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All-optical-switching demonstration using two-photon absorption and the Zeno effect

S. M. Hendrickson,1 C. N. Weiler,1 R. M. Camacho,2 P. T. Rakich,2 A. I. Young,2 M. J. Shaw,2 T. B. Pittman,3

J. D. Franson,3 and B. C. Jacobs1

1Applied Physics Laboratory, The Johns Hopkins University, Laurel, Maryland 20723, USA
2Sandia National Laboratories, Albuquerque, New Mexico 87185, USA

3University of Maryland, Baltimore County, Baltimore, Maryland 21250, USA
(Received 6 June 2012; revised manuscript received 7 January 2013; published 7 February 2013)

Low-contrast all-optical Zeno switching has been demonstrated in a Si3N4 microdisk resonator coupled to
warm atomic vapor. The device is based on the suppression of the resonant microcavity field buildup due to
nondegenerate two-photon absorption. This experiment used one beam in a resonator and one in free space due
to limitations related to device physics. These results suggest that a similar scheme with both beams resonant in
the cavity would correspond to input power levels below 150 nW.
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I. INTRODUCTION

There has been significant interest recently in low-power
all-optical switches with minimal energy dissipation for ap-
plications in such fields as quantum information and classical
logic [1–6]. A fundamental challenge to the development of
these devices is the limited strength of the nonlinear interaction
available within practical design constraints. For example,
there have been remarkably successful demonstrations of
all-optical switching and related phenomena using trapped
atoms [1–4], photonic crystal cavities coupled to quantum dots
[5], and novel small mode volume, ultra-high-Q resonators
[6], but further development is needed to address issues
of operating temperature, bandwidth, and packaging. Fully
integrated photonic systems that rely on such effects as the
Kerr nonlinearity or free-carrier injection have not yet achieved
sufficiently low operating power levels or energy dissipation
rates [7–9].

A potential alternative approach to achieving the necessary
nonlinear strength is the use of warm atomic vapor with a
small mode volume device. Recently there has been significant
progress achieving ultralow power nonlinear effects with
evanescent microphotonic devices coupled to alkali vapors
[10–13]. These devices have demonstrated saturated absorp-
tion [10,11], electromagnetically induced transparency [10],
modulation [12], and nondegenerate two-photon absorption
[13] with low input power levels. Additionally, a number of
groups have shown that it is possible to directly integrate
atomic vapor cells with photonic waveguides which could
be more scalable over other atomic schemes that require full
vacuum systems [14–16].

We have previously proposed an all-optical-switching
mechanism [17] based on the suppression of the cavity field
buildup in an add-drop resonator by nondegenerate two-photon
absorption (TPA). This nonlinear dissipation-based switching
mechanism is now commonly referred to as the optical analog
of the quantum Zeno effect (QZE) [18–20], for reasons we
describe below.

In the QZE, frequent measurement can inhibit the unitary
evolution of a quantum system [21]. To see how this same
effect applies to the four-port resonator system, consider first
the classical operation of our device, shown in Fig. 1. With the
resonator strongly coupled to two waveguides, the presence of

a resonant input at either of the two frequencies will result in
the light coupling into the resonator and exiting the opposite
waveguide. This is due to the destructive interference between
the light remaining in the waveguide and the built-up field
amplitude in the cavity that couples back to the waveguide.
When both frequencies are present, the TPA prevents the
coherent intracavity field buildup and the input beams pass
by the resonator because there is insufficient amplitude in
the cavity to result in complete destructive interference in
the waveguide. Whereas the QZE prevents the buildup of
a probability amplitude, the optical analog to the QZE
suppresses the coherent buildup of the electromagnetic field
amplitude within a microresonator.

To clarify the connection to the quantum Zeno effect, we
now consider the same case, but with only a single photon
incident into the system and a method to measure whether
there is a photon in the cavity. In our system the measurement
is performed by atomic absorption but any form of dissipation
will do. In the absence of these measurements there will be a
probability amplitude buildup within the cavity that results in
the photon exiting the drop port, as expected. Next, consider the
same case but with the addition of a measurement of whether
the photon is in the cavity. If the measurement is performed
frequently enough that the amplitude remains small, the most
probable result of each measurement will be that no photon is
in the cavity and therefore no photon will be absorbed by the
atoms. This is the counterintuitive nature of the quantum Zeno
effect: By introducing a dissipation channel to the system we
are reducing the probability that the photon will ever enter the
state where it is subject to such loss. Completing the analogy,
since the probability amplitude for the photon to couple into
the cavity is suppressed, it will exit in the original waveguide
mode, effectively bypassing the cavity altogether, resulting in
a switched output.

The potential advantages of Zeno switches have been
well documented recently. Huang et al. have predicted that
this mechanism can be used to create an interaction-free
switching scheme with near-zero signal loss [19]. Wen et al.
used inverse Raman scattering (IRS) in a silicon microring
resonator to demonstrate that dissipation can be used to achieve
excellent channel selectivity such that a single longitudinal
cavity mode could be modulated independently [18,22], a
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FIG. 1. (Color online) (a) A schematic showing the chip-level
design of the Si3N4 microdisk coupled to two waveguides. (b) SEM
image of the Si3N4 microdisk used in these experiments. Details can
be found in the text.

major challenge for systems based on Kerr nonlinearities or
free-carrier effects. Kieu et al. demonstrated IRS in a fiber
system and demonstrated wavelength selective modulation
with approximately 100 nm of possible operating range,
nearly no added insertion loss, and expected bandwidth
exceeding 100 THz [20]. Little et al. previously considered
electro-optically induced absorption in the context of the
add-drop resonator configuration and also noted the potential
for ultralow loss switching, especially with the use of small
mode volume cavities [23]. Taken together, the literature
suggests that Zeno switches may provide capabilities not found
in other types of devices. To date, there has not been an
all-optical demonstration of Zeno switching that has shown the
rerouting of a signal beam using a weakly coupled dissipation
mechanism.

Here we present experimental progress towards a Zeno
switch consisting of a Si3N4 microdisk embedded in warm
rubidium (Rb) vapor with clear evidence of signal rerouting.
Our approach takes advantage of the narrow atomic resonances
and nondegenerate nature of TPA in atomic vapor to show
that the presence of one beam can alter the transmission of a
second at ultralow power levels. A key aspect of this work is
the enhanced rate of TPA that can be achieved at low power
levels by confining the light to a small mode volume.
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FIG. 2. (Color online) Optical diagram for the experiments
described in the text. Not shown is a 25 mW 405 nm laser focused on
the resonator for thermal tuning purposes.

II. EXPERIMENTAL SETUP

To demonstrate Zeno switching, we used a Si3N4 microdisk
with a diameter of 26 μm and a thickness of 250 nm. These
devices were chosen over other high-Q microcavity designs
because they have integrated waveguide coupling and a high
index of refraction that supports mode compression. The res-
onators contain no cladding material, allowing the evanescent
field to extend outside the device and overlap considerably
with the atomic vapor. Each microdisk was critically coupled
to two waveguides in an add-drop configuration, and then
coupled to four single-mode fibers using a V-groove chip
with compatible spacing. A chip-level schematic is shown in
Fig. 1(a) and a scanning electron microscope (SEM) image of
the waveguide-coupled microdisk is shown in Fig. 1(b).

The setup used in this experiment is shown in Fig. 2. Two
frequency-stabilized external-cavity diode lasers were used:
one at 780 nm and one at 1529 nm. Both of these beams
passed through fiber splitters and into a reference cell as well
as a vacuum system containing a microdisk. The two beams
were focused through a Rb reference cell (87Rb and 85Rb) in
a counterpropagating configuration to allow monitoring of the
TPA condition while their frequencies were measured using a
wavelength meter. The 780 nm beam passed through a low-
noise tapered amplifier prior to entering the vacuum system
through a view port where it was focused onto the microdisk.
The 1529 nm beam remained in fiber and was coupled to
the resonator via on-chip waveguides. The 1529 nm through
and drop ports were measured using femtowatt detectors after
passing through 1500 nm long-pass filters.

The microdisk was mounted in a vacuum system with the
fibers entering through a Teflon feedthrough [24]. The vacuum
system was lightly baked to 120 ◦C until pressures reached
10−8 Torr and then cooled to about 100 ◦C. Rb vapor was
injected into the system using an array of dispensers. The
atomic density was estimated using a fit to the tails of the
absorption spectrum of a probe beam. This method resulted in
an average density between 1011 and 1012 cm−3. The section
containing the microdisk was surrounded by view ports to
allow optical access from the top, as will be discussed below.

Our scheme uses the two-photon transition 5S1/2 →
5P3/2 → 4D3/2 that consists of the well-known D2 line near
780 nm followed by a transition near 1529 nm. Because
coupling gaps between the waveguide and the resonator were
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designed for wavelengths near 1529 nm, the 780 nm transition
was excited using a focused free-space beam.

The matching of the cavity resonance (λc) to the 1529
atomic resonance (λ1529

Rb ) was accomplished using a number of
steps. Initially, the approximate diameter of the microdisk was
chosen to optimize the mode volume according to Ref. [17]
with λc near λ1529

Rb . The diameter was then varied incrementally
for a series of disks laid out across each substrate such that
a device could be selected after fabrication, coupled to fibers
and secured using vacuum-compatible, high-temperature UV-
curable epoxy. Once the devices were inserted into the vacuum
chamber they experienced a downward shift in λc due to the
change in index. It has also been observed that Si3N4 devices
undergo an upward shift in λc when exposed to Rb in vacuum
as a result of accumulation [25] although this change can
be reversed by rinsing the device in distilled water. We have
observed that this Rb shift in λc tends to increase with the
maximum vapor density achieved and have used it as a tool
to shift the resonance by as much as 7 nm. The resonance
can also be shifted down by etching with hydrofluoric acid
[25]. Ultimately, each of the aforementioned shifts was
compensated for and then final tuning was accomplished
thermally with a 25 mW 405 nm laser focused on the resonator.

While it has been predicted that classical Zeno switching
could result in excellent signal contrast [17], the quality factor
(Q) of this device (≈105) is currently below what is needed
for optimal performance. To best observe transmission changes
due to TPA, we designed a data collection scheme to reduce
noise through averaging. A calibration algorithm was used to
vary the atomic intermediate state detuning (δRb) by scanning
the frequencies of the 780 and 1529 nm lasers by an equal
and opposite amount such that their total energy remained
fixed and resonant with the two-photon transition described
previously. This allowed a full scan across the profile of
the cavity resonance with the conditions for TPA satisfied,
although the strength of the absorption varied as a function of
intermediate state detuning. As a control, each resonant TPA
scan was followed by a scan with the frequency of the 780 beam
offset by 10 GHz such that the cavity resonance was measured
in the absence of TPA. To compensate for any thermal drift
when averaging data trials, each cavity profile was zeroed to
a new frequency axis (�) by fitting to a Lorentzian and then
adding a frequency offset (f0) to the atomic intermediate state
detuning (δRb),

� = δRb − f0. (1)

Figure 3 shows the strength of the TPA rate in the reference
cell under conditions typical of each trial. As can be seen in
the plot, the TPA condition is maintained throughout a scan
of approximately 5 GHz. The shape of the graph corresponds
to the well-known δ−2

Rb dependence predicted by perturbation
theory [17], as shown by the fit.

III. RESULTS

An example of Zeno switching is shown in Fig. 4.
Approximately 100 trials were averaged for each condition.
The blue lines in the upper plot show the cavity drop port
(peak) and through port (dip) with the 780 nm laser detuned
so that the conditions for TPA were not satisfied. The red lines
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FIG. 3. (Color online) A typical profile of the TPA signal in
the reference cell as a function of intermediate state detuning of
the 1529 nm beam. The frequencies of both lasers were scanned
simultaneously such that their total energy remained fixed with the
85Rb F = 3 5S1/2 → 5P3/2 → 4D3/2 transition. The typical cavity
position during data collection (� = 0) was approximately equal to
f0 = 6 GHz.

in the upper plot show the cavity response in the presence of
TPA. The difference in these two situations is highlighted in
the lower plot, where it is emphasized that the effect of the
additional absorption is to increase the transmission of the
through port and decrease the transmission of the drop port,
consistent with a low-contrast Zeno switching process.

Figure 5 shows an example of a control case with the only
difference being the absence of Rb vapor. As can be seen in
the data, there is no similar change in the transmission of the
cavity to suggest a switching event. Although not shown here,
additional controls were also performed to validate our data.
For example, in one test the cavity was thermally detuned
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FIG. 4. (Color online) Switching data: The upper plot shows
cavity transmission with the conditions for TPA satisfied (dashed)
and a control (solid), as described in the text. The lower plot shows
the difference in the signals.
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FIG. 5. (Color online) Control data demonstrating that no similar
change is seen when Rb vapor is not present. Other controls are
described in the text.

from two-photon resonance with the power levels, density,
and frequency of the 780 nm free-space beam unchanged. In
another, the position of the 780 nm beam was moved from the
resonator to the waveguides to determine whether absorption
before or after the resonator was an issue. All of our controls
supported the conclusion that switching was due to TPA in the
evanescent field of the microdisk.

Assuming symmetric fiber-coupling losses, the 1529 nm
power in the input waveguide can be estimated to be roughly
130 nW for the switching data shown in Fig. 4. The power in
the free-space 780 nm beam was 30 mW. The intensity of the
1529 beam in the resonator was 3.9 kW/cm2 assuming a mode
volume of 1.9 × 10−11 cm3 [42 (λ/n)3]. The intensity of the
free-space beam (940 W/cm2) would correspond to 26 nW in
the input waveguide.

The primary factor that affects switching contrast is the
difference between the coupled cavity Q with and without
TPA. One way to improve the contrast of the switch is to
increase the intrinsic quality factor allowing the total system Q

to be increased by decreasing the waveguide coupling strengths

proportionally, leaving the coupling regime unchanged. Higher
Q Si3N4 devices have been demonstrated [25] using a variety
of techniques and we are optimistic that we can improve the
results presented here. We are also investigating the suitability
of other types of microcavities for use in Zeno switching
experiments, weighing factors such as intrinsic quality factor
and mode volume with practical issues such as chip-scale
integration and robustness.

The primary advantage of using an atomic vapor as
compared to trapped atoms is the increased number of atoms
in the mode and the practical advantages associated with
not working at low temperature. The disadvantages of using
atomic vapors are the effects of the atomic velocities and the
buildup of the atoms on the surface of the device. The atomic
velocities reduce the average time each atom spends in the
mode, resulting in time-of-flight broadening [26]. In schemes
such as the one demonstrated here, where the energies of the
two atomic transitions are different, Doppler-free schemes are
not effective and Doppler broadening dominates. A Doppler-
free scheme could be performed using the 5S1/2 → 5P3/2 →
5D5/2 transition in Rb, for example [16,17,27]. The atomic
buildup on the surface of the device has been used as a tool in
this experiment but it also results in slight degradations in
the Q that may become more important with lower-loss
resonators. This coating on the surface of the device may
also decrease the fraction of the mode that overlaps with
the atomic vapor thereby reducing the effect of the atoms.
Investigations are under way to determine the extent of these
effects on switching performance, and preliminary results are
encouraging [28].

IV. SUMMARY

Here, we have presented an experimental demonstration of
Zeno optical switching based on TPA. Using estimates based
on the power of the free-space beam, all-optical switching with
a control beam in the low nanowatt range seems attainable.
Although the switching contrast is currently low, we believe
the performance can be improved by addressing challenges
related to device physics.
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