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Cavity-enhanced single photon sources exhibit mode-locked biphoton states with comblike correlation
functions. Our ultrabright source additionally emits single photon pairs as well as two-photon NOON states,
dividing the output into an even and an odd comb, respectively. With even-comb photons we demonstrate
revivals of the typical nonclassical Hong-Ou-Mandel interference up to the 84th dip, corresponding to a path
length difference exceeding 100 m. With odd-comb photons we observe single photon interference fringes
modulated over twice the displacement range of the Hong-Ou-Mandel interference.
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The Hong-Ou-Mandel (HOM) effect [1–3]—where pho-
tons in separate spatial modes coalesce after interfering at a
beam splitter—is the most famous signature of nonclassical
interference. It varies directlywith the indistinguishability of
the interacting light fields in all degrees of freedom (d.o.f.).
This effect is inherently quantum and foundational in
many quantum applications, including photonic entangling
gates [4–8], measurement processes [9–11], and boson
sampling [12–15], and can also be used to measure the
temporal width of the photonic wave packet [2] or perform
(sub)femtosecond spectroscopy [16–18]. The result of
HOM interference is a low-order NOON state [19,20],
which is of great interest in metrology as it has both phase
superresolution and phase supersensitivity [21].
The sensitivity of HOM interference to distinguishability

in all d.o.f. makes it a useful sensor to detect phase drifts or
displacements, e.g., see [22]. Most commonly a decrease in
the coincidence rate—a HOM dip—is observed by varying
the arrival time of the photons or the path lengths traversed
by the light fields. Traditional single photon sources based
on atoms, quantum dots, or parametric down-conversion
will exhibit a single dip with a width representative of
the coherence time of the two-photon state, usually on the
order of picoseconds to femtoseconds.
Lu, Campbell, and Ou [23] showed that placing a cavity

before the interfering beam splitter leads to revivals of the
HOM interference, spaced by the round trip time of the
cavity. The photons are then generated in a mode-locked
entangled state with selected frequencies and a distinct
temporal profile, causing a revival for every possible
temporal output mode of the cavity. Assuming the cavity
contains a single excitation, the intensity of the output field

is exponentially decaying and thus results in a diminished
visibility of the interference for longer delay times. A cavity
around a single photon source produces the same effect and
enhances the photon rate. To date, this effect has only been
demonstrated over the range of several centimeters and a
maximum of nine revivals [24].
Here, we present the first source that produces non-

classical interference for >100 meters path difference
between photons, and measure HOM interference out to
the 84th revival.
Biphoton frequency comb.—We produce frequency-

entangled single photon pairs at 795 nm by cavity-enhanced
spontaneous parametric down-conversion (SPDC), achiev-
ing a spectral brightness of ð4.4� 0.4Þ × 103 photon pairs=
ðsmWMHzÞ [25]. The pump light at 397.5 nm is generated
inside a separate cavity with a linewidth ∼3 MHz. We then
type-II quasiphase match in a periodically poled potassium
titanyl phosphate crystal to obtain the photon pairs.
Birefringence is compensated by the flip trick [26]: a half
wave plate (HWP) at 45° inside the bow-tie cavity flips
the polarization of each down-converted photon once per
physical round trip of temporal length Tp. Two physical
round trips, one in each polarization, become one effective
round trip, referenced henceforth simply as round trip with
T ≡ 2Tp.
The biphoton frequency comb spans the 100 GHz full

width at half maximum phase-matching bandwidth of the
crystal and thus contains approximately 800 frequency
modes, spaced by 120.8 MHz—the free spectral range
(FSR) of the cavity. As signal and idler photons satisfy the
resonance condition simultaneously, the linewidth of the
frequency modes are smaller than the width of the cavity
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resonance [27], which are 429� 10 kHz for the modes
and 666� 15 kHz for the cavity, respectively [26,28].
This corresponds to a coherence time for the heralded
single photons of τcoh ¼ 740� 20 ns [25], enabling the
observation of quantum effects between two photons with
temporal delays up to this magnitude.
We implement temporal delays for our experiments

through a combination of different methods, as shown in
Fig. 1. Coarse delays select which HOM dip is observed,
intermediate delays allow scanning over individual dips,
and fine delays enable observation of subwavelength scale
features. Coarse delays are introduced by the addition
of optical fibers matched to multiples of the physical
cavity round trip time of Tp ¼ T=2 ¼ 4.14 ns (∼meters).
Intermediate delays are on the order of picoseconds
(∼millimeters), achieved in free-space with two mirrors
on a motorized translation stage before the photons are
coupled into fiber. Fine delays on the order of femtoseconds
(∼nm) are achieved using a piezo-mounted mirror.
Quantum interference with a biphoton frequency comb.—

Down-conversion in our source can be described using the
standard interaction Hamiltonian for SPDC of type II [29].
In our case, this Hamiltonian leads to results differing from
those found in [27,30]: the flip trick changes the photons’
polarizationwith each physical round trip. Therefore, the two
photons can be detected in either the even comb, where the
photons have orthogonal polarization and a detection time
difference δt equal to even multiples of the physical cavity
round trip time (Te

p ≡ 2nTp, n ∈ N0); or the odd comb,
where the photons have the same polarization and a time
difference equal to odd multiples [To

p ≡ ð2nþ 1ÞTp]. This
results in the state,

jψi ∝
ffiffiffi

2
p

j1H1Viδt¼Te
p
þ ðj2H0Vi þ j0H2ViÞδt¼To

p
: ð1Þ

Note that the temporal structure eliminates overlap between
the j1H1Vi and j2H0Vi=j0H2Vi terms, regardless of the
photons’ polarization. However, each state component in
Eq. (1) is in itself a frequency-entangled, two-photon state
containing a superposition of amplitudes for all possible even
(odd) detection time differences.
The signals from detectors 1 and 2 shown in Fig. 1 are

used to obtain the integrated coincidence signal, Ḡð2Þ
1;2ðΔtÞ,

where Δt is the temporal delay between the photons before
the beam splitter. Averaging the Glauber cross-correlation
function over all possible detection times yields

Ḡð2Þ
1;2ðΔtÞ ¼

1

4
ð1 − fð2ΔtÞÞ þ 1

2
sin2ðω0ΔtÞ; ð2Þ

where f is a function of the temporal amplitude of the
photons and ω0 is the central single photon frequency. The
two distinct contributions in this cross-correlation function
arise respectively from the even and odd frequency combs.
The first term of Eq. (2) is due to the even comb—the

j1H1Vi state—and describes the resulting destructive two-
photon interference at the 50=50 beam splitter. It contains

the only dependence of Ḡð2Þ
1;2ðΔtÞ on the temporal amplitude

of the two-photon state, via the function

fð2ΔtÞ ¼ e−2πγjΔtjð1þ 2πγjΔtjÞ
X

m

h(2ðΔt −mTpÞ):

ð3Þ

Here γ is the cavity linewidth, h is the dip shape dependent
on the filters in the setup, and m ∈ Z. This shows that the
photons not only interfere destructively around zero delay,
but also at delays which are an integer multiple of the
physical round trip time Tp caused by the cavity. The shape
of each separate dip is identical to the shape hðtÞ observed
in absence of the cavity function.
The second term in Eq. (2) is the result of the odd comb—

the two-photon NOON-state [19,20] component. Here, the
delay Δt does not change the detection time difference of
the two photons, but introduces a relative phase φ ∝ ω0Δt.
The beam splitter translates this relative phase into oscil-
lations of the NOON state: φ ¼ 0 leaves it unaffected while
φ ¼ π transforms into the j11i state at the output.
In our experiment, the photons are separated determin-

istically after the cavity with a polarizing beam splitter
(PBS) before being coupled into single mode fiber. HOM
interference occurs at a 50=50 fiber beam splitter (FBS),
with polarization control on both input ports. The two
outputs are connected to silicon avalanche photon detectors
and their signals recorded with a time-tagging module,
Fig. 1.
Even-comb quantum interference.—Fig. 2(a) shows the

central HOM dip originating from the even-comb contribu-
tions in Eq. (1) as the photon delay varies over a timescale
of tens of picoseconds (intermediate delay). Similar traces

FIG. 1. Schematic showing methods for coarse, intermediate,
and fine photon delays before the 50=50 fiber beam splitter
(FBS). PBS, polarizing beam splitter; m ∈ N0; Tp, physical
round trip time; PZT, piezoelectric transducer; PC, polarization
controller; MTS, motorized translation stage; SPD, single photon
detectors. Coarse (right top): optical fibers provide delays on the
scale of multiple round trips; Intermediate (left lower corner): the
motorized translation stage allows scanning over nanosecond
ranges; Fine (center): wavelength scale resolution is achieved
with the scanning piezo controller.
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at positions selected with coarse delays achieved by combin-
ing fibers equivalent to ½, 1, and 42 round trip times are
shown in Figs. 2(b)–2(d) (additional dips at 2, 4, and 40
round trip times and a detailed description of the procedure
for collecting and post-processing of the data can be found
in the Supplemental Material [31]). The data points (blue)
agreewell with the fully constrained theoretical model (red),
where the model parameters are experimentally determined
values for linewidth, FSR, phase matching envelope, and
implemented narrow-band filters in Eq. (2) at constant
phase. The visibility of HOM interference is given by
V ¼ ðPmax − PminÞ=Pmax, with PminðmaxÞ the minimal
(maximal) coincidence probability. At zero time delay we
observe near-ideal visibility, V ¼ ð98.4� 1.7Þ%.
When single photons arrive from either side of the 50=50

beam splitter, the cases where either both photons are
transmitted (tt) or reflected (rr) interfere destructively,
giving rise to the HOM dip [2], Fig. 2(a). All temporal
components of the even-comb biphoton state overlap as
shown in Fig. 3(a), and thus interfere. If a temporal delay
Δt is introduced, the tt and rr detection probability
amplitudes are both shifted, however, in opposite direc-
tions. This leads to a relative shift of 2Δt so that the
amplitudes reoverlap for delays matching an integer multi-
ple of T=2, Δt ¼ m � T=2 with m ∈ Z, as illustrated in
Fig. 3(b), resulting in HOM dip revivals, Figs. 2(b)–2(d).
We emphasize that the somehow counterintuitive revival
period is ensured by the temporal entanglement of the two
photons.
The relative shift of the biphoton detection amplitudes

lowers their quantitative overlap—especially visible around
the center of Fig. 3(b)—which further decreases with
increasing temporal shift. This mismatch subsequently
reduces the visibility of the interference as illustrated in
Fig. 4 (see Supplemental Material [31] for table of visibility

values). The small discrepancies between the measured
data and theoretical predictions in Fig. 4 arise from residual
distinguishability in the polarization d.o.f., and from the
beam splitter reflectivity varying slightly from 50%.
Observing the HOM dips with hundreds-of-nanosecond
delays is proof of the long coherence time and narrow
linewidth of our photons, while requiring the matching
arrival times of the photons on the picosecond scale dem-
onstrates the mode-locked state of the generated photon
pairs.
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FIG. 2. Coincidence probability of even-comb photons in a HOM interference experiment for selected coarse time delays
Δt ∝ Tð¼8.28 nsÞ, data in blue, theory in red. Error bars are dominated by the uncertainty in the coincidence counts. Delays are
introduced by a set of optical fibers of length 0, ½, 1, and 42 round trips, corresponding to a free space path differences up to 105 m
between the photons. Intermediate time delays between data points within (a)–(d) are achieved with a pair of mirrors mounted on a
motorized translation stage with step sizes between 0.5–1.3 fs (150–400 μm). See Supplemental Material [31] for additional plots.
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FIG. 3. Detection probability amplitudes of the reflected-
reflected (rr) and transmitted-transmitted (tt) photon paths in
the HOM experiment. (a) No temporal delay,Δt ¼ 0. Amplitudes
cancel each other out perfectly. (b) Revivals occur when the
photons are delayed by Δt ¼ mTp ¼ m � T=2 (m ∈ Z), here
shown for m ¼ 1. Both detection probability amplitudes shift by
the implemented delay but in opposite directions, overlapping the
combs again.
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Odd-comb quantum interference.—The integrated single
photon count rate of each individual detector,

Ḡ1=2ðΔtÞ ¼ 1� cosðω0ΔtÞe−πγjΔtjð1þ πγjΔtjÞ
×

X

m odd

hðΔt −mTpÞ; ð4Þ

oscillates with the relative delay Δt. This results from the
interference of the probability amplitudes corresponding to

the j1H1Vi and j2H0Vi þ j0H2Vi components of the state,
which is only visible at delays close to odd multiples of
Tp. To understand this, note that originally the detection
time difference of the two photons is an even (or odd)
multiple of the physical cavity round trip time for the
j1H1Vi (or j2H0Vi þ j0H2Vi) state component. In principle,
these contributions can be distinguished and no interfer-
ence takes place. However, as the delay Δt only affects the
detection time difference for the j1H1Vi component, the
two contributions become indistinguishable ifΔt ≈ To

p, and
interference is observed. The visibility of the oscillations in
Eq. (4) maximizes at the center of the half-round trip HOM
dip, where the even and odd comb cannot be distinguished
temporally. The interference itself is modulated across
twice thewidth of the HOMdip as for first-order interference
Δt only enters once in the relative shift of the probability
amplitudes.
We emphasize that this is the result of first-order inter-

ference between the odd and even comb and consequently
has to be distinguished from the oscillation of Ḡð2Þ

1;2ðΔtÞ in
Eq. (2), which is a result of the second-order interference of
only the contributions from the NOON state.
To record these fast nanometer-scale oscillations, we

require time delays with femtosecond precision that are
implemented with a mirror mounted on a piezoelectric
transducer (PZT). Oscillations at selected points can be
seen in Figs. 5(b)–5(f), with their corresponding position
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FIG. 4. HOMinterferencevisibilities as a functionof coarse round
trip delays. Experimental data (blue) and theoretical predictions
(red) for 0, ½, 1, 2, 4, 40, and 42 RT delays. Error bars capture the
uncertainties in the photon detection and counting modules.

FIG. 5. Single photon interference. (a) Theoretical coincidence probability between the two detectors (¼HOM dip) at Δt ¼ T=2 in
order to indicate the rough positions used to obtain the oscillations shown in (b)–(f). The delay is implemented with a set of mirrors
mounted on a translation stages, see Fig. 1. (b)–(f) The oscillations of the single photon counts on the two detectors in blue and black,
respectively. The fit in red illustrates the expected periodicity of one wavelength and a maximal visibility for (d), at the bottom of the dip.
The phase delay is realized by a mirror mounted on a piezoelectric transducer. (g) Interference visibilities, data in blue with error bars
smaller than the dots, theory in red. Captions next to the data correspond to the relevant oscillation and positions on the HOM dip.
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on the HOM dip around T=2, Fig. 5(a). Following Eq. (4),
the expected visibilities are compared to the measured
results in Fig. 5(g) (the plots of all oscillations are presented
in the Supplemental Material [31]). Comparing Figs. 5(a)
and 5(g) clearly illustrates the expected broader range of
single oscillations, with visibilities up to 0.5 outside the
actual HOM dip.
Discussion.—We demonstrate the first nonclassical

interference between photons delayed by more than ⅓
of a microsecond—equivalent to 105 meter path length
difference—measuring a visibility of 55% at that delay, 96%
of the theoretically predicted value. Therefore, this source can
naturally be exploited in quantum networks based on time
resolved correlation measurements [32,33], including multi-
boson correlation sampling schemes [34,35]. Additionally,
our source achieves a heretofore unachieved spectral bright-
ness of ð4.4�0.4Þ×103photonpairs=smWMHz.
The source is a novel metrological tool that exhibits

different kinds of quantum interference depending on which
frequency comb is temporally accessed—a quantum brush
if you will. By experiencing HOM interference with phase-
sensitive NOON-state superresolution fringes at 2ω0Δt,
and simultaneously singles oscillations atω0Δt—with twice
the spatial or temporal displacement range as the HOM
interference—our source allows enhanced precision in dis-
tance sensing of subwavelength features in a quantum-
secured way. The HOM interference will vanish if the
state of either photon is altered, allowing applications
such as establishing a quantum-secured optical perimeter.
Furthermore the entangled frequency combs in our source are
a promising resource for frequency-multiplexed quantum
information processing [36,37].
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