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Robust entanglement distribution via telecom fibre assisted
by an asynchronous counter-propagating laser light
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Takashi Yamamoto '3, Masato Koashi@?® and Nobuyuki Imoto®®

Distributing entangled photon pairs over noisy channels is an important task for various quantum information protocols.
Encoding an entangled state in a decoherence-free subspace (DFS) formed by multiple photons is a promising way to
circumvent the phase fluctuations and polarisation rotations in optical fibres. Recently, it has been shown that the use of a
counter-propagating coherent light as an ancillary photon enables us to faithfully distribute entangled photon with success
probability proportional to the transmittance of the optical fibres. Several proof-of-principle experiments have been
demonstrated, in which entangled photon pairs from a sender side and the ancillary photon from a receiver side originate
from the same laser source. In addition, bulk optics have been used to mimic the noises in optical fibres. Here, we demonstrate
a DFS-based entanglement distribution over 1 km optical fibre using DFS formed by using fully independent light sources at
the telecom band, and obtain a high-fidelity entangled state. This shows that the DFS-based scheme protects the
entanglement against collective noise in 1 km optical fibre. In the experiment, we utilise an interference between
asynchronous photons from continuous wave pumped spontaneous parametric down conversion (SPDC) and mode-locked
coherent light pulse. After performing spectral and temporal filtering, the SPDC photons and light pulse are spectrally
indistinguishable. This property allows us to observe high-visibility interference without performing active synchronisation

between fully independent sources.
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INTRODUCTION

Sharing entanglement between two distant parties is an
important prerequisite to realise quantum internet'?, including
quantum key distribution®*, quantum repeaters® and quantum
computation between distant parties®”. For this purpose, entan-
glement is embedded in a suitable degree of freedom of single
photons, e.g. polarisation, time and so on. When we look at a fibre-
based entanglement distribution, temporal degree of freedom
(time-bin qubit)® has often been employed due to the robustness
against phase fluctuations and/or polarisation rotations in the
optical fibre’™". However, subwavelength-level-stabilised inter-
ferometers are necessary in distant parties, and stabilisation of
these interferometors is not always practical. Another way to share
entangled photons is the use of a polarisation degree of freedom
(polarisation qubit), which is easy to be generated, manipulated
and measured. The drawback is the susceptability to the noises in
the optical fibre. Although several experiments have demon-
strated the passive polarisation entanglement distribution
through an optical fibre, the situation was limited to the cases
using stable fibres such as fibre spools'? and submarine cables'>.
Given more practical situations where the environment surround-
ing the optical fibre is not stable, the use of a decoherence-free
subspace (DFS) formed by n photons is a useful way'*. Notably,
the DFS scheme is more stable than the time-bin scheme, because
it uses two-photon interference and does not need

subwavelength-level-stabilisation of the interferometer. So far,
many types of DFS-based photon distributions have been
experimentally demonstrated’>*. A drawback of such DFS
protocols is that the efficiency is proportional to nth power of
channel transmittance and thus the communication distance is
severely limited. In ref. 2, the efficiency of DFS against phase
disturbance has been improved to be proportional to the channel
transmittance with the use of a counter-propagating laser light for
the ancillary photon from the receiver to the sender. Recently, the
method was applied to general collective noise by introducing
two independent transmission channels?®?’. In these improved
DFS schemes, quantum interference between the idler photon
and the coherent light pulse is used. In practice, the signal photon
and the light pulse are expected to be prepared independently by
the sender and by the receiver. However, in the demonstra-
tions*>?’, the signal photon and the light pulse were prepared
from the same laser source as is the case of the original DFS
protocols in which both the signal and the ancillary photons are
prepared by the sender. In addition, these experiments are
performed in free space with bulk optics simulating the noises and
losses of the optical fibres.

In this paper, we report DFS-protected entanglement distribu-
tion through optical fibres by preparing the signal and the
ancillary photons from fully independent telecom light sources.
We use entangled photon pairs prepared by continuous
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wave~(cw) pumped spontaneous parametric down conversion
(SPDC) and the ancillary light pulse prepared by a mode-locked
laser. In general, precise spectral-temporal mode matching is
necessary for achieving high-visibility quantum interference
between independent light sources?®, since the coherence time
of SPDC photons is in the order of ps to sub ns?**~>'. In our system,
cw-pumped SPDC with time-resolved measurement®® achieves
temporal mode matching with reference laser without active
synchronisation. The use of the coherent light pulse realises
spectral mode matching with the cw-pumped SPDC photon by
using conventional frequency filters. This cw-pulse hybrid scheme
will be useful for connecting different physical systems at a
distance.

RESULTS
Counter-propagation DFS protocol
In this section, we explain the DFS protocol for sharing an
entangled photon pair through two single-mode fibres (SMFs)?°.
We assume that the SMFs are lossy collective noise channels, i.e.
the noise varies slowly compared to the propagation time of the
photons forming the DFS such that the effect of temporal
fluctuation of the noise during that period is negligibly small. No
assumptions are needed for the correlation between the
fluctuations in the two SMFs. As shown in Fig. 1a, first, the sender
Alice prepares a maximally entangled photon pair |®+>AB =
(IHH) og + [VV) 45)//2, while the receiver Bob prepares an ancillary
photon |D);. Here, |H), |V) and |D) represent horizontal (H),
vertical (V) and diagonal (D) polarisation states of a photon. Then,
Alice sends photon B to Bob through two SMFs after splitting the
H- and V-polarised components of the photon B by using a
polarisation beam splitter (PBS,). Bob sends his photon R to Alice
in the same way. After the transmission through the SMFs, the
separated H- and V-polarised components of the photons B (R) are
recombined by the PBSg() at Bob’s (Alice’s) side.

From the assumption of the collective noises, the transforma-
tion of the polarisation state formed by photons A, B and R in the
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where af_j(-b) is the probability amplitude with which the i-polarised
photon is transformed into the j-polarised photon through the
forward (backward) propagation in the SMF; and Bf}b) is the same
for SMF,. In the reciprocal media such as SMFs, af,,, = af, ; := au
and ﬂf,’\, = B\b,y := By hold?®. After passing through the SMF; and
SMF |, the H and V polarisation photons are respectively extracted
from the lower ports of PBS, and PBSg, and the photon flipped in

the SMFs are discarded. Namely, the terms concerning af_f_’[\’,), a\f,(‘ff

Bf_,(f\’,) and Bf,(ﬂ) are dropped. Then, Alice and Bob obtain an
unnormalized state as

W) pew = % (aﬁ |HHH) pgrg + B\2/|VVV>AB/R/

(2)
+ anBy[HHV) pgrg + aHBV|WH>AB’R’)'

The latter two terms in Eq. (2) are extracted by performing the
quantum parity check (QPC)** on photons A and R’ in Alice’s side
as shown in Fig. 1b. The Kraus operators K and K for the successful
and failure events of the QPC are described by K=
IHH) pgr (HV g + VW) are (VH|pg @and K = VI — K'K, respectively.
When Alice performs projective measurement {|D)(D|, |A)(A|} on
the photon in mode R”, the remaining polarisation state shared
between Alice and Bob becomes |®+>A/B, or |®7) g according to
the measurement result, where |O) g =(HH)xg — [VV) yg)/v/2.
|®~) can be converted to |(D+> by performing phase flip operation

on photon A’. The overall successful probability of this scheme is
|aH|2|ﬁv|2/2-
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Fig. 1 Schematic diagram of entanglement distribution protocol using counter-propagating ancillary photons. a Alice prepares {(D*)AB
and send photon B to Bob. Bob prepares a diagonally polarised ancillary photon R, and sends it to Alice. b After the transmission of the SMFs,

Alice performs the QPC on photons A and R.
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Assuming that the phase shifts and polarisation rotations are
completely random and the transmittance of a single photon for
each mode is T = |ay|* = |Bv|? the probability with which photon
B and R transmit the lossy channels is O(T?). This probability is
improved to O(T) by using coherent light pulse with an average
photon number of uT ' at Bob's side instead of the single ancillary
photon??. In the experiment, the entangled photon pairs are
prepared by the SPDC with the photon pair generation probability
y. At this average photon number, the condition for suppressing
the accidental coincidence events caused by the multi-photon
emission is 13> u> y>>?’

Experimental setup

The experimental setup is shown in Fig. 2. At Alice’s side, an
entangled photon pair in ]G)*} at 1560 nm is generated by the
SPDC. For this, a periodically poled lithium niobate waveguide
(PPLN/W) (NTT Electronics) is placed in the Sagnac interferometer
with a PBS**, and 7-mW cw light at 780 nm with a diagonal
polarisation is injected as pump light. The pump light is removed
from the SPDC photons by a dichroic mirror (DM1). At a half beam
splitter (HBS,), the SPDC photons are divided into two different
spatial paths P1 and P2 with probability 1/2 and the entangled
photon pair in ](D*) is prepared. We call the photon in path P2 as
photon A and the photon in path P1 as photon B. We note that
there are cases where the SPDC photon pair take the same path
P1 or P2, but these events are removed by coincidence
measurements which are described later.

Photon A is fed to the QPC circuit which we describe later. H- and
V-polarised components of the photon B are divided by PBS, and
sent to Bob through 1 km SMF; and SMF . After passing through the
SMFs, they are recombined at PBSg. The photon in mode B’ extracted
from the lower port of PBSg goes to photon detector Dgy.

At Bob’s side, a weak coherent light pulse at 1560 nm is
prepared for an ancillary photon R by difference frequency
generetion (DFG) at another PPLN/W. The signal light for DFG
comes from a Tiisapphire (Ti:S) laser at 781 nm (pulse width of
100fs and repetition rate of 80 MHz (Mai Tai, Spectra-Physics))
after a volume holographic grating (VHG1) with a bandwidth of
0.3 nm (ONDAX). The cw pump light at 1563 nm is prepared by
DFB laser (NTT Electronics) amplified to a power of 120 mW. After
the DFG process, the 1563 nm pump light and the remaining
781 nm light are separated from the converted 1560 nm light by
VHG2 with a bandwidth of T nm (ONDAX). The DFG light is set to a
diagonal polarisation by a HWP and sent to Alice in the same way
as photon B through the two SMFs after reflected by a glass plate
(GP) with a reflectance of 5%. After the transmission, the light
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pulse from the lower port of the PBS, passes through the HBS,,
and then goes to the QPC circuit.

At the QPC circuit, the H and V component of the coherent light
pulse for photon R’ are flipped by the HWP, and the light meets
photon A at the PBS. Alice projects the photons in the output
mode R” of the PBS onto the diagonal polarisation by a HWP and a
PBS. Finally, when Alice postselects the cases where at least one
photon is detected at Dgrs and D, and Bob postselects the cases
where at least one photon is detected at Dg, a maximally
entangled state }(D*) is shared between the modes A’ and B'. We
used superconducting nanowire single-photon  detectors
(SNSPDs) for Du, Dg and Dge. The timing jitter of these SNSPDs
is 85ps each®. To attain a high-fidelity QPC operation, precise
spectral-temporal mode matching between the heralded cw-
pumped SPDC photons and the coherent light pulse is required.
Regarding the temporal mode matching, thanks to the asynchro-
nous nature of cw-pumped SPDC photons, we can extract the
event that the coherent light pulse and the heralded single
photon exists at the same time by postprocessing. For the
postprocessing, the electric signals from Dgs, Dy, Dg' and the clock
signal from the Ti:S laser are connected to a time-to-digital
converter which collects all of timestamps with time slot of 1 ps.
Regarding the spectral mode matching, the heralded single
photon and the coherent light pulse should be filtered by narrow
frequency filters. We inserted frequency filters (Alnair labs) whose
bandwidths are 0.1 nm for mode B’ and 0.03 nm for modes A’ and
R”. The coherence time of SPDC photons and coherent light pulse
are measured to be 169 and 176 ps.

Experimental results

We first characterised the polarisation state of the initial photon
pair in paths P1 and P2 by performing the quantum state
tomography®® and using the iterative maximum likelihood
estimation®”. For this purpose, we inserted a pair of a HWP and a
QWP in each output mode just after the HBS,. The reconstructed
density operator Pjital is shown in Fig. 3a. The observed fidelity
of Piniiar to the maximally entangled state defined by F =
(O |pnita| ©)  was F=094+001. The entanglement of
formation (EoF)*® is estimated to be E=0.90+0.04. This result
shows Alice prepares highly entangled photon pairs.

Next, we performed the DFS protocol. The average photon
number u of the coherent light pulse after HBS, was set to u=
3.1x 10" per 300-ps time window. The photon pair generation
probability y per coincidence between 300-ps window for idler
photons and 100-ps window for signal photons was measured to
be y=9.0x10 3 The reason for employing large detection
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Fig. 2 The experimental setup for our DFS protocol. At Alice’s photon pair source, the cw pump light at 780 nm for SPDC is prepared by
second-harmonic generation of the light at 1560 nm from an external cavity diode laser with a linewidth of 1.8 kHz. At Bob's ancillary photon
source, the pulsed light at 781 nm is filtered by a volume holographic grating (VHG1) with a bandwidth of 0.3 nm and the pulsed light and the
cw pump light at 1563 nm are combined by the DM2 and coupled into a PPLN/W. At the data collection stage by TDC, the repetition rate of
the electric signal from the Ti:S pulse laser is divided into 800 kHz to reduce the amount of data for avoiding the data overflow.
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Fig. 3 Reconstructed density matrices. a The real part and imaginary part of the pjnitiai- b The real part and imaginary part of the ppfs.

widows for Dy and Dg is to increase the count rate. y and y satisfy
the condition 1> pu>y.

Using the threefold coincidence events among Dg, Dy and Dg
(see Methods), we reconstructed the density operator pprs of the
photon pair shared between Alice and Bob. The real part and
imaginary part of ppgs are shown in Fig. 3b. The observed fidelity
to |®") was F=0.64+0.1. The maximised fidelity with the local
phase shift defined by Fg = max_n<o<n(®f |oprs|Dg) was Fo=
0.75+0.10 with 6 = —0.87 rad, where |07 ) = (JHH) + €”|VV))/v/2.
This local phase shift between H-polarised photon and V-polarised
photon is mainly added by the PBS in the QPC circuit. Accordingly,
this phase rotation does not decrease the amount of entangle-
ment since this phase shift does not fluctuate. The EoF for ppes
was estimated to be £ =0.43 + 0.19. The result shows that the DFS
scheme protects the entanglement against the collective noise in
1 km of SMF.

DISCUSSION

We discuss the reason for the degradation of the fidelity.
Assuming the perfect mode matching between the coherent
light pulse and the photon heralded by photon detection at Dy,
we investigate the influence of multiple photons in the coherent
light pulse and the multiple photon pair emission of SPDC on the
fidelity. Based on the analysis in ref. **, we construct a simple
theoretical model and derive the relation among the intensity
ratio of heralded photon to coherent light pulse, the intensity
correlation function g of the heralded photon and the coherent
light pulse, and signal to noise ratio of polarisation of the heralded
photon. We introduce the polarisation correlation visibilities of the
final state defined by V,:=|Puy + Pw — Pav — Punl/(Pan + Pov +
Prv + Pyn), Vx:= |Pop + Paa — Poa — Paol/(Pop + Paa + Poa + Pap)

npj Quantum Information (2020) 44

and Vy:= |Ppg + Pu. — PaL — Prrl/(Prr + PuL + Pru + Pr), where P,
is the coincidence probability among Dg» with D-polarisation, Dg
with m-polarisation and D, with n-polarisation. Here, m, n=H, V,
D, A, R, L, where A, R and L represent antidiagonal polarisation,
right circular polarisation and left circular polarisation, respec-
tively. Then, the fidelity of the final state is given by F= (1 + V; +
Vi + Vy)/4. The explicit formula and detailed derivation are
described in the Supplementary Information. We assume that
the intensity correlation function g of the stray photons is 2 and
that of the coherent light pulse is 1. From the experimental result,
the signal to noise ratio of polarisation of the heralded single
photon is 56 and the intensity ratio between the heralded single
photon and the coherent light pulse is 0.28. By running another
experiment, the intensity correlation function of the heralded
single photon was estimated to be gsz> = 0.098. Using these
parameters, we estimate the theoretical value of fidelity as 0.81.
This value is slightly higher than the experimentally obtained
value to be 0.75. We guess the gap of 0.06 is caused by the
frequency mode mismatch between the signal photon and the
coherent light pulse. If we use optical filters with bandwidths of
0.01 nm3%3* or use detectors with timing jitter of less than 60 ps,
the influence of the frequency mode mismatch would be <0.01.
Moreover, by using SPDC photons with smaller g value, and
optimisation of the ancillary coherent light pulse intensity would
|mprove the fidelity. For example, when we use SPDC photons

with gg ) = 0.05 (0.01) and the signal to noise ratio of polarisation
of the heralded single photon 100 (1000), and optimising the
intensity of the coherent light pulse, the theoretical value of

fidelity is calculated as 0.86 (0.94), respectively. The detailed
simulation of how much fidelity one can expect is presented in
Supplementary Material.

In conclusion, we demonstrated the DFS protocol with counter-
propagating coherent light pulse generated by a fully

Published in partnership with The University of New South Wales
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Fig.4 The delayed counts conditioned by the electric signal from pulse laser. a-c correspond to the counts from detector D, Dg- and Dy
respectively. The figure d shows the delayed counts of Dy conditioned by the photon detection at Dy with delayed time At;. Each point is

integrated for 100 ps in d.

independent source at telecom band over 1km of SMFs. In the
demonstration, we employed cw-pulse hybrid system, i.e. a pulsed
coherent light source and a continuously emitting photon pair
source with time-resolved coincidence measurement, which
enables us to perform the DFS scheme without synchronising
independent sources. The fidelity of the shared photon pair was
0.75 + 0.10, which indicates that entanglement is protected by the
DFS after travelling in the SMFs. In practical use, the communica-
tion distance of the DFS protocol is limited by the stability of the
optical fibre since the noise for the signal photon and the counter-
propagating coherent light pulse must satisfy the collective
condition. In this regard, a field experiment shows the fluctuations
in a 67-km optical fibre are much slower than the round trip
time®®. We believe that our result will be useful for realising
faithful entanglement distribution over a long distance.

METHODS
Data processing

Here, we describe the details of data processing. The threefold coincidence
events are obtained as follows. The electric signal from the pulse laser is
used as a start signal, and the electric signals from Dy, Dy and Dg are used
as stop signals. The histograms of the stop signals are shown in Fig. 4a-c.
In Fig. 4a, b, a higher peak and a lower peak are observed in every 12.5 ns
(=1/80 MHz). The higher peak, which is the desired one, is obtained when
photon R from Bob transmits the HBS,. On the other hand, the lower peak
as the unwanted peak is obtained when photon R is reflected by the HBS,
and passes through the Sagnac loop. Such unwanted peaks are also
observed in Fig. 4c by the photon R coming back to Bob’s side after
travelling the Sagnac loop. In the experiment, we removed these
unwanted detection events by proper settings of the coincidence time
windows. Since the entangled photon pairs are emitted continuously,
when we postselect the higher peaks in Fig. 4a or b, an additional peak as
a counterpart of the photon pair appears at Ats in the delayed signal at Dy .
As an example, we show the twofold coincidence counts between D, and
Dy in Fig. 4d. We extract the successful events of the DFS protocol by

Published in partnership with The University of New South Wales

summing up the threefold coincidence events among Dy, D and Dy with
timings At;, At, and Ats, respectively. The widths of the coincidence
windows are set to be 300ps for Dy and Dgrs, and 100ps for Dg,
respectively. In this method, the signal photon goes through the fibres
after the weak coherent light traverses the fibres in the other direction.
Nevertheless, the collective condition still holds, since the optical fibre has
negligible fluctuations during the forward and backward propagations.

DATA AVAILABILITY

The experimental data and the source code that support the findings of this study are
available from the corresponding author on reasonable request.

Received: 25 October 2019; Accepted: 17 March 2020;
Published online: 20 May 2020
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