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New method to control the shape of spectral characteristics
of Bragg gratings in electrooptical materials

A.V. Shamray, A.S. Kozlov, I.V. II'ichev, M.P. Petrov

Abstract. A new method is proposed to control the shape of
spectral characteristics of Bragg gratings, which is based on
the introduction of electrically controlled shifts of the average
refractive index. The shape of the spectral characteristics of
Bragg gratings with a complex step structure of the spatial
distribution of the average refractive index is calculated. The
operative electric control of their shape in a channel optical
LiNbO; crystal waveguide is experimentally demonstrated.
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1. Introduction

One of the most widespread classes of narrowband optical
filters is based on the diffraction of light from a phase
Bragg grating [1]. The reflection spectrum of a simple
sinusoidal Bragg grating consists of a narrow peak with a
central wavelength corresponding to the exact fulfilment of
the Bragg law

Jo = 2n4, (1

where Ay is the central reflection wavelength (the Bragg
wavelength); n is the average refractive index of the grating
material; and A is the grating period. The spectral
selectivity of such a grating in the case of small amplitudes
(dn/n < A/I) can be estimated from the expression
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where on is the phase grating amplitude; / is the grating
length; and 38/ is the deviation of the wavelength of light
from the Bragg condition at which the diffraction efficiency
vanishes. Therefore, a Bragg grating of length / = 5 mm can
provide the spectral selectivity 64~ 0.1 nm for A, =
1550 nm.
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Bragg gratings with controllable spectral characteristics
attract the most interest [2]. The simplest type of control is
spectral tuning, or changing the central reflection wave-
length. One can see from expression (1) that this can be
performed either by changing the average refraction index
or the grating period. The latter can be done with the help of
mechanical deformation. This principle is used in piezo-
electric tuning of fibre Bragg gratings (FBGs) [2]. The main
disadvantage of this method is a relatively low tuning rate.
The typical variation time of A; is 10 ms.

If the grating is produced in an electrooptical material,
the central Bragg reflection wavelength can be changed by
applying an external electric field and changing the average
refractive index. The main advantage of this method of
spectral tuning is a high rate — the variation time of /, can
be less than 1 ns. A change in the central wavelength is
proportional to a change in the average refractive index,
which is determined by the electrooptical properties of the
material

AL = 2AnA,

(©)

1
An = 3 13 reiE,

where E is the external electric field strength; r.; is the
effective electrooptical coefficient depending on the mutual
orientation of a sample, the external electric field, the
propagation direction and polarisation of light. The
dependence of the electrooptical properties of a LiNbO;
crystal on its orientation was analysed in detail in paper [3].

In [4], a LiNbO; crystal was optimally oriented by
continuously electrically tuning a narrowband optical
filter based on a volume reflection holographic Bragg
grating. The main disadvantage of this system is high
control voltages and a narrow continuous tuning range
due to low electrooptical coefficients of electrooptical
materials used (for example, LiNbO3).

Earlier, new methods were proposed to control the
spectral characteristics of Bragg gratings, which are based
on the production of spatial discontinuities or shifts of the
main parameters of the grating such as its period, phase, or
average refractive index [5, 6]. The discontinuities in the
phase, period or average refractive index of the Bragg
grating drastically change the shape of spectral characte-
ristics. For example, when the phase shift equal to w is
introduced between the two halves of a homogeneous
grating, a narrow transmission peak appears at the centre
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of the reflection range of an unperturbed grating, and the
grating transforms from the reflection spectral filter to the
transmission filter. This substantially expands the functional
possibilities of controllable Bragg grating filters and, thereby
expanding the field of their potential applications.

The spectral characteristics of Bragg gratings with
spatial discontinuities and shifts of parameters were theo-
retically investigated in papers [5, 6]. The theoretical results
obtained in these papers were verified in experiments on the
control of spatial inhomogeneities of the Bragg grating
parameters and the shape of their spectral characteristics.
Experiments were performed with mechanical-deformation-
or temperature-controlled FBGs. However, these methods
for producing controllable inhomogeneities have obvious
disadvantages. First of all this is a low control rate and
impossibility to produce abrupt controllable discontinuities
in the grating. This considerably restricts the number of
different realisations of spatial inhomogeneities of grating
parameters.

Recently, a new method was proposed to introduce
controllable phase shifts by using a dynamic holographic
grating in photorefractive crystals [7]. Phase shifts in the
grating were produced by the spatial phase modulation of
one of the beams writing the dynamic holographic grating.
However, this method has a low control rate. The rate of a
change in a spectral characteristic is determined by the rate
of rewriting of the dynamic grating inside a photorefractive
crystal and is ~ 1 s for a BaTiOj crystal for the writing light
intensity 100 mW cm > at a wavelength of 532 nm.

The aim of this paper is to develop and study a new
method for rapid control of the spectral characteristic of
Bragg gratings. This method provides a high sensitivity to
control electric voltages and high control rates of the central
reflection wavelength and the shape of the spectral charac-
teristic of a Bragg grating.

2. Basic physical principles

The method proposed here uses the electrooptical effect to
produce controllable shifts of the average refractive index
of a Bragg grating. The grating is formed inside an
electrooptical material, and controllable shifts are produced
by applying a spatially inhomogeneous external electric
field. The possibility of a universal control of the spatial
distribution of the external electric field is determined by
the configuration of control electrodes and the type of their
connection with a voltage source; in this case, the abrupt
shifts of the electric field and the average refractive index
can be produced. The central reflection wavelength can be
also tuned without a change in the shape of the spectral
characteristic by applying a homogeneous electric field.

The method is realised with the use of a LiINbO; crystal.
This crystal was chosen for several reasons. First, the
methods for holographic writing highly efficient Bragg
gratings in a LiINbO; crystal are well developed [8]. Second,
this crystal has good electrooptical properties and is widely
used in high-frequency electrooptical modulators [2]. Third,
the manufacturing technology of LiNbO; optical wave-
guides is well developed and widely used [9]. All this makes
it possible to fabricate controllable integrated optical Bragg
gratings, which will provide a reduction in the control
voltage and an increase in the control rate.

3. Theoretical description

Consider first qualitatively the reasons for a change in the
shape of the spectral characteristic of a Bragg grating
caused by a shift in the average refractive index. A simplest
Bragg grating consisting of two identical sections (halves) of
length //2 with different average refractive indices
(n+ An/2 for one half and n— An/2 for the other) in
shown in Fig. la. The amplitude of an optical signal
reflected from such a structure is a sum of amplitudes
reflected from each of the sections (in the general case,
taking into account possible multiple reflections of the wave
reflected from the second section). Note that the contribu-
tions from different sections are added coherently, taking
phase relations into account, and it is the phase relations
that are mainly responsible for a change in the shape of the
spectral characteristic.
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Figure 1. Effect of the abrupt change in the average refractive index of
the Bragg grating on the shape of its spectral characteristic. Scheme of
the interference of signals from the two halves of the grating with
different average refractive indices (a) and the amplitude spectral
characteristics of the homogeneous Bragg grating (solid thin curve),
two individual sections with different refractive indices (dashed curves),
and the total amplitude spectral characteristic of the Bragg grating with
the shift of the average refractive index (solid thick curve) (b), and also
phase spectral characteristics of two individual sections (dashed curves),
and the total phase spectral characteristic of the Bragg grating with the
shift of the average refractive index (solid curve) (c).
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The spectral dependences of the homogeneous sections
represent the spectral dependences of homogeneous Bragg
gratings with shifted central wavelengths (Fig. 1b). The
distance between the central wavelengths of the sections
is AL =2AnA. The phase difference A¢ between signals
reflected from different sections also depends on the differ-
ence between the refractive indices and is (2m/4y)Anl
(Fig. 1c). When the phase difference between two signals
reflected from two parts of the grating with different
refractive indices is 7, the reflection minimum (transmission
maximum) appears because the reflected waves are mutually
compensated due to destructive interference.

The spectral characteristic of a Bragg grating with
controllable shifts of the average refractive index can be
rigorously described by using the formalism of scattering
matrices, which is based on the theory of coupled waves
[5, 6]. Consider a Bragg grating with a shift of the average
refractive index, which consists of a set of the homogeneous
sections of sinusoidal gratings with different refractive
indices (Fig. 2). The propagation of light through each
section is described by the matrix expression

( > _ (S{I S{2> (A;;]) @
out Sy Sn ) \ B

where 4 and B are the amplitudes of the incident and
reflected light waves (the subscripts in and out corresponds
to the amplitudes of waves at the input and output of the
ith section of the grating), and the elements S’ of the

scattering matrix are determined by using the standard
Kogelnik theory of coupled waves [10]

Slil = (1 - Vi2)71 [eXP(i%'li) - "52 CXP(—iql'li)]a
S = (1 —r?)"' [exp(—igi;) — rf exp(igil;). (5)

Szjl = —Sliz = (1 - ”iz)il"i[eXP(i%li) - eXP(—i%'li)}’

where ¢; = i[(Sﬁi)z - Kiz]l/z; r=(q;—08p)/r;; i is the
ordinal number of a section; /; is the length of a
homogeneous section with a given average refractive
index; tci:n6ni/lg,-1 is the coupling coefficient, which is
determined by the grating amplitude on; 8f; =2nx
(47" = 23" is the wavelength detuning parameter characte-
rising the deviation of the wavelength 4 of the reading light
from the Bragg reflection wavelength Ay, which is deter-
mined for each of the sections by the grating period A and
the average refractive index n;.
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Figure 2. Scheme of the Bragg grating consisting of many sections with
different average refractive indices.

The phase shift acquired by reflected and transmitted
light also depends on the spatial position of a given section.
This contribution can be taken into account by multiplying
the matrix S' from the left and right by the corresponding
phase-shift matrices:

S5(x)S'SH(x 1) = (e’“p“f”’“") 0 )

0 exp(-idp)
(6)
o St Sih (exp[—isﬁi(xi+l)] 0 )
Sy Sh 0 explidf;(x; +1)] )’

where Xx; is the coordinate of the origin of the homogeneous
section under study. For a completeness of the theoretical
analysis, we also consider reflection appearing from the
shift of the average refractive index between homogeneous
sections

np —Niyy
n;+ni

1

Siip1 = )

i — N
n+ niyy

However, for the typical variations in the refractive index
caused by the electrooptical effect (of the order of 10™%) the
influence of this factor on the spectral characteristic can be
neglected.

The total scattering matrix of the system is obtained by
the successive multiplication of matrices corresponding to
each of the sections

S = HS(p(xi)S[S(/t(xi +1)Siit1- ®)

The spectral dependences of the reflection coefficient R
and the transmission coefficient T of the system are deter-
mined from the total scattering matrix with the boundary
conditions B(X/;) = 0 (the amplitude of the reflected signal
at the system output is zero):

2

T:‘/Zom _ s, 52521 ’
in 2
)
2 2
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The above theoretical expressions describe a Bragg
grating containing an arbitrary number of sections with
shifts of the average refractive index. In a particular case of
a grating consisting of two sections of the same length //2
with different average refractive indices (n 4+ An/2 for the
first half of the grating and n — An/2 for the second half),
the shape of the spectral characteristic of the structure
calculated by using scattering matrices (4)—(9) is in good
agreement with the results of qualitative analysis (Fig. 1). At
the centre of the reflection band (at the central Bragg
reflection band /), the transmission maximum appears,
which is caused by the mutual compensation of light waves
coming from two different sections with the phase shift
equal to m.
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4. Fabrication of a controllable integrated
optical Bragg grating

We developed and fabricated an electrically controlled
integrated optical Bragg grating for experimental studies.
At the first stage of its fabrication, a channel optical
waveguide was prepared on the LiNbOj; surface by the
standard method of multicomponent doping. The thermal
diffusion of titanium ions provided the formation of a
waveguide channel with a higher refractive index, the
difference between the refractive indices of the channel and
substrate being ~ 0.001. The additional doping with copper
ions provided the enhancement of the photosensitivity of
the material at a wavelength of 532 nm, which was later
used for holographic writing of a Bragg grating. Doping
with copper ions was also performed by the method of
thermal diffusion. In this case, the concentration of copper
ions in the region of the optical waveguide was
~ 10" cm™*. The waveguide fabricated in this way had a
high optical quality and the level of internal losses less that
1 dBem™'. The transverse dimensions of the channel
4 um x 10 pum provided the single-mode regime of light
propagation in the telecommunication wavelength range
(1500—1600 nm). The asymmetric configuration of the
surface waveguide and the inequality of the transverse
dimensions of the channel lead to different conditions for
the propagation of two orthogonal polarisations and to the
removal of the degeneracy of the TM and TE modes.

To make the experimental study more convenient (by
increasing the frequency interval between the maxima of the
spectral characteristics of different modes), we fabricated
the waveguide channel directed at a small angle of ~ 1° to
the optical axis C of the LiNbOj; crystal (Fig. 3), thereby
enhancing the anisotropy of the optical waveguide due to
natural birefringence, which was ~ 0.0005 for this angle.
This configuration allows one to study independently the
control of the spectral characteristics of the TM and TE
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Figure 3. Scheme (a) and the appearance (b) of the electrically controlled
integrated optical Bragg grating.

modes. A system of eight control electrodes prepared by
depositing copper on the waveguide surface made it possible
to apply an external electric field with different spatial
distributions in the geometry of transverse electrooptical
effect. To prevent the electric breakdown and oxidation, the
electrodes were covered with a silicon oxide (SiO,) layer. At
the final stage of fabrication of the integrated optical
structure, the sample was placed inside a protective housing,
and two single-mode fibres were glued to the waveguide
ends to couple in and couple out the optical signal.

A Bragg grating was produced inside the integrated
optical structure by holographic writing. We used the
symmetric scheme for holographic-grating writing in the
transmission geometry. The gratings were written by the
532-nm second harmonic of a Nd : YAG laser. Despite a
high degree of doping with copper ions, the writing time was
several tens of minutes. In the case of such long exposures,
the writing stability is especially important. To produce
gratings with the high diffraction efficiency, we used a
specially developed system for active stabilisation of writing
[8], which monitored the phase change between writing
beams.

The grating period was determined by the angle of
incidence of the writing beams. For the angle of incidence of
49.5°, it was 349.5 nm, which corresponds to 7y &~ 1554 nm
for the reflection reading geometry. It is important that the
wave vector of the grating should be directed strictly
perpendicular to the constant phase surface of modes
propagating in the optical waveguide, i.e., parallel to the
waveguide channel. The deviation of the direction of the
wave vector from the waveguide channel direction results in
the appearance of leaky modes and additional losses.

Highly efficient Bragg gratings with reflectivity above
95 % were written by this method. We performed experi-
ments with unfixed photorefractive holographic gratings,
which could be easily erased to write new gratings with
different parameters, thereby providing additional experi-
mental possibilities. In the case of permanent reading
at the wavelengths in the telecommunication range
(1550—1600 nm), the unfixed grating persisted for a few
days without a considerable decrease in its diffraction
efficiency. If a more prolonged storage is required, the
grating can be fixed by using the well developed method of
thermal fixation [8].

5. Experimental results and discussion

We studied the spectral dependences of the transmission of
an integrated optical Bragg grating for different spatial
distributions of an external electric field (dependences of the
radiation intensity transmitted through the integrated
optical structure on the wavelength of the reading beam).
The measurements were performed by using a tunable PRO
800 semiconductor laser. The polarisation of the reading
beam was controlled by means of a fibre controller. We
studied two orthogonal linear polarisations of the reading
beam: ordinary polarisation corresponding to the TM mode
and extraordinary polarisation corresponding to the TE
mode. The diffraction efficiency, which was above 95 %,
and the spectral selectivity (FWHM = 0.2 nm) were meas-
ured in the absence of an external electric field for both
polarisations of the reading beam. The transmission
minimum for extraordinary polarisation is shifted to the
blue by 0.3 nm with respect to the transmission minimum
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for ordinary polarisation (Fig. 4a), which is caused by
natural birefringence in a negative uniaxial LiNbOj; crystal
with the optical axis oriented at an angle to the waveguide
channel. When a homogeneous external field with the
amplitude 10 V um™~! was applied, the transmission mini-
mum shifted in the opposite directions for two different
polarisations, the shift for extraordinary polarisation being
considerably larger than that for ordinary polarisation
(Fig. 4).
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Figure 4. Spectral characteristic of the integrated optical Bragg grating
in the zero electric field for the TE (/) and TM (2) modes (a) and the
electric tuning of the central wavelength for ordinary (b) and extraordi-
nary (c) polarisations.

The effective electrooptical coefficients for ordinary
(=33%x 1072 Vem™!') and extraordinary (6.9 x 1072
V em™!) polarisations were found from the shift of the
central wavelength by using expression (3). These values well
agree with estimates made by theoretical expressions
obtained in [3] for this orientation of the crystal. Note
that due to anisotropy of the electrooptical effect, the device
has a very pronounced polarisation dependence.

The physical mechanism of controlling the shape of the
spectral characteristic of the Bragg grating is completely
identical for the two orthogonal polarisations of the
eigenmodes. We performed experiments for both these
polarisations. However, because the electrooptical effect
is stronger for the extraordinary polarisation of light, it
is obvious that the electric control of the spectral characte-
ristic for this polarisation will be more efficient. Therefore,
we present below the experimental dependences of the shape
of the spectral characteristic of a Bragg grating controlled in
the case of the extraordinary polarisation of light.

Figures 5a,b present the experimental dependences (solid
curves) of the spectral characteristic of the Bragg grating
consisting of two identical sections to which external electric
fields of the same amplitude (10 V um™") but with opposite
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Figure 5. Electric control of the shape of the spectral characteristic of the
Bragg grating consisting of two identical sections in the cases when the
electric field with the amplitude +10 V pm™" is applied to its left half,
while the field with the amplitude —10 V um~"' is applied to its right half
(a), and vice versa (b), and also when the external electric field with the
amplitude 10 V yum™' is applied to eight pairs of electrodes with
alternating polarities (c). The solid and dashed curves are experimental
and theoretical dependences, respectively.
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polarities are applied. As mentioned above, a shift in the
average refractive index produced at the centre of the Bragg
grating gives rise to the transmission maximum because
optical signals reflected from different sections are added
out of phase. A small asymmetry of the modified spectral
characteristic is caused by the inequality of diffraction
efficiencies of the two sections of the grating. The ampli-
tudes for different sections of the grating were different
because of the inhomogeneous distribution of the radiation
intensity in the beams writing the holographic grating. In
the case of Gaussian writing beams, a small shift of the
maximum of the grating amplitude with respect to the centre
of a sample leads to different effective amplitudes for the
two sections, as was observed in the experiment.

A change of the polarity of the applied external electric
field results in the mirror reflection of the modified spectral
characteristic with respect to the central wavelength, which
also confirms the assumption about the inequality of the
effective amplitudes of two sections, which amounts
approximately to 20 %. The dashed curves in Fig. 5 present
theoretical dependences calculated by expressions (4)—(9)
for the effective electrooptical coefficient measured experi-
mentally (6.9 x 107> V. em™") by using the effective grating
amplitudes for two sections as fitting parameters. The
theoretical dependences are in good agreement with experi-
mental results for both polarisations of the applied
inhomogeneous electric field.

In the last experiment, a periodic inhomogeneity of the
average refractive index was produced in the Bragg grating.
The external electric field with the amplitude 10 V pm ™! and
the opposite polarity was applied alternately to each of eight
pairs of electrodes. Therefore, the spatial distribution of the
electric field inside a sample had the form of a meander.
Such a distribution of the electric field produced a periodic
spatial distribution of the average refractive index. In this
case, the shape of the spectral characteristic changed in the
following way (Fig. 5c). Transmission at the central wave-
length increased from 5% [curve (/) in Fig. 4a] to 20 %
(Fig. 5¢) and two pronounced side lobes appeared (addi-
tional transmission minima). The central wavelengths of the
side lobes (Fig. 5¢) corresponded to the shift of the central
wavelength of the Bragg grating caused by the applied
homogeneous electric field with the amplitude 10 V pm™
(Fig. 4c). Theoretical curves presented in Fig. 5 were calcu-
lated for the grating parameters determined in previous
experiments. The theoretical dependences well agree with
experimental results.

6. Conclusions

We have proposed a new method to control the spectral
reflection characteristic of Bragg gratings, which is based on
the introduction of electrically controlled shifts of the
average refractive index of individual sections of the
grating. The theory is developed which describes in detail
the shape of spectral characteristics of Bragg gratings with a
complex step structure of the spatial distribution of the
average refractive index. We have developed and manufac-
tured a prototype of an integrated optical device based on a
channel waveguide in a LiNbOj crystal and a holographic
Bragg grating. The diffraction efficiency above 95% and
spectral selectivity of 0.2 nm were obtained for a homoge-
neous integrated optical Bragg grating. The prompt electric
control of the shape of the spectral characteristic of the

holographic Bragg grating in the channel optical waveguide
in the LINbO; crystal was experimentally demonstrated and
good agreement between theoretical and experimental
results was obtained.

A homogeneous external electric field applied to the
grating should cause the shift of the central reflection
wavelength without a change in the shape of the spectral
characteristic. In real experiments, the shape slightly
changes due to inhomogeneities of the electric field at
the edges of discrete electrodes and also due to a small
displacement of the middle of the holographic grating with
respect to the middle point of the electrode system. A
continuous tuning of the central wavelength was experi-
mentally demonstrated in the +£0.3-nm range in the
telecommunication wavelength region (1500—1600 nm).
The high tuning rate and accuracy even within such a
relatively narrow spectral range can be quite interesting for
locking and stabilisation of laser wavelengths.

The shape of the spectral characteristic of the integrated
optical Bragg grating changes most drastically when the
electric field applied to the two halves of the grating
provides the destructive interference of optical signals
reflected from them. In this case, the transmission maximum
appears at the central reflection wavelength of the homoge-
neous Bragg grating. This control regime is of interest for
applications requiring the spectral selection and control of
many discrete spectral channels in a broad wavelength
range, for example, in the WDM telecommunication sys-
tems. For these applications, several integrated optical
Bragg gratings with different central reflection wavelengths
can be formed on the same substrate. The reflectivity of each
grating can be controlled by applying independently the
appropriate inhomogeneous electric field to each grating. A
set of such gratings can be used to build controllable
spectral multiplexers, selective optical attenuators and
modulators for modulation only at the specified wave-
lengths, to develop optical power equalisers and
wavelength switches in resonators of tunable lasers.

Therefore, good technical parameters and the integrated
optical design make the method developed to control the
spectral characteristics of Bragg gratings quite promising for
many practical applications.

Acknowledgements. This work was supported by the
Foundation for Assisting the Development of Small
Scientific and Technical Enterprises (Start Program,
Grant No. 4720), the Ministry of Science and Technology
of the Russian Federation (Porog Program), Grant Council
of the President of the Russian Federation for Support of
Young Russian Scientists and Leading Scientific Schools
(Grant Nos NSh-98.2003.2 and MK-1520.2004.9). The
study of A.V. Shamray was also partially supported by
the INTAS Grant No. 04-83-3429 for young candidates of
science.

References

1.  Madsen C.K., Zhao J.H. Optical Filter Design and Analysis:
A Signal Processing Approach (New York: Willey Interscience
Publication, 1999).

2. Kaminow Ivan P., Li Tingye (Eds) Optical Fiber
Telecommunications IVA: Components (San Diego: Academic
Press, 2002).



740 A.V. Shamray, A.S. Kozlov, I.V. IIichev, M.P. Petrov

3. Chamrai A.V., Petrov M.P., Petrov V.M. Advances in
Photorefractive Materials, Effects and Devices (OSA TOPS, 1999)
Vol. 27, p. 515.

4.  Petrov M.P., Petrov V.M., Chamrai A.V., Denz C., Tschudi T.
Proc. 27th Europ. Conf. Opt. Commun. ECOC'0] (Amsterdam,
2001) Th.F.3.4, p.628.

5. Agrawal G.P., Radic S. IEEE Pho'on. Technol. Let! , 6, 995
(1994).

6. Rodriguez M.A., Muicnit M.S., Batler J. Opt. Commun , 177, 251
(2000).

7. Petrov V.M., Likhtenberg S., Shamray A.V. Zh. Tekh. Fiz., 74, 56
(2004).

8. Hukriede J., Kip D., Kratzig E. J. Opt. A: Pure Appl. Op:!, 2,
484 (2000).

9.  Petrov V.M., Shamray A.V., Kozlov A.S., Il'ichev L.V. Pis’'ma Zh.
Tekh. Fiz., 30, 75 (2004).

10.  Kogelnik H. Bell. Syst. Techn. J., 48, 2909 (1969).


http://dx.doi.org/10.1109/68.313074
OMIS
�:
%.%3 @���( A%&26 �� )ˇˇˇ '������ (�
����� 0����( .( ""˛
,ˆ""�7�

http://dx.doi.org/10.1016/S0030-4018(00)00584-8
OMIS
A+&
2:�	= $���( $%36�25 $���(  %53	
 �� #��� *�  ���(  11( �˛ˆ
,����7�

http://dx.doi.org/10.1088/1464-4258/2/5/322
OMIS
!�0
2	&	 ��( '2< ��( '
%5=2: �� 3� #��� ˚� '��� ˚���� #���( *(
��� ,����7�



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1800 1800]
  /PageSize [595.276 841.890]
>> setpagedevice


