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R ES E A RC H

How could the Pacific SST cool when the heat sink
was located in other ocean basins? Why didn't
the Atlantic SST simply cool as heat was being
subducted in its basin? The Atlantic SST and its
upper layers did start to cool (Fig. 1B) after its
subpolar salinity peaked and then started to decrease after 2006 (Fig. 6A). Before 2006, our
warm salt subduction mechanism does not allow
the Atlantic to cool when its subpolar salinity
was increasing, because poleward transport of
warm salty water and increasing subpolar subduction are parts of the same mechanism of enhanced AMOC upper-ocean transport. During
this first part of the hiatus period, the heat deficit
must be transferred to other ocean basins, mostly
to the Pacific because it is the only other major
ocean basin in the Northern Hemisphere, likely
through the atmosphere. Zhang and Delworth
(45) and Zhang et al. (46) showed by using models
that, as the northward heat transport by the AMOC
is increased, the atmospheric heat transport decreases in compensation (and vice versa), providing a multidecadal component to the Pacific
Decadal Oscillation (PDO). The concept behind
the flexible atmospheric heat transport is known
as nonlinear baroclinic adjustment (47). Thus,
almost-“synchronized” hemisphere-wide atmospheric changes are possible (30). On climate
time scales and from an energy perspective, the
amount of radiative energy available to heat the
global SST, including the Pacific, is what remains
after accounting for the energy sink; it does not
matter if the latter is located outside the Pacific.
Conclusion
The fact that the global-mean temperature, along
with that of every major ocean basin, has not
increased for the past 15 years, as they should
in the presence of continuing radiative forcing,
requires a planetary sink for the excess heat. Although the tropical Pacific is the source of large
interannual fluctuations caused by the exchange
of heat in its shallow tropical layer (3), the current
slowdown is in addition associated with larger
decadal changes in the deeper layers of the Atlantic and the Southern oceans. The next El Niño,
when it occurs in a year or so, may temporarily
interrupt the hiatus, but, because the planetary
heat sinks in the Atlantic and the Southern
Oceans remain intact, the hiatus should continue
on a decadal time scale. When the internal variability that is responsible for the current hiatus
switches sign, as it inevitably will, another episode
of accelerated global warming should ensue.
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All-optical routing of single photons
by a one-atom switch controlled
by a single photon
Itay Shomroni,* Serge Rosenblum,* Yulia Lovsky, Orel Bechler,
Gabriel Guendelman, Barak Dayan†
The prospect of quantum networks, in which quantum information is carried by single photons
in photonic circuits, has long been the driving force behind the effort to achieve all-optical
routing of single photons. We realized a single-photon–activated switch capable of routing a
photon from any of its two inputs to any of its two outputs. Our device is based on a single atom
coupled to a fiber-coupled, chip-based microresonator. A single reflected control photon toggles
the switch from high reflection (R ~ 65%) to high transmission (T ~ 90%), with an average
of ~1.5 control photons per switching event (~3, including linear losses). No additional control
fields are required. The control and target photons are both in-fiber and practically identical,
making this scheme compatible with scalable architectures for quantum information processing.

P

hotons are a key player in the growing
field of quantum information science.
The fact that they do not interact with
each other has made them ideal for the
communication of quantum information
yet has prevented so far the realization of deterministic all-optical quantum gates based on single photons. The difficulty to achieve nonlinear

behavior at the level of single photons—namely,
photon-photon interactions—is considered a major
challenge also in the realization of quantum networks, in which quantum information processing
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would be performed by material quantum nodes
interconnected by photonic channels (1, 2).
Accordingly, considerable effort has been invested toward the achievement of photon-photon
interactions by the mediation of material systems.
This effort was pioneered by the attainment of
strong coupling between single atoms and optical microresonators in the context of cavity quantum electrodynamics (3, 4), in which the tight
confinement of light in tiny volumes leads to
drastic enhancement of the electric field associated
with each photon in the cavity mode. Antibunching has been observed both with atoms (5, 6) and
quantum dots (7), and nonlinear phase shifts of
16° (8) and recently even p (9, 10) have also been
demonstrated with single atoms.
Most notably, based on a scheme that involves
auxiliary control fields (11), recent works demonstrated nondestructive measurement of an
optical photon (12), a single-photon phase switch
(9), and the realization of a quantum gate between flying photons and a single atom, showing
atom-photon, photon-photon, and atom-photonphoton entanglement (13), all of which can be
directly applied to photonic routing.
Nonlinearities such as electromagnetically induced transparency (14) and Rydberg blockade
(15, 16) have been harnessed for the demonstration of all-optical interactions at lower and lower
powers (17–19). In particular, all-optical switching—
in which a weak gate pulse strongly modifies the
attenuation of the system—has been demonstrated
with very few photons (20) and even just one (21)
photon in the gate pulse. In order to take the next
step toward scalable quantum networks, there is
a need for switching schemes that coherently route
photons between multiple ports in a way that is
compatible with large-scale photonic circuits.
Here, we demonstrate the experimental realization of a robust, simple, and scalable scheme for
all-optical coherent routing of single photons by
single photons, with no need for any additional
control fields. Based on a series of theoretical works
(22–28), this scheme uses the mediation of a single, cavity-enhanced, three-level atom in the regime
best described as the fast-cavity limit. The same
as in the regime of strong-coupling, the coherent
coupling rate g between the atom and the cavity
mode is larger than both the incoherent loss of the
cavity ki and the atomic spontaneous emission rate
2g. Yet in contrast to strong coupling, here the coupling kex between the cavity and its input/output
modes (the two directions of propagation in the
optical fiber, in our case) is the fastest rate in the
system, so that a photon emitted by the atom will
exit the cavity by coupling to the fiber before the
atom could reabsorb it. Accordingly, the dynamics
in this regime are best described by the tools of open
quantum systems (29) and do not include reversible
Rabi oscillations between the atom and the cavity
mode, but rather irreversible cavity-enhanced spontaneous emission of the atom into the fiber. The
crucial parameter in such a system is the cooperativity, or Purcell enhancement factor, g2/kg (with
k = ki + kex)—namely, the ratio between the atom’s
cavity-enhanced spontaneous emission rate into
the fiber, to the free-space one, which is proportional
904
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to the ratio between the cavity’s quality factor Q
to its mode volume V. Accordingly, by coupling
the atom to high-quality (small ki) microresonators
with tiny mode volumes, it is therefore possible to
reach g2/kg > 1, in which case the atom can be assumed to be interacting primarily with the fiber.
The underlying mechanism in our switching
scheme is simple and robust and is in fact similar
to the interference mechanism that makes metallic
mirrors reflect light. The free charges in the mirror
oscillate in response to the incoming field and
radiate both forward and backward a field that is
opposite in phase to the incoming one. The result
is destructive interference in the forward direction,
which leaves the incoming light no other choice
than to be reflected backward. The same effect occurs with a two-level atom in the one-dimensional
atom regime: The atom radiates in both directions, and the destructive interference with the
incoming probe in the forward direction leads to
reflection of the probe backward. The difference
between a single atom and a macroscopic mirror
is exhibited by the fact that the reflected light in
this case is sub-Poissonian because the atom cannot
reflect more than one photon at the same instant.
In order to exploit this mechanism for optical
switching, one needs to introduce “memory” into
the system—namely, a way to make reflection of
a single photon toggle the internal state of the atom.
This is performed by using a three-level, L-type
configuration in which the atom has two transitions,

Fig. 1. The two states of the photonic switch.
In this three-level atomic L-configuration, the s+
transition is coupled only to a photonic mode propagating to the right, and the s− transition is coupled
only to a photonic mode propagating to the left.The
atom is irradiated by a s+ probe (solid blue wavy
arrow). (A) For an atom in the mF = −1 ground state,
the incoming s+ photon will be deterministically
reflected as a s− photon because of the destructive
interference between the probe and the s+ emission from the atom (dashed blue wavy arrow), toggling the state of the atom to mF = +1. (B) An atom
in the mF = +1 ground state does not interact with
s+ photons, which are accordingly transmitted. The
entire scheme is left-right symmetric.

each coupled to only one direction of propagation.
Such a configuration is depicted in Fig. 1A, where it
is assumed that s+ polarization propagates only
to the right, and s− propagates only to the left.
Assuming the initial state of the atom is at mF =
−1 and an incoming s+ probe, the destructive
interference between the probe and the s+ field
emitted by the atom forces the atom to emit a s−
photon to the opposite direction, deterministically ending at the mF = +1 state. As a result, any
subsequent s+ photons will not interact with the
atom and will accordingly be transmitted (27).
Symmetrically, at this stage the system becomes
reflective to s− photons coming from the right.
This system therefore behaves as a symmetric
toggle switch with two inputs, two outputs, and
two internal states (Fig. 2A), in which each reflection toggles the internal state. To implement this
system as a photonic switch, we use the conventional
time-bins protocol and define the first pulse as the
control pulse, and the second as the target, which
is routed from a certain input to a certain output.
At the heart of our setup is a single 87Rb atom
coupled to a chip-based whispering-gallery mode
(WGM) silica microsphere resonator (Fig. 2B) (30).
Light is evanescently coupled to and from the microsphere by a tapered nanofiber, and photons
are detected at the outputs by multiple singlephoton counting modules (SPCMs). The coupling
kex between the microsphere and the nanofiber is
set by means of careful alignment of their relative
position by using a piezo positioning system.

Fig. 2. Schematic of the photonic switch. (A)
Each input, 1 (solid arrows) or 2 (dashed arrows)
may be either transmitted or reflected into one of
two outputs, depending on the state of the atom, at
mF = +1 (blue) or mF = −1 (red). Each reflection of a
single photon toggles the state of the atom. (B) The
experimental realization of the switch. A single
87
Rb atom interacts with a TM WGM resonance of a
chip-based silica microsphere resonator. The inputoutput interface is provided by a tapered optical
nanofiber, with the outputs separated from the inputs by optical circulators (30). s+ modes propagate
from left to right, and s− modes propagate from
right to left. The outputs are delivered to SPCMs.
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By working with a transverse-magnetic (TM)
mode of the microsphere, we can approximate to
a high degree the situation in which s+ and s−
polarizations are coupled to opposite directions.
As recently pointed out (31), the polarization in
the evanescent wave region is very close to s+ in
one direction, and s− in the other, with just ~4%
cross-contamination [which naturally leads to
some reduction in the efficiency of the switch in
this particular realization (30)].
The microsphere and the probe were tuned to
be resonant with the F = 1 → F′ = 0 transition of
the D2 line of 87Rb (Fig. 1). Because atoms in the
state mF = 0 barely interact with the TM mode,
by choosing this manifold we practically attain
the desired L-configuration described in Fig. 1,
although at the price of decreasing
pﬃﬃﬃ the coherent
coupling rate g by a factor of 3 compared with
the cycling transition (F = 2 → F ′ = 3), in which
mean g = 27 MHz was measured (30). To reach

Fig. 3. Single-photon statistics of the photonic
switch. In the mF = −1 state, the probability of a s+
photon to be reflected is 64.8%, dropping to 10.1%
in the mF = +1 state.

the fast cavity limit, we set kex to 30 MHz, corresponding to mean g2/kg = 2.2 (30).
The rare event of the presence of one atom
within the evanescent wave of the TM mode was
identified by sending weak (~2.5 photons per
pulse) and short [~15 ns full width at half maximum (FWHM)] pulses in the nanofiber in alternating directions and detecting at least three
reflected photons within less than 400 ns (30).
Interleaved between the detection pulses were
much weaker (0.24 photons on average in each
pulse) and longer (~50 ns FWHM) “target” pulses,
whose purpose was to accurately measure the
single-photon reflection and transmission properties of the switch. The last detection pulse before each target pulse served as the control, which
prepared the atom in a certain initial state. The
pulse sequence included control pulses in both
directions, preparing the atom half of the times
in mF = −1, and half of the times in mF = +1, with
the target pulse always polarized s+ (32).
The measured probabilities for reflection and
transmission of the first (and typically the only, if
at all) photon in the target pulse are shown in
Fig. 3, normalized to the total number of photon
detection events (30). These are heralded results;
namely, they show the statistics of the target
pulse conditioned on the detection of one reflected photon in the preceding control pulse.
Specifically, in the cases in which the control
pulse was s− polarized, detection of a single reflected (s+) photon toggled the switch to a state
that reflects s+ target photons at a probability of
65%. This level is lower than the theoretically
expected value of 89% (30). We attribute this
difference mostly to false events in which the
(untrapped) atom was not present in the cavity
mode during the entire measurement (30).
In cases in which the control pulse was s+,
detection of a single reflected (s−) photon changed
the reflection/transmission ratio by a factor of
more than 16, leading to ~90% transmission of
s+ target photons.
To confirm that the toggling of the state is
carried out by a single reflection of a control

Fig. 4. Single-photon
nonlinearity within the
control pulse. (A) The
statistics of the second
photon in the control
pulse, after the detection
of one reflected photon.
As shown, the probability
of a second reflection
drops to 4.4%. (B) Antibunching of the reflected
control photons,
confirming that in most
cases only one photon is
reflected. For atomdetection events i and j,
the total number of
coincident detections of
two photons in both i and j
is shown versus Dn = i − j.
Within the same pulse, the reflection of two photons is accordingly suppressed by a factor of ~20.
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photon, we looked at the normalized probabilities for a second photon detection event in the
control pulse. As shown in Fig. 4A, already during the control pulse, after a single reflection the
switch becomes highly transmissive, with a probability of only 4.4% to reflect a second photon.
This is a drastic demonstration of single-photon
nonlinearity, and as such it is highly nonclassical.
Accordingly, the reflected control pulses are antibunched (Fig. 4B), meaning that there is a much
larger probability for joint detection of two reflected photons (at different SPCMs) in two unrelated control pulses (from different atom detection
events) than within the same control pulse (30).
We can therefore conclude that a single reflection of a control photon toggles the state of the
atom with high probability. Taking into account
the measured probability for such a reflection
(~65%), this corresponds to an average of 1.5 control photons per switching event, increasing to
~3 if we include the linear losses in our current
realization (which could be practically eliminated
by using a higher Q resonance) (30).
The potential of this scheme lies in its compatibility with scalable photonic architectures.
The device is operated only by the single-photon
pulses, which are all in-fiber, identical, and routed
to the output ports. This means that a routed
target photon can serve as the control photon in
the next device, or that the same control photon
could activate a few devices. Our demonstration
therefore paves the way for the application of this
scheme as a versatile, robust, and simple building
block for a variety of all-optical photonic devices,
from quantum memory (22–24) through singlephoton add/drop filters (27), to photonic quantum
gates (24), all of which being completely passive
and compatible with scalable quantum networks.
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Helium nanodroplets are considered ideal model systems to explore quantum
hydrodynamics in self-contained, isolated superfluids. However, exploring the dynamic
properties of individual droplets is experimentally challenging. In this work, we used
single-shot femtosecond x-ray coherent diffractive imaging to investigate the
rotation of single, isolated superfluid helium-4 droplets containing ~108 to 1011 atoms.
The formation of quantum vortex lattices inside the droplets is confirmed by
observing characteristic Bragg patterns from xenon clusters trapped in the vortex
cores. The vortex densities are up to five orders of magnitude larger than those observed
in bulk liquid helium. The droplets exhibit large centrifugal deformations but retain
axially symmetric shapes at angular velocities well beyond the stability range of
viscous classical droplets.

T

he discoveries of superconductors, superfluids, and Bose-Einstein condensates (BECs)
(1, 2) reveal that a large number of particles
can occupy a single quantum state that
extends across macroscopic length scales.
A notable example is superfluid 4He (3–6): It
lacks any viscosity below a critical temperature
of Tl = 2.17 K, and its motion is described by a
single wave function (1, 2, 5–7). Isolated He
nanodroplets were employed to study the onset
of superfluidity through the observation of frictionless, quantized rotation of embedded molecules surrounded with varying numbers of 4He
atoms (8). However, the unambiguous demonstration of a quantum mechanical state of motion of an entire helium nanodroplet remains
challenging.
In a finite droplet, any manifestation of liquid
flow must involve rotational motion, which, in a
superfluid, embodies itself in quantum vortices
(6, 7). Indeed, the formation of regular arrays
of parallel vortices was detected in a rotating
bucket filled with superfluid He (9, 10). However,
surprisingly little is known about quantum rotation in superfluid droplets. Calculations pre906
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dict that vortices may exist in 4He droplets as
small as a few nanometers in diameter (11–13),
but experimental studies of this elusive phenomenon remain challenging (14). Recently, traces of
vortices were detected in He droplets ~1 mm in
diameter (15). However, these exploratory experiments did not provide detailed hydrodynamic
properties of the spinning droplets, such as their
shapes or the spatial arrangements of the vortices they contain. In this work, we studied the
rotation of single, isolated superfluid He nanodroplets via coherent scattering of x-rays from a
free-electron laser (FEL) (16–18). Figure 1 illustrates the experiment, in which 4He droplets with
radii R = 100 to 1000 nm [number of He atoms
(NHe) = 108 to 1011] were produced upon fragmentation of liquid helium expanding into a
vacuum (15, 19, 20) [see section S1 of (21)]. After
a time of flight of 3.8 ms across a distance of
640 mm from the nozzle, the droplets traversed
the focus of the FEL beam [photon energy = 1.5 keV,
wavelength l = 0.827 nm]. Diffraction images were
recorded with a pn-junction charge-coupled device
detector placed ≈565 mm behind the interaction
volume. Each image originates from a single

droplet irradiated by a single FEL shot. The lowdensity core of 4He vortices is ≈0.2 nm in diameter (7), which does not provide sufficient contrast
for direct detection by x-ray scattering. Therefore, the droplets are doped with Xe atoms (NXe ≈
10−3NHe), which cluster along the vortex cores
(10, 15) and act as a contrast agent.
Diffraction images of individual neat helium
droplets are shown in Fig. 2, A to C. The circular
and elliptical diffraction contours in Fig. 2, A and
B, are consistent with diffraction from spheroidal
droplets with a symmetry half-axis a and two
equal perpendicular half-axes b (fig. S2). The aspect ratio AR = (long half-axis)/(short half-axis)
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