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Detecting an Itinerant Optical Photon Twice without Destroying It
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Nondestructive quantum measurements are central for quantum physics applications ranging from
quantum sensing to quantum computing and quantum communication. Employing the toolbox of cavity
quantum electrodynamics, we here concatenate two identical nondestructive photon detectors to repeatedly
detect and track a single photon propagating through a 60 m long optical fiber. By demonstrating that the
combined signal-to-noise ratio of the two detectors surpasses each single one by about 2 orders of
magnitude, we experimentally verify a key practical benefit of cascaded nondemolition detectors compared
to conventional absorbing devices.
DOI: 10.1103/PhysRevLett.126.253603

Quantum physics distinguishes between two kinds of
measurements. Following Pauli [1], a measurement of the
first kind projects the state of a system onto an eigenstate of
the measured observable, with subsequent measurements of
the same kind giving the same result. A measurement of the
second kind, in contrast, exerts a random backaction on the
complementary observable so that repeated measurements
lead to different results. This distinction has been refined by
introducing the concept of a quantum nondemolition
(QND) measurement [2,3], where Pauli’s measurement
of the first kind is formally defined by requesting that
the operator corresponding to the measured observable
commutes with the Hamiltonian of the system. In practice,
QND measurements thus allow for repeated observations
without changing the outcome, a unique property that has
(at least) two benefits. First, it allows us to track the
evolution of the observable without any backaction.
Second, it allows us to concatenate several measurements,
each with a nonperfect detection sensitivity (e.g., signal-tonoise ratio), and in this way enhance the overall sensitivity.
Repeatability therefore has been identified as being a
powerful advantage, as was emphasized by Caves et al.
[4]: “The key feature of such a nondemolition measurement
is repeatability—once is not enough!”
The application potential of QND measurements was
realized early on in the field of gravitational wave detection
[2,3] and has later on sparked large interest in a vast number
of other fields ranging from astronomy [5], to high-precision
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metrology [6,7] and quantum-information processing [8]. In
the laboratory, QND measurements have been implemented
in different matter-based experimental platforms such as
ions [9], superconducting qubits [10], solid state systems
[11], and atomic ensembles [12]. QND measurements of
single photons, however, turned out to be comparatively
difficult to implement, as they require the development of
detectors capable of observing single photons without
absorbing them [13]. Nevertheless, landmark experiments
were proposed and performed in the microwave domain
with photons stored in high-quality resonators [14–16] and
later extended to the detection of itinerant microwave
photons [17,18]. In the optical domain [19,20], a single
nondestructive detection of a flying photon was achieved as
well [21]. Although this experiment demonstrated the
principle of one QND detection, so far an experimental
verification of the feasibility to repeatedly measure and
thereby track a flying optical photon remained elusive.
Here, we verify the repeatability and the increased
sensitivity by using two QND detectors to observe one
optical photon twice. The two devices, each made from a
single atom coupled to an optical cavity, are distributed
along an optical fiber in which the photon propagates. Once
the latter has interacted with each detector, we observe
correlations between the detection events. These correlations are the key element behind our demonstration that
the combined system of two detectors outperforms both
individual devices in terms of signal-to-noise ratio.
Furthermore, we demonstrate that our QND detectors are
specifically suited to detect single-photon states. To this
end, we employ the first QND detector as a state preparation device to generate single photons out of weak
coherent states [22]. We then use such single photons to
probe the second QND detector. As they are eigenstates of
the measurement, we show that they are detected with
higher probability than the input coherent states and that
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their single-photon character is unaffected by the QND
detection. Our protocol is widely applicable and could also
be implemented with single ions [23,24], superconducting
qubits [17,18], quantum dots [25–27], silicon vacancy
centers [28], or rare-earth ions [29] coupled to cavities.
The setup consists of a concatenation of QND detectors,
lined up along an optical fiber in which a photon propagates. An artist’s view of the experiment is shown in
Fig. 1(a) where the QND detectors are depicted as bulbs
that light up as soon as the photon passes by. An external
observer can see correlations between the successively
illuminated bulbs, and photon loss manifests by dark bulbs
downstream. Figure 1(b) shows a more detailed sketch of
our experiment. The two detectors, named QND1 and
QND2 in the following, are separated by a distance of 60 m.
Each detector is made of a single 87Rb atom trapped in a
high-finesse cavity. The systems are both single-sided and
operate in the strong-coupling regime of cavity quantum
electrodynamics. The atoms are initialized in j↑z i ¼
j52 S1=2 ; F ¼ 2; mF ¼ 2i via optical pumping with light
resonant with the j↑z i ↔ jei transition, where
jei ¼ j52 P3=2 ; F ¼ 3; mF ¼ 3i. The cavities are both
stabilized to this transition frequency. Following the optical
(a)

(c)

(b)

FIG. 1. (a) Our vision. A series of QND detectors, depicted as
bulbs, are attached to an optical fiber. A propagating photon (red
wiggly arrow) is subsequently detected several times, indicated
by the illuminated bulbs. (b) Setup of the experiment. A weak
coherent pulse jαi is coupled into an optical fiber and consecutively interacts with the two QND detectors. The latter are
composed of an atomic qubit each, depicted as a Bloch sphere
(light blue). The north and south poles of the Bloch spheres
correspond to j↑z i and j↓z i, respectively. The states j↑x i ðj↓x iÞ
on the equator are indicated by the red (yellow) arrows. Two
circulators direct the photons onto the QND detectors before they
are directed to a Hanbury Brown–Twiss (HBT) setup of singlephoton detectors (blue half disks). (c) Quantum circuit diagram.
The photon reflections from the two detectors comprise two
Z gates.

pumping, we employ a pair of Raman lasers in each of the
setups to prepare
both atoms in the superposition state
pﬃﬃﬃ
j↑x i ¼ ð1= 2Þðj↑z i þ j↓z iÞ, where j↓z i ¼ j52 S1=2 ; F ¼ 1;
mF ¼ 1i [21]. A state-detection laser resonant with the
j↑z i ↔ jei transition allows us to deterministically distinguish between the states j↑z i and j↓z i with a fidelity
of > 99%.
Instead of injecting single photons into the fiber, we
perform our experiments with weak coherent laser pulses
jαi that contain a mean photon number jαj2 ¼ hni in front
of the first QND detector. The choice of coherent pulses
(λ ¼ 780 nm) allows us to study the application of our
QND detectors as quantum state preparation devices of
single photons. Additionally, in the limit of hni → 0, we
can approximate a single-photon input by eliminating the
vacuum contribution through a post selection on a detection
event (“click”) in a standard absorbing detector at the far
end of the propagation line. The light is injected into the
fiber and, after the reflection from the QND detectors, hits
two absorbing detectors arranged in Hanbury Brown–Twiss
configuration that allows us to measure the second-order
intensity autocorrelation function gð2Þ ðτÞ. The light pulses
have a Gaussian shape with a full width at half maximum of
1 μs and are resonant with the transition j↑z i ↔ jei.
Our protocol, depicted as a quantum circuit diagram in
Fig. 1(c), starts by initializing each atom in the state j↑x i.
As a next step, light injected into the fiber successively
interacts with the two QND detectors. In case of an odd
number of photons in the light pulse, as for a single photon,
a phase shift of π in the combined atom-light state leads to a
sign change in both atomic superposition states [21,30–32].
Each of the
pﬃﬃﬃ QND detectors then occupies the state
j↓x i ¼ ð1= 2Þðj↑z i − j↓z iÞ. For an even number of photons, such as for the vacuum state, the two atoms remain in
j↑x i. In the quantum-information language, the interaction
of the photon and each of the atoms can be expressed as a
controlled-Z gate. After reflection of the light from the two
detectors, a π=2 pulse is applied which maps j↓x i ðj↑x iÞ
onto j↑z i ðj↓z iÞ. Therefore, a final atomic state detection of
j↑z i (j↓z i) heralds the presence of an odd (even) photon
number at the corresponding detector.
Since the passing photon is ideally detected by both
QND detectors, correlations between both of them must be
observable. However in practice, the setup exhibits substantial losses between the two detectors (optical fiber
coupling, fiber losses, and limited circulator transmission,
total transmission: 53%). To ensure the presence of light in
front of each cavity, we can condition our data on the
successful transmission of the photon through the entire
system by postselecting on a click of one of our absorbing
detectors downstream.
In a first experiment, we individually characterize the
two QND detectors by measuring the probability of a
successful QND photon detection conditioned on a click in
the absorbing detectors. For the measurement, the mean
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photon number hni in the impinging coherent pulse is
scanned. For hni ¼ 0.084, the maximum probabilities
Pð↑z;QND1 jclickÞ ¼ 81.3% and Pð↑z;QND2 jclickÞ ¼ 87.0%
are observed. The difference in the measured maximum
probabilities Pð↑z;QND1=2 jclickÞ is due to slightly different
experimental parameters, mainly coherence time and the
quality of the Raman pulses, in the two QND detectors.
A detailed description of the individual characterization is
given in the Supplemental Material [33].
In the next experiment, we concatenate the QND devices
and remove the conditioning on the classical detector click.
In a first step, we measure the click probabilities
Pð↑z;QND1=2 Þ of the two detectors when probing them with
a coherent state containing a mean photon number hni.
Since the detectors are sensitive to the parity of the photon
number, the respective click probability monotonically
increases from zero to 50% as hni is increased starting
from zero. The saturation behavior results from the equal
contributions of even and odd photon numbers in the limit
of high hni. Because of the optical losses between the two
setups, the respective mean photon number is different in
front of the two detectors resulting in the observed scaling
of the respective curves. Data are shown in Fig. 2.
Since the QND detectors are nondestructive, we can
condition each of them on a click in the other detector. The
respective click probabilities Pð↑z;QND1=2 j↑z;QND2=1 Þ show a
different behavior compared to Pð↑z;QND1=2 Þ. When conditioning the downstream detector on the upstream detector,
an increase in the click probability is observable compared to
the case where no conditioning is applied. The effect,

FIG. 2. Click probabilities Pð↑z;QND1 Þ (red triangles) and
Pð↑z;QND2 Þ (blue squares) of the two QND detectors when
probing them with a coherent state input. When conditioning
on a click of the other detector respectively, we observe
Pð↑z;QND1 j↑z;QND2 Þ (black circles) and Pð↑z;QND2 j↑z;QND1 Þ (green
diamonds). The solid horizontal line shows the threshold of 50%.
The solid black lines are based on a simulation model outlined in
the Supplemental Material [33]. The theory is not a fit, but
employs experimental parameters characterized in independent
measurements. The error bars represent standard deviations from
the mean.

however, is strongly suppressed due to the inevitable losses
between the setups. In the other case, where the upstream
detector is conditioned on the downstream detector, the
effect of the losses is suppressed as, for hni ≪ 1, a
click downstream selects the events when no losses
occurred between the setups. For increasing hni, we
observe a correlation maximum of Pð↑z;QND1 j↑z;QND2 Þ ¼
ð68.4  0.7Þ%, clearly surpassing the 50% threshold for
uncorrelated random click events. For hni approaching zero,
these correlations decrease due to intrinsic dark counts in the
QND detectors. The dark counts of QND1(2) stem from
imperfect Raman rotations that leave dc1ð2Þ ¼ 1.4%ð0.4%Þ
residual population in the state j↑z i when performing two
consecutive π=2 pulses after initializing the atoms in j↑z i.
Because of higher photon-number contributions for increasing hni, the correlations asymptotically approach 50%.
A benefit of nondestructive photon detectors compared
to conventional destructive devices is that they can be
concatenated to enhance the overall detection efficiency or
the signal-to-noise ratio (SNR). In the following, we show
that introducing a logical “or” (∨) connection between the
QND detector clicks allows us to enhance the overall
efficiency while a logical “and” (∧) connection increases
the signal-to-noise ratio. We start with the first case and
measure the probability that at least one detector, QND1 or
QND2, detects a photon conditioned on an absorbingdetector click downstream. A maximum probability of
95.1% is observed, which surpasses the maximal capabilities of both individual QND devices (81.3% and 87.0%)
and therefore shows the enhancement of the detection
efficiency. Data as a function of hni are shown in Fig. 3.

FIG. 3. Correlations between the QND detectors with conditioning on the absorbing-detector click downstream. The green
diamonds and black circles, show the probability that QND1 or/
and QND2 clicks, conditioned on the absorbing-detector click.
The black data points relate to Fig. 1(a), where ideally all
upstream detectors click once the photon has passed. For
comparison, we also show Pð↑z;QND1=2 jclickÞ (red triangles
and blue squares). Error bars represent standard deviations from
the mean. The solid lines show the predictions based on our
simulation model.
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A summary of the total measurement time, number of
experimental runs, and coincidence rates is given in the
Supplemental Material [33].
Although the efficiency is an important parameter of a
single-photon detector, the signal-to-noise ratio is even
more relevant in practice. In the limit of small hni, we
define the SNR of the individual detectors as SNR1ð2Þ ¼
Pð↑z;QND1ð2Þ jclickÞ=dc1ð2Þ and the SNR of the concatenated
detectors as SNR1∧2 ¼ Pð↑z;QND1 ∧ ↑z;QND2 jclickÞ=dc1∧2 .
In the last expression, dc1∧2 is the probability of finding
both QND1 and QND2 in j↑z i at the end of the protocol
when no light is injected into the fiber. By employing the
logical “and” connection, we exploit the fact that the signal
in both detectors is correlated while the dark counts are
uncorrelated to enhance SNR1∧2 compared to SNR1 ¼ 59
and SNR2 ¼ 218. While in the limit of small hni the
probability Pð↑z;QND1 ∧ ↑z;QND2 jclickÞ is only slightly
lowered compared to the individual devices (see Fig. 3),
we find that SNR1∧2 is a factor of 61 higher than SNR2 and
a factor of 227 higher than SNR1 .
We now demonstrate that increasing the state overlap of
the impinging light jαi with that of a single-photon Fock
state, j1i, increases the click probability of QND2. This
increase stems from the fact that single-photon states are
eigenstates of our detector which are observed with unity
efficiency in an ideal scenario. Starting with a weak
coherent state at the input of the fiber, we employ two
conditions ensuring that the light impinging on QND2 is
approximately described by a single-photon state. First, the
condition on a click in the downstream absorbing detectors
is applied. This condition removes the vacuum contribution
from the coherent state and additionally ensures that light is
not lost in the fiber and therefore impinges on QND2. The
limitations of this condition are that all photon-number
contributions n ≥ 1 will remain in the pulse, and that for
too low values of hni the dark counts in the absorbing
detectors add a small vacuum contribution. Nevertheless,
for appropriately chosen low values of hni, this technique
allows us to approximate single photons. Second, and as an
additional condition, we employ QND1 as a state preparation device. Since it is sensitive to the parity of the
impinging photon number [38,39], a click in this detector
removes all even photon-number contributions [22].
Therefore, in the limit of vanishing hni, employing both
conditions applies a selection window around the desired
single-photon Fock state and approximates a single photon
better than just conditioning on the absorbing detector. As a
result, for a proper single-photon detector, the following
inequality must hold: Pð↑z;QND2 j↑z;QND1 ∧ clickÞ >
Pð↑z;QND2 jclickÞ. As shown in Fig. 4, we can indeed
verify this inequality. Our data show that the click
probability of QND2 increases if the impinging state
has a higher overlap with an ideal single-photon state.
Maximally, a probability Pð↑z;QND2 j↑z;QND1 ∧ clickÞ ¼
90.7% is observed.

FIG. 4. Probabilities Pð↑z;QND2 j↑z;QND1 ∧ clickÞ (black circles)
and Pð↑z;QND2 jclickÞ (blue squares). The solid lines show
theoretical predictions based on our model. The gray area
highlights the difference between the two theoretical curves.
Error bars represent standard deviations from the mean.

To verify the preparation of single photons with our two
QND detectors from the initial coherent pulse, we employ
two absorbing detectors in a Hanbury Brown–Twiss configuration as shown in Fig. 1(b). This allows us to extract
the second-order photon-correlation function gð2Þ ðτÞ. For
the measurement, we use an initial coherent pulse with an
average photon number of hni ¼ 0.45. We extract gð2Þ ð0Þ
and ḡð2Þ ðτ ≠ 0Þ averaged over all τ ≠ 0. The second-order
correlation function is conditioned on clicks in the two
QND measurements. Table I contains the obtained data.
When not conditioning on any of the QND detection
results, we verify the coherent character of our light since
gð2Þ ðτÞ is close to unity for all values of τ. As a next step, we
condition our data on a click of QND1 and observe a
reduction of gð2Þ ð0Þ from unity to 0.354þ0.121
−0.091 . Similarly,
when conditioning the data on a click of QND2, we obtain
gð2Þ ð0Þ ¼ 0.047þ0.021
−0.015 . Both results show the single-photon
character of the light after conditioning on the respective
detector. The difference in the two obtained values for
gð2Þ ð0Þ stems from the different mean photon number in the
coherent pulse impinging onto the respective QND detector
TABLE I. Measurements of the second-order photoncorrelation function gð2Þ ðτÞ. The obtained data is conditioned
on different combinations of QND detection events. Error bars
are statistical.
Condition

gð2Þ ðτ ¼ 0Þ

ḡð2Þ ðτ ≠ 0Þ

None

þ0.253
1.005−0.206

0.995þ0.006
−0.005

↑z;QND1

þ0.121
0.354−0.091

1.010þ0.004
−0.004

↑z;QND2

þ0.021
0.047−0.015

1.000þ0.002
−0.002

↑z;QND1 ∧ ↑z;QND2

þ0.023
0.038−0.014

1.000þ0.002
−0.002
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due to the losses between the detectors. Finally, when the
data is conditioned on a click of both QND detectors,
we obtain gð2Þ ð0Þ ¼ 0.038þ0.023
−0.014 . A comparison between the
conditions ↑z;QND1 and ↑z;QND1 ∧ ↑z;QND2 shows that
the single-photon character of the light after successful
state preparation with QND1 is preserved by QND2.
In conclusion, we have shown the feasibility of repeatedly detecting an optical photon. This feature of a QND
measurement allows us to enhance the detection efficiency
or the signal-to-noise ratio. By adding time resolution to the
QND detector, it should be possible to gain information
about the propagation direction of a photon, a piece of
information only accessible with QND detectors.
Moreover, an improved setup with smaller losses between
the two detectors could serve as a heralded source of
photonic Fock states. Such a device, described in detail in
the Supplemental Material [33], is capable of decomposing
a coherent state into its number-state constituents [16].
Arguably most fascinating is an extension to several
nondestructive detectors for photonic qubits. This could
speed up a plethora of quantum-network [40–42] protocols
such as entanglement distribution where a new transmission attempt could be started immediately after a
spatially resolved loss detection between sender and
receiver [43].
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