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We experimentally demonstrate all-optical interaction-free switching using the quantum Zeno
effect, achieving a high contrast of 35:1. The experimental data matches a zero-parameter theoretical
model for several different regimes of operation, indicating a good understanding of the switch’s
characteristics. We also discuss extensions of this work that will allow for significantly improved
performance, and the integration of this technology onto chip-scale devices, which can lead to ultra-
low-power all-optical switching, a long-standing goal with applications to both classical and quantum

information processing.

Interaction-free measurement [1-4] allows observation
to be made in a regime that is impossible classically, i.e.,
without the interaction actually occurring. Incorporating
the quantum Zeno effect, which prevents a continuously-
observed system from changing under certain circum-
stances, such measurement can even be done with arbi-
trarily high efficiency [5], allowing for exotic experiments
such as counterfactual quantum computation [6].

Recently, it was proposed that similar applications of
the quantum Zeno effect can lead to novel optical nonlin-
ear phenomena that occur without the interacting waves
physically coupling [7]. With use of an optical cav-
ity, interaction-free all-optical switching can be realized,
where a signal field is switched by a pump field only due
to a potential for nonlinear coupling between the two,
but without such coupling actually happening [8-10]. In
this device, the signal and pump light never significantly
overlap or interact in the nonlinear medium, making it
“interaction-free” [11-13]. This is distinct from existing
nonlinear optical devices whose operations are achieved
directly through strong coupling between the signal and
the pump, either via optical nonlinearity or mediated by
atoms, quantum dots, or free carriers [14-18]. Due to
the absence of signal-pump coupling in the interaction-
free approach, the otherwise inevitable photon loss and
quantum-state decoherence can be overcome. With non-
linear microresonators (see discussion at the end of this
Letter), all-optical logic devices can be realized that op-
erate at room-temperature, with ultra-low pump power,
potentially down to the single-photon level with exist-
ing techniques [19]. These devices would have nearly
no energy dissipation or heat deposit, no background
noise, and the ability to preserve the quantum state be-
ing switched, all of which point to applications in future
all-optical information processing. In addition, such a
device can have the fundamental property of an optical
transistor, since a lower-energy pump pulse can control
a higher-energy signal pulse [19].

As a first step toward development of interaction-
free all-optical devices, we demonstrate in this Letter
interaction-free all-optical switching with high contrast
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FIG. 1: (a) The electric fields at various points through-
out the cavity (see text for details). (b) The experimental
setup. EDFA: Erbium-doped fiber amplifier. EOM: Electro-
optic modulator. PBS: polarizing beam-splitter. FR: Faraday
rotator (so the light reflected from the cavity is transmitted
through the PBS instead of reflected). D: detectors for pump,
transmitted signal, and reflected signal.

(35:1) for the first time. Using a prototype design, we
systematically study the role of the quantum Zeno effect
in such devices, identifying and comparing two different
operational regimes. All of our experimental data are
well explained by our theory without the need for any
fitting parameter.

The switch presented in this Letter is based on a Fabry-
Pérot design (see Fig. 1(a)) with an intracavity crys-
tal phase-matched for difference-frequency (DF) gener-
ation (other interactions such as sum-frequency genera-
tion would work as well). The cavity is resonant with a
high finesse at both the signal and the difference frequen-
cies (but not at the pump frequency for this implemen-
tation; a high finesse for the pump would decrease the
required pump power). In the normal operation of the
Fabry-Pérot, i.e., with the pump off, when a signal pho-
ton (or pulse) reaches the cavity, a small portion of its
amplitude initially enters the cavity, and, upon successive
round-trips, constructively interferes with the incoming
amplitude, allowing the entire photon to pass through



cavity, with only a small overall reflection. With the
pump on, however, the signal field that enters the cavity
is converted to the DF field, so constructive interference
is inhibited, and the photon is prevented from entering
the cavity. From the Zeno perspective, the pump is con-
stantly measuring if the photon is in the cavity, which
guarantees that the photon will not enter the cavity (or
even ever interact with the pump!), and instead will be
reflected by the cavity.

Besides our y®-based implementation, other pro-
tocols for Zeno-based all-optical switching have also
been proposed, employing, e.g., cavity-enhanced two-
photon absorption (TPA) by rubidium atomic vapor [8]
or inverse-Raman scattering in silicon-based microres-
onators [20] (which has been demonstrated for modu-
lation only, not switching [21]). Initial evidence of the
TPA-induced switching has very recently been observed
with low contrast, where the signal transmission through
the switch was shown to be affected by about 25% [22].

The implementation presented in this Letter is a mod-
ified version of the proposal developed in [7]. The pri-
mary difference is that we use a continuous-wave (CW)
signal beam for experimental convenience (the pump is
still pulsed). The switch is modeled here using quasi-
static analysis, similar to the usual classical description
of a Fabry-Pérot cavity, which is valid if all of the input
powers vary slowly with respect to the cavity round-trip
time. Let the fields of the signal and the DF in the cav-
ity be denoted by Ag and Ap, respectively. The various
fields at the first mirror are related via (see Fig. 1(a) for
a pictorial representation of the location of these fields)
Ag(t) = As(t)rs + Ai(t)ts, Ar(t) = As(t)ts — Ax(t)rs,
and AR (t) = Ap(t)rp, where rg (rp) and ts (tp) refer to
the reflection and transmission coefficients, respectively,
at the signal (difference) frequency, and Aj(t) and Ag(t)
are the signal fields at time ¢ for the incident light and
the reflected light, respectively (for the DF, only the field
inside of the cavity is considered). After the first mir-
ror, the fields undergo three-wave mixing in the nonlinear
crystal, which—assuming a single-mode regime, perfect
phase-matching, and an undepleted pump—gives:

AL(t) = AL(t) cos(g Ip>+<j—§>1/2Ab<t>sm<g Tp),

AB(t) = A (t) cos(g Ip)—(%z)mfl’s(t)sin(g Ir).

Here, ws (wp) is the signal (difference) frequency and
gV/Ip is the strength of the interaction, which depends
on the nonlinear coefficient of the crystal, the focusing
conditions, the crystal length, and the time-dependent
pump power Ip. After the crystal, there is some loss
from, e.g., scattering or absorption in the crystal or
mirrors, followed by a frequency-dependent phase shift,
which takes into account the variable optical path-length
of the cavity, giving AY(t) = A4(t)nse'?s and AY(t) =
A (t)npe?r. The fields then reach the second mirror,
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FIG. 2: Experimental switching performance when both the
signal and DF fields are on resonance (¢s = ¢p = 0). Red
dots: transmitted signal (measured). Red line: transmit-
ted signal (theory). Blue pluses: reflected signal (measured).
Blue line: reflected signal (theory). Black line: pump pulse
(measured and then used to predict the transmitted and re-
flected signals). Green dashed line: (theoretical) signal lost to
DF generation. Note the theory curves are not fits, but zero-
parameter predictions. All powers (except for the pump) are
to scale relative to the input signal power. Pump pulse width
is 20 ns with a peak power of 17 W. Insets: Transmitted sig-
nal as the piezo-mounted mirror is scanned while the pump
pulses are periodically applied. When the scan is asymmetric
(left), ¢p # 0, and when it is symmetric (right), ¢p = 0.

where we can determine the output of the cavity by ap-
plying similar transformations as the first mirror. After
propagating back through the cavity following the same
loss and phase transformations, the fields return to the
first mirror for the start of the next round-trip, complet-
ing the cycle, and yielding As(t + At) = AL (t)rgnse’?s
and Ap(t + At) = A (t)rpnpe’®P, where At is the cav-
ity round-trip time. The parameters in these equations
can be directly measured, leaving no free parameters for
describing the experimental performance of the switch.

Our experimental setup is shown in Fig. 1(b). We use
the output from a CW Helium-Neon laser at 633 nm as
the signal with a 1550-nm pulse created by chopping the
output of a CW laser with an electro-optic modulator
and then amplifying it with an erbium-doped fiber am-
plifier. The cavity is made up of two curved mirrors
(radii of curvature of 75 mm, separated by about 25 mm)
around a 5-mm-long lithium-niobate crystal, which is pe-
riodically poled for quasi-phase-matched DF generation
at 1070 nm. The position of one mirror can be scanned
with a piezo-electric actuator, giving us one of the two
degrees of freedom necessary to tune the cavity resonance
for two different frequencies. For the other, we can ad-
just the temperature of the crystal, which changes the
frequency-dependent path length (the phase matching is
also affected, but not significantly).

In order to predict the switching behavior, we first need
to determine the experimental values for the parameters
in the above equations. The values of the cavity finesse
(ratio of the free-spectral range to the bandwidth) are



measured to be 28.3 and 276 at the signal and difference
frequencies, respectively, and the mirror reflectivity is
measured to be 0.938 at the signal frequency. From this,
we can determine rg = 0.968, tg = 0.250, and ng = 0.977.
Since it does not matter where in the cavity the DF field
is lost, we need to only determine the overall transmission
coefficient for this frequency for one round-trip through
the cavity, which is found from the measured finesse to
be r3nZ = 0.989. The single-pass depletion of the signal
is measured to be 0.65% at a peak pump power of 13 W,
corresponding to g = 0.022/\/W. Measuring the light
transmitted through the cavity with the pump off as we
scan the piezo-mounted mirror allows us to determine ¢g,
but finding ¢p is more difficult. To determine this pa-
rameter, we send in pump pulses every ps while scanning
the cavity mirror at a speed to traverse the cavity band-
width in about 20 is. This allows us to see the switching
behavior for several different values of ¢g and ¢p. The
values of ¢g can be directly measured, whereas the values
of ¢p are revealed relative to each other up to a single
absolute offset, since no other phase shifts from sources
such as mechanical vibrations or thermal drift occur on
the ps time scale. The switching behavior (both theo-
retically and experimentally) is asymmetric for this scan
around ¢g = 0 unless ¢p is also 0 at the same mirror po-
sition (see Fig. 2 insets). Tuning the crystal temperature
until the switching behavior becomes symmetric during
this scan allows us to set ¢p = 0.

Typical switching performance is shown in Fig. 2, along
with the theoretical predictions, which are based on mea-
surements discussed above with no free parameters for
the switching behavior itself. We start out at t = 0 with
the pump off, so most of the signal light is transmitted
by the cavity. There is still some reflected light since
the signal is under coupled to the cavity owing to in-
tracavity loss (this could be compensated for by using
a lower-reflectivity first mirror). The loss in the cavity
is also why we observe that T+ R # 1. As the pump
turns on, some of the signal light is converted into the
DF field, which changes the cavity conditions so as to in-
hibit the signal light from entering the cavity, causing the
transmission to fall and the reflection to increase. Since
this happens over the course of several round-trips of the
cavity, there is a delay between the pump being applied
and the signal being modulated. As one can see from
the plots in Fig. 2, the theory and experiment agree well.
The ratio between the transmitted power when the pump
is off to that when it is on is 35, showing high-contrast
operation of our switch.

In addition to studying the switch performance with
both the signal and the difference frequencies on reso-
nance, we explored off-resonant conditions. When the
cavity is doubly resonant, theory predicts that the trans-
mission of the cavity is not just lowered at the signal fre-
quency, but in fact it is shifted to a different frequency.
We can observe this shift by slightly detuning the cav-
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FIG. 3: Switching behavior when off resonance. When

slightly off-resonance at the signal frequency, the pump can ef-
fectively shift the cavity resonance, either increasing (a) or de-
creasing (b) the cavity transmission, depending on the phase
shift of the DF. When significantly off resonance at the DF
(c), there is effectively no change in the cavity behavior when
the pump is turned on. All theory curves have no fitting pa-
rameters. Pump pulse width and peak power are the same as
in Fig. 2 (20 ns and 17 W, respectively).

ity. For determining ¢p when it is # 0, we observe the
signal output while moving the mirror position by sev-
eral multiples of the free-spectral range of the cavity at
the signal frequency. Since we know at what position
¢p = 0, and that AL = X525 = Ap&Z2, the value
of ¢p can be determined at any position near the signal
resonance (because ¢g can always be directly measured
when near resonance). In Fig. 3, we show evidence of
such resonance shifting. We slightly detune the cavity
at the signal frequency, equivalent to the signal being
slightly off-resonant with the cavity. When the DF de-
tuning is in the same direction as the signal, the res-
onance is shifted towards the signal, allowing more of
the light to enter and be transmitted through the cavity
(Fig. 3(a)). Conversely, when the DF is shifted in the
opposite direction as the signal, the resonance is shifted
further away from the signal, allowing less of the light
to pass through (Fig. 3(b)). If we significantly detune
the cavity at the DF, then almost no switching is ob-
served, as can be seen in Fig. 3(c). This is due to the
multiple passes of DF generation destructively interfering
with each other, allowing for very little overall frequency
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FIG. 4: Switching behavior when the cavity is very lossy at
the DF. Even with a significantly higher peak pump power
(150 W compared to 17W in Fig. 2), the switching contrast
is significantly lower (1.6:1 compared to 35:1). In this plot
the pump pulse duration is 15ns. Note the peak transmis-
sion of the signal through the cavity is lower due to increased
intracavity loss from the filter.

conversion.

The fact that the cavity is low loss at the DF has a
significant effect on the performance of the switch. If
the cavity is instead very lossy at this frequency, the
theory predicts that much more pump power is required
for switching, and the cavity resonance at the signal fre-
quency is destroyed (rather than shifted) [7]. To investi-
gate this regime of operation, we insert a filter (Semrock,
model FF01-640/14-25, transmission < 10~% at 1070 nm)
into the cavity to reflect the DF light out. With this
filter in the cavity, ng drops to 0.951, and np ~ 1072
(when np < rgng, its precise value is not relevant). The
observed switching contrast is much worse at 1.6:1 (see
Fig. 4), as expected, even at the much higher peak pump
power of 150 W compared to 17W in Fig. 2. While the
absolute value of ¢p is difficult to measure in this case,
nevertheless we are able to look at different relative val-
ues of ¢p and verify that the switching contrast does not
change, as predicted.

One feature of this device is that the switching is not
very dependent on the pump power. Taking the pump
power to be constant in time and letting ¢’ = gv/Ip, we
can solve for the steady-state transmission and reflection
coefficients of the cavity when on double resonance, i.e.,

¢s = ¢p = 0:

tgns(cos g’ — rgnd)

t ity —
Y1 —r2n2cos g’ — rEnd cosg +ririnind’
2 ;2.2 ’.2.2 2
_ —rg(1 —=ngcosg’ —rinp cosg’ + rpning)
Tcavity = 2 9 9o -

2,2 2,2 2
1 —rgngcosg’ — rgng cos g’ + rgronsng

The experimental measurement and theoretical predic-
tion for the relative power of the transmitted light are
shown in Fig. 5. As the pump power increases, the cavity
rapidly becomes highly reflective, and then saturates (un-
til ¢’ approaches 27, at a pump power of about 80 kW).
This is clearly demonstrated in the figure for the doubly-
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FIG. 5: Relative transmission of the signal light vs. pump
power. The switching does not depend on pump power be-
yond a certain threshold, making the device less sensitive to
pump fluctuations. When the cavity is lossy at the DF, the
pump power required for switching is much higher. Inset: A
closer look at the switching behavior for low pump powers.

resonant case. As predicted, significantly more pump
power is required to switch the light if the cavity is high-
loss at the DF'; the regime in which it is expected to sat-
urate is not accessible with the components used. Note
that the switching takes more power to turn on than
is predicted with our zero-parameter single-spatial-mode
model. One possible explanation for this discrepancy is
the presence of spatial mismatches between the various
modes, i.e., the signal mode that is depleted by the pump,
or the DF mode that is created, is not perfectly matched
to the mode of the cavity. Such spatial mismatch is also
a possible explanation for the ~3% residual transmitted
light when the model predicts a value much closer to
zero. Resolving these discrepancies will be one goal of
our future investigation.

In summary, we have demonstrated, for the first time,
interaction-free all-optical switching with high contrast
(35:1). Such switching occurs without the need for the
signal and pump fields to significantly overlap in the non-
linear medium. Using DF generation in a x(?-nonlinear
Fabry-Pérot cavity, we have performed systematic stud-
ies of this switching mechanism in three separate oper-
ational regimes, corresponding to where the intracavity
DF is resonant with the cavity, detuned from the cav-
ity resonance, and subjected to high intracavity loss. All
three cases lead to interaction-free switching, which was
observed by measuring the signal power present in both
the reflected and the transmitted ports of the device. The
best performance, however, was achieved when both the
signal and the DF fields are in cavity resonance. All of
our experimental data are in good agreement with the
predictions of the theory without the need for any fitting



parameter.

Our results highlight a new approach to realizing all-
optical logic operations that overcomes several funda-
mental constraints as well as practical difficulties as-
sociated with the existing devices. Applying this ap-
proach to nonlinear microresonators of high Q-factor,
high-performance switching devices can be constructed
that will manifest large switching contrast, low loss,
low switching power, and ultra-low energy dissipation.
In addition, due to the ultra-low in-band noise intro-
duced by such devices, they can potentially operate on
quantum-optical signals as well. For example, using a
lithium-niobate microdisk with a 1-mm diameter and
Q > 107, whose fabrication and operation has been
well demonstrated [23, 24], low loss (<10%) switching
can be achieved with pump-pulse energy on the order
of 10pJ [10]. By using tailored pump pulses, together
with smaller microdisks and higher @, the pump-pulse
energy could be further reduced to single-photon energy,
leading to deterministic quantum logic gates for single-
photon signals [19].
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