in-
terference fringes in the liquid region. The accu-
racy of the refractive index profile, and hence the
structural parameter measurements, are affected
by the deviation of the fiber and fringes from a
right angle. Deviation from a right angle by 1° or
less causes a negligible change in the measured
quantities.” The intensity of the multiple-beam
Fizeau image is converted to an electric video
signal and sampled to yield a digital picture made
up of 512 X 512 sample points, each of which is
guantized to 256 discrete gray levels. Using a
2-dimensional intensity sensor {(Panasonic CCD
microcamera attached directly to the microscope),
the digital picture is stored in the memory of a
digital frame grabber, The stored picture is trans-
ferred to a PC with a 500-MHz microprocessor
and recerded on the mass storage device of a disk.
A crosshair is uged to adjust the fiber te be per-
pendicular to the fringes. A relay lens is inserted
between the microscope and the CCD camera fo
sharpen the interferogram,

RESULTS AND DISCUSSION

Fringe Centerline Extraction

Two polyethylene fiber samples were used, which
were drawn to different dvaw ratios (7.5 anct 10),
The draw ratio is the ratio of the fiber length after
drawing to the original fiber length. Monochro-
matie light (A = 546.1 nm) vibrating parallel and
perpendicular to the fiber axis is used. Figure(4a)
is the original multiple-beam Fizeau fringe pat-
tern of the polyethylene fiber with a draw ratio of
7.5. We applied the FT method to remove the
pattern’s noise and the result is shown in Figure
4(h).

To determine the contour line we must first
determine the derivative binary fringe image of
the pattern by using eq. (6). Thus, by determining
the edges of the derivative binary fringe image,
we can determine the contour line of the original
bright fringe image, Figure 5(a) is the original
fringe pattern produced by using polyethylene fi-
ber with a draw ratio of 10 and light vibrating
perpendicular to the fiber axis, Figure 5(b) is the
contour line plotted inside the original pattern,
while Figure 5(c) shows the contour line with a
dark background. Figure 6(a—c) is the same as
Figure 5(a—c) but using the light vibrating paral-
lel to the fiber axis. Also, by using the real part of
the IF'T we could estimate another pattern, which
coincides with the experimental pattern. Figure

-Tla—c) shows the experimental paltern, the esti-

mated pattern, and the derivative binary fringe

{u} (b) ()

Figure 6 (&) A microinterferogram of the polyethyl-
ene fiber with a draw ratio of 10 using manochromatic
light vibrating perpendicular to the fiber axis, {b) an
extracted fringe contour line of the former shown on the
background of the original pattern, and (c) the ex-
tracted fringe contour line in a dark background.
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Figure 6 (a) A microinterferogram of the polyethyl-
ene fiber with a draw ratio of 10 using monochromatic
light vibrating parallel to the fiber axis, (b) an ex-
tracted fringe contour line of the former shown on the
background of the original pattern, and {¢) the ex-
tracted fringe contour line in a dark background.

image of the estimated pattern. Figure 8(a) is the
experimental image, Figure 8(b) is the contour
line of this pattern, Figure 8{c) is the estimated
pattern of Figure 8(a), and Figure 8(d} is the
contour line of Figure 8(c). Observe that the con-
tour line in Figure 8(d) is more stable than in
Pigure 8(b).

Refractive Index Profile Measurement

The refractive index profiles of the drawn fibers
were obtained using the original and estimated
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patterns. The monochromatic light had a
546.1-nm wavelength, The fringe paiterns shown
in Figure 8(a,c) were used to obtain the refractive
index profile shown in Figure 9. The refractive
index profiles shown in Figure 10 were calculated
from the interferogram produced using polyethyl-
ene fiber with a draw ratio of 10 and monochro-
matic light vibrating perpendicular to fiber axis.
The immersion liquid used had a refractive index
of 1.6297, and the pixel size was found to be 0.87
pm. ,
The pixel size plays an important role in the
measurement accuracy, so the difference between
the results of the methods applied in Figures 9
and 10 is due to the change in the pixel gize. It is
clear from Figures 9 and 10 that the refractive
index profile is nearly fiat. The relationship be-
tween the absclute difference in the average
value of the refractive index of hoth methods and
the pixel size is shown in Figure 11, From Figure
11 it is clear that with low pixel size there is little
difference in the results of both methods, s0 we
recommend use of thiz method with low pixel size,
Considering the affect of the pixel size in the
measurement accuracy, the microinterferogram
shown in Figure 6(a, upper) has a pixel size of
0.626 pum. The refractive index profile given in
Figure 12 is caleylated from this microinterfero-
gram and its estimated pattern. It is clear that
there is only a amall exrror in the measurement of
the refractive index for both methods, and the two
curves in Figure 12 coincide with each other and
tend fo be one curve,

The fringe patitern shown in Figure 7(a) is so
poor that it was not possible to automatically

~A=i:

TFigure 7 (a) The original pattern, (b) the estimated
pattern produced by using the real part of the inverse
Fourier transform of the original, and (c) the derivative
binary fringe image of the estimated pattern,

()
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(a) its)

{c) W)

Figure 8 (a) The original pattern, (b) the contour line
of the fringe pattern (original), (¢} the estitnated pat-
tern praduced using the real part of the inverse Fourier
transform of the original, and () the contour line of the
fringe pattern (estimated).

determine its contour line, so we manually caleu-
lated the refractive index. However, its estimated
fringes were used to automatically calculate the
refractive index profile as shown in Figure 13.
The results show good agreement, which encour-
ages use of the suggested method of estimated

fringes to determine the refractive index profile of
the fiber,

CONCLUSIONS

Compared with conventional methods, the FT
method has the advantage of higher aceuracy.®® It
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Figure 9 The refractive index profile of the polyethyl-
ene fiher with a draw ratio of 7.5 wsing experimenta) and
estimated patterns, Monochromatic light vibrating paral-

lel to the fiber axis was used. The pixel size is 1.32 pm,
and the immersion liquid has a refractive index of 1.6787.

could be used to enhance and analyze multiple-
beam Fizeau fringes, Fully anutomated determina-
tion of the contour line is possible, whatever the
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Figure 10 The refractive index profile of the polyeth-
viene fiber with a draw ratic of 10 using experimental
and estimated patterns. The monochromatic light vi-
brates perpendicular to the fiber axis, The pixel size is
0.87 pwm, and the immersion liquid has a refractive
index of 1,6297,
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guality of the interference image being used. The
suggested methods described in this article are
particularly suitable for applications involving
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Figure 12 The relationship between the pixel size
and the absolute difference of the average values of the
refractive index measured by the experimental and
estimated patterns. Monochromatic light vibrates par-
allel to the fiber axis. The pixel size is small snough
(0,626 pm), and the immersion liquid has a refractive
index of 1.5849.
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Figure 13 The refractive index profile of the polyeth-
vlene fiber with a draw ratio of 7.5 using experimental
and estimated patterns. Monochromatic light vibrating
parallel to the fiber axis is used. The pixel size is 0.8363
pm, and the immersion liquid has a refractive index of
1.5787.

high quality and low quality patterns. On the
other hand, we can estimate a new pattern, which
coincides with the experimental pattern, and use
it to calculate the refractive index profile. The
highest accuracy of the refractive index profile
wag obtained with low pixel size.
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Abstract

Automatic fringe pattern analysis is a powerful and inexpensive digital image-processing
technique. It is used to analyze the fringe pattern obtained by different optical techniques, such
as multiple-beam Fizeau fringes. To perform accurate and fast automatic measuremnent of
fiber refractive index profile, phase analysis method has been used with the Fourier transform
technique. In this paper, the refractive index profiles of polyethylene fibers with different draw
ratios are presented by two methods, fringe shift method and phase analysis method. A
comparison between the results obtained is presented. © 2002 Elsevier Science Ltd, All rights
reserved.

Keywords: Automatic fringe analysis; Fourier transform; Phase measurement; Multiple-beam Fizeau
fringes; Refractive index profile; Polyethylene fiber '

1. Introduction

In the present decade, much progress has been made in the field of optical
measurement because of several major advances in its related technologies, Optical
measurement is based on the wave characteristics of light when it reflects from or
transmits through an object. Light transmission properties through a fiber depend
mainly on its refractive index profile and material dispersion. The refractive index
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profile of optical or textile fiber is important not only in assessing the performance of
the fiber in a given system but also it helps in fiber fabrication to improve its
products. Therefore, there is an increasing need for fast and accurate measurement
of refractive index profile of fibers because it provides information for the correlation
between their structure and the other properties.

Many different techniques were applied to determine the refractive index profile of
fibers. One of the most sensitive and non-destructive technique, used to obtain this
information, is multiple-beam Fizeau fringe system. So, this technique has been
successfully used to investigate textile and optical fibers [1-6].

In practice, the fiber samples are immersed in a silvered liquid wedge
interferometer [3], which act as phase objects displacing the normally straight
parailel fringes of the multiple-beam Fizeau fringe interferometer to the fiber region.
This fringe displacement or shift is proportional to the index difference An between
the fiber refractive index and the immersion liquid, The methods in which a matching
immersion liquid is used to give good results of fiber refractive index profile,
especially when both liquid and fiber cladding have refractive indices close to each
other.

The principle problem in accurately measuring the refractive index using multiple-
beam Fizeau fringe system, is how to determine the contour line of the fringe pattern
for; (a) interference fringe shift [3,7] or (b) the area enclosed under the fringe shift,
and interfringe spacing. The present paper focuses on the refractive index profile
measurement using the phase shift instead of fringe shift (or) the area under fringe
shift and interfringe spacing.

Image-processing techniques were used to analyze the fringe pattern to perform
automated, high-speed, and accurate analysis [8—10]. To analyze interference fringes
accurately, the phase shift and Fourier transform measurement techniques were
developed {11-17)]. These techniques can be essentially classified into two basic types:
the phase shifting and the Fourier transform types. Phase shifting techniques usually
require at least three phase shifted interference fringe patterns. On the other hand,
Fourier transform method usually requires only one interference fringe pattern for
extracting phase information. This technique has been applied to various kinds of
interferometric techniques.

2. Theory
2.1. Optical path difference

To produce multiple-beam Fizeau fringes in transmission, a parallel beam of plane
polarized light illuminates a wedge interferometer placed on a microscope stage with
normal incidence. This wedge interferometer consists of two circular optical fats.
The inner surface of each flat is coated with a highly reflecting (75%) and partially
transmitting (22%) silver layer. Both the gap thickness and the wedge angle are
selected to form the sharpest fringes at right angles to the edge of the wedge. The
fiber in the matching liquid acts as a phase object. The amount of the phase shift
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depends upon the values of refractive indices of the fiber and the immersion liquid
used. The phase difference is given by

¢ :g;nm, (1)

where /7 is an integer number equal to 1 in the case of two beam interference and 2 in
the case of multiple-beam interference, 1 is the wavelength of light used, 4 is the
optical path difference. An accurate mathematical expression for the optical path
difference (OPD) was given by Hamza et al. [5] in which they considered the
refraction of the beam through the fiber due to refractive index change along its
radius. Also, they considered that the fiber is 1ssumed to be divided into N circular
zones. For large number of layers, each layer can be considered to have a constant
refractive index. A general expression is used to calculate the 4¢ of the Qth layer in
the fiber region, in case of multiple-beam Fizeau fringes as follows:

o-1
do=>" 2;;,-{ »\/(R — (j — Da)* — (dgno /).
i=1

- \ﬂR — ja)* — (dono /nj)z}

+ 2n.Q—\/(R —(Q - Da)* - (f{Q”O/“j)2

Sl B TR, @

where R is the fiber radius, « is the layer thickness (¢ = R/N), ng = ny, is the
immersion liquid refractive index, Xp and dp are the emerged and incident rays
distances from the fiber center, respectively, where

dp = no(R ~(Q - 1/2)(1).

o

And considering that the phase difference is given by
¢ = B(R) ~ ¢y

$(R) is the phase shift due to the fiber and ¢, is the phase due to the immersion
liquid. The value of ¢, must be constant. Because the interferogram has a noise this
value is not exactly constant but we can say it is nearly constant so we calculate the
main value of ¢,.

A iy
An 0
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2.2, Phase measurement '

Mapping the phase of the fringes displayed on an interferogram is an important
problem in many areas of optical measuremenf. In the 1970s Bruning et al. [18]
introduced to interferometry a phase-detection technique for testing optical

Fig. . Fourier transform process; A—original patiern; B-—1-D intensity distribution; C—FFT process;
D—filter process; E—shifting process; F—IFFT process; G—wrapped phase oblained; H—unwrapped
process; I—-unwrapped phase obtained,
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components that uses a solid-state detector. In this method, an interference pattern
was phase shifted and the digitized intensity values were then correlated with sines
and cosines to determine the optical phase. This method requires at least three phase-
shifted interferograms. In 1982 Takeda et al. [16] proposed a novel method of phase
analysis using Fourier transform. The phase can be retrieved from a single
interferogram by using this method. This technique has been used and modified by
several authors [15,19,20]. This technique is summarized as follows.

Generally, the intensity distributions in such interference fringe pattern can be
written as

g(x,y) = a(x, ) + b(x, Y)cos(2nfox + P(x, p)), (4)

L
where a(x, y) represents the background illuminations of the intensity distribution
g(x, ), b(x,y) describes the amplitude of the corresponding interference fringe, fj is
the carrier frequency, ®(x, y) is the phase of the object that we have to analyze at any
point (x,») on the interferogram. In most cases a(x, y), b(x, y), and H(x,y) are very
slowly varying functions compared with the variation introduced by the spatial

-+

v
h 4

‘ -
»
1
5

3 6

Fig. 2. The optical setup for producing multiple-beam Fizeau fringes in transmission: | —Mercury lamp;
2—condenser lens; 3—1Iris diaphragm; 4—Collimating lens; 5—Polarizer; 6—Monochromatic inter-
ference filter; 7—Microscope slage; 8—Silvered liquid wedge interferometer; 9—Microscope objeclive,
10—Microscope ocular; [|—CCD camera; 12—Frame grabber; 13—Graphic and text screen,
14 —Mullisync monitor.
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carrier frequency fy. This equation can be rewritlen as
g(x, ¥) = a(x, y) + (v, mexp(i2nfy.x) + ¢ (v, pex p{—i2rfox), (5}

where

e(x,y) = % O(x, p)exp(id(x, ¥} (6)

and ¢'(x, y) denotes complex conjugation of ¢(x, y).
Applying Fourier transform (FT) algorithm, we compute the one-dimension (1-D)
Fourier transform of Eq. (5) for the variable x only, with y being fixed.

GUf,0) = AU+ CU = fo ) + C(f = fo, ), (7

where the capital letters denote Fourier Spect’ra, fis the variable in spatial frequency
space and C(f — fo,) is the FT of c(x, y) with respect to x. From Eq. (7) one can
notice that, the FT of the fringe pattern exhibit three distinct peaks. The Fourier
transform of the term A(f,y) is placed in the center of the spectrum and represents
the zero frequency (or DC). And the Fourier transforms of C(f — fp,¥) and C*(f +
fo, ) then will be symmetric with respect to the center and placed at a distance that is
determined by fy. We make use of either of the two peaks spectra on the carrier, say

Fig. 3. Microinterferogram of polyethylene fiber with the draw ratio 7.5 using monochromatic light
vibrating parallel Lo the fiber axis, immersion liquid used is [.5787 (A} pixel size is [.3[6614 um, (B) pixel
size is 0.8665226 um,
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C(f — fo, ). In other words, the unwanted peaks have been filtered out in this step.
After C(f ~ fo.,») is shifted a distance of fy toward the original in the frequency
domain, we compute the inverse Fourier transform (IFT) of C(f — fy, 1) with respect
to f then the term c¢(x,y) itself will be obtuined. Then we calculate a complex
logarithm of Eq. (6)

1 .
log[e(x, y)] = log {5 b(r,y)} + id(x, y).

From this equation it is easy to obtain the phase. In most cases, a computer-
generated function subroutine gives a principal value ranging from —= to n. So, the
phase map obtained is wrapped in the range between —n and #, and the phase
unwrapping procedure is generally required to produce a continuous phase
distribution. The relation between the wrapped and the unwrapped phase can be
stated as

b(xi yp) = by (xp, yp) + 2mm(x, yp),
I<iSN, 1<j<M, (8)

where ¢, (x, y) is the wrapped phase, ¢(x, y) is the unwrapped phase, and n(x, y) is
an integer-valued number called the field number. The unwrapping problem is trivial
for phase maps calculated from good quality fringe data when the following two
conditions are satisfied [21]:

(1) The signal is free of noise,
(2) The Nyquist condition is not violated, which means that the absolute value of
the phase difference between any two consecutive phase samples (pixels) is <z.

The whole Fourier transform analysis process is ilfustrated in Fig. 1.

3. Experimental setup

Schematic diagram represents the optical setup for producing multiple-beam
Fizeau fringes in transmission is shown in Fig. 2. The fringes are characterized by
sharp bright fringe on a dark background. A parallel beam of monochromatic light
falls on the plane-mirror of the microscope that reflects the light in a direction
perpendicular to the wedge interferometer. The wedge interferometer is adjusted in
such a way that the fiber is exactly perpendicular to the interference fringes in the
liquid region. The accuracy of the refractive index profile and hence the structural
parameters measurement are affected by the deviation of the fiber and fringes from
the right angle. Deviation from right angle by one degree or less causes a negligible
change in the measured quantities. The intensity of the multiple-beam Fizeau image
is converted to an electric video signal and sampled to yield a digital picture made up
of 512 x 512 sample points, each of which is quantized to 256 discrete gray levels,
Using two-dimensional intensity sensor (Panasonic CCD micro-camera attached
directly to the microscope), the digitized picture is stored in a digital frame grabber
memory, The stored picture transferred to PC with microprocessor 500 MHz and
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Fig. 4. The 1-D wrapped phase profile (A) of Fig. 3A, (B) of Fig,'SB.

recorded on the mass storage device of a disk. A cross hair is used to adjust the fiber
to be perpendicular to the fringes. A relay lens is inserted between the microscope
and the CCD camera to sharpen the interferogram.
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4. Result and discussion

Mapping the phase and refractive index profiles of polyethylene fiber, which was
drawn to different draw ratios (7.5 and 10), were obtained automatically, The draw

8 T T T T ¥ T T T T

Phase

200

Phase

-1 1 L 1 )

0 20 40 60 80 100 120 140
(b) R{pixel)

Fig. 5. The 1-D unwrapped phase profile (A) of Fig. 3A, (B) of Fig. 3B,
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ratio is the ratio of the fiber length after drawing to the fiber original length.
Monochromatic light of wavelength 546,1 nm vibrating parallel to the fiber axis is
used. Fig. 3A shows the original interferogram of multiple-beam Fizeau fringe
pattern of polyethylene fiber with the draw ratio 7.5 when using immersion liquid of
refractive index 1.5787 and the pixel size is 1.32 pm. Fig. 3B shows the same but with
the pixel size 0.87 pm. FT of the fringe pattern was taken to the interferograms which

Phase

200~
200

100

(ﬂ.) x(pixal) 0 0 y(pixe!)

Phace

140

1}
a0 10

60

) % (pixel y{pixel)

Fig. 6. Plot of the 2-D uwnwrapped continuous phase distribution (A) of Fig. 3A, (B) of Fig. 3B.
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Fig. 7. Refractive index profile of polyethylene fiber with the draw ratio 7.5 using phase method and Z-
method. Monochromatic light vibrating parallel to the fiber axis is used and the pixel size is found to be
1.31661 pm and the immersion liquid used is 1.5787.

are shown in Figs. 3A and B to obtain the wrapped phase, shown in Figs. 4A and B,
respectively. Figs. SA and B show the unwrapped phase in one dimension (i-D)
while the unwrapped phase in two dimensions (2-D) was shown in Figs. 6A and B,
Eq. (3) was used with software prepared by us to determine the refractive index along
the fiber radius (refractive index profile), These results were compared with the
refractive index profiles, which are obtained using fringe shift method (Z-method),
shown in Figs. 7 and 8.

Fig. 9 shows the original interferogram of polyethylene fiber with the draw ratio
10 immersed in a liquid of refractive index 1.5849 and the pixel size is found to be
0.625 um. The 1-D and the 2-D unwrapped phase were shown in Figs, 10 and 11,
respectively. Fig. 12 shows the refractive index profile compared with that calculated
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Fig. 8. Refractive index profile of polyethylene fiber with the draw ratio 7.5 using phase method and Z-
method, Monochromatic light vibrating parallel to the fiber axis is used and the pixel size is found to be
0.8665 pm and the immersion liguid used is 1.5787,

using Z-method, It is clear that, when the immersion liquid and fiber refractive
indices are close to each other, a small error in the measurements of both method
(phase method and Z-method) is obtained and the two curves coincide with each
other and tend to be one curve,

In fact, the fibers used in this study have nearly constant refractive index profile.
Referring to Figs. 3, 7, 8 and 12 one can easily notice that: (a) the applied phase with
FT method gives a stable profile which is more reliable than that uses the fringe shift
method, (b) as the difference in fiber and immersion liquid refractive indices
increases the errors in the measurement increases, but still the phase with Fourier
method has a good presentation of refractive index profile, (c) the smaller value of
pixel size the more accurate are the obtained results,

Table 1 lists a statistical comparison between phase method and Z-method. From
which, it can be seen that the refractive index profile measured using phase method is
more accurate than that obtained by Z-method. Also, it shows that at low pixel size a
small error in the results of both method is obtained.
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Fig. 9. Microinterferogram of polyethylene fiber with the draw ratio 10 using monochromatic light
vibrating parallel to the fiber axis, immersion liquid vsed is 1.5849, and pixel size is 0.625 pm,
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Fig. 10, The 1-D unwrapped phase profile of Fig. 9.
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Fig. 11. Plot of the 2-D unwrapped continuous phase distribution of Fig, 9.
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Fig. 12. Refraclive index profile of polyethylene fiber with the draw ratio 10 using phase method and Z-
method. Monochromatic light vibrating parallel to the fiber axis is used and the pixel size is found to be
0.625 um and the immersion liquid used is 1.5849,

Table |
The Statistical comparisons between phase method and Z-method for the measured refraclive index profiie
of polyethylene fiber having different draw ratios

Draw ratio Pixel size (1) Standard devialion Sigma error
Phase method Fringe shift Phase method Fringe shift
7.5 1.317 9.560 x 107 13.77% 1070 9.331x 1077 19.37 % 1077
7.5 0.867 8.781 x 107 13,51 x 107 7871x 1077 18.63 x 1077
10 0.625 8.016x 107 9251 x 107 6.560% 1077 8.740 x 1077

5. Conclusions

The development of precise and efficient technique for refractive index profile
measutrement is an important technical task. Multiple-beam interference Fizeau
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fringes system is applied to polyethylene fiber to determine its refractive index
profile. FT method has been used for high-precision evaluation of the phase
distribution of multiple-beam Fizeau fringes. By using Figs. 3 and 9, the measured
radius of drawn polyethylene fibers 23,725 and 20.44 pm correspond to draw ratios
7.5 and 10, respectively, The refractive index profiles of drawn polyethylene fibers
were obtained using the phase and fringe shift methods. We can conclude from the
results that the phase method is a powerful technique to analyze the multiple-beam
Fizeau fringes pattern and to measure the relractive index profile of fibers. Both the
techniques perform equally well when applied to any interferogram having a fow
pixe! size. The phase technique strategy presents two main benefits; (i) it is simple to
automate and (ii) it performs better under certain circumstances, such as the case in
high accuracy of refractive index profile measurement. Moreover, for large difference
in fiber and immersion liquid refractive indices, it gives more stability of refractive
index profile (see Table 1).
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Abstract. An electrically addressed spatial light modulator with 5 x 5 pixels is designed using nonlinear
polymeric materials, Resonator structure {or the matecial is proposed to minimize the driving vollages.
Side-chain polymer poly-orange tom-1 isophoronedisocyanate (r1x = 23 pm/V) is used as a material, A
modulation efficiency of 4.7% has been realized with 5.1 Vi, applied voltage at a wavelength of 633 mun,
Very fast modulation at over 10 MHz has been demonstrated.
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1. Introduction

Spatial light modulators (SLMs) play very important roles for optical com-
puting, such as optical neural network and optical image processing. Ad-
vances in SLM technologies therefore have a direct impact on these critical
application, Liquid crystal SLMs generally used in optical computing have a
very slow modulation speed and a low contrast ratio. Ferroelectric liquid
crystal SLMs have a high modulation speed, but the modulation speed is
<100 kHz. Because the mechanism (reorientation of molecules when applied
voltage) limits the response time of the devices, faster modulation speed can
not be expected by using liquid crystal SLMs. Development of sophisticated
SLMs with very fast modulation speed is essential. Multiple-quantum-well
(MQW) smart pixels are one of the most promising high speed SLMs, but
there are limitations on device size and spatial resolution. Another candidate
for SLM material is an amorphous nonlinear polymer. These are very at-
tractive for electro-optical applications as they have a low and nearly non-
dispersive dielectric function. Their fabrication is easy compared with
growing single crystals of organic and inorganic materiais. The dielectric
constants of polymeric materials are about 3, which is 1/10 of LiNbO;. Low
dielectric constant makes it possible to operate polymer devices at very high
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frequency. Operation at 40 GHz was demonstrated with poled polymer op-
tical modulator (Teng 1992). In recent years, considerable progress has been
made in the development of nonlinear organic materials having large non-
linearities and thermal stability, A maleimide-based copolymer, PMPD
(Kato et al. 1998) is one of the most promising materials, and it was dem-
onstrated that this polymer had a large optical nonlinearity, a long-term
stability and a fast modulation speed. The measured electro-optic coefficient
is twice as large as that of LiNbOs. This electro-optic coefficient is sufficient
for a waveguide light modulator to control the light, but is insufficient for a
SLM because the effective pass length is much shorter than that of a wave-
guide light modulator. The problem can be solved using Fabry-Perot etalons
because they increase the effective optical path length acting across the spacer
region, and minimize the drive voltages (Harada er al. 1996),

We will discuss here the advantages of these polymeric materials and the
development of SLMSs using them, We have simulated and demonstrated the
electrically induced changes in light intensity using polymeric thin film in a
Fabry—Perot structure.

2. Simulation of light modulation using resonator structure

We simulated the light modulation of the polymeric Fabry-Perot etalons. A
film poled in the direction of the surface normal has the electrooptic tensor
expressed as:

0 0 rpy
0 0 13
0 0 13
0 ry 0F
13 0 0
0 0 0

where r33 = 3r;3 (Singer et al. 1986).
For an electric field in the direction of the surface normal (z-direction), the
equation for the refractive index ellipsoid is

1 2 2 l 2
(“’:l"g—l-rlgEz)(X —l-Y)-l— <;’E+r33EZ>Z = 0, (1)

where X, ¥, and Z refer to the laboratory axes parallel to the principal
dielectric axes parallel to the principal dielectric axes of the film, and », and
n. are the ordinary and extraordinary refractive indices respectively. On
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application of an electric field in the direction of surface normal, the change
in refractive index experienced by ordinary ray is thus,

Ang = -—-%f?.g.'”nEz (2)
and for the extraordinary rays,
Ang = — %nngz. (3)

Changes in the indices of refraction experienced by the ordinary ray can be
related to the modulation voltage V by the expressions, using Equation (2) as

!

Ano = —%11301"13-'{-, (4)
whete [ is the separation between the two indium tin oxide (ITQO) electrodes.
This induced An, changes the device transfer characteristics by the phase
change in the polymeric layer. The use of a resonator structure is proposed to
minimize the driving voltages.

Fig. 1 shows the device structure. A polymer film was sandwiched between
dielectric mirrors. Quarter-wave stacks of dielectric material is arranged in
such way that alternating layers have a law index of reflection n, = 1.46
(Si0,) and high index of reflection ny = 2.35 (Ti0,). The thickness of each
layer is Af4n,, 1/4n,, where A is the free-space wavelength (633 nm).

Transmission spectrum can be calculated theoretically by solving the
boundary condition of each layers. The device shows a sharp spectrum in a
specific wavelength determined by the polymer film thickness and refractive
index. Fig. 2 shows the calculated transmission spectrum when each dielectric
mirror is 10 layers and the optical thickness of the polymer is 1/2, where 4 is
the free-space wavelength (633 nm). In this simulation, there is no optical loss
of the sample. We can control the intensity of monochromatic light by
changing the refractive index of the polymer by applying an electric field.
Fig. 3 shows the applied voltage dependence of transmission spectrum
around 633 nm when each dielectric mirror is 10 layers and electro-optic

Ti0p (n=2.35) ITO glass plate
r 8i0y {1=1.46)
5 : ]

Polymetie material

e e

ey s——

? 4 B R RN I T SRR AT

A R RS s e

N, Man,

Fig. 1. Resonator structure for polymeric materials.
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Fig. 3, Applied voltage dependence of Lransmission spectrum when each dielectric mirror is 10 layers and
etectro-optic coefficient is 20 pm/V.

coefficient is 20 pm/V, Transmission peak shifts by applying electric field.
The contrast ratio of 10 layered sample in this case is estimated as about 40: 1
when the applied voltage is 50 V/um.

3. Polymeric spatial light modulator with § X 5 pixels

Polymeric SLM with 5 X 5 pixels is designed. Side-chain polymer poly-or-
ange tom-1 isophoronedisocyanate (Itoh et al. 1998) is used as a polymeric
material in this study, Fig. 4 show the chemical structure of poly-orange tom-
| isophoronedisocyanate. Absorption spectrum of the material is shown in
Fig. 5. Cutoff wavelength of the material is about 600 nm and it is trans-
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Fig. 4. Chemical structure of poly-orange tom-) isophoronedisocyanale.
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Fig. 5. Absorption spectrum of poly-orange tom-1 isophoronedisocyanate.

parent at 633 nm. The glass transition temperature 7, is 136°C. The re-
fractive index is 1.7 at a wavelength of 633 nm. The electrooptic coefficient
r33 is measured by a reflection technique (Teng and Man 1990).

The measured electrooptic coefficient a3 is 23 pm/V at the wavelength of
633 nm. Half-wave voltage of the device using this material is estimated
about 20 kV. The use of a resonator structure is proposed to minimize the
driving voltages. The polymer dissolved in cyclohexanone is spin-coated on
the glass plate with multilayered dielectric mirror and ITO electrode. Then
another multilayered dielectric mirrors and ITO electrode are coated on the
polymer film. Photo assisted poling was performed to align the chromophore
orientation with an applied voltage of 100 V across the polymer film for
20 min by irradiating Ar ™" laser. Thete are simple matrices with 25 pixels and
the size of one pixel is | X 1 mm. Each mirror is composed of 12 layers. The
reflectivity of the dielectric mirror is about 95% 4t the wavelength of 633 nm.

By using a spectrometer (Jasco Co., V-530), we measured the trans-
mittance characteristics of the device when the incident light was normal
to the sample (Fig. 6). The device shows a sharp spectrum at 590 and
680 nm, He-Ne laser (633 um) is used in this experiment. There is no
transmission peak at 633 nm. Maximum modulation efficiency is expected by
choosing the transmission peak at the experimental wavelength. By changing
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Fig. 6. Transmittance characteristics of the device,

the input angle, we can adjust the transmission peak at proper wavelength.
Fig. 7 shows the angler dependence of the transmission intensity at the
wavelength of 633 nm. The transmittance increases near 47°, The maximum
transmittance of 20% is obtained at the incident angle of 47°.
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Fig. 7. Angler dependence of the transmission intensity at Lhe wavelength of 633 nm,
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Fig. 8, Light modulation of the laser beam, Current voitage of | kMz with 5.1 V4 is applied.
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Fig. 8 shows the results of the light modulation at the input angle of 47°.
Operation at 10 MHz is demonstrated with each pixels, and modulation
efficiency of 4.7% is obtained at 1 kHz with 5.1 V,, applied voltage,

A maximum modulation efficiency of [8.8% is obtained at an applied voltage
of 34 V s

4. Conclusion

Electrically addressed SLMs with 5 x 5 pixels is designed using poled poly-
mer. The use of a resonator structure is proposed to minimize the driving
voltage. Side-chain polymer poly-orange tom-1 isophoronedisocyanate
(r33 = 23 pm/V) is used as a material. Operation at 10 MHz is demonstrated
with each pixels, and modulation efficiency of 4.7% is obtained at 1 kHz with
5.1 Vins applied voltage. We have already reported the light modulation on
Si integrated circuits (Harada et al, 1998), These etalon modulators with
polymeric materials have applications in optical computing, including of
optical neural networks and optical image processing.
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