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The Hong—Ou-Mandel (HOM) interference is one of the
most fundamental quantum-mechanical effects that reveal
a nonclassical behavior of single photons. Two identical
photons that are incident on the input ports of an unbiased
beam splitter always exit the beam splitter together from the
same output port, an effect referred to as photon bunching.
In this Letter, we utilize a single electro-optic phase modu-
lator as a probabilistic frequency beam splitter, which we
exploit to observe HOM interference between two photons
that are in different spectral modes, yet are identical in
other characteristics. Our approach enables linear optical
quantum information processing protocols using the fre-
quency degree of freedom in photons such as quantum
computing techniques with linear optics. ~© 2018 Optical
Society of America

OCIS codes: (270.0270) Quantum optics; (270.5585) Quantum infor-
mation and processing; (190.4410) Nonlinear optics, parametric
processes.
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The Hong-Ou-Mandel (HOM) experiment can be used as a
measure of indistinguishability between two bosonic states,
which leads to a nonclassical interference effect between them
[1,2]. When two identical photons simultaneously arrive at the
input ports of a 50/50 beam splitter—simultaneous to within
the inverse of the single-photon bandwidth—four outcomes
are possible: Outcome I, both photons get transmitted;
Outcome II, both photons get reflected; Outcome III, the
photon incident on input 1 of the beam splitter is transmitted
while the photon in input 2 is reflected; and Outcome IV, the
photon in input 1 gets reflected while the photon in input 2
gets transmitted. For an unbiased beam splitter, the probability
of observing both photons at two different outputs of the beam
splitter (Outcomes I and II) disappears due to destructive in-
terference between the probability amplitudes of the photons
both getting transmitted or reflected. This leads to photon
bunching, meaning that the two photons always exit the
beam splitter from the same port. The original work by
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Hong et al. [1] examined this phenomenon using incident
photons emanating from different spatial modes, while other
properties of the photons such as polarization, and temporal
and spectral modes, were identical; therefore, the concept of
photon bunching in their example occurred in the spatial do-
main. A demonstration of the HOM interference has not been
limited to photons, and has been shown with other bosonic
particles such as atoms [3], phonons in trapped ions [4],
and plasmons [5]. The analog of the HOM effect in fermions
leads to anti-bunching as opposed to bunching in bosons, and
it has been demonstrated using electrons [6] and massless Dirac
fermions [7].

HOM interference is at the heart of a number of applica-
tions in quantum information processing. These applications
span works such as the demonstration of fundamental optical
quantum gates [8,9] necessary for quantum computation
protocols [10], quantum communications [11,12], optimal
quantum cloning [13], and quantum repeaters [14—16].

In this Letter, we demonstrate the photon bunching effect in
a different degree of freedom, the frequency domain, where two
photons in different spectral modes enter an unbiased fre-
quency beam splitter and, at the output, they both wind up
in one of the two possible output frequency modes, first pro-
posed in Ref. [17] using strong pump beams and nonlinear
interactions. Unlike prior demonstrations of frequency-domain
HOM that relied on nonlinear processes to play the role of a
frequency beam splitter [18,19], in our experiment, we use an
electro-optic phase modulator as a frequency beam splitter,
which is a linear device in the sense that its characteristics
are independent of the photon flux. Consequently, our ap-
proach, compared to the use of nonlinear media, does not
produce noise photons, thereby giving us a potential for better
signal-to-noise ratio in our measurements.

We employ an electro-optic phase modulator as the fre-
quency-domain analog to a spatial beam splitter. By driving
the phase modulator with a radio frequency (rf) signal of
the form ¢ " @n’ where @,, is the modulation frequency
and § is the modulation depth, each frequency bin projects into
sidebands offset from the original center frequency by integer
multiples of w,, [20,21], making multiple comb lines out of a
single frequency bin. Recently, electro-optic phase modulators
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Fig. 1. [Illustration of a phase modulator as a frequency beam
splitter. In; and In, are the two input spectral modes to the beam
splitter, and Out; and Out, are the two output modes. The red
frequency bins at the output illustrate the undesired phase modulation
sidebands that cause this scheme to be probabilistic.
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have grown increasingly popular for frequency shifting and
manipulation of single photons [22-27]. After phase modula-
tion, the complex amplitude of the nth comb line with
respect to the original frequency bin can be expressed as a
Bessel function:

C, =7,0), (1)

where [,(6) is the Bessel function of the first kind and
J_4(8) = (-1)"/],(5). The scattering matrix representing the
coupling coefficients between the two input and output modes
can now be written in the form

L
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Here we assume that the modulation index is chosen so that the
values of |/,(6)| are equal for » = -1,0, 1 and @ accounts for
transfer to other frequency modes outside our computational
space. We use two frequency bins that are spaced from each
other by the phase modulation frequency—these two spectral
modes represent the inputs to our frequency beam splitter, as
illustrated in Fig. 1. We are using the zero phase modulation
sideband as the transmission and the +1 sidebands as the
reflection ports of our frequency beam splitter. Looking at the
same output spectral modes as the input modes shown as
the computational space in Fig. 1, based on Eq. (1), we obtain
that if the two input photons get transmitted or reflected on our
beam splitter, the relative phase between these two processes is
7, very much like a spatial beam splitter. This proves that a
phase modulator with these specified parameters can operate
as a beam splitter in the frequency domain. The red frequency
bins are the phase modulation sidebands that fall outside our
computational space, making this process probabilistic.

The experimental setup is depicted in Fig. 2, and an illus-
tration of the spectrum at each step is provided in Fig. 3(a). We
use a continuous-wave (CW) laser with a wavelength around
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775 nm to pump a type-0 periodically poled lithium niobate
waveguide. Some of the pump photons undergo spontaneous
parametric down conversion to generate broadband time-
frequency entangled photons with a bandwidth of ~5 THz
around 1550 nm. The biphoton spectrum is then carved with
a commercial pulse shaper to select a pair of energy-correlated
signal and idler frequency bins with a 10 GHz full width at
half-maximum. The line shape of these frequency bins is the
convolution of a rectangular band with a Gaussian resolution
function (~10 GHz width). The center-to-center spacing be-
tween the two frequency bins is initially set to 22 GHz. The
biphotons then pass through a phase modulator driven at an rf
of 22 GHz. We set the rf power so that the 1 phase modu-
lation sidebands have the same power as the zero sideband,
making the projection probability of the photons onto these
three sidebands equal; Fig. 3(b) is a trace of the resulting phase
modulation spectrum tested with a CW test laser and an optical
spectrum analyzer. This causes a projection of the signal pho-
tons on the idler frequency and vice versa. Another pulse shaper
routes the signal and idler frequency bins to a pair of InGaAs
single photon detectors (SPDs) and, by using an event timer,
we can monitor the coincidences between the SPDs.

Whenever a coincidence click appears, it must have come
from a coherent superposition in which the signal and idler
photons both stayed in their frequency bins during the phase
modulation process (zero sideband) or they both swapped their
frequency bins (£1 sidebands). These two processes have a z
phase shift with respect to each other due to the joint phase of
the first sidebands with respect to the zero sideband. The terms
in the two-photon state that contribute to the detection of
coincidences can now be written as

ly) = Istay, stay)s; - |swap, swap)g;. 3

The state is written in this way due to frequency indistin-
guishability between the |stay) and |swap) photons for both the
signal and idler; therefore, if the amplitude of the two processes
are the same (which we make sure of by equalizing the 0 and
+1 phase modulation sidebands), no coincidences should be
registered. Now we repeat the measurement, but with the first
pulse shaper reprogrammed so that the spacings of both signal
and idler frequency bins from the center of the spectrum vary
from 5 to 17 GHz in 1 GHz intervals. At all times, we send the
signal frequency bin and +1 sideband of the idler frequency
bin to one detector and the idler frequency bin along with
the -1 sideband from the signal frequency bin to the other de-
tector. As the frequency spacing differs from the modulation
frequency (22 GHz), the sidebands are no longer indistinguish-
able; hence, the coincidences start to rise. This dip in the HOM
interference is observed in Fig. 3(c) in blue, with a visibility of
84% = 2% after accidentals subtraction, which is above the
classical limit of 50% [1]. The frequency offset shown in
Fig. 3(c) corresponds to the distance of the signal (idler)
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Fig. 2. Experimental setup. The Roman numerals are in reference to Fig. 3(a).
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Fig. 3. (a) Illustration of the spectrum at each stage of the experi-
ment. (b) Phase modulation spectrum of a single frequency mode.
(c) HOM interference pattern in the frequency domain. The coinci-
dences are shown in blue, and the count rates on one of the SPDs are
shown in orange. The blue error bars are the measured coincidences
after accidentals subtraction. The subtracted accidentals were ~700 in
a 10 min span. Each coincidence data point was measured three times
to obtain the standard deviation indicated by the error bars. The blue
curve is the theoretical HOM trace taking into account the 10 GHz
wide signal and idler spectra of approximately Gaussian shape and the
experimental visibility. The orange dashed line shows the average
count rate.

frequency bin from the center of the spectrum minus half of the
phase modulation frequency. The count rates on one of
the SPDs is also shown in Fig. 3(c) in orange, revealing the
absence of single-photon interference in our measurement.
The coincidence-to-accidental ratio was about 1:2, which
is poor due to the insertion loss of the components (pulse
shaper, 2 x5 = 10 dB; phase modulator, 2.5 dB; InGaAs
SPDs, 7 dB).

We note that the imperfection in the measured visibility is
due to the low coincidence-to-accidental ratio in our experi-
mental setup, which can be improved by utilizing a lower pump
power, albeit with a longer acquisition time. Unlike the non-
linear approaches proposed in [18] and [19] which use a pump
to trigger frequency conversion, our frequency beam splitter
does not contain a noise source, and its performance does
not suffer from multiphoton components. Therefore, our
HOM interference visibility does not have a theoretical imper-
fect limit. We also note that the frequency beam splitter used in
our setup is a probabilistic splitter, in the sense that there is a
probability that photons get shifted to undesired sidebands
[yellow and dark blue frequency bins in stage III of Fig. 3(a)].
This indicates that after phase modulation, there is a possibility
that the photons end up outside our computational basis. As
can be seen in Fig. 3(b), the transmission and reflectivity of our
frequency beam splitter is 0.3 for the used phase modulator
setting; thus, for a single photon, 0.6 of power goes into the
desired two frequency bins. Therefore, for two photons, we
have a (0.6)> = 0.36 probability of both photons staying
within computational space. In principle, this can be addressed
by employing a more sophisticated frequency beam splitter
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design which retains photons within the computational space
with almost 100% success probability. As proposed in [22] and
demonstrated in [23,27], instead of our single-phase modulator
probabilistic frequency beam splitter, a phase modulator—pulse
shaper—phase modulator sequence can be used to achieve a
nearly deterministic frequency beam splitter. However, from
a practical perspective, using a single-phase modulator has
the advantage of lower insertion loss (by ~7.5 dB), compared
to the reported implementation of the deterministic splitter
using discrete components. If the insertion loss is taken into
account, the coincidence counts achieved with our single-phase
modulator frequency beam splitter should be roughly an order
of magnitude higher than would be achieved with the deter-
ministic beam splitter. On the other hand, photonic integration
offers prospects for significantly reduced loss [23,25]; if these
improvements in implementation can be realized, the deter-
ministic frequency splitter approach offers better generality
to support scaling to more advanced operations.

Furthermore, the resolution of our data points is limited due
to the 1 GHz addressability of the pulse shaper. An alternative
is to sweep the phase modulation frequency instead of the spac-
ing between the signal and idler frequency bins. The drawback
of this method is that the phase modulation depth (8) varies
with the phase modulation frequency in a very broad span
(12 GHz). To ensure a constant modulation depth for each
frequency value, the phase modulation spectrum will have
to be adjusted by tweaking the rf power.

In summary, we used a probabilistic frequency beam splitter
to demonstrate the HOM interference between single photons
of different colors, using linear optical components. This
experiment could contribute to the frequency processing of
biphoton frequency combs [25,26], enabling optical quantum
frequency gates and linear optical quantum computing proto-
cols [28] in the frequency domain [22].
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