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We report the experimental generation of all four frequency-bin Bell states in a single versatile
setup via successive pumping of spontaneous parametric downconversion with single and dual spec-
tral lines. Our scheme utilizes intensity modulation to control the pump configuration and offers
turn-key generation of any desired Bell state using only off-the-shelf telecommunication equipment.
We employ Bayesian inference to reconstruct the density matrices of the generated Bell states,
finding fidelities >97% for all cases. Additionally, we demonstrate the sensitivity of the frequency-
bin Bell states to common-mode and differential-mode temporal delays traversed by the photons
comprising the state—presenting the potential for either enhanced resolution or nonlocal sensing

enabled by our complete Bell basis synthesizer.

Introduction.—Bell states are vital resources both for
fundamental investigations of quantum entanglement
and for realizing practical goals in quantum information
processing and metrology. Generation and measurement
of Bell states appear in a plethora of quantum commu-
nication protocols spanning dense coding [1], telepor-
tation [2], cryptography [3-5], and entanglement swap-
ping [6, 7]. Production of a complete set of Bell states
has been actively studied in various photonic encod-
ings including polarization [1, 8], orbital angular momen-
tum [9], time-bins [10, 11] and path [12-14]. Recently,
interest in time-frequency encodings in general [15-19]—
and frequency-bin encoding in particular [20-24] has
grown due to its multiplexing capabilities and compat-
ibility with both on-chip integration and optical fiber
networks. In frequency bins, the negative correlations
associated with the |¥*) oc [01) + [10) Bell states (un-
der the convention where the logical |1) has higher fre-
quency than logical |0) for each photon) are automati-
cally realized through energy conservation in a nonlinear
parametric process driven by a continuous-wave (CW)
monochromatic pump However, the generation of posi-
tively frequency-correlated |®¥) oc |00) 4 |11) states is
inherently more challenging. While the |U*) states can
be deterministically transformed to |®*) states using a
quantum frequency processor (QFP) [25], such transfor-
mations require multiple active elements after photon
generation, increasing complexity and insertion losses.

In this Letter we synthesize all four frequency-bin Bell
states in a single setup. Just as the superposition of
multiple generation pathways (spatial, temporal, or po-
larization) underpins the production of Bell states in tra-
ditional encodings, our approach leverages the coherent
superposition of multiple pump lines to shift from |¥)
to the positively correlated |®¥) in spontaneous para-
metric down-conversion (SPDC). We use Bayesian esti-
mation to reconstruct the density matrices of the gen-
erated Bell states and find fidelities >97%. The pre-

sented scheme together with the recent demonstration
of a frequency-bin Bell state analyzer [26] and arbitrary
control of frequency-bin qubits [23] lays the groundwork
for several entanglement-based quantum networking pro-
tocols. Our work also opens up avenues in quantum
metrology. The generation of all four frequency-bin Bell
states enables selective implementation of complemen-
tary quantum-enhanced delay sensing capabilities: non-
local differential-mode delay measurements with |[U+)
and a two-photon advantage in common-mode delays
with |®%). We demonstrate the concept by probing the
impacts of common-mode and differential-mode phases,
highlighting the potential to sense the link latency or
perform positioning and clock synchronization [27, 28] in
entanglement distribution networks.

Background.—Consider two frequency-bin qubits de-
fined on a comb-like grid of narrowband spectral modes
spaced by multiples of Aw [29]. An arbitrary pure two-
photon state for an idler I and signal S qubit can then
be expressed as

1¥) = 700 [10S0)+701 [10S1)+710 [11S0) +711 [1151) 5 (1)

where I,, (S,,) signifies a single photon populating mode
centered at frequency wy,, = wr o+ nAw (ws, = ws,o +
nAw). In exploring the feasibility of producing such a
state through SPDC, we note immediately that three
pump wavelengths will be required to satisfy energy con-
servation for the four logical states: wp _; = wr o0+ ws,0,
wpo = wWr,0 +ws1 =wr1+wsp, and wp1 = wr1 +ws1-
We therefore can write the basis coefficients 7., in
terms of complex pump amplitudes «aj corresponding
to pump frequency line at wpr [30]: Y00 = a—1fB00,
Y01 = fo1, 710 = oo, and y11 = 111, where
Bmn = B(Wrm,ws,n) denotes the phase-matching coef-
ficient.

Accordingly, with full control of three pump lines and
the relevant phase-matching conditions, it is in princi-
ple possible to produce any two-qubit frequency-bin pure
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FIG. 1. (a) Experimental setup. Frequency domain illus-
tration for the generation of (b) |¥{*))- and (c) |®*))-type
states. See text for details. (a-i) Measured pump spectra.

state. Yet despite a large body of research on engineered
periodic poling designs for nonlinear crystals [31], which
in the context of biphoton generation include chirped pat-
terns for increased bandwidth [32-34], phase-modulated
patterns for pump switching [35, 36], and Gaussian pat-
terns to remove spectral entanglement [37-39], we are un-
aware of any method to leverage such engineering for fully
arbitrary control over the f,,, phase-matching factors,
as would be required for general two-qubit frequency-
bin states. Indeed, if seeking a single physical config-
uration to produce all states of interest, the condition
|Boo| = |Bo1| = |B10| = |B11| would actually prove desir-
able in enabling comparable efficiency for all logical basis
states. Under this condition, direct production of an ar-
bitrary state is no longer possible, for the dependence of
both 91 and 19 on «q prevents independent specifica-
tion of each coefficient [40]. Nevertheless, all four Bell
states can be generated: a+; = 0 and a9 # 0 leads
to [v00| = |v11l = 0 and |y01| = |710] # 0, whereas
o] = |a—1| # 0 and ag = 0 yields |yoo| = |y11] # 0
and |y01] = |10| = 0. By applying phase shifts using
a pulse shaper after generation—which would likely be
present already for subsequent routing and processing—
the specific phases required for |[U*) and |®%) can be
realized. Importantly, since switching between |[¥*) and
|®*) is effected by modifying the pump, the generated
photons experience no additional loss in the process.
Bell state demonstration.—Figure 1(a) depicts our
frequency-bin Bell basis synthesizer. A CW laser cen-
tered at 780.3 nm (wp,/27 = 384.15 THz) is launched
into an electro-optic intensity modulator (EOIM) driven
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FIG. 2. Coincidences (integrated over 4 s) between output
frequency bins after the operations I; ® Is and H; ® Hg for
(a) |¥*) and (b) |®*). The coincidence window is 256 ps.

by a 25 GHz radio-frequency (RF) sinusoidal waveform,
set to one of two desired modes of operation: in the
“EOIM off” case, the RF waveform is suppressed and
the DC bias point adjusted for maximum transmission,
resulting in a single pump line; in the “EOIM on”
case, an RF waveform with a 3.6 V peak amplitude—
approximately 70% of the EOIM’s half-wave voltage—
is applied while the DC bias point is set to the null
transmission point, leading to two spectral lines spaced
at 50 GHz via carrier suppression. The output from
the EOIM is used to pump a fiber-pigtailed periodi-
cally poled lithium niobate (PPLN) ridge waveguide en-
gineered for type-0 phase matching and temperature-
tuned to ~56 °C for maximum efficiency at the pump
frequency wpo. Two 14 GHz-wide frequency bins sep-
arated by Aw/2m = 25 GHz are carved using a pulse
shaper (Shaper 1) at spacings of +152.5 GHz (for I; and
So) and +£177.5 GHz (for I and S) on either side of the
CW laser’s half-frequency (wpp).

The produced state is then characterized by a tomog-
raphy setup comprising an electro-optic phase modula-
tor (EOPM), a pulse shaper operated as a wavelength-
selective switch (Shaper 2), and two superconducting
nanowire single-photon detectors (SNSPDs) for coinci-
dence detection. When the EOPM drive signal is off, the
measured joint spectral intensity (JSI) corresponds to ap-
plication of the identity to both signal and idler photons
(I ® Ig); when the 25 GHz EOPM signal is on (with
modulation index m = 1.435 rad to ensure equal mixing
probability between two adjacent bins), both photons ex-
perience a probabilistic Hadamard gate (H; ®@Hg) [23, 41]
prior to spectrally resolved detection.

In the first experiment [Fig. 1(b)], we couple a sin-
gle carrier pump (wp,o) at 6.2 mW input into the PPLN
waveguide. After spectral filtering, the resulting state is
ideally of the form |¥(®)) o |InS;) + €™ |I;Sp), where
the phase k is dependent on the difference in delays
experienced by the biphotons prior to the EOPM [42].
Since both photons traverse identical links with negligi-
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FIG. 3. Bayesian mean density matrices computed from the
measurements in Fig. 2.

ble dispersion, k is expected to be zero. We verify the
same by measuring the coincidences between all pairs
of signal and idler frequency bins selected by Shaper 2
while the spectral phase on the bin pair |I;Sp) is scanned
by Shaper 1 followed by parallel Hadamard gates ap-
plied by the EOPM. The phase « is set to 0 (7) using
Shaper 1 to obtain the standard Bell state [¥+) = [¥())
(o) = [w)).

Figure 2(a) shows the measured coincidences af-
ter applying gate operations I; ® Ig and H; ® Hg—
corresponding to measurement in the 7 ® Z and X ® X
Pauli bases, respectively. In accordance with theory [42],
the negative frequency correlations revealed in the I; ®Ig
JSI are reversed after the Hadamards for the [¥*) Bell
state, but retained for |[¥7). A factor of ~2.8 lower co-
incidences for the H; ® Hg cases result from the proba-
bilistic nature of the single-EOPM Hadamard [41].

In the second experiment [Fig. 1(c)], the EOIM elimi-
nates the original pump line at wp and produces equal
first-order sidebands spaced by 50 GHz (wp, _1 and wp1).
The power in each sideband after modulation is main-
tained at ~7 mW in order to achieve coincidence rates
similar to the first experiment. Note that this amounts to
approximately twice the total pump power as before: in
the spontaneous regime, the flux in any given signal-idler
bin pair is directly proportional to the pump power at
the corresponding sum frequency, so that the two pump
lines in the “EOIM on” case must each match the power
of the single line in the “EOIM off” case to maintain
the rate of Bell state production. Experimentally, we
observe 17.5 dB extinction of the original line [Fig. 1(a-
i)], implying a roughly 50-fold suppression of negatively
correlated biphoton contributions relative to the desired
positive correlations. Such intensity modulation offers a
particularly simple approach for producing the two lines
required, although more general pump inputs would be
possible with an optical frequency comb as input—e.g.,
an EOPM followed by a line-by-line pulse shaper in the
780 nm wavelength band [43, 44]. Such an arrangement

would allow for arbitrary weightings of the input pump
lines, but introduce additional complexity that is not re-
quired for the Bell states of interest here.

The succeeding SPDC process generates time-energy
entangled biphotons in coherent superpositions of broad-
band spectral amplitudes centered at half of the pump-
sideband frequencies, resulting in a two-qubit entangled
state ideally of the form |®®)) o [Ty, So) + €™ |11, S1).
The phase v is a fixed common-mode phase that is ex-
pected from the RF modulation phase and mean optical
delay traversed by the biphotons [42]. We determine the
phase v in the same fashion as with x but now by scan-
ning the spectral phase imparted on the bin pair |I;.51);
the measured value of v is compensated for and set to 0
(7) to obtain |®)) = |®+) (|&(™)) = |®~)). Measured
JSIs after the identity and Hadamard operations appear
in Fig. 2(b); in contrast to the |¥*) case, positive fre-
quency correlations are now clearly evident in the I; ® Ig
measurement, with the Hadamard operation producing
correlation patterns that depend on the state phase (0 or
).

Figure 2 reveals unique correlation signatures for each
state in the results from both identity and Hadamard.
Such signatures are sufficient to perform high-fidelity
state quantum reconstruction via Bayesian inference [45,
46], which has been shown to enable low-uncertainty es-
timates of highly correlated states measured in two pairs
of mutually unbiased bases [25, 47]. Our specific proce-
dure [46] starts with a uniform (Bures) prior and uses
a likelihood from the JSI measurements in the Z ® Z
and X ® X bases. The estimated mean density matri-
ces, shown in Fig. 3 have fidelities > 97% with respect to
the ideal Bell states. Interestingly, the fidelities for W)
are slightly higher than those for |®%), which can be at-
tributed to a combination of SPDC from residual wp,
pump and higher accidental coincidences in the latter
case. In the dual-line pump scenario, the pump frequency
at wp1 (wp,—1) can also populate photons in frequency
bins Iy and Sy (I3 and S1) via downconversion in which
the matched signal or idler falls outside of the compu-
tational space. Such processes do not contribute to the
ideal |®*) state in the coincidence basis. However, in
practice the presence of multipair emission means that
these undesired detection events can lead to accidental
coincidences; specifically, for the same rate of desired co-
incidences for |U*) and |®T), the |®*) cases have double
the rate of single-photon detection events, leading to a
four-fold increase in uncorrelated coincidences.

The impact of both imperfect carrier extinction
and background processes are validated experimentally.
First, for the I; ® I cases in Fig. 2, the ratio of desired
to undesired JSI points is around 50 for the |®¥) states,
in agreement with that predicted by the 17.5 dB car-
rier suppression in Fig. 1(a). (For the |¥'*) states where
carrier suppression is not required, the mismatched JSI
points fall to the observed accidentals level.)



Similarly, computing the coincidences-to-accidentals
ratios (CARs) found by comparing the coincidences in
Fig. 2 against their values time-shifted in the raw his-
tograms, we obtain CARs of ~400 for [U*) and ~100
for |®*), again matching the four-fold theoretical pre-
diction for accidentals between the two cases. We note
that the first nonideality represents a technical limitation
that could be eliminated with stronger suppression of the
carrier frequency (through a different EOIM or additional
pump filtering). And despite the undesirable background
processes for |®%), its practical impact is equivalent to
insertion loss: whether a photon’s entangled partner lies
outside of the Hilbert space or is undetected due to loss,
the result is an increase in uncorrelated detection events.
Indeed, a simple analysis [42] reveals that the multiline
scheme for |®*) offers a higher CAR for a given corre-
lated coincidence rate than any alternative with >3 dB
extra loss per photon. Considering current QFPs with
discrete fiber-optic components impart about 12.5 dB
loss [22], our approach for generating |®*) is not only
simpler than QFP manipulation of a [¥*) input, but also
actually attains lower background in practical scenarios.

Quantum delay sensing.—The joint temporal corre-
lation of time-energy entangled biphotons can be uti-
lized for delay metrology with potential quantum ad-
vantages [27, 48]. Negatively correlated entangled states
(such as [U'*)) can probe changes to the difference in the
delays traversed by the photons (differential-mode delay)
via nonlocal measurements only [49, 50]. Entangled pho-
tons with positive frequency correlations (such as |®%))
can offer enhancement in delay sensitivity beyond the
shot noise limit [27, 51, 52], by responding to changes
in the sum of the signal and idler delays (common-mode
delay). Combined, these complementary capabilities sug-
gest that frequency-bin Bell states could be employed for
distributed sensing applications [53, 54] and monitoring
delays and latencies in quantum networks. We highlight
this potential using the demonstrated frequency-bin Bell
states by examining their sensitivity to common-mode
and differential-mode phase—fully equivalent to tempo-
ral delay through the general Fourier relationship be-
tween linear spectral phase and group delay [50, 55, 56].
For the special case of two-dimensional systems, any rel-
ative phase shift is trivially equal to a linear phase; thus
any phase operation on a frequency-bin qubit can be
mapped to a delay [23].

Specifically, a common-mode phase ¢. applied on the
bins 57 and I; results in a global phase on the |\Ifi>
state which remains unaltered. However, the |®T) state
transforms into |®(2¢<)) o [I5Sy) + €¥<|I;S;). Such
a transformation is equivalent to a common-mode de-
lay of the form 7. = (75 4 77)/2 = @.Aw™ ", where 7g
(77) is the total delay experienced by the signal (idler)
photon. That is, biphotons traveling through the same
path accumulate phase corresponding to twice the de-
lay traversed, the origin of quantum enhancement [27].
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FIG. 4. Coincidence interferograms as (a) differential-mode
and (b) common-mode spectral phases are scanned.

After parallel Hadamard operations, the probability of
coincidence detection between bins Iy and Sy becomes
PREX (@29)) o cos?(2¢.) [42].

On application of differential-mode phase ¢4 on the
bins Sy and I, the |®*) states are unaltered while |U™)
transforms to |¥(2¢4)) o |I4S;) + €%%4 |ISy), and the
resultant coincidence probability between bins Iy and Sy
after parallel Hadamard operations is Pgp®~ (¥(2¢4)) o
cos?(2p4). This transformation is equivalent to a dif-
ferential mode delay of the form 74 = (7 — 77)/2 =
©aAw™!. The coincidence probabilities for other signal-
idler bin pairs after the Hadamard operation are shown
in Ref. [42]. Using Shaper 1 to successively apply the
common-mode phase (. on the bins S; and I;) and
differential-mode phase (pg on the bins Sy and Ip) prior
to Hadamard operations, we measure coincidences be-
tween different frequency-bin pairs (plotted in Fig. 4).
The experiment clearly corroborates the theoretical pre-
diction, highlighting the capability for delay metrology
using frequency-bin Bell states.

Discussion.—We have demonstrated generation and
tomography of all four two-qubit Bell states. Readily
reconfigurable between single and dual line pump condi-
tions and relying on passive spectral filtering, our setup
can synthesize any Bell state within a fixed set of four
frequency bins. The capability for on demand switching
between the Bell pairs can find use in quantum cryp-
tography applications [4, 57]. Further, we demonstrate
that the strong positive and negative frequency correla-
tions in the generated Bell states can be used for sensing
common-mode and differential-mode delays. By routing
the signal and idler photons to different optical links,
our scheme could support sensing of absolute and differ-
ential link latencies—a fundamental capability facilitated
by the design’s reconfigurability to produce both classes
of Bell states in a single setup.

A compelling feature of frequency-bin encoding is its



inherent parallelizability across many wavelength chan-
nels in a single-mode fiber. Our Bell state synthesizer is
well suited to this context, as it can prepare many pairs of
entangled qubits subject only to the bandwidth of SPDC
and the state preparation pulse shaper. Thus, with our
5 THz-wide pulse shaper, 50 parallel Bell states could in
principle be produced on the current 25 GHz-spaced grid
without any additional components (modulators or pulse
shapers). A wavelength-selective switch could then be
used to route these states on demand to entangle many
pairs of users distributed across a quantum network—
perhaps supplemented with frequency-bin Bell state an-
alyzers [26] for teleportation or entanglement swapping as
well. The spectrally unentangled frequency bins required
for this latter context could be realized by pulse-carving
the CW pump prior to sideband generation, such that its
bandwidth fills an individual bin but is less than the bin
spacing; all other aspects of our method would remain
unchanged.

This work also offers scope for analyzing related mul-
tiline pump architectures for preparing two-qubit states.
While on-chip generation of generic negatively correlated
two-qudit states has been investigated [58], our approach
can offer further opportunities for on-chip implementa-
tion of |®)-like states utilizing multiline-pumped sponta-
neous four-wave mixing in single or series microring reso-
nantors (MRRs). In fact, through an appropriate cascade
of MRR sources, it might be possible to suppress unde-
sired biphoton generation processes such that only the
signal and idler mode pairs of interest—i.e., those in the
two-qubit computational basis—are efficiently produced.
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ECCS) and the U.S. Department of Energy, Office
of Science, Advanced Scientific Computing Research,
Early Career Research Program (Field Work Proposal
ERKJ353).
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