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Maximizing the information transmission rate through quantum channels is essential for practical
implementation of quantum communication. Time-division multiplexing is an approach for which the
ultimate rate requires the ability to manipulate and detect single photons on ultrafast time scales while
preserving their quantum correlations. Here we demonstrate the demultiplexing of a train of pulsed single
photons using time-to-frequency conversion while preserving their polarization entanglement with a
partner photon. Our technique converts a pulse train with 2.69 ps spacing to a frequency comb with
307 GHz spacing which may be resolved using diffraction techniques. Our work enables ultrafast
multiplexing of quantum information with commercially available single-photon detectors.
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Quantum communication promises unconditionally
secure information transmission by exploiting fundamental
features of quantum mechanics [1]. For many protocols,
transmission channels capable of distributing entanglement
between distant parties are required [2—4]. Furthermore, to
be practical, these protocols must allow communication at
high rates. One strategy which has successfully increased
transmission rates in classical telecommunication is multi-
plexing, where ancillary degrees of freedom are utilized to
carry independent modes copropagating through a single
physical link, such as an optical fiber [5,6]. Some of these
techniques have been adapted to quantum scenarios [7—13]
and lay the groundwork for future quantum communication
networks.

Time-division multiplexing [6] uses the arrival time of
light pulses relative to an external clock to distinguish
multiple communication modes. It is compatible with
fiber-optic systems and is robust against birefringent effects.
The delay between subsequent pulses must be greater than
the timing jitter of the detection system to avoid cross talk
between signals; for high rates, the delay must also be greater
than detector dead time to detect photons from subsequent
pulses. State-of-the-art single photon counting detectors
have demonstrated 30 ps timing jitter and nanosecond-scale
dead times [14]. However, it is possible in principle to
distinguish between two pulses as long as they are separated
by their coherence time, which can be orders of magnitude
smaller in ultrafast applications. Single-photon measurement
techniques for these time scales are therefore critical to
optimize the quantum information capacity.

Techniques incorporating short laser pulses and nonlinear
optical effects are key to manipulating light on ultrafast time
scales [15—-18]. In the quantum regime, such methods have
enabled single- and entangled-photon frequency conversion
[19-23], all-optical routing of quantum information [24,25],
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and ultrafast coincidence measurement for biphotons
[26-28]. Additionally, ultrafast pulse shaping provides a
diverse set of tools to tailor nonlinear optical interactions for
customizing quantum optical waveforms [29-33], having
found application in realizing coherent time-bin measure-
ments on the picosecond time scale [34].

Drawing from these techniques, here we show a
method for demultiplexing a rapidly pulsed sequence of
polarization-encoded quantum states [Fig. 1(a)]. Any
attempt to directly measure the polarization state of an
individual pulse with a photon counter will be subject to
cross talk from the other pulses due to the limited detector
time resolution appearing as an incoherent mixture of
the different states. We employ polarization-maintaining
sum-frequency generation (SFG) with chirped pulses as a
time-to-frequency converter to map ultrafast-scale time
delays to measurable frequency shifts, thus allowing the
individual quantum states to be read out using conventional
diffraction techniques and photon detectors. Furthermore,
our method manipulates the time-frequency characteristics
of polarization-entangled photons, compressing their spec-
tral bandwidth while preserving entanglement.

Our approach is based on sum-frequency generation
between a chirped single photon and an oppositely chirped
(antichirped) escort laser pulse. The spectrum of the SFG
signal for strongly chirped pulses is much narrower
than that of the input light and the frequency produced
is linearly dependent on the relative delay between the
pulses [32,35-37]. We quantify the dispersion applied
using the chirp parameter A, defined as A = 1 (d’¢/dw?),
where ¢(w) is the spectral phase. If the chirps applied are
equal and opposite, then the rms spectral bandwidth of the
SFG signal is ogpg < 1/(2v/2A6), where o is the smaller
of the input bandwidths, and the frequency shift is Aw =
7/(2A) away from the sum of the input centre frequencies.
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FIG. 1 (color online). Time-to-frequency conversion concept
and experimental setup. (a) A train of temporally narrow
polarized photonic signals A—C are converted into a comb of
spectrally narrow and correspondingly polarized photons with a
central frequency dependent on their time of arrival. The different
frequency modes may then be demultiplexed using diffraction
techniques. (b) Two a-BBO crystals and a series of wave plates
prepared a train of pump pulses 2.69 ps apart, which were then
used to create a pulse sequence of polarization-entangled states
through SPDC. The single photons were chirped in single-mode
fiber and combined with an antichirped strong escort pulse using
a dichroic mirror. This beam was then focused in two 10-mm
BiBO crystals arranged in a Sagnac configuration for polariza-
tion-maintaining sum-frequency generation (PM-SFG). The po-
larizations of the output photons were measured, and the three
signals were then separated with a diffraction grating and coupled
to detectors D4_c. A removable mirror to D;, enabled measure-
ment of the input state.

Through this mechanism, chirped-pulse up-conversion maps
a train of temporally separated pulses into a comb of distinct
frequencies.

We require that entanglement is preserved through this
time-to-frequency conversion process. Because of phase-
matching considerations, sum-frequency generation in
nonlinear crystals is typically efficient for only a specific
set of input polarizations, effectively measuring the polari-
zation and destroying coherence. Preservation of the
polarization, and hence the entanglement, can be achieved

by coherently combining the output of two sum-frequency
processes [23]. A full theoretical description of chirped-
pulse up-conversion applied to a train of polarization-
entangled states can be found in the Supplemental
Material [38].

We create photon pairs using spontaneous parametric
down-conversion [SPDC, Fig. 1(b)]. The pump is produced
through second-harmonic generation (SHG) of an 80 MHz
titanium-sapphire (Ti:sapph) femtosecond laser and has a
center wavelength of 394.7 nm with a 1.45 nm full width at
half maximum bandwidth (FWHM). Down-conversion is
produced in a pair of orthogonally oriented 1-mm f-barium
borate (BBO) crystals cut for type-I down-conversion
[39,40]. The source converts pump photons in the polari-
zation state a|H) + f|V) into down-converted pairs in the
polarization state f|HH) + a|VV), where a and f are
complex numbers; this can be a separable or entangled
state depending on the polarization of the pump.

To create a dense train of pulsed photon pairs, we pass
the pump through a series of rotatable birefringent crystals
[pump preparation, Fig. 1(b)]. As the pump propagates
through each crystal, the component polarized along the
fast axis will lead the one polarized along the slow axis. If
the temporal walk-off between these components is greater
than the coherence time of the pump, the pump will exit as
two pulses which are distinguishable in arrival time relative
to a reference from the ultrafast laser source. Using n
crystals of identical birefringence, a train of n + 1 pulses
may be created; if the crystal lengths differ, it is possible to
create up to 2" pulses [41]. This prepared pump creates a
train of pulsed down-conversion, where the polarization
state of each pair is determined by the polarization of the
corresponding pump pulse. To create up to three temporally
distinct down-conversion signals, labeled A—C from earliest
to latest, we use two 5-mm a-BBO crystals cut for
maximum birefringence; each apply a relative time delay
of (2.69 £0.17) ps between orthogonal polarization
modes. A complete description of the pump preparation
setup and down-conversion scheme may be found in the
Supplemental Material [38].

The signal photons pass through an interference filter
centered at 809.06 nm with a 3.9 nm (or 1.8 THz)
bandwidth (FWHM) before coupling into 34 m of
single-mode fiber, applying positive dispersion correspond-
ing to a chirp parameter of A = (696 + 3) x 10° fs?. Using
a grating-based compressor [42], matched negative
dispersion is applied to a 225 mW escort pulse at
786.2 nm with a 6.3 nm bandwidth (FWHM). The signal
photons and escort pulse are then combined into a single
beam with a dichroic mirror.

In order to implement polarization-maintaining SFG,
we use a Sagnac-type interferometer [PM-SFG, Fig. 1(b)].
In this configuration, the horizontally and vertically polar-
ized components of the signal photon are split on a
polarizing beam splitter (PBS) and the vertical component
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is rotated to horizontal polarization using an achromatic
half-wave plate. Each beam is then upconverted independ-
ently in 10 mm of bismuth borate (BiBO) cut at 150.9° for
type-I SFG. The SFG signal continues inside the Sagnac
loop while the remaining escort is removed using a dichroic
mirror. The horizontal component is flipped on the same
achromatic half-wave plate and the two components are
coherently recombined on the input PBS. A tilted quarter-
wave plate sets the phase of the up-converted signal,
ensuring that coherent superpositions of |H) and |V) are
also maintained. The internal SFG efficiency was estimated
to be 0.3%. The Sagnac geometry enables passive phase
stability, preserving the input polarization state through the
sum-frequency process over the 32-h runtime of the
experiment.

After polarization measurement, the remaining near-
infrared and escort second harmonic were removed with a
bandpass filter. The signals were then separated with a 3600-
lines/mm diffraction grating in near-Littrow configuration
and allowed to propagate for 4.3 m in free space before being
coupled via multimode fiber into three separate detectors,
D ,_c. The combined diffraction and coupling efficiency was
measured to be approximately 13%. The measured single-
photon spectra were found to have an average bandwidth
of (0.047 £0.007) nm, or, equivalently, (88 + 13) GHz
(Fig. 2). The spectra measured in modes A—C had respective
central wavelengths of 398.936, 399.099, and 399.262 nm.
This clearly shows that the three down-conversion pulses,
2.69 ps apart, were mapped to three distinct wavelengths
separated by (0.163+0.007) nm, or, equivalently, 307 GHz.
This spacing is on the same order of magnitude as
telecommunication standards for dense wavelength-division
multiplexing [43].

To characterize the preservation of entanglement through
our setup, we first prepared the pump to produce the
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FIG. 2 (color online). Up-converted single-photon spectra
for each temporal mode. We prepared the pump to maximize
the count rate in each of the three temporal modes and measured
the spectra shown (with background subtraction). The time delay
between the modes maps each to a distinct central wavelength
and the spectral bandwidth is compressed by a factor of 20
relative to the input.

maximally entangled state |®*) = (1/v/2)(|HH) + |[VV))
in a single temporal mode at a time. We performed two-
photon polarization state tomography [44] both before
and after up-conversion using an overcomplete set of 36
projective measurements, corresponding to the polarization
states |H), |V), |£) = (1/V2)(|H) £ |V)), and |+i)=
(1/v/2)(|H)=+i|V)). Because of the polarization-dependent
diffraction efficiency of our grating, we performed projec-
tive polarization measurements before diffraction. A
removable mirror was used to couple the single-photon
signal into D;, to characterize the input state, which was
found to have an average fidelity [45] of 96.2% with |®)
over the three potential modes and an average tangle [46] of
0.88. The up-converted states were reconstructed without
background subtraction and found to have fidelities
(88.6 £0.3)%, (95.1 £0.3)%, and (92.9 £0.4)% with
|®*) and tangles of 0.737 +0.020, 0.828 +0.011, and
0.836 +0.015, for modes A-C, respectively, where the
error bars are determined by Monte Carlo simulation
assuming Poissonian counting statistics. These two figures
of merit explicitly demonstrate that quantum correlations are
maintained through the bandwidth compression process.
We next prepared the pump to produce down-converted
states in modes A and B. We studied the case (i) where
the pump was set to produce the separable states |[VV) and
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FIG. 3 (color online). Demultiplexing two orthogonal states.
With the pump prepared in modes A and B to either produce
(i) orthogonal separable states or (ii) orthogonal maximally
entangled states, the density matrices measured before time-to-
frequency conversion (left) appear the same, with negligible
coherences. After demultiplexing, the experimentally recon-
structed output density matrices (right) are revealed to describe
vastly different quantum states, which are separable in case (i) but
show a high degree of entanglement in case (ii).
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|HH) [Fig. 3(i)], and the case (ii) where the pump was set
to produce the maximally entangled states |[®F) =
(I/V2)(HH) +i|VV)) and |97) = (1/v2)(|HH)-
i|VV)) [Fig. 3(ii)], in modes A and B, respectively. The
reconstruction from the coincidence measurements
between D;, and D,y produced the density matrix on
the left-hand side of Fig. 3, with large populations in |HH)
and |VV) but negligible coherence; both reconstructions
have fidelities of 98% with an equal mixture of |HH) and
|VV). This arises because the detector is not fast enough to
resolve the pulses, instead measuring a mixture of the two
signals and obfuscating the underlying quantum coher-
ences of the individual states. By measuring the photons
after the up-conversion setup, the density matrices shown
on the right side of Fig. 3 were reconstructed. The density
matrices in case (ii) exhibit large quantum coherences,
which are required for entanglement, while those for case
(i) do not, as expected for separable states. Indeed, the
density matrices reconstructed in case (i) have an average
fidelity of (93.6 £ 0.3%) with the target separable states,
and those in case (ii) have an average fidelity of
(91.2 £ 0.5%) with the expected maximally entangled
states and an average tangle of 0.714 £ 0.014.

We then prepared the pump to produce maximally
entangled states into all three modes, using the pump
polarization sequence |—i), |+), and |+ i) for modes
A-C. We measured the states initially and after the up-
conversion process, shown in (Fig. 4). The initial state has
fidelity 97.6% with the nonmaximally entangled mixed
state resulting from an incoherent mixture of the three
expected maximally entangled states in modes A—C with
weighting 0.25, 0.5, and 0.25, determined by the ratios of
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FIG. 4 (color online). Demultiplexing three entangled states.
The pump was prepared to produce a train of three maximally
entangled states. Weak coherences are seen in the density matrix
measured before time-to-frequency conversion (left), with a
calculated tangle of 0.21. After being demultiplexed, all three
experimentally reconstructed density matrices show much
stronger coherence and larger entanglement, with tangles of
0.40, 0.72, and 0.58 in modes A-C, respectively.

the intensities of the three pump pulses. The output states
each exhibit different quantum correlations yet are all
highly entangled, with fidelities of (77.3 +0.9)%,
(91.5+£0.4)%, and (86.1 £0.7)% with the expected
maximally entangled states and tangles of (0.40 £0.2),
(0.720 £0.013), and (0.58 +£0.02) for modes A-C,
respectively. The coincidence rates for modes A and C
were half that of mode B due to the distribution of pump
power, and their reconstructed states were thus more
affected by background noise; however, cross talk between
signals was not a significant issue in our experiment.
Additional experimental results for different pump prepa-
rations may be found in the Supplemental Material [38].
We have demonstrated the conversion of a train of up to
three temporally spaced single-photon pulses to a comb
of distinct frequencies while maintaining quantum corre-
lations in polarization. We have shown that this method
can distinguish picosecond-separated single photons
using detectors with nanosecond-scale time resolution.
Improvements to the efficiency may be possible through
the use of periodically poled nonlinear materials [20,21]
and cavity enhancements [47]. With higher conversion
efficiencies, this ultrafast readout of time-division-
multiplexed entangled quantum signals could be used to
increase the density of quantum information carried
through a single physical medium or to distribute quantum
states throughout a multiuser network by applying time-to-
frequency conversion to both signal and idler photons. Our
results also demonstrate tunable bandwidth compression
of a polarization-entangled photon [32,48,49]. More gen-
erally, our work demonstrates how shaped laser pulses may
be used to manipulate the spatiotemporal waveforms of
single photons while preserving quantum information.
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