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Observation of Wave Packet Dichotomy and Adiabatic Stabilization in an Optical Waveguide
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We report on the first experimental observation of wave packet dichotomy and adiabatic stabilization of
light in a periodically bent optical waveguide in analogy with similar behavior of atoms in high-frequency

strong laser fields.
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An atom subjected to an intense high-frequency laser
field shows an exotic behavior which strongly deviates
from the usual predictions of low-intensity laser-atom
physics (see, e.g., Refs. [1,2], and references therein).
One of the most spectacular of such deviations, first pre-
dicted by Pont, Gavrila, and co-workers in the study of
atomic hydrogen driven by a high-frequency laser field [3],
is the adiabatic stabilization of the atom, i.e., a surprising
increase of the atom lifetime as the laser intensity is
increased [4]. The adiabatic stabilization of the atom
against ionization is associated with the appearance—for
a linearly polarized field—of a dichotomous form for the
electron cloud, i.e., a splitting of the ground state hydrogen
wave function [3]. Many aspects of adiabatic stabilization
and wave packet splitting can be understood by consider-
ing the electron dynamics in the Kramers-Henneberger
(KH) reference frame—the rest frame of a classical elec-
tron in the laser field—where the atomic core appears to
oscillate at the frequency of the driving laser field.
Stabilization and wave packet splitting have their origin
in the rapid motion of the atomic core potential so that,
at leading order, the electron dynamics is governed by a
cycle-averaged (dressed) potential [3], which supports a
dichotomous stationary wave function. To date, the lack of
adequate superintense and high-frequency lasers has not
yet allowed the experimental observation of adiabatic sta-
bilization and wave packet dichotomy of atomic hydrogen
[5]; evidence in favor of stabilization has been reported
considering low-lying Rydberg states [6] by measurements
of anomalous ionization rates [7]. An experimental in-
vestigation of electron wave packet dynamics and the
observation of wave packet dichotomy is of course not
experimentally accessible in the atomic physics context.
However, it has been recently suggested that similar be-
havior can be found in other physical systems which may
allow for an easier experimental testing of the underlying
dynamics, namely, in Bose-Einstein condensates subjected
to a periodically shaken trap [8] and in an optical wave-
guide with a periodically bent axis [9]. In the latter case,
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light propagation along the waveguide is the optical analog
of electron wave function evolution, the effect of the
external laser field on the electron cloud being played by
the periodic bending of the waveguide [9]. In this Letter,
we present the first experimental observation of adiabatic
stabilization and wave packet dichotomy of a light beam in
a periodically bent optical waveguide which mimics simi-
lar dynamics of the electron cloud in a two-dimensional
(2D) atom subjected to a high-frequency strong laser field.
The sample realized for our experiments consists of a set of
equal channel waveguides with a graded index profile
fabricated by the annealed proton exchange (APE) tech-
nique in z-cut congruent lithium niobate [10]. The z axis of
the waveguide is periodically bent along the x direction
with a period A = 160 wm and with a nonsinusoidal pro-
file shown in Fig. 1(a). The amplitude A(z) of the modu-
lation is adiabatically increased from zero to a constant
value Ag =40 um by a quarter sine-square envelope
[Fig. 1(b)]. The total length of the waveguide is 3 cm and
comprises a 0.5 cm-long section of straight waveguide,
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FIG. 1. (a) Microscope image (particular) of the periodically
bent waveguide fabricated for the experiments. (b) Schematic of
the full waveguide structure. (c) Numerically computed behavior
of the average potential V,,(x,y,z) at y = 0" for parameter
values which apply to our structure: An = 0.0137, w = 5 pm,
D, =24 pm, Dy, = 3.5 um, n, = 2.1381.
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which enables excitation of the straight waveguide mode, a
2 cm-long adiabatic section in which the amplitude of the
bending is slowly increased up to 40 um, and a final
0.5 cm-long section of bent waveguide with constant
modulation amplitude [Fig. 1(b)]. The waveguide was
probed at three different wavelengths (A = 633, 1064,
and 1550 nm) using single-mode lasers; the waveguide
turns out to be single mode at A = 1550 nm and multi-
mode at the two other wavelengths. Light coupling was
accomplished by focusing the circular diffraction-limited
TEM, Gaussian laser radiation into the input face of the
waveguide through a 25X microscope objective to obtain a
=~ 3.5 um focused spot size radius. The polarization of the
incident beam was set orthogonal to the plane of the
waveguide in order to couple the TM modes supported
by the APE waveguide. The transverse light beam distri-
bution at the exit of the sample was imaged onto an
infrared Vidicon camera and analyzed using a beam pro-
filer software. The waveguide refractive index profile is
given by n(x, y, z) = n(x — x¢(z), y), where n(x, y) is the
refractive index of the channel straight waveguide and
xo(z) is the bending profile of the waveguide axis shown
in Fig. 1(b). The explicit expression for n’(x,y) reads
n*(x,y) = n2=1 for y<0 (in the air) and n*(x,y) =
n? + 2n,Ang(x)f(y) for y >0 (in the substrate), where
ng is the extraordinary refractive index of the substrate,
An < ng is the peak index change, and g(x) and f(y)
define, respectively, the shape of the index profile par-
allel to the surface of the waveguide (x direction) and
perpendicular to the surface (y direction). For the
fabrication process of our waveguide, the shape of g(x)
and f(y) can be expressed as g(x) = {erf[(x + w)/D,] —
erf[(x — w)/D,]}/[2erf(w/D,)] and g(y) = exp(—y/D,),
where 2w is the channel width and D, and D, are the
lateral and in-depth diffusion lengths [11]. Light propaga-
tion along the waveguide can be well described by the
scalar Helmholtz equation 0?E/dz> + VA E + k*n’(x —
x0(2), V)E = 0 for the electric field amplitude E(x,y, z),
where k = 277/ A is the wave number (in vacuum) of the
injected light and V7 is the transverse Laplacian. After
setting E(x, y, z) = ¥(x, y, z) exp(ikn,z) and introducing
the paraxial approximation (|0%¢/dz%| < knglay/azl),
one obtains for the envelope ¢ the following propagation
equation:
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where we have set A = A/(27) and V(x,y) = [n? —
n?(x,y)1/(2n,) = n, — n(x, y). As noticed in [9], with the
formal substitution z — ¢, A — ki, and ny, — m, Eq. (1) is
the semiclassical Schrodinger equation, in the KH frame,
for a 2D electron in the binding potential V(x, y), subjected
to an external field linearly polarized along the x axis. The
oscillating term x,(z), which represents the quiver motion
of a classical electron subjected to the external field [3],

can be represented by the product of the rapidly varying
periodic function f(z), shown in Fig. 1(a), with the slowly
varying envelope A(z) shown in Fig. 1(b), i.e., xy(z) =
A(z)f(z). In the atomic analogy, this envelope may ac-
count for a smooth turn on of the laser pulse [12]. Wave
packet dichotomy is observable in the high-frequency
modulation regime, where at leading order the electron
dynamics may be described by a cycled-average potential,
provided that the classical excursion of the electron be
large enough compared to the size of the unperturbed
atom [2,3]. The high-frequency limit leads to the averaged
wave equation [9]:
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is the cycled-averaged potential. Note the dependence of
V., on z, which comes from the slow ramp envelope A(z) in
the adiabatic section of the waveguide. The behavior of
Vu(x, v, z) at y = 0" for the fabricated waveguide is de-
picted in Fig. 1(c), which clearly corresponds to an adia-
batic Y branch waveguide [13]. Wave packet splitting can
be thus explained, in the optical analogy, as due to the
existence of a Y branch in the averaged waveguide model.
The effect of the adiabatic waveguide section is to slowly
create the branch point where beam splitting occurs.
Waveguide losses, corresponding in the atomic analogy
to ionization, cannot be accounted for by the simple aver-
aged waveguide model; however, they can be numerically
computed by a direct integration of Eq. (1) on a finite
transverse domain using absorbing boundary conditions
[9]. The period A and modulation depth A, of waveguide
bending were designed such that the conditions for adia-
batic stabilization are approximately met when the wave-
guide is illuminated at A = 1.55 pm, but not at A =633 nm,
where the guiding properties of the structure are fully lost.
The A = 1064 nm wavelength corresponds to a transition
case where beam splitting may still be observed, though
with higher radiation losses and the possibility to excite
higher-order modes [14]. In Fig. 2 we show experimental
results obtained when the waveguide is excited at A =
1550 nm, together with numerical simulations of Eq. (1)
[15]. Figures 2(b) and 2(d) show the measured beam
intensity pattern at the output facet of the waveguide
[Fig. 2(b)] and corresponding profile [Fig. 2(d)] obtained
by sectioning the two-spot pattern along the horizonal x
direction. Note that the two well-resolved spots in the
figures are separated by =80 um, i.e., by the full modula-
tion depth 2A,. By estimating laser mode coupling into the
waveguide mode of the order of 85% and by taking into
account additional 25% Fresnel losses at the input and
output interfaces of the sample, the measured internal
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FIG. 2 (color online). (a) Light propagation along the wave-
guide (top view) and corresponding intensity pattern at the
output plane as obtained by numerical simulation of Eq. (1)
when the waveguide is probed at A = 1550 nm in its fundamen-
tal mode. (b) Intensity pattern of light at the output plane of the
waveguide as recorded on the infrared camera. (c) Numerically
computed beam power P (in arbitrary units) versus propagation
distance z showing radiation losses. The insets show the 2D
intensity patterns at the input and output planes of the wave-
guide. (d) Experimentally measured intensity profile (in arbitrary
units) of the output light beam taken along the horizontal x
direction (solid curve) and corresponding profile as obtained by
numerical simulations (dotted curve).

transmission of the waveguide at A = 1550 nm was mea-
sured to be = 10%. The experimental results were repro-
duced for different waveguides in the sample, obtaining the
same splitting behavior and comparable values for internal
transmission. Figure 2(a) shows the evolution of the hori-
zontal light field amplitude |/(x, y = 0, z)| along the wave-
guide (top view of the waveguide) and corresponding
transverse beam intensity pattern at the exit of the wave-
guide, as obtained by numerical simulations when the
injected beam is the fundamental mode of the straight
waveguide. Note that beam splitting occurs in the adiabatic
section of the waveguide when the ramp term A(z) be-
comes comparable with the width (~2w) of the waveguide
channel. Figure 2(c) shows the evolution, along the propa-
gation distance z, of the normalized beam power P =
[dxdyly(x, y,2)|* internal to the integration domain.
The insets of the figure depict the 2D beam intensity profile
at the input and output planes of the waveguide. The
internal transmission of the waveguide estimated from
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FIG. 3. Same as Figs. 2(a) and 2(b) but when the waveguide is
probed at A = 633 nm.

the numerical results is thus = 9.5%, in good agreement
with the experimental measurement. Note that, as ex-
pected, radiation losses are higher at the beginning of the
adiabatic waveguide section; however, even in the final
uniform section of the waveguide, one can observe radia-
tion losses, which cannot be accounted for by the averaged
waveguide model (2). Analogously, the slight asymmetry
of the two output spots, observed in the experiment and
well reproduced by numerical simulations [see Fig. 2(d)],
can be ascribed to a breakdown of the averaged wave-
guide approximation, i.e., to the fast periodic alternation
of guiding/diffraction experienced by the two splitted spots
during propagation [see Fig. 1(a)] in a similar way to what
happens in a periodically segmented waveguide [16].
Figures 3—5 show the results obtained when the waveguide
was probed with radiation at A = 633 nm (Fig. 3) and A =
1064 nm (Figs. 4 and 5). At these wavelengths, the straight
waveguide is not single mode so that, depending on the
focusing conditions of the injected beam, higher-order
modes (or a superposition of modes) may be excited
[14]. For the A = 633 nm case a noisy pattern [Fig. 3(b)]
was always observed, regardless of the focusing condi-
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FIG. 4 (color online). Same as Figs. 2(a)—2(c) but when the
waveguide is probed at A = 1064 nm. Numerical simulations
shown in (a) and (c) are obtained when the fundamental TM,,
waveguide mode is excited.
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FIG. 5 (color online). Same as Fig. 4 but numerical simula-
tions in (a) and (c) are now obtained when the first-order TM,,
waveguide mode is excited. The experimental measurement in
(b) is the same as in Fig. 4(b) and reported for the sake of
comparison with numerical results.

tions, indicating high losses for the waveguide. This is in
agreement with the numerical simulations [Fig. 3(a)],
which indicate that the bending of waveguide produces
strong losses in the first section of the adiabatic region (at
around z = 3.5 mm), with an internal transmission of the
waveguide less than 0.5 X 1073. At A = 1064 nm wave-
length excitation, beam splitting was experimentally ob-
served [see Fig. 4(b)], with a measured internal trans-
mission of the waveguide reduced to =1.8%, i.e., about
one fifth as compared to excitation at A = 1550 nm. Note
that the shape of each spot at the output facet of the
waveguide shows a nearly two-lobe structure, which is a
signature of a multimode regime as opposed to the A =
1550 nm excitation case [compare Figs. 4(b) and 2(b)].
Since the first straight waveguide section is multimode at
A = 1064 nm, when light is coupled into the waveguide a
superposition of low-order modes is presumably excited,
with a higher weight for the fundamental waveguide mode
at optimum alignment conditions; the splitted beams at the
output may be hence considered as a mixture of propagated
waveguide modes initially excited in the structure. The
numerical simulations shown in Figs. 4(a), 4(c), 5(a), and
5(c) show, as an example, the propagation properties of the
waveguide excited by the fundamental TMy, and first-
order (in the vertical y direction) TM;, waveguide modes.
Note that, rather surprisingly, the radiation losses of the
bent waveguide are sensitively lower for the TM ;o mode
rather than for the fundamental TM; mode (internal trans-
mission is =~7.5% and =~0.8% in the two cases, respec-

tively). Note also that the excitation of the TM,;, mode
leads, after propagation [see the insets of Fig. 5(c)], to the
appearance of a two-lobe structure for each spot in the
horizontal x direction, as observed in the experimental
measurement [compare Figs. 5(a) and 5(b)]. In conclusion,
our results provide for the first time clear evidence, in an
experimentally accessible optical system, of the exotic
phenomenon of electron wave function dichotomy encoun-
tered in strong laser-atom physics.
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