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Coherent optical fibre networks are extremely sensitive
to thermal, mechanical and acoustic noise, which re-
quires elaborate schemes of phase stabilization with
dedicated auxiliary lasers, multiplexers and photode-
tectors. This is particularly demanding in quantum net-
works operating at the single-photon level. Here we
propose a simple method of phase stabilization based
on single-photon counting and apply it to quantum fi-
bre networks implementing single-photon interference
on a lossless beamsplitter and coherent perfect absorp-
tion on a metamaterial absorber. As a proof of principle,
we show dissipative single-photon switching with vis-
ibility close to 80%. This method can be employed in
quantum networks of greater complexity without clas-
sical stabilization rigs, potentially increasing efficiency
of the quantum channels. © 2020 Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

Leveraging on advanced telecommunication technologies,
coherent optical fibre networks provide a scalable platform
for quantum light processing and quantum communication.
Single-photon interference [1, 2], quantum computation based
on a dual-rail qubit encoding [3, 4], quantum key distribu-
tion [5, 6], entanglement swapping and distribution [6, 7], and
high-dimensional quantum state transmission [8] have already
been demonstrated in fibre environment proving feasibility of
fiber-based quantum optics. Recent achievements in fabrication
of fully-fiberized metamaterial packages [9] allow to extend the
functionality of accessible devices for quantum light manipula-
tion. For instance, quantum coherent perfect absorption (CPA)
with plasmonic metamaterial absorber, first demonstrated in a
free space [10], was shown in an optical fibre network [11]. How-
ever, to deal with phase noise — an inherent problem of fibre sys-
tems, these experiments had to employ resource demanding sta-
bilization or elaborate data post selection techniques [1, 2, 11, 12].

In this paper, we develop a new method of phase stabilization
by single-photon counting which is far less resource demand-
ing, and apply it to a basic coherent network represented by a

fully-fiberized Mach-Zehnder interferometer (MZI) operating
at the single-photon level. We further implement this technique
in a coherent optical fibre network containing plasmonic meta-
material absorber operating at CPA regime, where we achieve
deterministic control of single-photon absorption probability.
We show all-optical switching by driving the system between
absorbing and transmitting modes, otherwise not possible in the
previous experiment without stabilization.

The extreme sensitivity of optical fibre networks to thermal,
mechanical and acoustic noise [13] strongly affects measurement
of coherent and indistinguishable quantum light. One way to
overcome this problem is employing a feedback loop for an
active phase stabilization, which requires an auxiliary laser with
a distinct degree of freedom (e.g. wavelength, polarization or
temporal mode) probing the same optical path traversed by
quantum light [1, 2, 12]. Fig. 1(a) shows an example of a fiberized
implementation of the single-photon MZI consisting of 50:50
beamsplitters (BS) and a phase modulator backbone, and the
auxiliary phase stabilization loop. Phase fluctuations affect the
intensity distribution of the light detected at the output ports of
the MZI. To compensate this effect, the intensity of the auxiliary
laser propagating through the MZI is used to generate a feedback
signal sent to the phase modulator. The dedicated multiplexers
(e.g. wavelength division multiplexers, dichroic mirrors, and
polarizers), filters and photodetectors are required to isolate the
feedback circuit and the quantum channel. This unavoidably
degrades the quality of the quantum signal.

Alternatively, single-photons themselves can be used to ac-
complish the same task, Fig. 1(b). In the single-photon regime,
the photon wavefunction acquires different phases while pass-
ing through different arms of the MZI, which affects the photon
distribution at the two output ports. The very same output of
the single-photon detectors (SPDs) can be used to generate the
feedback signal based on the expected photon rate, and the ex-
periment can subsequently be performed within a time window
shorter than the characteristic time of the phase fluctuation. The
cost for this simplicity compared to stabilization schemes based
on auxiliary components is 1) lower frequency of operation as
single-photon counting requires comparatively long integration
time, 2) discontinuous mode of operation, since experimental
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Fig. 1. Stabilization of coherent optical fibre networks operating at
the single-photon level. a) A MZI consisting of a single-photon source
(SPS), 50:50 BSs and a phase modulator as an example network. Time-
correlated single-photon counting (TCSPC) module processes signals
of single-photon detectors (SPD). In conventional stabilization schemes
(highlighted in blue), a laser light sent through the coherent network
is separated and measured by a multiplexer (e.g. WDM) and a pho-
todetector (PD), respectively. b) Optical fibre networks stabilized with
single-photons: TCSPC output is used as an input of the feedback sys-
tem. c) Single-photon absorption control and switching experiment
setup, where the second BS is substituted with a metamaterial absorber.

measurements are interleaved with stabilization periods.

In this letter, first, we introduce the new phase stabilization
scheme. Next, the experimental results obtained from a fully-
fiberized conventional MZI stabilized with this technique is
presented to show the applicability of the method to the fiberized
quantum optics experiments. We conclude the paper with a
demonstration of a practical application, a dissipative single-
photon switch, in a quantum fibre network, which is operated
at the regime of CPA and stabilized by employing this method.

To assess the phase stabilization by single-photon counting,
we performed a basic experiment with fully-fiberized MZI at the
single-photon level (Fig. 1(b)). In this first experiment, a strongly
attenuated CW-laser with significantly low multi-photon states
(~ 200 times lower than single-photon states) is used as a single-
photon source; photon wavefunction is split on a first 50:50
BS into a superposition of two spatial modes, corresponding
to the upper and lower arms of the interferometer (each arm
is composed of around 15 meters of polarization-maintaining
single-mode fibres). Due to the interference on the second BS,
probabilities to detect a photon by SPD-c (p.) and SPD-d (pq) de-
pend on the phase retardation ¢ between two optical paths, [11]

pe(@) = (1 +sin(¢))/2

pa(9) = (1 sin(g))/2 o

To estimate these probabilities, the number of counts of SPD-
¢ (N¢) and SPD-d (Ny) should be measured during the time
interval At smaller than the characteristic time of the phase
noise,
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Fig. 2. Long-term phase stabilization in a fully-fiberized MZI. a) The
noise spectral density of phase fluctuations of the unstabilized system,
measured by sending a CW-laser of yW power through the same interfer-
ometer, decreases by 1/ f2° until 1 Hz beyond which a broadband noise
dominates. b) The long-term phase stabilization where the system is
stabilized for 7 hours, followed by another 7 hours without stabilization
(only one hour is shown). Each blue circle corresponds to single-photon
counts with the red line being the corresponding phase delay retrieved
from these counts. The black line represents the stabilization point.
¢) The corresponding phase distributions for the stabilized (blue) and
unstabilized (red) periods, where the blue line is the Gaussian fit curve.

Ne(¢) = N - pe(9)
N4(¢) = N pa(¢)

where N is the number of photons arriving at the second BS
during At. In our experiments, the phase noise is caused by
thermal noise affecting optical fibers and electronic noise associ-
ated with single-photon counting unit as described in [14, 15],
respectively. The noise spectral density (Fig. 2(a)) decreases
by 1/ £?9 until 1 Hz beyond which a broadband noise having
< —100 dBm power dominates. Because the noise is present on
a scale of Afy ~1 Hz without significant contributions above
this frequency, we set Af = 24 ms (At < 1/AfN).

Since ¢ is the only parameter that determines the detected
photon numbers N and N4, we may monitor the phase stability
of the network by measuring the variation of SPDs counts. After
scanning the phase to set N at approximately N/2 level, we
start the stabilization procedure to keep N, at the same level.
This is achieved by an ad hoc digital feedback controller. If no
significant phase fluctuations are present during At, then N
does not change (more precisely, number of detected photons
would be within the Poisson distribution centered at N /2, con-
sidering the random nature of the laser source), and no action
is required. Conversely, if noise causes significant phase fluctu-
ations during At, and the difference AN = N. — N /2 becomes
noticeable, a feedback voltage proportional to —AN is generated
to offset the phase modulator driving voltage and compensate
the fluctuations. The response time of the feedback loop is on
the order of a few milliseconds.

()



Letter ‘

Optics Letters 3 ‘

The continuous stabilization of this method has been tested
up to 7 hours (Fig. 2(b)). Each blue circle in Fig. 2(b) shows the
number of single-photons detected by the SPD-c during At with
a sampling period of 10 seconds, while the red line represents
the phase delay retrieved from these counts. The corresponding
distribution for the unstabilized and the stabilized periods are
shown in Fig. 2(c) together with the Gaussian fit-curve with the
rms width of ¢ = 0.07 rad for the latter. This implies that the
length difference between arms of the interferometer is kept
within 10 nm range for 810 nm input photons, which correspond
to a 9 orders of magnitude spatial resolution for 15 meters of
fibres. This value is comparable to those demonstrated in con-
ventional stabilization schemes [1, 2, 12], which demonstrates
the possibility of controlling single-photons by single-photon
counting in coherent optical fibre networks. (Fig. 2) clearly
shows that the stabilization of the network is necessary for long
term operation of the interferometer (beyond 1 second). We note
that the stabilization of longer interferometers with enlarged
noise bandwidth may require decrease of the integration time
At and increase of the single-photon source brightness.

Next, to prove the applicability of this new technique to fiber-
ized quantum optics experiments, we measured single-photon
interference fringes according to Egs. (1,2), Fig. 3(a), in the sta-
bilized MZI (Fig. 1(b)). The N is first set at N/2 level and the
system is stabilized at this point, which requires to set some
phase retardation ¢ by the phase modulator. Then, the feed-
back is switched off, and the phase retardation is shifted to one
from a discrete set,

Pn = st +1- AP (3)

where Ap ~ 0.1 and n = 0,£1,£2, ... during time interval
At. The corresponding photon number detected by SPD-c and
SPD-d, Nc(¢n) and Ng(¢n), is recorded. After that, the phase
retardation is stabilized back to ¢s. In this way, a 27t phase
spectrum is sampled. In addition to this static stabilization in
which the set point is fixed (i.e. N/2), we note that the proposed
technique can be extended to dynamical stabilization, performed
at any point of the SPD-c curve without any need to back to ¢s;
after each measurement, or to Pound-Drever-Hall type of phase
control [16] by periodically modulating phase retardation with
an extra phase modulator.

The experimental data (Fig. 3(a)) clearly demonstrates out-
of-phase oscillation of N. and Ny as it is expected according to
theoretical predictions of Egs. (1,2). This verifies an ability to ma-
nipulate quantum light in coherent quantum network without a
necessity to complicate the setup.

Lastly, we show that a phase stabilized coherent fibre network
operating at CPA regime can be used to control the single-photon
absorption probability for coherent optical switching. Unlike
conventional optical switches based on non-linear processes
that require high light intensity, interferometric switches operate
down to the single-photon level and are therefore suitable for
quantum optics applications. Compared to a standard Mach-
Zehnder intensity modulator which only redistributes the light
between two outputs, CPA switching has the additional advan-
tage of complete light dissipation. Thus, CPA interferometers
can be used in complex coherent networks as they prevent the
propagation of residual, undesired photons. Furthermore, CPA
interferometers can also be used as quantum state filters [17].

In our experiment, the CPA takes place in a setup shown in
Fig. 1(c), when the output 50:50 BS is replaced by a coherent
perfect absorber. This lossy component can be described by a
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Fig. 3. Single-photon manipulation in coherent optical fibre networks
stabilized by single-photons. a) Single-photon interference in a fully-
fiberized MZI (Fig. 1(b)). Out-of-phase oscillation of N and Ny is in a
good agreement with Egs. (1,2). b) Single-photon absorption control with
a CPA (Fig. 1(c)). As each point corresponds to a single measurement,
the dispersion is defined by the Poisson distribution.
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Fig. 4. Dissipative single-photon switching. The raw data: a) The mod-
ulation signal applied to the fibre stretcher driving the system between
coherent absorption (CAR) and transmission regimes (CTR). b) The co-
incident photon detection signal between SPD-c & SPD-h and SPD-d &
SPD-h. ((a) and (b) share the x-axis, of which broken parts correspond to
phase stabilization periods.) c) The coincidence counts distribution of
coherent absorption (red) and transmission (blue) cycles.

four-port device with

t=4r=1/2 4)

where t and r are amplitude transmission and reflection coeffi-
cients. In contrast to the Eq. (1), the photon detection probability
at output ports of the absorber in this case is defined as [11]

pe(@) = pa(¢) = (1 —cos¢)/4 G

with a total absorption probability, 1 — (p. + pq), varying in the
range from 0 to 1. Recently the CPA at the single-photon level
was demonstrated in a fully-fiberized optical fibre network [11],
using advanced data post selection to overcome the phase noise.
This data post selection technique, however, did not allowed
to determine the absorption probability of single-photons on
demand, which our new technique is capable of.

Similar to the previous experiment, Fig. 1(c), we use two
independent single-photon sources: 1) a strongly attenuated
CW laser at a wavelength of 810 nm, and 2) a heralded single-
photon source based on degenerate spontaneous parametric
down-conversion (SPDC) in a non-linear crystal (BBO) pumped
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by CW laser at a wavelength of 405 nm. We use attenuated laser
source to measure the interference fringes, and we use the her-
alded source to demonstrate single-photon switching beyond
the dark count noise. In the latter case, the detection of idler
photon of SPDC source by the single-photon detector SPD-h
heralds the presence of the signal photon, which is sent to opti-
cal fibre network through a 50:50 BS. The second input port of
the BS is used to launch photons from the attenuated laser. The
coherent optical fibre network is comprised of a MZI where a
delay line (to equal the interferometer arms within 100 ym of the
coherence length of the heralded photons) and a fibre stretcher
(used as a phase modulator) are inserted in the bottom arm,
and a variable attenuator is placed in the upper arm to equal
the losses in the optical paths (not shown for simplicity). To
separate photons propagating in different directions, circulators
are used in both arms of the interferometer. After splitting on
the first input 50:50 BS, the photon is recombined in the middle
of the network, where fully-fiberized coherent perfect absorber
is placed. To fabricate the coherent absorber with the desired
parameters (Eq. 4), we exploit split-ring resonator structure man-
ufactured on a 50 nm thick gold film deposited on the end-facet
of the optical fibre (for details see [11, 18]).

In Fig. 1(c), the length of each arm of the interferometer is
around 20 m. The phase noise is similar to the one shown in
Fig. 2(a), thus we keep At = 24 ms. Since the outputs of the
absorber are expected to behave in phase (see Eq. 5), we use the
total single-photon counts of both SPD-c¢ (N) and SPD-d (Ny)
measured during At

Ne+Ng=N-(1—-cos¢)/2 (6)

as a reference signal for the stabilization. Here N is the number
of photons impinging on the absorber during At.

The interference fringes are measured following the stabiliza-
tion of the system. Our experimental results (Fig. 3(b)) show
that N. and Ny oscillate almost in phase (with a shift of 77/3),
which is in a good agreement with the expected results according
to Eq. (5-6). The 7r/3 phase shift is due to the imperfections in
the device fabrication and in-phase behaviour can be obtained by
fabricating the metasurface symmetrically or by using a match-
ing gel inside the metadevice package [11].

During a 27t-phase scan, the system passes the regimes of
coherent absorption (minimum of the N + Ny counts, Npin)
and coherent transmission (maximum of the N¢ + Ny, Nmax)
with visibility of (Nmax — Nmin)/ (Nmax + Nmin) = 73%. This
visibility is lower than the visibility of individual curves (89%
for N. and 86% for Ng) due to the aforementioned nonideality
of the sample and the unity system visibility is achievable if the
device nonideality is mitigated.

This result is close to the one demonstrated previously [11].
Nonetheless, thanks to the new stabilization scheme, now we
are able to control the absorption probability on-demand, which
is crucial for practical applications of CPA phenomenon in quan-
tum light processing. In this regard, we implement a dissipative
single-photon switch as a proof of principle application. Here,
we use the heralded single-photon source for data acquisition
to overcome the dark count noise. After each stabilization cycle,
the system is driven to either the coherent absorption or trans-
mission regime (Fig. 4(a)), and the coincidence counts of SPD-c
& SPD-h and SPD-d & SPD-h are recorded during At, Fig. 4(b).
The flux of photons passes through the absorber at coherent
transmission regimes, while it is almost totally absorbed during
coherent absorption regimes. The photon distributions (Fig. 4(c))

correspond to Poisson statistics of randomly generated heralded
photons, where the data is acquired from 300 transmission and
absorption cycles. On average, 8 photons with a standard devia-
tion (s.d.) 2.8 are detected during the transmission cycle and 1
photon with a s.d. 1.0 is detected during the absorption cycle,
with a switching visibility of 78%.

In summary, we showed a simple yet powerful technique of
phase stabilization of coherent optical fibre networks based on
single-photon counting. The method is able to overcome the
phase noise inherent in optical fibre systems with no need for
auxiliary laser and additional optical components required in
conventional approaches. Achieved phase stability of 0.07 rad
allowed us to control single-photon absorption on-demand in a
fully fiberized MZI. Moreover, the method applied to a quantum
network operating in the regime of the CPA made possible to
realize dissipative switching at the single-photon level with visi-
bility close to 80%. Significant hardware simplification brought
about by the proposed scheme is promising. The development
of relevant quantum technologies such as SPDs with a decreased
dead time and high efficiency, bright sources of quantum light
and high-performance integrated optics at telecom wavelengths
would allow the real-world applications of this technique in
coherent quantum communication and computation systems.
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