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An understanding of the phenomenon of light interference forms the kernel underlying the discovery of the nature
of light from the viewpoints of both classical physics and quantum physics. Here we report on two-photon interference with temporally separated continuous-wave coherent photons by using a temporal post-selection
method with an arbitrary time delay. Although the temporal separation of a day between the photons is considerably longer than the coherence time of the light source, we observe the Hong–Ou–Mandel (HOM) interference of the pairwise two-photon state. Furthermore, we experimentally demonstrate the HOM interference
observed in one of the interferometer-output modes by using only one single-photon detector for a large temporal
separation. © 2020 Chinese Laser Press
https://doi.org/10.1364/PRJ.376993

1. INTRODUCTION
The interference phenomenon forms the most important evidence of the wave-like property of light. The phase of the wave
is the key concept underlying the interpretation of constructive
and destructive interferences of superposed light beams. On the
other hand, it is known that even when light is considered as a
particle or photon, a single photon can interfere with itself [1].
Although light exhibits both wave- and particle-like properties,
the linear superposition of the field amplitudes for light waves is
the same as that of the probability amplitudes of a photon in
the case of first-order interference.
However, beyond the classical physics perspective, we can
consider quantum interference, which refers to multi-photon
interference due to the quantum nature of light. The simplest
multi-photon interference is two-photon interference (TPI),
which is a second-order interference phenomenon; in this context, the Hong–Ou–Mandel (HOM) interference effect is a
well-known two-photon quantum interference phenomenon
[2]. To date, TPI has formed the basis of several quantum
optics studies and optical quantum information processing
applications [3–7].
In experimental quantum optics, the two-photon quantum
interference of correlated photons is regarded as important evidence of the quantum nature of light fields. In this regard, many
TPI experiments have been widely demonstrated with the use
of quantum light sources such as photon pairs from nonlinear
crystals [8], atomic ensembles [9,10], optical fibers [11],
2327-9125/20/030338-05 Journal © 2020 Chinese Laser Press

and nanophotonics devices [12]. With the use of coherent or
thermal light sources, HOM-type interference has been experimentally demonstrated with a limited visibility of 0.5 [13–17].
Several intensive studies on HOM interference with classical
light signals have been conducted for application to quantum
information science [13–21] because it is easy to “mimic” quantum interference with this approach.
In general, the spectral, spatial, and polarization modes of
the photons at the output beam splitter in an interferometry
setup should be indistinguishable and superposed to realize
high-visibility interference. In the case of TPI, it is intuitive
to consider the temporal overlap between two photons at
the beam splitter. However, although the photons arrive at the
beam splitter at different times, it is possible to observe the TPI
effect [22]. This interesting TPI phenomenon has been experimentally demonstrated with the use of temporally separated
pulsed-mode photons [23–26].
Meanwhile, we note that the electrical or optical delay for
the temporal post-selection was limited by the constraints of
the delay module or the optical fiber loss. So far, the temporal
separation between photons has been less than 1 s [22–26]. In
this study, we experimentally demonstrate HOM interference
with long temporally separated continuous-wave (CW)-mode
photons by using a novel method for temporal post-selection.
We investigate the visibility of HOM interference with photons
temporally separated by days by applying an electrical time
delay between two single-photon detectors (SPDs) for coincidence measurement. Furthermore, we measure an HOM-type
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fringe with CW-mode coherent light by using only a single
SPD via the temporal post-selection method with an electrical
delay.
2. SCHEMATIC OF COINCIDENCE
MEASUREMENT
Figure 1(a) shows the schematic of the setup utilized for the
coincidence measurement of two temporally separated CWmode photons via temporal post-selection. We note that the
important difference between the CW mode and pulsed mode
of lasers is the localization of photons in space or time. In the
case of CW coherent light, the probability amplitude of the
photon continuously spreads over time in coherent light beams.
Here we consider the two-photon state in paths 1 and 2, which
only contribute to HOM interference through the coincidence
measurement with two SPDs (D1 and D2). In the case
of the CW-mode photons, the input state can be described
as
a superposition of all possible two-photon product states
P∞
† †
†
i0 a a Δt i j0, 0i, where a represents the photon creation
operator and Δt i the separation time between sequential photons. The two photons incident on the polarizing beam splitter
(PBS1) are diagonally polarized with respect to the axis of the
PBS,
they can be described pusing
a† 
pﬃﬃﬃ and
ﬃﬃﬃ † the terms
†
†
†
†
1∕ 2aH  aV  and a Δt i   1∕ 2aH Δt i   aV Δt i .
When we consider the time-delayed coincidence counts of
the two detectors, the two photons in the interferometer arms
can be treated as temporally separated pairwise two-photon
(TSPT) states [connected by the dashed lines in Fig. 1(a)].
In this case, the separation time can be considerably longer than
the coherence time of the CW coherent light. Therefore, the
two photons do not temporally cross at the output beam
splitter of the interferometer. The TSPT state with Δt is
described as
1
jΨiTSPT  pﬃﬃﬃ a†1 a†2 Δt i   a†2 a†1 Δt i j0, 0i,
(1)
2
where a†i denotes the photon creation operator and the subscripts represent the two spatial modes of the interferometer
arms according to the two output ports of PBS1.

Fig. 1. (a) Schematic depicting coincidence measurement of two
temporally separated CW-mode coherent photons via temporal
post-selection. (b) Feynman diagrams depicting indistinguishable
events of the TSPT states at the output stage.
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When two photons in a TSPT state are recombined at
PBS1, the two photons are probabilistically bunched in one
of the two spatial modes of the two PBS2 output ports, similar
to the conventional HOM interference effect. Figure 1(b) illustrates the Feynman diagrams for the two indistinguishable
coincidence events of the TSPT states at the PBS2 output
ports. Although the two photons are temporally well separated,
the two-photon amplitudes of the TSPT states are indistinguishable in coincidence detection as shown in Fig. 1(b).
The two cases presented in Fig. 1(b) correspond to the destructive interference of the two-photon probability amplitudes.
Consequently, the two photons of the TSPT state are acquired
at one of the two PBS2 output ports with a probability of 1/2.
In the case of CW-mode photons, the temporal information of
the photon is not defined; however, the relative time delay from
the measured time of a photon at D1 to the coincidence measurement at D2 is well defined. In the experiment, we measured the HOM interference with the TSPT state with
arbitrary values of Δt via temporal post-selection.
3. EXPERIMENTAL SETUP FOR TWO-PHOTON
INTERFERENCE
Figure 2 shows the experimental schematic for HOM
interference with the use of a weak CW laser via temporal postselection utilizing a polarization-based Michelson interferometer including one mirror (M1) with a piezoelectric transducer
(PZT) actuator and a second mirror (M2) with a motorized
translation stage. With this setup, we measured the interference
fringe as a function of the path-length difference Δx. In our
experiment, we used a multi-mode diode laser with a center
wavelength of 810 nm and spectral width of 2.6 nm. The collimated laser was highly attenuated to the single-photon count
rate of approximately 350 kHz at the two SPDs after photon
passage through an attenuator, an interference filter (IF) with
2 nm bandwidth, and PBS1 for applying linear polarization.
Next, the coherent photons were equally divided along the
two paths by PBS2 after passage through a half-wave plate

Fig. 2. Schematic of experimental setup for HOM interference with
a weak CW laser via temporal post-selection with the use of a polarization-based Michelson interferometer (M, mirror; PBS, polarizing
beam splitter; IF, interference filter; HWP, half-wave plate; QWP,
quarter-wave plate; SPD, single-photon detector).
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(HWP1) whose axis was oriented at 22.5°. Two quarter-wave
plates (QWPs) with their axes oriented at 45° were also positioned along the two interferometer arms to rotate the polarization direction. The two photons from the PBS2 output port
passed through HWP2 (with its axis oriented at 22.5°) and
PBS3 to erase the polarization information. To measure the
time-delayed coincidence counts of D1 and D2, we applied
an electrical delay (Δt) at D2.

4. HOM INTERFERENCE WITH TSPT STATES
Next, we discuss HOM interference with the TSPT states with
an arbitrary time delay Δt obtained via temporal post-selection.
Figure 3(a) shows the schematic for the time-delayed coincidence measurement between D1 and D2 at the dual output
ports of the BS. A photon is measured at D2, and subsequently
another photon is measured at D1 after Δt. As can be observed
from the Feynman diagrams of Fig. 1(b), the photons in the
TSPT state are gathered at the same output port of the
PBS, owing to the HOM effect.
Figure 3(b) shows the HOM interferences for Δt  0, 40,
and 254 ns. The HOM dip fringe with visibility of 50%  1%
at Δt  0 is the nearly same as those observed for Δt  40 ns
and 254 ns. In the cases of Δt  40 ns and 254 ns, the temporal separation between the photons is significantly longer
than the 1.01 ps coherence time of the CW coherent photons.
The coincidence counting rate of D1 and D2 was measured to
be 0.9 kHz with 10 ns and normalized as 0.5 at the path-length
difference of 1 mm without the HOM effect. Although the
measured photons at D1 and D2 have no temporal correlation
with each other, we observe that HOM interference at all Δt
values is very similar to that at Δt  0. In the study, from the
observation of HOM fringes at an arbitrary Δt, we confirmed
that HOM interference with temporally separated coherent
photons is independent of the time delay Δt. Furthermore,
when the electrical delay for the temporal post-selection was
replaced with an optical delay with an optical fiber, our results
did not change.

Fig. 4. (a) Schematic for time-delayed coincidence measurement of
two photons in identical spatial modes upon performing two consecutive measurements with one SPD (D2). (b) Normalized coincidence in
the same spatial modes in the case of Δt  60 ns.

To further confirm the HOM effect with TSPT states, we
consider time-delayed coincidence measurement in the same
spatial mode of the BS by using two consecutive measurements
only with D2 as shown in Fig. 4(a) [17]. One photon is measured at D2, and subsequently another photon in the same spatial mode is sequentially measured at D2 after Δt. If the HOM
effect occurs with two temporally separated photons in a TSPT
state, the first measured photon should be spatially correlated
with the time-delayed photon. Therefore, the result of the
time-delayed coincidence measurement between the two
photons of the TSPT state in the same spatial mode should
transpire to be an HOM peak fringe.
Figure 4(b) shows the HOM fringe measured in the same
spatial mode with a single SPD under the conditions of
Δt  60 ns. In particular, the observed HOM peak fringe
(obtained via sequential measurements at the single SPD) is
remarkable evidence of the HOM effect of temporally separated and uncorrelated photons. The visibility of the HOM
peak fringe in Fig. 4(b) is the same as that of the HOM
dip fringe in Fig. 3(b). Further, the HOM peak fringe is independent of time delay Δt over a longer time interval than the
dead time of the SPD. Therefore, our experimental results
become important for extending the HOM effect to photons
of TSPT states.

5. HOM INTERFERENCE WITH COHERENT
PHOTONS TEMPORALLY SEPARATED BY A DAY

Fig. 3. (a) Schematic for time-delayed coincidence measurement between D1 and D2 at both output ports of the PBS. (b) Normalized
coincidence in different spatial modes in the three cases of Δt  0, 40,
and 254 ns.

In particular, we next focus on the measurement method for the
HOM fringe using photons temporally separated by the order
of a day. Here we note that the electrical or optical delay for
the temporal post-selection was limited by the constraints of
the delay module or the optical fiber loss. To overcome the
time-delay limitation, both SPDs were connected to a timetagging module, and the time-tagged data sets for HOM interference as a function of the path-length difference Δx were
obtained by moving the mirror (M2) with a motorized translation stage (Fig. 2). Under the same experimental conditions as
before, we measured one set of time-tagged data and independently obtained another set after one day. Here we note that it is
possible to measure and store the time-tagged data sets at
any time.
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Fig. 5. Analysis method for HOM fringe using photons temporally
separated by the order of a day: one set (set A) of time-tagged data and
another set (set B) are independently obtained after a long time delay
ΔT , where D1 and D2 represent the time data of the detection events
at D1 and D2, respectively, corresponding to the two spatial modes of
the interferometer arms.
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Let us assume two time-tagged data sets (sets A and B) obtained with both SPDs (D1 and D2) as shown in Fig. 5. Here
ta1 and ta2 denote the first time-tagged data set of D1 and
the time-tagged data set of D2 after time delay Δt a, respectively,
in set A. After a long time delay ΔT, set B is measured under
the same conditions as those of set A. In addition, in set B,
tb1 and tb2 denote the first time-tagged data set of D1
and the subsequent time-tagged data set of D2 after time delay
Δt b , respectively. To obtain the HOM dip fringe of the photons temporally separated by the order of a day, we can analyze
arbitrary time-delayed coincidence counts between the D1 data
of set A and the D2 data of set B. Furthermore, the HOM peak
fringe can be observed via analyzing the day-delayed coincidence counts between the D2 data of set A and the D2 data
of set B.
Figure 6 shows the HOM interferences in the case of
ΔT  1 day. In comparison with the results in Figs. 3 and 4,
we note that the HOM dip of Fig. 6(a) and HOM peak of
Fig. 6(b) of the TSPT state with ΔT  1 day are nearly identical to the corresponding ones of each data set at Δt  0. The
coincident count rate was measured to be 0.9 kHz with a 10 ns
coincidence window. In our experiment, although the exact
value of ΔT is not important, as ΔT increases, the visibility
of the HOM fringe is affected because of changes in the experimental environment, such as the alignment of the polarizationbased Michelson interferometer and weak coherent light
conditions. From the observation of the HOM fringe at the
daily time delay ΔT, we can again confirm that HOM interference with temporally separated coherent photons is independent of the time delay.

0.4

6. CONCLUSION

0.2

In conclusion, we experimentally demonstrated the HOM
effect with CW-mode coherent photons temporally well separated by one day via the novel post-selection method using
time-tagged data sets. We obtained the HOM dip and peak
fringes with 0.5 limited maximum visibility of the temporally
separated coherent photons via the utilization of two different
setups for arbitrary time-delayed coincidence measurement in
the cases of different spatial modes with two SPDs and the same
spatial modes with a single SPD. From these results, we confirmed that the two temporally separated photons in a TSPT
state are probabilistically gathered at one of the two PBS output
ports regardless of the large temporal separation between the
photons. This intriguing HOM effect can be understood as
the indistinguishability of the two-photon probability amplitudes of the two photons in the TSPT states. We believe that
our results can contribute to a greater understanding of twophoton quantum interference from the perspective of quantum
physics and aid in elucidating the HOM interference effect,
which is essentially utilized in many quantum information
protocols including quantum communication and optical
quantum-information processing.
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Fig. 6. HOM interference fringe of the TSPT state for ΔT  1
day. (a) HOM dip fringe (orange circles) of one-day-delayed coincidence counts between D1 data of set A and D2 data of set B; the red
curve indicates the fitting of the HOM fringe with visibility of
50%  3%. (b) HOM peak fringe (blue circles) of one-day-delayed
coincidence counts between D2 data of set A and D2 data of set B in
the same spatial modes; the red curve indicates the fitting of the HOM
peak fringe.
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