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The dynamical evolution of light in asymmetric microcavities is of primary interest for broadband
optical coupling and enhanced light-matter interaction. Here, we propose and demonstrate that the chaos-
assisted photon transport can be engineered by regular periodic orbits in the momentum-position phase
space of an asymmetric microcavity. Remarkably, light at different initial states experiences different
evolution pathways, following either regular-chaotic channels or pure chaotic channels. Experimentally, we
develop a nanofiber technique to accurately control the excitation position of light in the phase space. We
find that the coupling to high-Q whispering gallery modes depends strongly on excitation in islands or
chaotic sea, showing a good agreement with the theoretical prediction. The engineered chaotic photon
transport has potential in light manipulation, broadband photonic devices, and phase-space reconstruction.
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Optical microcavities, storing energies in small volumes
for a long time, have served as a crucial platform for light-
matter interactions in both fundamental and applied physics
[1,2]. Boundary perturbations and deformations have been
introduced to microcavities as a universal approach to
manipulate light and study wave chaos [3-5]. Over the past
years, novel phenomena have been investigated, such as
dynamical tunneling [6-8], non-Hermitian physics [9,10],
and optical chirality [11-13]. The study on deformed micro-
cavities has also triggered versatile applications including
directional light emission [14-20], enhanced photon storage
[21,22], nanoparticle detection [23,24], and low-coherence
lasers [25,26]. Recently, evolution of light within a cavity
has not only attracted abundant interest in mode interaction
[27,28], quality factor (Q) spoiling [14,29,30], and turnstile
transport [31,32], but also elevated the efficiency and
bandwidth of optical coupling [33-36].

For a general deformed microcavity, the position-momen-
tum phase space is mixed with both chaotic and regular
regions [37]. The regular orbits such as island chains provide
new possibilities for investigating rich chaotic dynamics and
manipulating photon evolution [38—43]. In this Letter, we
study the chaos-assisted photon transport in the mixed phase
space of an asymmetric microcavity, which can be engi-
neered by regular periodic orbits centered in islands. The
evolution of light inside the cavity is sensitive to its excitation
position in phase space, which is accurately controlled by a
nanofiber. Experimentally, the coupling efficiency to the
high-Q whispering-gallery modes (WGMs) is investigated,
and it is found that the light excited in islands is inhibited
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dramatically from tunneling into WGMs. Figure 1(a) shows a
cavity-waveguide coupling system, where the deformed
“face” cavity with one single symmetric axis has a defor-
mation around 4% [34,44]. The material of the cavity and the
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FIG. 1. (a) Schematic diagram of a deformed cavity coupled to

a nanofiber waveguide. The internal ray dynamics is depicted
using incident angle y and polar angle ¢. (b) The Poincaré surface
of the section for ray dynamics. The red lines mark the excitation
positions of light for various diameters p of the nanofiber. From
top to bottom, p = 1350 nm, 890 nm, and 540 nm. (c) The
effective index n.; of the waveguide mode at the telecom
band and its corresponding initial angular momentum sin y.
(d) Schematics of the photon transport along different paths.
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FIG. 2. Short-time snapshots of the 3D FDTD simulation of field distribution at the microcavity plane and its Husimi projection. A 10-
fs duration pulse is coupled into the microdisk with a diameter of 20 ym, through a 540-nm-diameter waveguide. The initial angular
momentum of light is marked as a red line in the Husimi projection. Upper and bottom panels: Light excited in chaotic sea and islands,
with ¢g = 37/2 and 7Tz/4, respectively. (a;)—(d;) Light being refracted into the chaotic sea (island chain) at t = 0.25 ps.
(a2)—(d,) Chaotic motion of light at t = 1 ps. (a;)—(d;) Dynamic tunneling of light into a WGM at ¢t = 4 ps. (a;)—(ds) The established
WGM at t = 30 ps. The field intensities in (c;) and (c,) are amplified by 5 for better visibility.

nanofiber waveguide is silica, with a refractive index of 1.45.
The photon transport in the deformed cavity can be studied
by employing the ray model in the Poincaré surface of the
section [37] spanned by polar angle ¢ and (dimensionless)
angular momentum sin y, with y being the incident angle of
the light rays. The critical angle y. for internal reflection
satisfies sin y,. ~ 0.69. Note that here both the Goos-Hinchen
shift and the Fresnel filtering correction [45—47] are consid-
ered in ray dynamics [48]. As shown in Fig. 1(b), the phase
space is mixed, containing chaotic motions (black dots) in
the chaotic sea and regular motions (blue orbits) on
Kolmogorov-Arnold-Moser (KAM) tori [37] and in island
chains. These different structures in phase space are classi-
cally disjointed in the ray model, while they can couple
together in the wave regime by dynamical tunneling.

In this Letter, we develop a technique to precisely control
the excitation position in phase space by intentionally
varying the effective mode index n.y and angular position
¢ of the coupled waveguide. Figure 1(c) plots the effec-
tive mode index depending on the fiber diameter p.

Thus, according to Snell’s law, n.; can be mapped to
the initial angular momentum sin y, of light plotted at the
right vertical axis. The waveguide modes and WGMs can
be bridged by chaotic photon transport in an asymmetric
cavity [34]. Two distinct pathways of light evolution
emerge: (i) Light excited in the chaotic sea is transported
along the chaotic channels, and it eventually tunnels
to WGMs localized on the KAM tori; (ii) light excited
in islands first tunnels to the chaotic sea and, second, is
transported there along chaotic channels and ultimately
tunnels to WGMs; cf. Fig. 1(d).

The dynamics of the light evolution is investigated by
full three-dimensional finite-difference time-domain (3D
FDTD) simulations. The temporal distribution of the field
intensity is shown in Figs. 2(a;)-2(as) and 2(c,)-2(c4) at
some typical moments. The field distribution is then used to
perform Husimi projection in the phase space [49], shown
in red in Figs. 2(b;)-2(bs) and 2(d;)-2(ds). When light is
injected in the chaotic sea, it directly enters into the chaotic
channels, as confirmed by the intracavity field and its
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FIG. 3. (a) Temporal evolution of the excited WGM portion 7,

derived from spatial intensity distribution (dots) and theoretical
fitting (curves). Inset: Zoom-in of the first 2 ps. (b) Temporal
intracavity energy normalized to the injection energy in the
waveguide.

Husimi projection at r = 0.25 ps in Figs. 2(a;) and 2(b).
Then, the light experiences swift transport in phase space to
approach KAM tori from 0.25 ps to 1 ps and finally
dynamically tunnels into WGMs. When light is excited in
the four-period island chain, however, it generally estab-
lishes the island mode first as confirmed by Figs. 2(c)
and 2(d,). Then, the light dynamically tunnels from island
to chaotic sea from 0.25 ps to 1 ps, along with a dramatic
loss of energy. The successive evolution is similar to the
chaotic sea case.

To quantitatively explore the evolution process, the
WGM proportion 7 is calculated as the projection of the
short-time electrical field to the established WGM. As
shown in Fig. 3(a), the WGM portion in the first 2 ps for
light excited in the chaotic sea (blue dots) grows more
rapidly than that in islands (red dots), but vice versa after
2 ps. Such conclusions can also be confirmed by the
vertical distributions of Husimi projection in Figs. 2(b,)
and 2(d,) (before 2 ps) and Figs. 2(bs) and 2(d;) (after 2 ps).
We further calculate the intracavity energy of the electric
field at each moment as shown in Fig. 3(b). We find that
the island case endures a remarkable energy loss, especially
in the first 2 ps due to the low-Q characteristics of the island
mode. As a result, the final intensity of the established
WGM excited in the chaotic sea is 2 orders of magnitude
stronger than that excited in the islands. Meanwhile, the
coupling efficiency of this WGM excited in the chaotic sea
is much higher than that of the islands extracted from the
transmission spectra in the fiber. This result supports the
fact that the coupling rates from the guided mode to WGM
can be engineered by the islands.

The evolution processes above can be modeled by a
two-level system and a three-level system for excitation in
the chaotic sea and islands, respectively. By treating the
transitions incoherently [50], equations of motion for the
chaos excitation are given by
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FIG. 4. (a) Scanning electron microscope image of a deformed

microtoroid coupled to a nanofiber. The principal (minor)
diameter of the cavity is 80 um (5 ym), and the thickness of
the disk part is 2 um. (b)—(d) Typical transmission spectra at the
coupling positions ¢y = z/12, n/4, n/2, showing a Q factor of
about 5 x 10°. The diameter of the waveguide is 890 nm. The
coupling efficiency ¢ is acquired by (Thase = Taip)/ Toase-

dn,
dt

==Yl T G (nm - nc)’ (lb)

and equations for the island excitation are

dn,,

dt = —Ymlm + 91 (nc - nm)’ (2&)
dn,
= = —yene + g1(n, —n.) + g(n; —n.), (2b)
dn.
dntl = —yin; + g2(n. — ny). (2¢)

Here, n,,, n., and n; are the photon numbers in the WGM,
chaotic, and islands fields with decay rates y,,, y., and y;.
Note that g; (g,) is the tunneling coefficient between the
chaotic region and the WGM region (island). Because of
the large separation between the island region and the
WGMs in phase space, it is reasonable to neglect the
direct tunneling between these two regions. From Egs. (1)
and (2), the WGM proportion n = n,,/(n,, + n.) (two-level
system) and n = n,,/(n,, + n. + n;) (three-level system)
are analytically obtained and used to fit the simulation data
in Fig. 3(a). In practice, the simulation data for island
excitation are well fitted only by the three-level system
but not a two-level system, which supports the necessity of
considering the islands. Moreover, the fitting results show
that y; > y. > v,, and g; = g,, which is in accordance with
the theoretical model of island excitation.
Experimentally, a silica microtoroid with the atomic
smoothness surface is adopted to achieve ultrahigh-Q
WGMs for mode statistics on the transmission spectra
(Fig. 4) [51]. Here, it is noted that the flat disk-torus
interface could lead to a potential barrier, while its effect is
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(a)—(c) Experimental coupling efficiencies & of target WGMs depending on the excitation position ¢, with different fiber

diameters. (d)—(f) Coupling efficiencies of target WGMs in 3D FDTD simulation (left axis, blue histogram) and mean values of siny,,
(right axis, red curve) in the ray model. Microtoroid geometry for simulation: principal (minor) diameter 44 ym (4 um).

quite weak under our condition and thus can be neglected.
Three typical fibers with diameters of 540 nm, 890 nm,
and 1350 nm are used to excite the microcavity. These
diameters correspond to the initial angular momentum of
light sin yo = 0.70, 0.77, and 0.87, marked as red lines in
Fig. 1(b), which cross the four-period, five-period, and six-
period island chains in the phase space. The microcavity is
mounted on a motorized rotation to obtain the transmission
spectra depending on the coupling polar angle ¢,. The
transmission spectra are obtained through a continuous-
wave input with a transverse magnetic (TM) polarization at
the telecom band. Figure 4 shows part of the transmission
spectra at different ¢by. Here, WGMs are identified by high
Q factors (> 10°, mode 5), while island or chaotic modes
by are identified by relatively low Q factors (< 103, mode
4). Moreover, the WGMs claim quite uniform values of the
free spectrum range, characteristically larger than that of
island or chaotic modes. It is also noted that some of the
WGMs appear in a Fano line shape (mode 7) due to the
interference with low-Q chaotic modes [50].

We count those WGMs with Lorentzian line shapes and
perform statistics on their coupling efficiencies character-
ized by the depth of the dips in Fig. 4(d). Precisely, we
average the coupling efficiencies for all high-Q WGMs at
each ¢ to reveal collective behaviors of evolution. In this
experiment, the gap between the microcavity and coupled
fiber is adjusted to ensure that the target mode coupling is
deepest at each ¢. Figures 5(a)-5(c) show the statistical
results of the averaged coupling efficiencies & depending
on ¢, with sin yo = 0.70, 0.77, and 0.87. It is noted that &
is normalized by the maximum value of each case of sin y,,
for a better comparison between simulation and experi-
mental results.

To understand the experimental results, we gather the
coupling efficiencies in the 3D FDTD simulation and
acquire the maximum incident angle sin y,, in ray dynam-
ics. In the numerical simulation, the coupling efficiencies
are derived from the transmission spectra. Then, we count
those WGMs that comply with the criteria noted above, and
the statistics on coupling efficiencies are shown in the blue
histograms of Figs. 5(d)-5(f). In the ray simulation, we run
500 ray trajectories whose initial conditions are set at each
experimental condition of siny, and ¢, with small fluc-
tuations in phase space, which are 0.01 and 2°, respectively,
estimated by wave simulation. Then, we record the maxi-
mum angular momentum they can reach during the
evolution process as siny,,, and the statistical mean values
are shown as red curves in Figs. 5(d)-5(f). It is expected
that the maximum angular momentum of light reaching in
ray dynamics reflects the coupling rate to WGMs.

Figure 5 demonstrates that the experimental results of
coupling efficiencies varying with ¢ are in agreement with
the numerical results and also meet the estimation by ray
dynamics. Quantitatively, the correlation functions exceed
0.9 for all three nanofiber conditions between experiment
and simulation results. It appears that the coupling effi-
ciencies are high when light is excited in the chaotic sea,
while they sharply decrease when light is excited in the
island chains. Combining the tunneling mechanism
revealed in Fig. 2, it is explicit that light evolution is
engineered by its excitation point in phase space.

In summary, we have demonstrated that chaotic photon
transport can be engineered by the regular orbits in the
mixed phase space of a high-Q asymmetric microcavity.
An effective nanofiber technique to probe phase space is
developed by accurately controlling the excitation position
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of the light. The efficiencies of coupling to high-Q WGMs
are found to be distinguishable depending on different
photon transport paths. The chaos-assisted photon transport
may pave the way for the precise manipulation of light in
microcavities.
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