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Induced Photon Correlations Through the Overlap of Two
Four-Wave Mixing Processes in Integrated Cavities

Yanbing Zhang, Michael Kues,* Piotr Roztocki, Christian Reimer, Bennet Fischer,
Benjamin MacLellan, Arstan Bisianov, Ulf Peschel, Brent E. Little, Sai T. Chu,
David J. Moss, Lucia Caspani, and Roberto Morandotti*

Induced photon correlations are directly demonstrated by exploring two
coupled nonlinear processes in an integrated device. Using orthogonally
polarized modes within an integrated microring cavity, phase matching of two
different nonlinear four-wave mixing processes is achieved simultaneously,
wherein both processes share one target frequency mode, while their other
frequency modes differ. The overlap of these modes leads to the coupling of
both nonlinear processes, producing photon correlations. The nature of this
process is confirmed by means of time- and power-dependent photon
correlation measurements. These findings are relevant to the fundamental
understanding of spontaneous parametric effects as well as
single-photon-induced processes, and their effect on optical quantum state

generation and control.

Quantum correlations, where two or more parties exhibit strong
relations in a particular degree of freedom, are important re-
sources for fundamental science such as the exploration of
nonlocality and entanglement, as well as related technologies

including quantum computation,!!!
secure key distribution,?! and nonclas-
sical metrology.’l For photons, these
correlations can be created in several
degrees of freedom. Correlated pho-
ton pairs are typically obtained via
spontaneous nonlinear processes, for
example, by exploiting spontaneous
parametric down conversion (SPDC) in
7? medial*l or spontaneous four-wave
mixing (SFMW) in y© platforms.>”] Be-
yond standard bidimensional variables’
correlations, such as for polarization,
numerous quantum states with large
Hilbert spaces have been generated
based on these spontaneous processes,
such as multicorrelated states,®1?]
multiple photon, 3 high-dimensional entangled states,!>-2]
hyperentangled  systems,'®1°] as well as multiphoton
high-dimensional states.?*2!l In addition to spontaneous
processes, photon correlations can also be obtained via
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Figure 1. Working principle of the induced photon correlation process. a) Schematic of type-0 FWM (blue) on the TM left outer and an inner TM
resonance together with type-2 FWM (red) on the outer TM and TE resonances of a cavity. The type-2 FWM process generates and correlates a TE signal
photon and a TM idler photon, while the type-0 FWM process generates and correlates a TM signal photon and a TM idler photon (additionally, the type-0
FWM on the TE mode and the type-2 process on the outer TM and TE mode occur, as shown in the inset. Such processes introduce noise to the induced
correlation). b) Sharing of a TM idler photon induces the correlation between a signal TM photon and a signal TE photon, resulting in induced correlation.

single-photon-seeded processes either mediated by stimu-
lated emission(??! or in its absence.l*?°] The former has been
very recently demonstrated in optical fibers by seeding single
photons in a four-wave mixing (FWM) process,??l and the latter
has been reported in free-space y® nonlinear crystals.?}] So far,
all single-photon-seeded processes required pregenerated single
photons for the seeding process, and thus need either several
crystals/paths or postprocessing.

Here, we demonstrate an induced photon correlation effect
through a direct overlap of two distinct nonlinear processes in
an integrated cavity. By exploiting the spatial multimode struc-
ture of an on-chip microring resonator, we were able to simul-
taneously phase-match two different SFWM processes (degener-
ate and nondegenerate) by exciting two orthogonally polarized
modes (i.e. the transverse electric (TE) and transverse magnetic
(TM) mode).I®! Since the two processes shared one of the fre-
quency modes, a coupling of the two processes occurs, leading to
an induced correlation between the two signal photons originat-
ing from distinct SFWM effects. We confirmed this induced cor-
relation phenomenon with coincidence measurements, explor-
ing the process dependence on the temporal and power charac-
teristics of the excitation pulses.

We explore a novel type of induced correlation FWM process,
which we term simply “seeded FWM” (see Figure 1). It takes
place in a bichromatically pumped optical parametric oscillator
involving both type-0 and type-2 FWM processes.["8] In the
pump-degenerate type-0 process, two pump photons from the
same TM polarized pump field are converted into two new
photons (signal and idler), with the same polarization as the
excitation field (see Figure la, blue lines). In the pump-non-
degenerate type-2 process, on the other hand, the two annihilated
photons, each originating from a different polarized pump field
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(TE and TM), produce an orthogonally polarized photon pair (see
Figure 1a, red lines). More importantly, interference between
the two FWM processes produces correlations. Because of the
temporal and spatial overlaps and the single, shared resonance
frequency, a single generated photon from either type-0 or
type-2 FWM seeds the other nonlinear process, introducing
coupling between the two processes. As for the example shown
in Figure 1b, a TM idler photon induces correlation between the
signal TM and TE photons. Such induced correlation is created
indirectly (i.e., via two parametric processes that are linked).
The experiment was based on a 4-port integrated microring
resonator fabricated on a high-refractive-index glass,*! pig-
tailed with polarization-maintaining fibers at each port, featur-
ing a coupling loss of 1.7 dB per facet. The measured spectral
response of the microcavity at the drop port (see Figure 2) shows
two orthogonally polarized modes with almost identical free spec-
tral ranges around 200 GHz (200.4 GHz for TM and 200.5 GHz
for TE). The insets depict the transmission of the three resonance
pairs under investigation on a linear scale with a Lorentzian fit,
demonstrating Q-factors of around 240 000 (TE mode) and 480
000 (TM mode), corresponding to resonance bandwidths of 820
and 410 MHz, respectively. In order to suppress the spurious
stimulated FWM emission between the TE and TM modes and
allow isolation between the type-0 and type-2 FWM processes,
a frequency offset of 70 GHz between the two modes was engi-
neered through a slightly different waveguide dispersion to locate
the stimulated FWM gain outside of the cavity resonances.[?’] The
two modes exhibited small anomalous second-order dispersion
over most of the C-band, and the zero dispersion wavelengths
were measured to be at 1560 nm for the TE mode and 1595 nm
for the TM mode,!*! respectively. At the same time, the TE and
TM modes’ dispersion had to be kept similar, in order to i) ensure
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Figure 2. Microring resonator characteristics. Transmitted spectrum for a broadband input field (amplified spontaneous emission from an erbium-
doped fiber amplifier (EDFA)) measured at the cavity drop port showing TE resonance modes separated by an FSR of 200.4 GHz and TM resonance
modes separated by an FSR of 200.5 GHz with a relative frequency offset of 70 GHz. The experimentally chosen six resonances are highlighted, where the
TE and TM modes are in red and blue, respectively. The insets below the transmission spectrum show the resonances in a linear scale (yellow marker)
fitted with a Lorentzian shape (black solid line), alongside their corresponding total Q factors. The x-axis value indicates the center wavelength of each

resonance in nanometers.
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Figure 3. Experimental setup for single-photon-stimulated correlation. The two polarized pump modes were spectrally sliced from a 10 MHz mode-
locked laser by a programmable optical filter, subsequently routed into different spatial modes and amplified individually by erbium-doped fiber amplifiers
(EDFAs). A polarization beam splitter combined the two pump modes, being followed by a high-isolation band-pass filter before the tailored light field
entered the microring resonator. The generated photons were guided to four single-photon detectors via a wavelength division multiplexer. The colored
spheres with arrows illustrate the frequency and polarization of the involved fields: yellow and green indicate the TE and TM excitation fields, respectively,
while red, orange, blue, and purple depict the generated photons. The total loss from the drop port of the microring to the detector was ~5 dB.

that the difference in free spectral range between the two orthog-
onally polarized modes (120 MHz) was smaller than the mini-
mum bandwidth of the resonances (410 MHz), and to ii) satisfy
energy conservation for the type-2 FWM process.[®]

We operated the microring resonator below the optical para-
metric oscillation threshold to observe single-photon-seeded
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FWM. To do this, we simultaneously excited the ring resonator
with two orthogonally polarized pump modes (see Figure 3 for
details). A tunable delay line inserted in one pump path was
used to tune and adjust the temporal overlap between the two
excitation fields, allowing us to isolate the photon pair genera-
tion of the type-0 and type-2 processes. In order to achieve the
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Figure 4. Effect of the temporal overlap of the pump TE and TM fields on spontaneous photon generation. a) Single photon counts in the individual

channels. b) Measured photon coincidence peak between the TE and TM

signal photons of the seeded FWM with background subtraction. The ex-

perimental data (dot) fit by a Glauber functionl33] correspond to a measured photon bandwidth of 330 MHz, in line with the expected bandwidth of
410 MHz once the additional effect of the electronics and detectors time jitters was taken in consideration. c) Measured true photon coincidence counts
(in 30 min) of type-0 FWM (D3-D1), type-2 FWM (D4-D1), and seeded FWM (D1-D2) in log scale as a function of the temporal overlap between the TE
and TM pumps (adjusted through the tunable delay line). The dashed line indicates zero delay. d) Coincidence to accidental ratio (CAR) corresponding
to panel (c) as a function of the TE/TM pump delay. The TE pump power was set to 110 pW and the TM pump to 440 pW.

FWM phase-matching condition, the microring resonator was
excited at two adjacent TE and TM resonances (see Figure 2),
located at 1555.65 and 1556.24 nm and featuring group velocity
dispersion values of —1.3 and —9.2 ps? km™!, respectively. To
avoid spontaneous Raman noise, which is spectrally shifted
in wavelength from the pump frequency to the red by around
6 nm,['*l the two TE/TM photon pair resonances were chosen
to be at 1552.43 nm (TE signal, D4), 1553.01 nm (TM signal,
D3), 1558.90 nm (TE idler, D2), and 1559.49 nm (ITM idler, D1),
and measured by detectors D1, D2, D3, and D4, respectively
(see Figure 2). For a pulsed pump, the count of the generated
photons scales with the product of the power of each pump (P,
and P,) and the squared cavity factor,?? i.e., x P, P, Q. In order
to compensate for different Q-factors and to ensure that the TE
and TM modes generate a similar amount of photon counts, we
set the TM and TE pump powers to 110 and 440 nW, respectively.
To confirm photon generation and induced photon correlation
FWM, we performed photon coincidence measurements for
varying temporal overlap and power ratio of the pump fields.

To ensure that the induced photon correlation effect arose
solely from the interaction between the type-0 and type-2 pro-
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cesses, we first investigated the effect of varying the temporal
overlap between the TE and TM pump pulses. We selected pho-
tons from detectors D1, D3, and D4 for analysis. We saw that
the single photon counts in each channel increased with reduced
TE/TM pump delay (larger temporal overlap)—due to the im-
proved efficiency in the type-2 SFWM process (see Figure 4a).
However, we observed a completely different behavior for the
type-0 FWM (TM signal and TM idler), type-2 FWM (TE signal
and TM idler), and seeded FWM (ITM signal and TE signal) pro-
cesses, in terms of a true coincidence rate (C) and coincidence-
to-accidental ratio (CAR). Specifically, when the two pump fields
did not overlap in the temporal domain, only the type-0 FWM
process occurred, confirmed by a constant high coincidence rate
(D1-D3) of 310 Hz that was basically independent of the tempo-
ral delay (see Figure 4c). In contrast, the coincidence counts of
the type-2 (D1-D4) and induced (D3-D4) correlation processes
grew gradually with a reduced delay, and reached maximum val-
ues of 160 and 8 Hz, respectively, at zero delay. We measured a
clear coincidence peak between the TM and TE signal photons
at zero delay (see Figure 4b). This led to a coincidence rate ratio
between the seeded and type-2 processes of 5%. In addition, the
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Figure 5. Power-dependent photon pair characterization. Coincidence counts acquired in 30 min (left) and CAR (right) as a function of the TE pump
power for a fixed value of the TM pump power (Pyy, = 110 pW, black squares) and of the power ratio (Pry = Pyg/4, blue circles). In the left pan-
els, the coincidence rates of the type-0, type-2, and seeded FWM (top to bottom) show a constant, linear, and quadratic behavior, respectively, for
Py = 110 pW (black), while they show quadratic, quadratic, and quartic behavior, respectively, for power scaling when Pry; = Py /4. In the right panels,

the lines connecting the points are for visual purposes.

same slope of the curves of type-2 and seeded FWM in Figure 4c
yielded a constant ratio when varying the delay from —1 t0 0.5 ns.
This constant ratio, as well as the coincidence peak (Figure 4b),
strongly confirms the existence of the induced photon correlation
process, which was stimulated by the interplay between the type-
0 and type-2 processes. Note that such a correlation cannot occur
from two different type-2 processes, as their modes are not linked
together. This situation can also be compared to two independent
type-0 processes radiating into different signal and idler modes,
where a correlation between two signal or two idler modes is not
observed. Our finding was further supported by the CAR mea-
surement (see Figure 4d), where the CARs of both seeded and
type-2 FWM increased to their maxima of 1.5 and 11, respectively,
at zero delay. In contrast, the CAR of type-0 FWM decreased from
60 to its minimum of 22, despite both pump power and photon
coincidence remained constant. This is because the photons gen-
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erated by the type-2 process are seen as noise photons by the type-
0 process.

The induced photon correlation had a very low CAR. This is be-
cause the induced correlation is a nonquantum correlation. Due
to the thermal characteristics of a single FWM process, the gener-
ated photons have super-Poissonian statistics. The photons from
such a thermal process are then used to seed a second process
that has also intrinsic thermal characteristics. In turn, the pho-
tons resulting from the seeded process are also super-Poissonian,
and the CAR of the induced correlation will never reach a value
larger than 2 (due to the Cauchy-Schwarz inequality). In other
words, this observation can be understood as a conventional
Hanbury-Brown-Twiss (HBT) measurement'**l of the TM idler
resonance, butin the frequency domain. Unlike the conventional
HBT setup, where a signal mode is split into two outputs with a
50:50 spatial beam splitter, here the TM idler photon is correlated

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Induced correlation characterization as a function of power. a) Ratio of the measured true coincidence rates between processes with two
different TE pump powers of 440 and 200 pW, C(Pyg = 440 uW)/C(Prg = 200 uW), as a function of the TM pump power, for different types of FWM
(spontaneous TM type-0, blue; spontaneous TE type-0, black; spontaneous type-2, red; and seeded, green). The solid lines represent the theoretical
values, which are 2.2 = 440/200, 4.84 = 2.22, and 1, respectively. The values extracted from experimental results present good agreement with the
theoretical values. b) Seeded FWM efficiency shows a linear behavior with the TM pump power when the TE pump power is constant (Prg = 440 pW and
P¢ =200 uW). When both pump powers are increased with a fixed power ratio (Prg = 4 X Pry,), a clear quadratic scaling behavior is observed without

any linear contribution.

with two signal TM and TE frequencies using the type-0 and type-
2 FMW processes. A CAR value of 1.5 agrees with expectations
from the conventional mode measurement. The spectral overlap
of the TE and TM modes results in two effective modes, leading
toa CAR = 1.5 using 1 + 1/ N, with the effective mode number
N4 = 2.7

The asymmetry of the coincidence counts and CAR curves
with respect to the zero delay in Figure 4 is due to the different
exponential decay of the cavity resonance emission. Since the
type-2 process requires a temporal overlap between the two pump
fields, the delay dependence of the coincidence counts and CAR
reflects the pumps’ resonance temporal information (the pumps’
spectra are filtered by the cavity resonances). In our experiment,
we delayed the TE pump pulse (with a temporal width of 0.6 ns)
with respect to the TM pulse (with a temporal width of 1.2 ns),
where negative delay means that the high-Q TM pump pulse is
temporally ahead of the low-Q TE pump pulse. Therefore, the
temporal decay of the pump resonances was reflected in the
asymmetry associated with the CAR and coincidence profiles.
For negative delays, the latter reflects the decay of the TM pulse,
while for positive delays, the former represents the decay of the
TE pulse. The concept of using the photon properties to extract
information about the pump pulse is very similar to ultrafast
pulse characterization using pump—probe effects based on classi-
cal nonlinear processes, such as nonlinear absorption and phase
modulation of a weak probe field induced by a strong field.[>3]

The power-scaling behavior provides an insight into the differ-
ent photon generation processes. Figure 5 summarizes the true
coincidence counts (C) and their CARs. In theory, the true co-
incidence count of the TM type-0 process is proportional to the
square of the TM pump power (C « P2, ), and the type-2 pro-
cess is proportional to the product of both pump powers (C x
P Pry)- A contribution to the type-0 and type-2 processes due to
the induced correlation can be neglected (see Figure 5). As seeded
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FWM is an induced and cascaded effect emerging from the type-
0 and type-2 processes, it should be proportional to the product
of the square of both pump powers, i.e., C « P2_PZ . These ex-
pected dependencies are exactly what can be observed in the left
panels of Figure 5. When both TE and TM excitation powers are
increased with a fixed power ratio (Pry = Prg/4, blue dots), both
type-0 and type-2 processes show a quadratic scaling while the
seeded FWM shows a quartic scaling. When only the TE pump
power is increased with a fixed TM power (Pr, = 110 pW, black
squares), TM type-0 FWM nearly remains unchanged (induced
correlation contributions can be neglected), the type-2 FWM pro-
cess behaves linearly, and the seeded process reveals a quadratic
scaling. The right panels in Figure 5 show the respective CARs
of different photon generation processes. In both cases (a fixed
power ratio Ppy, = Pp;/4 and a fixed TM power Pry, = 110 pW),
the CARs of the type-0 and type-2 processes are always higher
when the power ratio, rather than the TM power, is fixed. This
is particularly evident in the low-power regime of the type-2 pro-
cess. The reason is that the photons from the strong TM type-0
process are seen as noise in the context of the type-2 process. For
the seeded process, a higher coincidence count in the fixed power
ratio case leads to a quicker rise of the CAR, which reaches 1.5 at
the highest available pump power.

We further looked at the power scaling of the coincidence
counts from a different angle, i.e., by increasing the TM pump
power while maintaining the TE pump power. We performed two
sets of coincidence count measurements under the same exact
conditions, except that the TE pump power in one measurement
was around half of the other one — 440 and 200 pW, respec-
tively. The ratio of generated photon counts at two different TE
pump powers in the type-0, type-2, and seeded processes scaled
linearly, quadratically, and quadratically with the power ratios,
respectively. This was confirmed by the observation in Figure 6a,
where the generation rate ratio extracted from the experimental

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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data (markers) was independent of the pump TM power, and
showed good agreement with the theoretical values (solid
lines). In terms of conversion efficiency (defined as coincidence
counts/single counts) of the seeded FWM (x Py, Prz), the power
of one pump field was kept constant while the power of the
second one was increased, predicting a linear scaling behavior,
whereas if the power of both pump fields is simultaneously
increased with a constant power ratio, a quadratic scaling is
expected. The experimental results in Figure 6b readily verify
such theoretical predictions. The ratio converges to 5% at the
maximum achievable power, which agrees well with the value
indicated in Figure 4.

In conclusion, we demonstrate induced photon correlations
through the interaction of two different spontaneous parametric
processes. We show that sharing one common idler mode be-
tween the two nonlinear processes correlates the two signal pho-
tons belonging to different modes. We confirm this via temporal
and power-dependent correlation measurements that showed a
quartic behavior with pump powers, with a maximum induced
ratio of 5%. Our integrated platform enables us to manipulate
the dispersion of the two orthogonally polarized modes with very
similar free spectral ranges in order to create and isolate the in-
teraction between two different processes, which is very challeng-
ing to achieve in other nonresonant structures or with free space-
based cavities. Our findings are important for the understanding
of nondeterministic single photon sources.
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