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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 which does not rely on absorption.
Instead, an incoming photon is reflected off 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% is 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 novel quantum states of
light.

More than a century ago, Planck’s idea of a quantized energy exchange between light and matter and Einstein’s conclusion that a light beam consists of a stream
of particles 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 normally-ordered photon creation and annihilation operators [1, 2]. The picture of
photon detection as a destructive process has been confirmed experimentally ever since. Nondestructive detection [3], namely the ability to watch individual photons
fly by, has until now been an unaccomplished “ultimate
goal” [4] of optical measurements.
Nondestructive detection has two major implications.
First, a single photon can be detected more than once.
Thus, concatenating several devices 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 freedom,
like its temporal shape or its polarization. This is in stark
contrast to absorbing detectors, where the quantum state
of the photon is projected and therefore lost. Both implications are of great importance for rapidly evolving
research fields such as quantum measurement [5], optical quantum computing [6], and quantum communication
and networking [7, 8].
The interaction mechanism [9] we implement is based
on the principles of cavity quantum electrodynamics, remarkably robust, and applicable to many different physical systems. It allows one to nondestructively detect
propagating optical photons and thus to complement experiments with microwave fields trapped in superconducting resonators [10–12]. 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 coupling between
the light pulse and the atom in one of the atomic states,
but not the other. This leads 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

FIG. 1.
Nondestructive photon detection. (A,B)
Sketch of the setup and atomic level scheme. A single atom,
(1), is trapped in an optical cavity that consists of a highreflector, (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 |1ia , the photon (red curly arrow) enters
the cavity (blue semicircles) before being reflected. In this
process, the combined atom-photon state acquires a phase
shift of π. (B) If the atom is in |2ia , the strong coupling on
the |2ia ↔ |3ia transition leads to a normal-mode splitting
of 2g, such 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 √12 (|1ia + |2ia ). (D) If a photon impinges, the atomic state is flipped to √12 (|1ia − |2ia ). (E) The
atomic state is rotated by π2 . (F) Fluorescence detection is
used to discriminate between the states |1ia and |2ia .

interaction mechanism is given in [9, 13]. For an intuitive explanation, consider a three-level atom in a singlesided cavity (Fig. 1A), where 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
between the atomic states |2ia and |3ia . A photon, resonant with the empty cavity, is impinging onto the transmitting mirror. If the atom is in the state |1ia , it will
not interact with the photon because any transition is far
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detuned. Thus, the photon will enter the cavity before
being reflected. If, however, the atom is in |2ia (Fig. 1B),
the strong atom-photon coupling leads to a normal-mode
splitting, such 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 π, while there is no phase shift in the strongly coupled case. When the impinging photon is denoted by
the state |1ip , we thus find |2ia |1ip → |2ia |1ip , whereas
|1ia |1ip → eiπ |1ia |1ip = −|1ia |1ip .
To use this conditional phase shift for nondestructive
photon detection, the atom is prepared in the superposition state √12 (|1ia + |2ia ) (Fig. 1C). If there is no
impinging photon, the atomic state remains unchanged
(Fig. 1D, green filled circle). If, however, a photon is
reflected, the atomic state becomes (omitting a global
phase) √12 (|1ia + |2ia )|1ip → √12 (|1ia − |2ia )|1ip (red arrow and red filled circle). To measure this phase flip, a
π/2 rotation maps the atomic state √12 (|1ia + |2ia ) onto
|1ia , while √12 (|1ia − |2ia ) is rotated to |2ia (Fig. 1E).
Subsequently, cavity-enhanced fluorescence state detection [14] is used to discriminate between the atomic states
|1ia and |2ia (Fig. 1F, [15]). Note that two photons in the
input pulse lead to a phase shift of ei2π = 1. The used
sequence therefore measures the odd-even parity of the
photon number. As long as the average photon number
per measurement interval is much smaller than one, only
zero or one photon events are present and the detection
result is unambiguous.
In our setup [16], a single 87 Rb atom is trapped in a
three-dimensional optical lattice at the center of a FabryPerot resonator. The coupling mirror has a transmission
of 95 ppm, which is large compared to the transmission
of the high-reflector and the scattering and absorption
losses (8 ppm). The cavity field decay rate is κ = 2π ×
2.5 MHz, the atomic dipole decay rate is γ = 2π ×3 MHz,
and the measured atom-cavity coupling constant on the
|2ia ↔ |3ia transition is g = 2π ×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 read out the atomic state. The atom is initialized in the state |2ia by optical pumping and the levels |2ia and |1ia are coupled using a pair of Raman lasers
[15]. To characterize this coupling, the Raman beams
were applied for a variable duration and the population in
|2ia was measured [14, 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 impinging light
is demonstrated by measuring the reflection of the system with the atom prepared in |2ia as a function of the

FIG. 2. Atomic state manipulation and cavity reflection spectrum. (A) Rabi oscillations of the atomic population when the atom is prepared in |2ia 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 |2ia (red) or in the uncoupled
state |1ia (black). The statistical standard error is given by
the thickness of the lines.

probe light frequency (red data in Fig. 2B). The observed
normal-mode splitting testifies to the strong coupling.
On resonance, 62(2)% of the impinging photons are reflected. With increasing coupling strength, this value is
expected to approach unity. When the atom is prepared
in the uncoupled state |1ia , 70(2)% of the incoming light
is reflected on resonance (black data in Fig. 2B). The
missing 30% are either transmitted through the highreflector or lost via scattering or absorption, in good
agreement with input-output theory calculations [17] using the independently measured mirror parameters.
Having characterized the individual steps of the protocol, they are now combined to detect photons in a nondestructive way. The atom is prepared in the superposition
state √12 (|1ia + |2ia ). Within a 2.5 µs long trigger interval, we send in a weak coherent laser pulse with an
average photon number of n̄ = 0.115(11) and monitor its
reflection with conventional single-photon counting mod-
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FIG. 3. Experimental results. (A) Typical trace of an
experimental run. A photon (red bar) impinging in the trigger interval (blue area) leads to the emission of many photons
in the readout interval (grey area). When the input pulse is
blocked, no photons are detected in both intervals. (B) Temporal envelope of the reflected photon pulse when an atom
is present (black squares) compared to a reference run without atom (red points). Within the errors, no deviation in
the pulse shape is observable, except for a small amplitude
change stemming from the slightly different reflectivities, see
Fig. 2B. (C) Nondestructive detection of a single photon. The
probability of detecting zero or one photon is plotted. Yellow:
Result of the SPCM detection. Grey: 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, conditioned on
the SPCM detection of a reflected photon in the trigger interval.

ules (SPCMs). Fig. 3A shows a typical experimental run,
where a photon was subsequently detected (red line in
the blue trigger interval). Therefore, after π/2 rotation of
the atomic state, many fluorescence photons are observed
[14] in the 25 µs long readout interval (grey), unambiguously signalling 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 conventional, absorptive SPCM. The depicted
trace also indicates that the setup works as an all-optical
switch [18] which does not destroy the impinging trigger
photon and also does not affect its temporal envelope.
The latter can be seen in Fig. 3B, where the arrival-time
histogram of the photons detected with the SPCMs after
reflection from the setup is shown. The data taken during
the nondestructive photon measurement (black squares)
do not show a significant deviation from the reference
curve recorded without atom (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 grey 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, corresponding to a ‘dark count’ of
the nondestructive photon detector. This is caused by
imperfections in the atomic state preparation, rotation
and readout and might be improved by magnetic shielding of the setup and by using more complex state-rotation
techniques such as composite pulses [19].
We now investigate the photon detection efficiency of
our nondestructive device. The probability 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 grey bars, respectively. The red bars are obtained from the atomic-state
readout. Comparison of the grey and red bars shows
good agreement, but does not reveal information about
potential systematic errors. Therefore, we also analyze
correlations between 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
|2ia , conditioned on the detection of a photon by the
SPCMs. We obtain 82.1(1.7)%. Correcting 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 imperfections [15]
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 reduction 12(3)%), and second, the fidelity
of the atomic state preparation, rotation and readout (estimated reduction 3%) [15]. None of the imperfections
has a fundamental limit. Therefore, it should be possible to further increase the efficiency 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
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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 efficiency of
our detector can be further improved by attempting more
measurements. Concatenating two of our devices is expected to increase the detection efficiency to 87%, while
three or more devices should yield 89% [15]. The achieved
value is currently limited by absorption and scattering
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 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, e.g.
Schrödinger-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, 13]. This can be further extended to an entangling
gate between several successively impinging photons [9]
or between 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 Bellstate measurement, which would increase the efficiency of
measurement-based quantum networks with remote single atoms [31, 32] close to unity.
We thank Norbert Kalb for experimental assistance.
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SUPPLEMENTARY MATERIALS

MATERIALS AND METHODS

Atomic state preparation

The level scheme of 87 Rb exhibits eight ground states:
three in the F = 1 and five in the F = 2 manifold of
the 52 S1/2 state. The states |1ia and |2ia mentioned
in the main text are identified with the |F, mF i states
|1, 1i and |2, 2i, respectively. The excited state |3ia is the
|3, 3i state of the 52 P3/2 manifold. The atomic transition
|2ia ↔ |3ia is Stark-shifted by 100 MHz due to the trap
light.
To prepare the atom in |2, 2i, a 250 µs long interval
of optical pumping with a coherent laser pulse is used.
This pump pulse is resonant with the cavity and the
|2ia ↔ |3ia transition, circularly polarized and applied
through the highly reflecting cavity mirror. A repumping
laser on the F = 1 ↔ F 0 = 2 transition of the D2 line is
applied perpendicular to the cavity axis. When the atom
is in |2, 2i, the transmission of the pump laser through
the cavity is reduced by a factor of ten [16]. This allows to detect whether the atom has been pumped to the
desired state by measuring the transmitted pump light
with SPCMs. Figure S1A shows the distribution of the
number of photons detected in a 10 µs interval. At the
beginning of the optical pumping process (black squares),
the atom is typically in a state that does not couple to
the cavity. A Poissonian distribution (black fit curve)
with an average of 17 detected photons is observed. At
the end of the pumping process (red points), the photon
number distribution is again Poissonian (red fit curve, 1.6
detected photons on average), however clearly distinct
from the high photon numbers observed for the uncoupled atom. During optical pumping, one can directly observe the increase of the atomic population in the desired
state as a developing peak around low photon numbers
(blue triangles). At the end of the pumping interval, still
more than five transmitted photons are observed in 13%
of all cases. We associate these events with the atom
not having been pumped to |2, 2i and therefore exclude
them in the analysis of the data. In other words, we use
our nondestructive single-photon detector only when the
state preparation has been successful with high probability.

FIG. S1. Atomic state preparation and detection. (A)
Cavity transmission during optical pumping. At the beginning of the pumping process (first 10 µs, black squares), we
detect a Poissonian distribution (black fit curve) of photon
numbers with 16 detected photons on average. At the end of
the pumping process, we only detect 1.6 photons on average
(red points and red Poissonian fit curve). In between, a steady
increase of the atomic population in |2, 2i can be seen (blue
triangles). When 5 or less pulses are detected (grey box, 87%
of all experimental runs), we infer that the atom was correctly
pumped to the state |2, 2i. (B) State-detection measurement
when the input pulse is blocked (green, left axis) or when a
photon has been detected by the SPCM during the trigger
interval (blue, right axis). The discrimination threshold for
state detection is chosen to be 2.5 SPCM pulses, as indicated
by the grey area.

Atomic state rotation

In order to implement the atomic state rotation, a pair
of copropagating Raman beams applied perpendicular to
the cavity axis is used [16], 0.1 THz red-detuned from the
D1 line at 795 nm. A magnetic field is applied to split the
ground-state Zeeman states with ∆mF = 1 by 0.4 MHz,
such that the transition |2, 2i ↔ |1, 1i can be addressed
in a frequency-selective way without driving transitions
to other Zeeman states. Thus, the Raman beams lead
to an effective two-level coupling between the states |2ia
and |1ia .
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Atomic state readout

For single-shot readout of the atomic state, a 25 µs
long laser pulse is applied from the side of the cavity
in a counterpropagating configuration with orthogonal
linear polarizations. The laser is resonant with the cavity
and the Stark-shifted atomic transition |2ia ↔ |3ia . If
the atom is in F = 1 and therefore off-resonant, it does
not scatter any photons. If it is in F = 2, however,
we observe Purcell-enhanced scattering into the cavity
mode. This allows to discriminate the atomic state with
high fidelity [14]. Figure S1B shows a histogram of the
number of photons detected with the SPCM for the same
data set as in Fig. 3B. When the input pulse is blocked,
the atom ideally ends up in the off-resonant state |1ia
and less than three photons, caused by stray light and
SPCM dark counts, are detected with a probability of
97.1(4)% (green bars). When a photon has been detected
by the SPCM during the trigger interval, the atom is
most likely transferred to |2ia , and three or more photons
are detected with a probability of 82.1(1.7)% (blue bars).

Calculation of the single-photon detection efficiency

To characterize our device, we measure the probability that the atom is found in |2ia , conditioned on an
SPCM detection event to be ηcond = 82.1(1.7)%. In
this measurement, weak coherent laser pulses with an
average photon number of n̄ = 0.115(11) are used, such
that p1 = 10.3% of the pulses contain a single photon,
p2 = 0.6% contain two and only a negligible fraction of
0.02% contains more than two. Input states with two
photons are ideally not detected by our setup, because
the resulting phase shift of 2π returns the atom to its
original state. Therefore, characterization of the device
with coherent pulses yields a conditional detection effin=1
ciency which is systematically lower than ηcond
, the value
expected for single-photon input pulses. Because of the
low probability for more than two photons in the incoming pulse, they have a negligible influence and are therefore neglected in the following. The detection of exactly
one photon by the SPCM can be the result of four different scenarios:
• The most likely, ideal situation is that the impinging pulse contains one photon, which is detected by
the SPCM with a probability of pdet = r. Here,
r = 0.66(2) is the probability that the photon is reflected from the cavity and  = 0.55(5) is the quantum efficiency of the SPCM. The total probability
for this case is p1 pdet .
• In the second case, there are two photons in the
impinging pulse, both of which are reflected off
the cavity, but only one is detected by the SPCM.

This happens with a probability of p2 pdet,refl , with
pdet,refl = 2r2 (1−). In this case, the atomic phase
shift is 2π and our nondestructive detection mechanism yields the incorrect result “no photon”.
• In the third case, one of the two photons is detected,
but the other is absorbed or scattered by our setup.
This happens with a probability of p2 pdet,abs , with
pdet,abs = 2r(1−r), and projects the atom to either
state |1ia or state |2ia . The final π/2 rotation then
results in an equal superposition of |1ia and |2ia ,
such that our nondestructive detection mechanism
leads to the incorrect result “no photon” with 50%
probability.
• Finally, a small fraction of 0.4% of the SPCM detection events are caused by stray or dark counts
without any impinging trigger photon. The corresponding probability for a dark count is pdark =
1.6 × 10−4 . Since there is no phase shift on the
atom, our detector will give the result “no photon”.
Considering these cases, the conditional detection efficiency of our device for single-photon input pulses is:
n=1
ηcond
=

ptot ηcond − 12 p2 pdet,abs
= 87%.
p1 pdet

Here, ptot = pdark + p1 pdet + p2 (pdet,refl + pdet,abs ) is the
total probability for a single SPCM detection event.
To derive the unconditional single-photon detection efficiency η, two cases have to be considered: In the first
case, a single impinging photon is reflected and the detection mechanism works as intended. In the second case,
a single photon is impinging, but not reflected and the
atomic state is thereby projected: If the photon is transmitted through the high-reflector or absorbed or scattered by the mirrors, it first had to enter the cavity, which
means that the atom is in |1ia with a high probability. If
the photon is scattered by the atom, the latter ends up in
|2a i. In both cases, atomic state rotation and subsequent
readout give the correct result only with a probability of
50%. Therefore, we calculate the unconditional singlephoton detection efficiency of our device to be
n=1
η = rηcond
+ (1 − r)

1
= 74%.
2

Detection efficiency when concatenating several
devices

For m concatenated devices, the efficiency to detect a
single photon increases to
η

m−1
X

i

(r (1 − η)) .

i=0

This yields 87% for two of our nondestructive detectors,
and 89% for three or more devices.
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Analysis of experimental imperfections

In addition to the influence of coherent input pulses
and dark counts discussed earlier, several experimental
imperfections contribute to the reduction of the detection
efficiency:
• The spatial mode-matching of the input photons
and the cavity mode is not perfect (estimated to be
q = 92(2)%). Therefore, some photons do not interact with the cavity. They are perfectly reflected
and reach the SPCM with unit efficiency, but do
not leave a trace in the atom. The photons interacting with the cavity, on the other hand, only
reach the detector with probability r. Therefore,
1−q
1−q+rq = 12(3)% of the photons seen by the SPCM
did not interact with the cavity.
• The atomic state preparation, rotation and readout are not perfect. We estimate a corresponding

reduction in detection efficiency by 3%.
• The reflection probabilities for the atom in state
|1ia (70%) and |2ia (62%) are different. Therefore,
reflection of the photon leaves the atom in a superposition state which is not exactly on the equator
of the Bloch sphere. The estimated reduction is
0.4%.
• Instability of the laser and cavity frequencies (standard deviation ≤ 300 kHz).
• Fluctuations of the atomic energy levels caused by
light shifts.
• Cavity birefringence that can lead to noncircular
polarization components which do not couple to the
atomic state |3ia .
None of these imperfections has a fundamental limit, and
we therefore expect that the efficiency of cavity-based
nondestructive photon detection can be increased in future realizations.

