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All optical detectors to date annihilate photons upon detection, thus excluding repeated
measurements. Here, we demonstrate a robust photon detection scheme that does not rely on
absorption. Instead, an incoming photon is reflected from an optical resonator containing a
single atom prepared in a superposition of two states. The reflection toggles the superposition
phase, which is then measured to trace the photon. Characterizing the device with faint laser
pulses, a single-photon detection efficiency of 74% and a survival probability of 66% are
achieved. The efficiency can be further increased by observing the photon repeatedly. The
large single-photon nonlinearity of the experiment should enable the development of photonic
quantum gates and the preparation of exotic quantum states of light.

ore than a century ago, Planck’s idea of
Ma quantized energy exchange between

light and matter and Einstein’s conclu-
sion that a light beam consists of a stream of par-
ticles have revolutionized our view of the world.
The explanation of the photoelectric effect in
terms of a photon-absorption process is the basis
of the theoretical description of light with nor-
mally ordered photon creation and annihilation
operators (/, 2). The picture of photon detection
as a destructive process has been confirmed exper-
imentally ever since. Nondestructive detection
(3)—namely, the ability to watch individual pho-
tons fly by—has until now been an unaccom-
plished “ultimate goal” (4) of optical measurements.

Nondestructive detection has two major im-
plications. First, a single photon can be detected
more than once. Thus, concatenating several de-
vices improves the detection efficiency of single
photons. Second, nondestructive detection can
serve as a herald that signals the presence of a
photon without affecting its other degrees of free-
dom, such as its temporal shape or its polarization.
This is in stark contrast to absorbing detectors,
in which the quantum state of the photon is
projected and therefore lost. Both implications
are of great importance for rapidly evolving re-
search fields such as quantum measurement (35),
optical quantum computing (6), and quantum com-
munication and networking (7, 8).

The interaction mechanism (9) we implement is
based on the principles of cavity quantum elec-
trodynamics, remarkably robust, and applicable
to many different physical systems. It allows one
to nondestructively detect propagating optical pho-
tons and thus to complement experiments with
microwave fields trapped in superconducting res-
onators (/0—12). To this end, a faint laser pulse is
reflected off a resonant cavity in which a trapped
atom has been prepared in a superposition of two
internal states. The cavity induces strong cou-
pling between the light pulse and the atom in one
of the atomic states, but not the other. This leads
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to a phase flip of the atomic superposition state
upon reflection of a photon. Subsequent readout
of the atomic phase thus makes it possible to
detect a photon without absorbing it.

A detailed theoretical treatment of the atom-
photon interaction mechanism is given in (9, 13).
For an intuitive explanation, consider a three-level
atom in a single-sided cavity (Fig. 1A) in which
one of the mirrors is perfectly reflecting and the
small transmission of the other mirror allows for
in- and outcoupling of light. The cavity is thus
overcoupled and resonant with the transition be-
tween the atomic states |2), and |3),. A photon,
resonant with the empty cavity, is impinging onto
the transmitting mirror. If the atom is in the state
|1),, it will not interact with the photon because
any transition is far detuned. Thus, the photon
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will enter the cavity before being reflected. If,
however, the atom is in |2), (Fig. 1B), the strong
atom-photon coupling leads to a normal-mode
splitting, so that the photon is reflected without
entering the cavity. In this case, atom and photon
were never in the same place. Nevertheless, the
photon has left a trace in the state of the atom:
When light is reflected from a resonant cavity, it
experiences a phase shift of w, whereas there is no
phase shift in the strongly coupled case. When
the impinging photon is denoted by the state
|1),, we thus find |2),]1), — [2)4|1),, Whereas
[Da| D)y = €™[1al 1)y = —[Dal -

To use this conditional phase shift for non-
destructive photon detection, the atom is prepared
in the superposition state —= (| 1) + 12)) (Fig.
1C). If there is no impinging photon the atomic
state remains unchanged (Fig. 1D, solid green
circle). If, however, a photon is reflected, the
atomlc state becomes (omitting a global phase)

F(1D + Ry — (1 — 2], (Fig. 1D,
red arrow and solid red circle). To measure this
phase flip, a /2 rotation maps the atomic state

(\Da |2),) onto |1),, whereas \/-(\l)a 12)4)
is rotated to |2), (Fig. 1E). Subsequently, cavity-
enhanced fluorescence state detection (/4) is
used to discriminate between the atomic states
[1), and |2), (Fig. 1F) (15). Two photons in the
input pulse lead to a phase shift of e*™ = 1. The
used sequence therefore measures the odd-even
parity of the photon number. As long as the av-
erage photon number per measurement interval
is much smaller than one, only zero or one pho-
ton events are present, and the detection result is
unambiguous.
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Fig. 1. Nondestructive photon detection. (A and B) Sketch of the setup and atomic level scheme. A
single atom, (1), is trapped in an optical cavity that consists of a high-reflector, (2), and a coupling mirror,
(3). A resonant photon is impinging on, (4), and reflected off, (5), the cavity. (A) If the atom is in state|1)g,
the photon (red wavy arrow) enters the cavity (blue semicircles) before being reflected. In this process, the
combined atom-photon state acquires a phase shift of z. (B) If the atom is in |2), the strong coupling on
the |2)g < |3)q transition leads to a normal-mode splitting of 2g, so that the photon cannot enter the
cavity and is directly reflected without a phase shift. (C to F) Procedure to measure whether a photon has
been reflected. (C) The atomic state, visualized on the Bloch sphere, is prepared in the superposition state

|1)a + [2)q). (D) If a photon impinges, the atomic state is flipped to 2(|1>a

|2)a). (E) The atomic

state is rotated by 2. (F) Fluorescence detection is used to discriminate between the states |1)g and |2)g.
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In our setup (/6), a single *’Rb atom is trapped
in a three-dimensional optical lattice at the center
of a Fabry-Perot resonator. The coupling mirror
has a transmission of 95 parts per million (ppm),
which is large compared with the transmission
of the high-reflector and the scattering and absorp-
tion losses (8 ppm). The cavity field decay rate is
K =21 % 2.5 MHz, the atomic dipole decay rate is
Y =2rn x 3 MHz, and the measured atom-cavity
coupling constant on the |2), <> |3), transition is
g=2mnx 6.7 MHz (16). Thus, the system operates
in the strong-coupling regime of cavity quantum
electrodynamics.

We first demonstrate that we can accurately
prepare, control, and readout the atomic state. The
atom is initialized in the state |2), by optical
pumping, and the levels |2), and |1), are coupled
by using a pair of Raman lasers (/5). To charac-
terize this coupling, the Raman beams were ap-
plied for a variable duration, and the population
in |2), was measured (/4, 15). Observing Rabi
oscillations (Fig. 2A) with a visibility of 97%
represents an upper bound for the quality of our
state preparation, rotation, and readout process.

Strong coupling between the atom and im-
pinging light is demonstrated by measuring the
reflection of the system with the atom prepared in
|2), as a function of the probe light frequency
(Fig. 2B, red data). The observed normal-mode
splitting testifies to the strong coupling. On reso-
nance, 62(2)% of the impinging photons are re-
flected (with the number in parentheses being the
statistical SE). With increasing coupling strength,
this value is expected to approach unity. When
the atom is prepared in the uncoupled state |1),,
70(2)% of the incoming light is reflected on res-
onance (Fig. 2B, black data). The missing 30%
are either transmitted through the high reflector
or lost via scattering or absorption, which is in
good agreement with input-output theory calcu-
lations (/7) when using the independently mea-
sured mirror parameters.

Having characterized the individual steps of
the protocol, they are now combined to detect pho-
tons in a nondestructive way. The atom is pre-
pared in the superposition state VLE (|1Da + 12)a)-
Within a 2.5-us-long trigger interval, we sent in a
weak coherent laser pulse with an average photon
number of 77 = 0.115(11) and monitor its reflec-
tion with conventional single-photon counting
modules (SPCMs). A typical experimental run is
shown in Fig. 3A, in which a photon was sub-
sequently detected (red line in the blue trigger in-
terval). Therefore, after /2 rotation of the atomic
state many fluorescence photons are observed
(14) in the 25-us-long readout interval (gray),
unambiguously signaling the atomic state change
induced by the detected photon. Thus, in the case
shown in Fig. 3A a photon is detected twice: by
the nondestructive detector and with a conven-
tional, absorptive SPCM. The depicted trace also
indicates that the setup works as an all-optical
switch (/8) that does not destroy the impinging
trigger photon and also does not affect its tem-
poral envelope. The latter can be seen in Fig. 3B,

in which the arrival-time histogram of the pho-
tons detected with the SPCMs after reflection
from the setup is shown. The data taken during
the nondestructive photon measurement (Fig. 3B,
black squares) do not show a clear deviation from
the reference curve recorded without atom (Fig.
3B, red points)—except for a small reduction in
amplitude, which is consistent with the results of
Fig. 2B.

When the input pulse is blocked, no photons
are observed, neither in the blue nor in the gray
interval of Fig. 3A, in 97.1(4)% of all runs. In the
remaining 2.9%, many fluorescence photons are
observed during the atomic state readout, cor-
responding to a “dark count” of the nondestruc-
tive photon detector. This is caused by imperfections
in the atomic state preparation, rotation, and read-
out and might be improved by magnetic shielding
of the setup and by using more complex state-
rotation techniques, such as composite pulses (79).

We then investigated the photon detection
efficiency of our nondestructive device. The prob-
ability of detecting a photon in the input pulse
is given in Fig. 3C. The results obtained with
calibrated conventional SPCMs, without and with
correction for their limited quantum efficiency of
55(5)%, are shown as yellow and gray bars, re-
spectively. The red bars are obtained from the
atomic-state readout. Comparison of the gray and
red bars shows good agreement but does not
reveal information about potential systematic er-
rors. Therefore, we also analyzed correlations be-
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Fig. 2. Atomic state manipulation and cavity
reflection spectrum. (A) Rabi oscillations of the
atomic population when the atom is prepared in
|2)g, and two Raman laser beams are applied for a
variable duration. The red fit curve gives a visibility
of 97%. (B) Reflection off the atom-cavity system
as a function of probe laser frequency, with the atom
in the strongly coupled state |2)4 (red) or in the un-
coupled state | 1), (black). The statistical SE is given
by the thickness of the lines.

tween the detection of a reflected photon by the
SPCMs and by our nondestructive detector. The
blue bars show the probability of finding the atom
in |2),, conditioned on the detection of a photon
by the SPCMs. We obtained 82.1(1.7)%. Correct-
ing for the influence of two-photon components
in the input laser field (and SPCM dark counts)
(15), the conditional detection efficiency of our
device for single photons is 87%.

There are two major experimental imperfec-
tions (/5) that contribute to the deviation of the
conditional detection efficiency from unity. First,
the spatial mode matching of the input photons
and the cavity mode [92(2)%; corresponding re-
duction 12(3)%], and second, the fidelity of the
atomic state preparation, rotation, and readout
(estimated reduction 3%) (/5). None of the im-
perfections has a fundamental limit. Therefore,
it should be possible to further increase the ef-
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Fig. 3. Experimental results. (A) Typical trace
of an experimental run. A photon (red bar) im-
pinging in the trigger interval (blue area) leads to
the emission of many photons in the readout in-
terval (gray area). When the input pulse is blocked,
no photons are detected in both intervals. (B) Tem-
poral envelope of the reflected photon pulse when
an atom is present (black squares) compared with a
reference run without atom (red points). Within the
errors, no deviation in the pulse shape is observ-
able, except for a small amplitude change stem-
ming from the slightly different reflectivities (Fig.
2B). (C) Nondestructive detection of a single pho-
ton. The probability of detecting zero or one photon
is plotted. Yellow, result of the SPCM detection;
gray, calculated input pulse, taking into account
the SPCM detection efficiency; red, result of the
atomic state readout; green, atomic state readout
without impinging light; blue, atomic state, condi-
tioned on the SPCM detection of a reflected photon
in the trigger interval.
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ficiency achieved in our first proof-of-principle
experiment, which already compares well with
state-of-the-art absorbing single-photon detectors
(20-22).

The probability that an impinging photon is
reflected is on average 66(2)%. If a photon is
absorbed, the atomic state is projected, and the
detection process gives the wrong result with a
probability of 50%. Therefore, the probability to
detect a single input photon without postselection
on its reflection from the cavity is calculated to be
74% (15).

In contrast to all absorbing detectors, the ef-
ficiency of our detector can be further improved
by attempting more measurements. Concatenat-
ing two of our devices is expected to increase the
detection efficiency to 87%, whereas three or more
devices should yield 89% (15). The achieved val-
ue is currently limited by absorption and scatter-
ing losses of both the atom and the cavity mirrors.
To further improve, a decrease in cavity loss or an
increase in atom-cavity coupling strength would
be required. Both can be achieved either in Fabry-
Perot (23) or other (24-26) resonators.

The atom-photon interaction mechanism that
has been presented in this work lays the ground
work for numerous experiments. A first step is
the repeated nondestructive measurement of a
single optical photon. Next, with a higher number
of photons in the impinging laser pulse, the odd-
even parity measurement allows one to generate
new quantum states of optical light fields, such as
Schrodinger-cat states (27). Measuring the phase

of the reflected light could be used to entangle
two atoms in the cavity (28). Moreover, using the
polarization degree of freedom as a qubit should
facilitate a deterministic quantum gate between a
single photon and a single atom (9, /3). This can
be further extended to an entangling gate between
several successively impinging photons (9) or be-
tween several atoms trapped in the same or even in
remote cavities, thus efficiently generating atomic
cluster states (13, 29, 30). Implementing this gate
operation would also allow for a deterministic
photonic Bell-state measurement, which would in-
crease the efficiency of measurement-based quan-
tum networks with remote single atoms (37, 32)
close to unity.
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Effect of Collective Molecular
Reorientations on Brownian Motion of
Colloids in Nematic Liquid Crystal

T. Turiv,%? I. Lazo,? A. Brodin,>® B. I. Lev,* V. Reiffenrath,’

V. G. Nazarenko,! O. D. Lavrentovich?*

In the simplest realization of Brownian motion, a colloidal sphere moves randomly in an isotropic
fluid; its mean squared displacement (MSD) grows linearly with time 1. Brownian motion in an
orientationally ordered fluid—a nematic—is anisotropic, with the MSD being larger along the axis
of molecular orientation, called the director. We found that at short time scales, the anisotropic
diffusion in a nematic becomes anomalous, with the MSD growing slower or faster than t; these
states are respectively termed subdiffusion and superdiffusion. The anomalous diffusion occurs at
time scales that correspond to the relaxation times of director deformations around the sphere.
Once the nematic melts, the diffusion becomes normal and isotropic. Our experiment shows

that the deformations and fluctuations of long-range orientational order profoundly influence

diffusive regimes.

andom displacements of a small particle
R in a fluid are controlled by kinetic energy

dissipation (/). The mean displacement is
zero but the average mean squared displacement
(MSD) is finite, growing linearly with time lag ©
(2): (Ar¥(1)) = 6D1, where D is the translational
diffusion coefficient. Brownian particles in com-
plex fluids may exhibit an anomalous behavior,

www.sciencemag.org SCIENCE VOL 342

(Ar3(r)) o< 1%, with the exponent o either smaller
than 1 (subdiffusion) or larger than 1 (superdiffu-
sion). Subdiffusion is observed in polymer (3) and
F-actin networks (4) and in surfactant dispersions
(9); superdiffusion occurs in concentrated suspen-
sions of swimming bacteria (6) and dispersions of
polymer-like micelles (7—/0). The diffusion regimes
should reflect the properties of the host medium

(11), one of which is often a local or long-range
orientational order of molecules.

The simplest orientationally ordered fluid is a
uniaxial nematic, in which the average orienta-
tion of molecules is described by a unit director
i. Because of different effective viscosities
n; #n, for motion parallel and perpendicular to
i, Brownian motion becomes anisotropic, with
two coefficients Dy and D, (12-19). The aniso-
tropic diffusion characterized experimentally to
date for nematics at relatively long time lags 1 re-
mains “normal,” with oo = 1 (/4-19). In some cases,
anomalous diffusion has also been observed, but
it was attributed to features other than the orien-
tational order, such as bacterial activity (6), size
distribution of building units (7), spatial modula-
tion of hydrophobic and hydrophilic regions (8),
bending rigidity of the molecular aggregates (§),
fluctuations of concentration (9), or director dis-
tortions around the dye molecules (20). Here, we
show that the nematic orientational order and its
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