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In this article, it is shown that multimode periodic segmented waveguides (PSW) are versatile

optical systems in which properties of wave chaos can be highlighted. Numerical wave analysis

reveals that structures of quantum phase space of PSW are similar to Poincaré sections which

display a mixed phase space where stability islands are surrounded by a chaotic sea. Then,

unexpected light behavior can occur such as, input gaussian beams do not diverge during

the propagation in a highly multimode waveguide. VC 2011 American Institute of Physics.

[doi:10.1063/1.3657377]

When light is coupled into an uniform multimode wave-

guide, a speckle pattern is formed at the waveguide out-

put because light travels in many different modes. If a

longitudinal periodic index segmentation (or modulation)

is added to the waveguide, it leads to wave chaos that

strongly modify light distribution in the waveguide.

Resonances appear in the quantum phase space in which

the light is trapped, the modal dispersion is then canceled

and the size of the input beam remains constant (i.e., col-

limated) all along the propagation in the waveguide.

I. INTRODUCTION

Optics is a privileged field to explore properties of wave

chaos, and significant work has been carried out in different

optical systems. Extensive investigations have been per-

formed mostly on chaotic optical cavities and the possibility

of an highly anisotropic laser emission has been highlighted

for specific configurations.1–10 In D shaped fibers an optimal

pump-power absorption in power amplifier has been demon-

strated11 and scars modes have also been observed.12 Other

configurations such as corrugated waveguides13,14 seem to

be promising systems. The purpose of the article is to show

that periodic segmented waveguides (PSW) are guiding

structures in which optical wave chaos can be studied and

used. PSW are standard component in integrated optics do-

main. They have been used in linear applications to make

tapers or mode filters.15–18 In nonlinear optics domain, they

have been used to achieve efficient nonlinear guided wave

interactions using the quasi phase matching (QPM) or bal-

anced phase matching (BPM) schemes19 and they have also

been proposed as an adjustable optical power limiter devi-

ces.20 Previous works based on ray analysis on PSW have

shown an emergence of a genuine chaotic behavior of the

ray dynamics21 characterized by a mixed phase space which

strongly modify the transit time of rays (i.e., the ray disper-

sion) in the waveguide.22 Numerical wave propagation with

the help of the Husimi representation,23 which is a quantum

equivalent of the Poincaré section, is performed in this arti-

cle and show similarities with the classical ray approach. In

particular, it is shown that an incident beam may either

remains collimated all along the waveguide or dispersed on

many waveguide modes depending if its trajectory is con-

structed or not on a resonance of the Poincaré section.

The paper is organized as follows. In Sec. II, PSW are

described, in Sec. III, results regarding ray analysis are

given, in Sec. IV, numerical wave analysis is performed and

finally, in Sec. V, perspectives and conclusions are drawn.

II. DEVICE DESCRIPTION

A typical PSW is sketched in Figure 1, it is formed by an

array of high index segments embedded in a low index sub-

strate. In integrated optics domain mentioned previously, PSW

are mostly used in a single mode configuration but highly mul-

timode structures are required to generate wave chaos. In order

to fully satisfy this condition, the width w of the waveguide is

increased such that more than 70 modes are supported by the

waveguide. The shape of the transverse index profile of high

index segments plays a key role in the ray dynamics and previ-

ous work has shown that it has to be non-harmonic in order to

generate complex ray behavior.21 A gaussian index profile is

then used for high index segments which is naturally encoun-

tered with the proton exchange technique waveguide fabrica-

tion on Lithium Niobate (LiNbO3) substrate.24 The index

profile of the high index segments is given by

n xð Þ ¼ n2 þ dne�
x2

w2 ; (1)

where w is the width of the waveguide, dn¼ n1 – n2, n2 is the

substrate index and n1 is the maximum index induced by

the waveguide fabrication process. In low index segments,

the index profile is constant n(x)¼ n2. The duty-cycle (DC)

of a PSW is commonly defined as the ratio of the length d of

the high index segment over the segmentation period K,

DC¼ d/K. A step index profile is assumed along the propa-

gation direction z as it has been done in previous

works21,25,26 (a smoother profile will not change qualita-

tively the results).

Despite the fact that numerical values chosen to demon-

strate the interest of PSW are related to proton exchangeda)Electronic mail: pierre.aschieri@unice.fr.
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waveguides realized in LiNbO3, wave chaos development in

PSW is not based on a specific waveguide fabrication pro-

cess and may be applied to many materials.

III. POINCARÉ SECTIONS

Assuming that light wavelength is very small compared

with the dimensions of a highly multimode waveguide, ray

optics approximation can be used. A ray is defined as the

path along which light energy is transmitted from one point

to another in the optical system and its path is compute

numerically using standard technics.21 We also consider here

dielectric waveguides characterized by a low index contrast

dn� 1, which allows us to neglect reflections of rays at

each interfaces. Poincaré sections are a convenient and

widely used representations of a periodically perturbed non-

linear system which allow us to get a deeper insight of the

ray dynamics. In the case of PSW, it consists of a periodical

projection of the ray trajectory onto the phase plane.

In Figures 2(a) and 2(b), it is reported Poincaré sections

for two waveguide configurations. Poincaré sections reveal

the mixed aspect of the system characterized by the coexis-

tence of a regular or a chaotic behavior of the ray trajectory

depending on initial condition. Non diverging trajectories

are constructed on KAM (Kolmogorov-Arnold-Moser)

torus characterized by close curve circle, whereas diverging

trajectories are represented by dots.

In Sec. IV, it will be performed wave analysis for same

waveguide configurations.

IV. WAVE ANALYSIS

This section reports the results of numerical simulations.

The analysis has been developed using a 2D structure, and

for simplicity, a TE (transverse electric) polarization has also

been assumed for the fields. Using the classical assumption

of the slowly envelope variation and neglecting backward

propagating waves,15,21,25,26 the parabolic wave equation

representing the evolution of the field in a PSW is given by

2jk0n0

@E

@z
� @

2E

@x2
� k2

0 n2 x; zð Þ � n2
2

� �
E ¼ 0 ; (2)

where E is the electric optical field, n(x, z)¼ n(x, zþK) is

the transverse waveguide profile given by Eq. (1) which

is periodic in z direction with a period K, n0¼ n2þ dn�DC
is used here as reference indexes,27 k0¼ 2p/k is the free

space number for the wavelength k. Equation (2) is then

solved using standard finite difference beam propagation

method (FD-BPM).27 FD-BPM provides the transverse field

shape evolution along the longitudinal direction and allows

to get Husimi representation. Usually Husimi distribution is

defined at a particular propagation length, however, in order

to compare classical and quantum phase space, a superposi-

tion of Husimi functions at periodic positions z such as

z¼ pK, with p¼ 1, 2, 3, ... is used. The Husimi distribution

is then given by

Husðx; kÞ ¼
XN

p¼1

Husðx; k; z ¼ pKÞ; (3)

with k¼ k0 sin(h).

Wave propagation has been computed for PSW configu-

rations that have already been used in Sec. III for ray analy-

sis, the wavelength is k¼ 0.4 lm and the width of the input

gaussian beam is fixed to a value of 2.5 lm for all simula-

tions. PSW configuration corresponding to Figure 2(a) is

used for wave propagation. A gaussian input filed is injected

such that its parameters coincide with one of the resonance

shown in the Poincaré section and it is noted “Gaussian input

1” in Figure 2(a). The gaussian is centered at x¼�9 lm and

the angle of incidence is h¼ 0. The field evolution is repre-

sented in Figure 3(a). Whereas a spreading of the input field

on many modes of this mulitmode PSW is expected, the

FIG. 1. (Color online) Schematic of the investigated longitudinally periodic

waveguide with a period K and the transverse gaussian index profile of the

high index segments. Everywhere else, the index is constant and is equal to

the substrate index n2.

FIG. 2. Poincaré sections for two wave-

guide configurations. (a), K¼ 200 lm,

DC¼ 0.8, w¼ 15 lm, dn¼ 0.032 and (b)

K¼ 300 lm, DC¼ 0.8, w¼ 12.75 lm,

dn¼ 0.032.
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gaussian input field remains collimated and does not experi-

ence diffraction during the propagation. The corresponding

Husimi distribution given in Figure 3(b) shows that there are

4 positions in the quantum phase space where the probabil-

ity to find the electric field is high. These 4 spots corre-

spond to the 4 peripheral resonances of the Poincaré

section. The position of the input gaussian is now modified

(x¼ 15 lm, noted “Gaussian input 2” in Figure 3(a)) such

that initial conditions occur outside of resonances of the

Poincaré section. Then, the input field does not remain col-

limated and it spreads on many waveguide modes as it is

shown in Figure 4(a). The corresponding Husimi distribu-

tion (Figure 4(b)) is then constructed on a “ring” illustrat-

ing the fact that the field is present on many spatial

positions and with many wave vectors. It has to be men-

tioned that the propagation losses are null for the two dif-

ferent inputs. The reason is that gaussian input parameters

in both cases lie in a region of the Poincaré section which

is surrounded by a densely covered circle (KAM torus).

KAM torus acts as a barrier that cannot be crossed by

a ray trajectory and then the light remains confined in

the waveguide. For the second PSW configuration, the

corresponding Poincaré section given in Figure 2(b) presents

only two main resonances. The input field is firstly injected

on a resonances, the gaussian beam is centered at the position

x¼ 0 and incident angle is h¼ 3.5� (noted “Gaussian input

1” in Figure 2(b)). The input field remains collimated all

along the propagation in the waveguide and there are no

propagation losses. The corresponding Husimi distribution

given in Figure 5(b) exhibits two spots which correspond to

resonances of the Poincaré section. If the input gaussian beam

lies in the chaotic sea of the Poincaré section (at the position

x¼ 10 lm with an incident angle h¼ 0, noted “Gaussian

input 2” in Figure 2(b)), the field is then quickly dispersed in

the waveguide as shown in Figure 6(a). Regarding losses, the

situation has changed, the loss coefficient is 7.8dB/cm which

corresponds to a highly dissipative guiding configuration.

The difference in loss behavior is related to the structure of

the Poincaré section (Figure 2(b)) the 2 resonances are sur-

rounded by a chaotic sea and there is no peripheral KAM

torus that can prevent the divergence of rays and, as a conse-

quence, light can escape from the waveguide. The Husimi

distribution given in Figure 6(b) confirms that the probability

to find the optical field is high in the chaotic sea.

FIG. 3. (Color online) Intensity field

distribution in the waveguide whose pa-

rameters are w¼ 15 lm, K¼ 200 lm,

DC¼ 0.8, dn¼ 0.032 (Rectangles repre-

sent waveguide segments). The input

gaussian beam is centered at x¼� 9 lm

with an angle of incidence h¼ 0 (a). The

corresponding Husimi distribution (b)

FIG. 4. (Color online) Intensity field

distribution in the same waveguide as in

Figure 3, the same input gaussian beam

is used but shifted to x¼ 15 lm (a). The

corresponding Husimi distribution (b)

FIG. 5. (Color online) Intensity field

distribution in the waveguide whose pa-

rameters are w¼ 12.75 lm, K¼ 300 lm,

DC¼ 0.8, dn¼ 0.032. The input gaus-

sian beam is centered at x¼ 0 with an

angle of incidence of h¼ 3.5� (a). The

corresponding Husimi distribution (b)
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V. CONCLUSION AND PERSPECTIVES

The wave analysis performed in this paper confirms

what was foreseen with the ray analysis that PSW are

promising systems in which wave chaos could be studied

and observed experimentally. The mixed aspect of the sys-

tem, which was previously observed with the geometrical

approach, is confirmed with the wave analysis. With an

appropriate input condition for the incident beam, the pres-

ence of resonances prohibits modal dispersion and keeps the

beam collimated all along a lossless propagation in the wave-

guide. The waveguide configuration proposed here is based

on well known waveguide fabrication process on LiNbO3

substrate. It has to be recalled here that LiNbO3 is widely

used in integrated optics domain because it is an excellent

material for manufacture of optical waveguides but LiNbO3

also displays many properties such as electro-optic effects,

v2 nonlinear susceptibility and photorefractive effect which

open a wide field of investigations of wave chaos in mixed

phase space system. The optical refractive index could be

perturbed or modified by applying an electric field via the

electro-optic effect, nonlinear wave chaos could also be per-

formed by using the photorefractive effect which is generally

considered as a Kerr-like effect. Finally, thanks to the high

nonlinear v2 coefficient, parametric wave interactions could

also be considered.
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