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Entanglement is a unique property of quantum systems and an essential resource for many quantum
technologies. The ability to transfer or swap entanglement between systems is an important protocol in
quantum information science. Entanglement swapping between photons forms the basis of distributed
quantum networks. Here an experiment demonstrating entanglement swapping from two independent
multimode time-frequency entangled sources is presented, resulting in multiple heralded frequency-mode
Bell states. Entanglement in the heralded states is verified by measuring conditional anticorrelated joint
spectra and quantum beating in two-photon interference. Our experiment heralds up to five orthogonal Bell
pairs within the same setup, and this number is ultimately limited only by the entanglement of the initial

sources.

DOI: 10.1103/PhysRevLett.128.063602

Entanglement, the correlations displayed between sub-
systems of a multipartite quantum system, is one of the
most distinguishing properties of quantum physics and a
significant resource for quantum information science and
technology (QIST). Entanglement swapping [1] is a pro-
tocol that enables entanglement of quantum systems that
have never interacted. These systems can be separated by
large distances [2] or even exist at different times [3,4]. This
protocol underpins efforts to realize large-scale quantum
networks as the core element of quantum repeaters [5].
Furthermore, entanglement swapping can be used to probe
the fundamental nature and extent of nonlocality of
multipartite quantum systems [6].

For two-photon entanglement, Bell-state measurements,
projecting onto two-mode entangled states, can be readily
implemented using a beam splitter followed by mode-
resolved measurements with 50% success probability.
Entanglement swapping using the latter approach has been
experimentally demonstrated using photons entangled in
their polarization [7], spatial [8], and temporal [9] degrees
of freedom. Recent work has shown that temporal- or
pulse-mode encoding offers unique opportunities for QIS
[10], and entanglement swapping of identical pulse-mode
Bell states from engineered sources has recently been
demonstrated [11]. Thus addressing pulse-mode entangle-
ment manipulation and verification is a timely topic.

In this Letter, we report an experiment demonstrating
pulsed frequency-mode entanglement swapping between
two independent multimode entangled photon pair sources.
This is enabled by the use of spectrally resolved detection
[12] to implement projective measurements onto multiple
frequency-encoded Bell states. The entanglement of the
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heralded two-photon states is verified by measurement of
two-photon quantum beats [13], showing phase coherence
between frequency components, and the joint-spectral
intensity arising from fourfold frequency resolved mea-
surements showing direct frequency anticorrelations. In
this way we generalize the pulse-mode entanglement
swapping scheme [11] to make full use of the inherent
high-dimensional time-frequency entanglement available
in off-the-shelf spontaneous parametric down conversion
(SPDC) sources. To the best of our knowledge, this is the
first experiment to demonstrate both heralding and dis-
crimination of multiple Bell pairs with a single source and
measurement apparatus, as well as the first experiment to
perform frequency-resolved measurements of four photons.

The experimental setup for producing heralded fre-
quency-mode-entangled two-photon states is shown sche-
matically in Fig. 1. Here two SPDC sources of spectrally
entangled photon pairs [14], labeled S1 and S2, are realized
by pumping a nonlinear crystal, ¥, in a double pass
configuration. The pump consists of frequency-doubled
pulses derived from a Ti:sapphire (Ti:sapph) laser oscillator
centered at 415 nm with 2.3 nm full width at half-maximum
(FWHM) bandwidth with an 80 MHz repetition rate, and
the SPDC is produced by collinear type-1I phasematching
within a 2.5 mm long bismuth triborate (BiBO) crystal. The
double-pass configuration ensures that the two sources are
identical. Signal and idler photons from both sources are
collected into polarization-maintaining (PM) single-mode
fibers. We measure a pair detection rate of up to 300 kHz
from each source using superconducting nanowire single-
photon detectors (SNSPDs).
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Experimental setup (see main text for description): A single nonlinear crystal (y?)) is double-passed by a blue pump laser

beam, effectively creating two SPDC sources (S1 and S2) of time-frequency entangled photon pairs. Clockwise: (a) The frequency-
multiplexed Bell-state measurement (BSM) implemented on the idler photons in modes 131 and Bz. FBS: fiber beam splitter. TOFSb:
time-of-flight spectrometer for the idler photons. (b) State characterization: joint spectral measurement of the signal photons in modes a;
and a,, conditioned on the BSM. TOFSa: time-of-flight spectrometer for the signal photons. (c) Entanglement verification: two-photon
interference as a function of relative delay 7, conditioned on the BSM. (d) Measured JSI for each of the sources, where A,(4;) is the signal
(idler) wavelength. (¢) Spectrum of the idler photons as measured by TOFSb, showing the labeling convention for Q) measurements,
(e.g., Qg corresponds to a bin centered at 830 nm). (f) Physical implementation of the dispersive time-of-flight spectrometers: TOFSb is
a 500 m long single-mode fiber (SMF), and TOFSa is a highly dispersive chirped fiber Bragg grating (CFBG).

Signal (a) and idler (lS) photons are generated for source
1(2) by pump pulses traveling from bottom to top (top to
bottom). The signal and idler photons from each source
display spectral-temporal correlations, as reflected by the
joint spectral intensity measurement in Fig. 1(d). The four-
photon state produced by this system when a pair of
photons is generated in each source is given by

lw) = /da)sdw,-da)gdwgf(ws w;)al ()bl (w;)
x f (@}, w}) a3 (}) b (af) |vac). (1)

Here a “1 (@ )(b )(@)) creates a photon with frequency @

in the 51gnal (1dler) mode and 1(2) label source 1(2). The
function f(w,, ®;) is the normalized complex joint spectral
amplitude (JSA) of the two sources, assumed to be identical
for both. The joint spectral intensity (JSI) |f(w;, ;)|* of
each source is measured efficiently using a time-of-flight
spectrometer consisting of a pair of 500 m-long fibers
(TOFSb), as depicted in Fig. 1(f). Each photon from the
signal-idler pair is passed through the dispersive fiber,
imparting a wavelength-dependent delay. Time-resolved
coincidence detection at the output, using a time-to-digital
converter (ID900) with approximately 30 ps timing reso-
lution, provides a measurement of the JSI with 0.5 nm
resolution [see Fig. 1(d)]. Assuming negligible phase
correlations [15], we estimate the amount of entanglement

in each source by taking the square root of the JSI and
calculating the Schmidt number [16], which yields a
value K ~ 4.

To herald a frequency-mode entangled state of the signal
photons in paths @, and a5, a partial Bell-state measurement
(BSM) on the idler photons in paths 131 and 132, is
performed, as shown in Fig. 1(a). This is achieved by
interfering the fields at a balanced PM fiber beam splitter
(FBS) and making frequency-resolved coincident measure-
ments at the output. A coincidence detection centered
on frequencies 2; and Q; projects the input idler fields
(1/V2)x
|%4)511€2))p2), Where |Qj>b1(2) is a sin-

onto the two-color singlet Bell state |y~) =
(1927) 51124052 =
gle-photon state occupying a narrow-band spectral mode
centered on frequency €2;. Here j and k are integers labeling
different “frequency-bin” measurement outcomes in the
spectrometers, of which there are approximately 15. Care
must be taken to ensure the idler photons from sources 1
and 2 arrive at the FBS simultaneously, which is achieved
using a free-space delay line in path 131 (not shown). By
scanning the delay line and monitoring coincidences
between the two outputs of the FBS one can observe a
Hong-Ou-Mandel dip between the idler photons [13]. Upon
a coincidence detection of the idler photons in frequency
bins j and k at the output of TOFSb, the state heralded in
the signal fields is well approximated by [17]
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FIG.2. Left, state characterization: array of the measured JSIs Fj; of the signal photons, conditioned on the (Q;, Q) outcomes of the
BSM. Right, entanglement verification: array of interference fringes P;(z), conditioned on the same (£;,€;) outcomes, verifying
entanglement of the states. The background color indicates the total number of counts for each plot, and thus the entire array maps out
the pj; matrix. Each array was obtained in a single measurement run. For the axes of each plot, see Fig. 3 (right).

|‘ij> = (|¢j>| |f/)k>2 - |¢k>1 ‘¢j>2)' (2)

1
A/ 2C]k
Here the signal photons occupy spectral modes ¢;(w) o
f(®,Q;) that depend on the heralding frequency bin j and
the source JSA. The labeling of these bins is done
according to an experimental calibration as shown in
Fig. 1(e). We approximate the spectral amplitudes by a
Gaussian ¢;(w) x exp [—(w — w;)?/4c?], with @; and o
determined by the JSA and heralding frequency bin. The
normalization coefficient is C; = 1 — [{(¢;|¢)|*, which
depends on the spectral mode overlap [17]. Note that since
the TOFSs have multiple measurement outcomes, we can
herald several different entangled two-photon states |¥ ;)
in a single experimental configuration. In Fig. 5 of
Ref. [17], we show graphically how a detection of an idler
photon at €; projects its corresponding signal photon onto
a state with spectral distribution |¢;(w)|*.

The heralded states in Eq. (2) can be characterized
by measuring the JSI, F (@, ;)  |p;(0;)pi(wr)—
¢i(01)¢;(w,)|?, using another, higher-resolution, method
of frequency-to-time mapping (TOFSa), as indicated in
Fig. 1(b). These TOFSa are constructed using a chirped
fiber Bragg grating (CFBG), shown in Fig. 1(c), instead of
fibers, for greater dispersion that provides increased

spectral resolution of 0.1 nm [12]. Figure 2, left, shows
the measured JSI for 81 different heralding outcomes j, &,
where the heralding measurement outcomes j, k are
integers between —4 and 4, labeled by binning the data
according to Fig. 1(e). These demonstrate that the heralded
two-photon states do indeed have spectral amplitude
anticorrelations. However, this measurement alone is not
sufficient to demonstrate entanglement, beyond classical
correlations.

To verify entanglement in the state |¥;), beyond
frequency anticorrelations, two-photon interference is used
in a manner similar to the method employed in Ref. [11].
Here the heralded signal photons are detected in coinci-
dence at the output of a balanced FBS, as a function of
relative arrival time delay 7, as depicted in Fig. 1(c). If the
photons are not entangled one predicts a Hong-Ou-Mandel
(HOM) dip in the coincidence events at zero delay.
However, if the photons occupy an antisymmetric enta-
ngled state there is a HOM peak at zero delay [18]. For the
heralded state |¥;), the coincidence probability as a
function of the delay between the signal photons arriving
at the FBS is [17]

Piy(r) =1/2+ e~ cos [(@; — wy)7]/2, (3)

which oscillates at the difference frequency @; — w;. These
oscillations, obtained without filtering of the interfering
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(a) The integrated interference fringes P(z). The red plot is not a fit, but the sum of the fits from Fig. 2(b). The inset is the

integrated JSI F(w;,®,). (b) A set of JSIs and interference fringes (c) corresponding to five quasiorthogonal modes, satisfying an
overlap of < 0.15 as described in the text, chosen from the full set from Fig. 2.

fields, are a hallmark of two-color entanglement of the
input state [18]. The heralded two-photon interference
coincidence rate as a function of delay 7 between signal
photons is shown in Fig. 2, right. Indeed, if the photons had
only spectral anticorrelations, but no well-defined spectral
phase relationship, the coincidence rate would be indepen-
dent of the time delay z. Note that for SPDC sources the
probability that one source produces two pairs of photons is
on the same order as the probability that each source
produces a single pair. This contributes to additional terms
in the heralded state inherent to all similar entanglement
swapping experiments using SPDC [19]. This results in a
constant coincidence background in the HOM measure-
ment that is determined by blocking each signal path and
recording coincidence events at the output of the beam
splitter. After this background is subtracted, the measured
visibility of the interference fringes is over 75%, consistent
with the maximum visibility expected from source match-
ing measurements [17]. Finally, it is notable that the total
number of fourfold coincidence events for each (j, k) is
proportional to the probability pj of heralding the state
|¥ ;). We highlight this fact by coloring the background of
the interference plots according to the total number of
counts. The color map shown in Fig. 2, right, therefore
represents the joint-spectral distribution for the idler pho-
tons measured after the beam splitter, where the trough
along the diagonal (j = k) is due to Hong-Ou-Mandel
interference.

If the heralding measurements performed on the idler
photons are not spectrally resolved, then the signal photons
are heralded in a mixed state, p =1 pj|¥ ) (Pjls
which can be normalized by dividing by > ik Pk
The JSI for this state is just a weighted sum of the
spectrally resolved heralded JSIs, Fj(w,®,), given
by F(oy, ) = ;i PjxF ji(@1, @)

The heralded mixed state p retains the antisymme-
try of its constituent states [¥;). This is evidenced by
the two-photon interference pattern given by P(z) =
>k PjirPji(t), which predicts that the coincidence peak

remains at 7 = (. Two notable features arise from the
inherent antisymmetry of the state. First, there is no
amplitude in the JSI of the heralded mixed state along
the diagonal w; = wy, as displayed in the inset of Fig. 3(a).
Second, the antisymmetry of the state leads to a HOM-like
peak in the two-photon interference P(7), which is dis-
played in Fig. 3(a). Note also that the red curve in that plot
is not a new fit to the data, but rather just the weighted sum
of the individual fits to the P (7). Remarkably, the
approximation that a spectrally resolved herald projects
the signal onto a pure state is shown to be valid, and leads to
the standard result of quantum mechanics that any mixed
state may be represented as a convex combination of pure
states. Taken all together, our data nicely highlights the
quantum nature of measurement, whereby different quan-
tum states arise as a consequence of different measurement
results.

In the present experiment, the number of states [V ;) that
we can herald is limited by the spectral resolution of the
heralding spectrometers and the bandwidth of the idler
photons. However, not all these states are orthogonal. This
is due to the finite number of available orthogonal modes
produced by the initial SPDC sources, quantified by the
Schmidt number. A combinatorics argument shows that, for
two identical sources with Schmidt number K, one can
herald at most K(K — 1)/2 orthogonal Bell pairs [8]. The
ideal Bell state measurement for our scheme would resolve
the idlers in the Schmidt mode basis of the sources, which
could be accomplished by using a quantum pulse gate for
instance [20], thus automatically heralding the signals in
orthogonal Bell pairs. Since we perform spectrally resolved
measurement of the idler photons into frequency bins, we
herald more signal states than those comprising an orthogo-
nal set. We can then simply choose a quasiorthogonal set of
states from our data which satisfy an overlap criterion of
[ dwdwsF (@, 00)Fpp(wy, 0,) <€, ¥ (j k) # (., K),
where € can be chosen arbitrarily small. In an application
setting such as multiplexed entanglement distribution, one
could in principle restrict consideration to this smaller set of
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J, k heralding events which correspond to orthogonal states
to avoid any unwanted crosstalk between frequency chan-
nels. In Fig. 3(b), we show a representative set of
quasiorthogonal modes selected with ¢ = 0.15, along with
the associated interference fringes in Fig. 3(c). In this case
there are five orthogonal modes, while our estimated K of 4
predicts a maximum of six orthogonal modes.

In conclusion, we have demonstrated a multimode
frequency entanglement swapping scheme that is easily
implemented with SPDC sources based upon dispersive,
time-of-flight spectral measurements. Our design provides
a simple way of heralding a high number of orthogonal
frequency Bell pairs that is completely measurement based
and is compatible with a variety of frequency-entangled
sources. The ability to scale this approach to a larger
number of orthogonal states is straightforward, requiring
only entangled photon pair sources with a higher Schmidt
number. We note that, in a manner similar to recent
approaches to heralding single photons in pure quantum
states [21,22], our protocol could be combined with
frequency translators in the signal beams [23], to generate
multiple copies of the same Bell state using a variety of
broadband sources. A further extension of our work to
entanglement swapping of higher-dimensional (HD) states
through implementation of HD Bell state measurements, as
recently demonstrated for path [24,25] and orbital-angular
momentum [26], could be readily implemented using
ancilla photons and an additional multiport beam splitter.
Alternatively, the nonlinear optical process of sum-fre-
quency generation has been proposed as a means to
implement projective measurements onto HD entangled
two-photon states [27]. Finally, with the advent of push-
button sources of entangled photon pairs [28], multiplexed
quantum repeaters of the kind that our protocol allows
could prove to be a scalable solution for quantum commu-
nication networks, for instance, by serving as nodes in a
network where the communicating parties are assigned
different frequency channels.
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