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Two-photon interferences of weak
coherent lights

Heonoh Kim?, Osung Kwon? & Han Seb Moon***

Multiphoton interference is an important phenomenon in modern quantum mechanics and
experimental quantum optics, and it is fundamental for the development of quantum information
science and technologies. Over the last three decades, several theoretical and experimental

studies have been performed to understand the essential principles underlying such interference

and to explore potential applications. Recently, the two-photon interference (TPI) of phase-
randomized weak coherent states has played a key role in the realization of long-distance quantum
communication based on the use of classical light sources. In this context, we investigated TPI
experiments with weak coherent pulses at the single-photon level and quantitatively analyzed the
results in terms of the single- and coincidence-counting rates and one- and two-photon interference-
fringe shapes. We experimentally examined the Hong—Ou-Mandel-type TPI of phase-randomized
weak coherent pulses to compare the TP effect with that of correlated photons. Further experiments
were also performed with two temporally- and spatially separated weak coherent pulses. Although
the observed interference results, including the results of visibility and fringe shape, can be suitably
explained by classical intensity correlation, the physics underlying the TPI effect needs to be
interpreted as the interference between the two-photon states at the single-photon level within the
utilized interferometer. The results of this study can provide a more comprehensive understanding of
the TPI of coherent light at the single-photon level.

The observation of two-photon interference (TPI), particularly, the Hong-Ou-Mandel (HOM) effect!, is fun-
damental for understanding the superposition principle in quantum mechanics?, as well as for the develop-
ment of photonic quantum information technologies such as linear optical quantum computing®, quantum
communication®, and quantum metrology®. In general, the observation of the HOM effect via the superposi-
tion of two individual photons at a beam splitter is considered to be a highly reliable method for verifying
the indistinguishability of distinct photons®™!. Subsequent to the seminal work by Hong, Ou, and Mandel,
many TPI experiments have been extensively performed by employing highly correlated photon pairs, to study
the fundamental physics underlying two-photon correlations and to explore quantum technologies'?. The TPI
effect is usually interpreted as the interference between the two indistinguishable two-photon amplitudes within
the utilized interferometers. Among these, remarkable HOM-type TPI experiments have been performed by
employing various types of input states such as two temporally separated photons'*>', the superposed state in
polarizations and frequencies of input photons'>!¢, and two photons distributed in spatially separated paths'’.
Meanwhile, HOM-type TPI experiments have been performed with classical light sources such as the weak
coherent and fluorescent light beams for measurement of the coherence time and pulse width of ultrafast
optical pulses, which are based on the second-order intensity-correlation and photon-coincidence counting
techniques'®-2°. Further studies have been performed to demonstrate classical analogue of the HOM effect and
to simulate the quantum optical phenomena by using classical light sources?'~*. More recently, the measure-
ment of high-visibility HOM fringes with weak coherent light at the single photon level has played a key role
in the practical implementation of measurement-device-independent quantum key distribution protocols**-!.
To date, most HOM-type TPI experiments with weak coherent states have been performed using the
Mach-Zehnder and polarization-based Michelson interferometers by employing a phase randomization mech-
anism introduced in one of the interferometer arms>2-3%. In this case, the TPI effect observed via coincidence
measurement with two single-photon detectors (SPDs), even at the single-photon level, can also be described
classically by intensity correlation. Consequently, the observed visibility bound of 0.5 has been particularly
referred to emphasize the classical effect of the HOM-type TPI of coherent light. However, this approach based
on intensity correlation does not consider the two-photon amplitudes contributing to the TPI effect at the single
photon level. Moreover, when considering the intensity correlation, the observed interference-visibility does
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Figure 1. Two types of experimental schemes for realizing the two-photon interference of weak coherent
pulses. The two photons contributing to the interference originate from (a) two independent sources or (b) a
common source. BS, beam splitter; M, mirror; PZT, piezoelectric transducer; D, single-photon detector.

A

not change whatever the intensity involved in the experiment. In practice, the observed TPI-visibility shows the
dependence of the mean-photon number in input state’**. Therefore, the physics underlying the interference
effect observed even with classical light needs to be understood in the quantum framework as it originate from
the interference of the two indistinguishable two-photon amplitudes at the single-photon level.

In this context, in this paper, we report the experimental demonstrations of the TPI of weak coherent pulses.
In particular, the HOM-type TPI experiment with phase-randomized weak coherent pulses is examined to com-
pare the TPI effect at the single-photon level with that of correlated photons. We quantitatively analyze the results,
including the single- and coincidence-counting rates, based on the statistical properties of the coherent state
and the interference fringe originating from the two-photon state at the single-photon level. Moreover, further
experiments with two temporally- and spatially separated weak coherent pulses are performed to emphasize the
TPI resulting from the two-photon states within the utilized interferometer.

Results
Two-photon interference of weak coherent light. The coherent state of light is represented by the
linear superposition of the photon-number states as

n

0 =TS L, ()
n=0 \/m

where 1 denotes the number of photons and [«|> = (n) the average photon number. Consequently, the probability
of n photons being measured within a certain time interval is given by

n
p(m = 0, @
n!

which represents the Poisson distribution. Upon considering the two weak coherent pulses, regardless of whether
the two photons originate from two independent sources or from a common source (Fig. 1), the probability of
simultaneously finding the number of photons 77 and #, from the two pulses can be expressed as the product of
the two corresponding probabilities. Owing to the statistical property of the coherent state, when the two pulses
have the same mean photon number, the probability of simultaneously finding only one photon from each source
is equal to the sum of the probabilities of finding two photons from only one source. Thus, we have

P(1,1) = P(2,0) + P(0,2) = (n)2e 2™ for (m) = (ny) = (n). (3)

This relation implies that the two methods, shown in Fig. 1, for preparing weak coherent pulses for the TPI
experiment are equivalent in terms of photon statistics except for the spectral property.

Here, we consider low-intensity coherent light to examine the TPI effect at the single-photon level. For a
weak coherent pulse with mean photon number (#), the ratio of P(n) to P(n + 1) as a function of (1) is given by
P(n)/P(n+ 1) = (n + 1)/(n), which implies that the contribution of more than two photons in the TPI experi-
ment can be ignored for very low values of mean photon number (n). Figure 2 shows the statistical property of
the weak coherent light: Fig. 2a shows photon-number distribution P(n) of the coherent light as a function of the
photon number with mean photon number (n) = 0.01, whereas Fig. 2b shows the ratio of P(n)to P(n + 1) as a
function of (n). Under this condition, the ratios of P(1)/P(2) and P(2)/P(3) become 200 and 300, respectively.
In our TPI experiment employing coincidence counting with two SPDs, the detection probability of one-photon
component P(1) was not considered, although an extremely large number of photons contributed to the single-
photon counting events.
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Figure 2. (a) Photon-number distribution P(#) of coherent light as a function of the number of photons with
mean photon number (#) = 0.01. (b) Ratio of P(n) to P(n + 1) as a function of (n).

Here, we consider a Mach-Zehnder interferometer (MZI) to perform the TPI experiment with two weak
coherent states |a); and |a),, as shown in Fig. 1b, which corresponds to the standard setup for observing the
HOM-type TPI by employing phase-randomized weak coherent light. Considering that the weak coherent pulse
in the single-photon level incident on the MZI contains only two photons (n = 2), two types of two-photon states
are generated in the two interferometer arms. One corresponds to the case of two incoming photons traveling
through common MZI path, which is similar to the path-entangled state formed with two single photons (or the
NOON state with N = 2,12, 0) + |0, 2)). The other corresponds to the case in which two photons travel separately
through different MZI paths, |1, 1). Consequently, the two-photon state within the MZI can be expressed as

1 . 1
[W(n=2)) = 502)1'0)2 - 612¢|0>1|2>2) + —=I1)111),, 4)

V2

where the subscripts indicate the two MZI paths and ¢ is the relative phase difference between the two paths.
As is well known, the first term in Eq. (4) contributes to the highly phase-sensitive TPI similar to the case of the
path-entangled two-photon states formed by two single photons. In contrast, the second term indicates phase-
insensitive HOM interference. Here, the two photons in the path-correlated state contribute individually to the
single-photon interference because each photon interferes only with itself and does not interfere with the other.

The single- and coincidence-counting rates, Np1/pz and Npi&pa, respectively, as functions of the relative
path-length difference Ax in the MZI are given by**

1 1 Ax?
Npip2(Ax) = ENDI, max./D2, max. | 1 £ €Os ¢ exp 532 )1 (5)
and
1 Ax?
Np1&p2(Ax) = Np1&D2, max. | 1 — 5(1 + cos 2¢) exp 7 )| (6)

where Npi, max/D2, max. a0d Npi&D2, max. represent the maximum single and coincidence counting rates,
respectively, ¢ = 2w Ax/A the relative phase difference between the two interferometer arms, and o the
Gaussian width of the fringe envelope. In particular, the TPI fringe corresponding to coincidence counting
in Eq. (6) can be separated into two fringes as Npjgp2(Ax) = %Nm&m, max. |1 — €0s 2¢ exp —Ag—’;z and
Npi1gp2(Ax) = %Nm&m, max. [1 — exp (—AU—’;Z” Here, the former fringe results from the path-correlated
state (NOON) and the latter from the two-photon state with two separated photons (HOM)*.

Figure 3 shows the one- and two-photon interference fringes of weak coherent pulses arising from the two-
photon states expressed in Eq. (4). Here, we assumed a coherent pulse with a Gaussian-shaped spectral property
(0=0.35 mm) and a center wavelength of 775 nm. From the Poisson distribution with n = 2 and (n) = 0.01 in
Eq. (2), when the repetition rate of the weak coherent pulses is 20 MHz, the non-photon-number-resolving
SPD at one of the MZI-output ports records the maximum number of counting events of 0.99 kHz, as shown
in Fig. 3a,d. The TPI fringes shown in Fig. 3b,e include two distinct TPI fringes originating from the two two-
photon states expressed in Eq. (4); thus, this fringe can be separated into two coexisting fringes, as shown in
Fig. 3c. Although the two fringes cannot be extracted from a single measurement, these two events do not affect
each other.

Here, the registered single- and coincidence-counting rates in Fig. 3a,b originate from the P(2) contribution of
only the input pulse for a given mean photon number (1). Therefore, the average single and coincidence counting
rates at the two SPDs D1 and D2 for the Ax >> xon. condition are given by

P(2) (n)* _
Np1/D2(AX > Xcoh) = ND1&D2(AX > Xeoh) = Tf = e f, (7)
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Figure 3. One- and two-photon interference fringes with weak coherent light with detection probability of
two-photon component P(2) for mean photon number (n) = 0.01. (a) One-photon interference fringes recorded
at the two single-photon detectors D1 and D2. (b) Two-photon coincidence fringe composed of the fringes
caused by the two two-photon states|2),]0), — €2%10),2), (NOON) and |1),]1), (HOM), as shown in (c). (d-f)
Interference fringes for Ax ~ 0.

where f represents the repetition rate of the weak coherent pulses and x.op,_is the coherence length. However,
the two SPDs record photons from both the P(1) and P(2) contributions, and the average single-counting rates
for the Ax >> xoh, condition are given by

P(1 P2 1
Npup2(Ax 3> Xeon) = #f = 1(2(11) + (n)?)e""f, (8)

From the Poisson distribution in Eq. (2), we obtain P(1) = 9.9 x 1073 and P(2) = 4.95 x 107 for (n) = 0.01;
therefore, the maximally observable single- and coincidence-counting rates for f = 20 MHz are calculated to
be ND1, max/D2, max. ~ 198.99 kHz and Np1&p2, max. ~ 0.495 kHz, respectively.

Next, we consider a TPI experiment with phase-randomized weak coherent pulses. In this case, the relative
phase relation between the two paths of the MZI in Fig. 1b needs to be randomized within a short length range
by using a phase modulator or piezoelectric transducer (PZT) mounted on mirror M2. Consequently, the terms
corresponding to the phase-sensitive interference fringes do not appear in Egs. (5) and (6). Thus, the phase-
insensitive HOM-type TPI fringe revealed only by coincidence counting can be expressed as

1 Ax?
Np1&p2(Ax) = Np1&D2, max. |1 — 3P\ 77 )| 9)

This equation indicates that the maximally observable TPI fringe visibility is limited to 0.5, because the two
photons in the phase-sensitive path-correlated state are randomly divided between the two output ports of the
MZI and consequently contribute to a constant coincidence regardless of the path-length difference. It is note-
worthy that the interference effect and the fringe shape due to the|1);|1), state in Eq. (4) are identical to those
of conventional HOM experiments with two time-correlated single photons, as shown in Fig. 3c.

Two-photon interference experiment with weak coherent pulses.  We next consider weak coher-
ent pulses at the single-photon level, wherein each pulse does not include more than two photons because the
multiphoton contributions to the TPI fringe visibility can be effectively ignored under the experimental condi-
tion of a very low mean photon number (1) <« 1. As mentioned above, the one-photon events per input pulse
are not considered in the two-photon coincidence count, although a large number of photons contribute to the
single-counting rates in the experiment.

Figure 4 shows the experimental setup used to observe the one-photon interference (OPI) and TPI fringes
of weak coherent pulses. Single-mode fiber (SMF)-coupled weak coherent pulse trains are injected into the
polarization-based Michelson interferometer shown in Fig. 4, which is equivalent to the MZI setup shown in
Fig. 1b; however, the Michelson interferometer has an experimental facility for optical alignments to achieve
spatial-mode overlap. Pulse-mode coherent light is generated in a mode-locked fiber laser with a 3.5 ps pulse
duration at a 775 nm center wavelength and a 20 MHz repetition rate. The laser pulses are highly attenuated to
the single-photon level by means of a variable neutral-density filter (VNDF) and subsequently coupled into a
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Figure 4. Experimental setup to observe the two-photon interference of weak coherent pulses. VNDE, variable
neutral density filter; IE, interference filter; P, linear polarizer; H, half-wave plate; Q, quarter-wave plate; PBS,
polarizing beam splitter; M, mirror; PZT, piezoelectric transducer; FC, Single-mode fiber coupler; D, single-
photon detector; & coincidence counting circuit. Ax refers to the path-length difference between the two
interferometer arms.
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Figure 5. One- and two-photon interference fringes of weak coherent pulses. (a) Single (Np1, Np2)- and
(b) coincidence (Np;&p2)-counting rates as functions of path-length difference Ax (step size of 2 um). (c,d)
Interference fringes measured at Ax = 0.

single-mode fiber. The interference filter (775-nm center-wavelength and 1-nm bandwidth) and linear polar-
izer are used to define the spectral and polarization properties, respectively. Two interfering coherent pulses
are prepared using a half-wave plate (H1) with its axis oriented at 22.5° followed by a polarizing beam splitter
(PBS1). Two quarter-wave plates (Qs) with their axes oriented at 45° are placed in the two interferometer arms
to rotate the polarization direction. Thus, the two spatial modes (1 and 2) in Eq. (6) are defined based on the
two polarization directions in this experiment employing the polarization-based Michelson interferometer. The
second half-wave plate (H2) with its axis oriented at 22.5°, and PBS2 play the role of BS2 of the MZI shown in
Fig. 1b. Two output photons are coupled to the SMF via coupling optics FC1 and FC2 and finally detected by
SPDs D1 and D2.

First, we examine the interference fringes and counting rates (Fig. 3). In our setup, to measure the OPI and
TPI fringes of weak coherent pulses, path-length difference Ax between the two interferometer arms was adjusted
by moving mirror M1, which was mounted on a motorized translation stage. Figure 5 shows the measured OPI

Scientific Reports |

(2021) 11:20555 | https://doi.org/10.1038/s41598-021-99804-w nature portfolio



www.nature.com/scientificreports/

600 . : : 9
< (@ =D1 o D2 —~ | (b)
T N
X 400 1 i;/ 6} :
S a8 ~
[a]
Z_ 200} ] 2 3t L ]
a ZD
Z
07 A 0 1 2 0z A 0 1 2
AX (mm) AX (mm)

Figure 6. (a) Single (Np1, Np2)- and (b) coincidence (Np1&p2)-counting rates as functions of the path-length
difference when the interferometer arms are phase-randomized.

and TPI fringes as a function of path-length difference Ax. Upon adjusting the VNDE we estimated the average
single (Npj and Np;)- and coincidence (Np;&p2)-counting rates at SPDs D1 and D2 as ~ 300 kHz and ~ 4.5 kHz
(Fig. 5a,b, respectively) for a large path-length-mismatch condition (Ax 3> x.on ). Here, the measured single-
counting rates in Fig. 5a,c originate from both P(1) and P(2) of the input pulse for a given mean photon number
(n). In contrast, the coincidence-counting rate in Fig. 5b,d can originate only from P(2). Assuming ideal condi-
tions (lossless optical system and SPDs with unity detection efficiency), (n) is estimated to be ~0.0305. Moreover,
for weak coherent light, all coincidence-counting events are caused by accidental coincidences within the resolv-
ing time®*. Therefore, the coincidence can be straightforwardly calculated using two single-counting events as
Npi&p2 = Np1Npy/f. Here, the single-counting events (Np1 and Np;) include the photons that originate from
both the P(1) and P(2) contributions of the input pulse. The fringe visibilities observed in the single-counting
rates are 0.94+0.01 and 0.99+0.01, as estimated from the observed fringes at Ax ~ 0, as shown in Fig. 5c. The
full-width at half maximum (FWHM) value of the fringe envelope is estimated to be ~ 0.94 mm, which is deter-
mined by the interference filter used in the experiment.

Meanwhile, the TPI fringe is simultaneously observed in coincidence counting, as shown in Fig. 5b. As
mentioned above, the observed TPI fringe includes two kinds of TPI fringes: the NOON-state fringe due to the
path-correlated two-photon state and the HOM fringe due to the two photons separated along the two interfer-
ometer arms, as indicated in Eq. (4) and Fig. 3c. For the exact estimation of the TPI fringe shape and visibility, it
is necessary to recall that the TPI fringe of weak coherent light is fully expressed by the accidental coincidence-
counting rates as a function of the path-length difference®, Np; (Ax) x Npz(Ax)/f. Therefore, the TPI fringe
in Eq. (6) can be expressed as

1 Ax?
— =V1V2(1 4 cos 2¢) exp -— ||
o

2

(10)
where Vi and V; represent the fringe visibilities observed for the single-counting rates, as shown in Fig. 5c. For
V1 = V3, Eq. (10) reduces to Eq. (6). From the theoretical fit to the data points in Fig. 5d, V; and V, were found
tobe 0.95+0.01 and 0.99 +0.01, respectively, which agree well with the values in Fig. 5¢c. This result clearly shows
that the TPI of weak coherent light should be interpreted by means of the two-photon state in the single-photon
picture rather than the classical intensity correlation. The FWHM of the TPI-fringe envelope was estimated to
be ~0.58 mm, which is 1/+/2 times narrower than that of the OPI fringe.

Next, we examined the case in which the relative phase between the two weak coherent pulses was rand-
omized. To observe the phase-insensitive HOM-type TPI fringe, path-length difference Ax is introduced by
moving mirror M1, while mirror M2 is affixed to the PZT actuator to randomize the relative phase between the
two paths. Phase randomization was originally introduced to ensure that the experimental setup in Fig. 1b is
equivalent to that in Fig. 1a, which can effectively make the phase-sensitive interference of two photons in the
path-correlated state disappear in the single-and coincidence-counting rates shown in Fig. 3a,c, respectively.
Therefore, the oscillatory fringes are invisible in single and coincidence counts, as shown in Fig. 5a,c, as well as
the coincidence counts in Fig. 5b,d. Figure 6 shows the experimental TPI results of the phase-randomized weak
coherent pulses. The HOM-dip-like TPI fringe with only the |1);]1), state is shown in Fig. 6b. From the theo-
retical fitting, the coincidence-dip fringe visibility and FWHM are found to be 0.48+0.01 and 0.57+0.01 mm,
respectively.

1 Ax?
Np1&p2(Ax) = Np1&D2, max. | 1 + (V1 — V2) cos ¢ exp (—5?)

Two-photon interference of temporally separated weak coherent pulses in a phase-rand-
omized interferometer. Nest we consider two temporally well-separated weak coherent pulses at the
single-photon level, wherein each pulse does not include more than two photons. When two such sequential
weak coherent pulses are incident on the MZI shown in Fig. 1b or the polarization-based Michelson interfer-
ometer shown in Fig. 4, a pairwise two-photon state contributing to the HOM effect can be generated within
the two interferometer arms. Here, we ignore the case in which two sequential pulses traverse the same path
because this two-photon state does not contribute to the TPI in a phase-randomized interferometer. In this
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Figure 7. Experimental setup to observe the two-photon interference of temporally separated weak coherent
pulses. Temporal separation between two sequential pulses is introduced by applying an optical delay, and the
temporal post-selection of the interfering two-photon states is performed by the application of an electrical
delay (A7,) and a variable coincidence time window. Ax is used for varying the path-length difference between
the two interferometer arms to observe interference fringes.

regard, it has been recently demonstrated that the pairwise two-photon state with two temporally separated
weak coherent photons yields the same HOM fringe as that with the conventional two-photon state®. In this
work, we performed a HOM-type TPI experiment by employing temporal post-selection by adjusting the coin-
cidence time window in comparison with the temporal separation between sequential pulses. For this purpose,
two sequentlal weak coherent pulses as input two-photon states were prepared with orthogonal polarizations,
W) = af;al, (A, av).

Figure 7 shows the experimental setup in this case. Two temporally separated weak coherent pulses are pre-
pared before their incidence on the phase-randomized interferometer by using an optical delay line, and the
selective coincidence counting of the separated pulses is performed by introducing an electrical delay line after
one of the SPDs. In our experiment, the optical delay time (At) between sequential pulses was fixed at 8 ns, which
corresponds to an optical delay of 2.4 m in free space. The electrical delay time (A7) and coincidence time
window (Tr) were set to (0 ns, 8 ns) and (4 ns, 10 ns), respectively, for the post-selection of the interfering two-
photon states. The pairwise two-photon state related to the HOM interference is generated through the two
optical paths of the polarization—based Michelson interferometer as

alal, (At — 1/\/5[511 Ha2 v (At) — a2 vaq H(At)}. The operating principle of the interferometer is the same

as that in Fig. 4, except for the temporal separation between the two photons contributing to the TPI.

Figure 8 shows the experimental results for single- and coincidence-counting rates as functions of path-
length difference Ax. For At;=0 and Tr=4 ns, the two SPDs measure two photons in the same pulse, and the
coincidence-counting circuit records the TPI fringes caused by each pulse. Therefore, the same TPI fringe as in
Fig. 6b is observed; however, but the coincidence-counting rate is decreased by half for the same condition of
the single-counting rates, as shown in Fig. 8a,b. This is because the correspondmg coincidence-counting rate is
given by Np1&p2 (Ax 3> Xcoh,) = P (2)/2 x 2f, where P (2) = ((n)/2)?/2 x e~{M/2 In contrast, for At;=8 ns
and Tr=4 ns, the TPI fringe of the pairwise two-photon state can be observed by temporal post-selection in the
coincidence-counting circuit. Under this condition, each SPD detects only one photon in each pulse, and the
coincidence-counting rate is decreased by one quarter. In this case, the c01nc1dence counting event arises from
P'(1,1(At)) = P'(1)P (1(At)), where P (1) = P (1(At)) = ((n)/2) x e~{n/2 a5 expressed in Eq. (3). There-
fore, the corresponding coincidence-counting rate is given by NDI&Dz(Ax > Xeoh,) = )l (l)P (1(A1)/4 x f,
and the HOM fringe shows coincidence-peak pattern instead of a dip, because the two photons traversing the
two interferometer arms are distinguishable in terms of polarization in a given temporal mode. To confirm the
temporal post-selection for the observation of the TPI fringe of the pairwise two-photon state, we chose a wider
coincidence-counting window than the temporal separation of the sequential pulses (Tr=10 ns). In this case,
the coincidence-counting circuit records the two TPI fringes simultaneously, as shown in Fig. 8b. The resulting
coincidence is given by 2P (2)f or ((n)/2)%e~"/2f, and the interference fringe does not vary with the path-
length difference.

Two-photon interference of spatially separated weak coherent pulses in two phase-rand-
omized interferometers. Figure 9 shows the experimental setup used to observe the HOM-type TPI of
two spatially separated weak coherent pulses, which were prepared using a beam splitter (BS0) followed by a pair
of balanced MZIs. In our experiment, we considered the case where only one photon traverses each MZI to show
that the TPI effect originates from the two-photon state at the single-photon level and, consequently, is observed
via coincidence detection by SPDs D1 and D3 and D2 and D3. Here, the phase shifter (PS) is a thin glass plate
with a thickness of ~0.2 mm, which is used to introduce a small optical path delay in one of the four interferom-
eter arms. The two PZTs are used to eliminate the OPI corresponding to the single-counting rate by introducing
phase randomization. The two output photons from the interferometers are coupled to SMF couplers and finally
detected by SPDs to register single and coincidence counts in the counting electronics.
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Figure 8. Single (Np1, Np2)- and coincidence (Np1&p2)-counting rates as functions of the path-length
difference for two temporally separated input photons (At=8 ns). (a,b) Measurements were performed with
(At;=8 ns) and without (At;=0) temporal filtering for a coincidence resolving time window of Tr=4 ns. (c,d)
Measurements were performed with At;=8 ns and Tr=10 ns.
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Figure 9. Experimental setup to observe the two-photon interference of spatially separated weak coherent
pulses (WCPs). Two balanced Mach-Zehnder interferometers are positioned after a beam splitter (BS0).

BS, 50:50 beam splitter; PS, phase shifter; D, single-photon detector. Phase randomization is synchronously
performed by the two PZTs, and Ax and Ax; simultaneously introduce path-length differences between the two
interferometer arms in the two spatially separated interferometers.

In this experiment, the necessary conditions for the observation of the HOM-type fringe are the synchro-
nization of the phase randomization and simultaneous change in path-length differences Ax; and Ax; in the
two interferometers. In actual experiments, to realize these technical requirements, the two balanced MZIs are
constructed of a single polarization-based Michelson interferometer, in which the two optical paths for the
spatially separated individual interferometers share common optical components, such as mirrors, wave plates,
and polarizing beam splitters.

The experimental results demonstrating the HOM-type TPI effect observed with the two spatially separated
interferometers are shown in Fig. 10. The two data sets corresponding to each two-fold coincidence counting
with two detectors D1 and D3 and D2 and D3, are obtained simultaneously. During the experiment, the single-
counting rates in all the SPDs were maintained constant with varying path-length differences. In the figures,
the filled squares, diamonds, and circles correspond to the phase shifts of A¢p =0, A¢p = 7/2, and Ap = 7,
respectively, and the solid lines represent the theoretical curve fits. From the curve fitting, the HOM-fringe
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Figure 10. Experimental results relating to the two-photon interference of spatially separated weak coherent
pulses. Coincidences are measured with two detectors (a) D1 and D3, and (b) D2 and D3 as functions of
path-length difference Ax = |Ax; + Ax;|for two spatially separated input photons. Coincidence fringes for
each combination of the two detectors are obtained with a relative phase shift between the two two-photon
amplitudes. Insets in (a) and (b) indicate the coincidence counts measured as functions of the rotation angle of
the thin glass plate, which introduces an additional relative phase shift between the two interfering amplitudes.

visibilities were obtained to be V;3=0.48+0.01 and V»3=0.48 £0.01 for A¢ = 0 and A¢ = 7, respectively. For
A¢ = 7 /2, we could not observe any fringe pattern as the path length was varied. As shown in Fig. 10, there is a
transition between the HOM peak and dip fringes according to the relative phase between the two amplitudes.
For Ax = 0 in Fig. 10a, the coincidence counting rate as a function of the rotation angle (9) of the thin glass
plate is given by Np1&p3(6) = Npi1&p3,coil + Vi3 cos [27/4(d — t)]}, where Np1&ps3,oc denotes the coincidences
for Ax >> xcop. and A the center wavelength (see the insets in Fig. 10a,b). The increase in path-length difference
d with an increase in 6 can be expressed asd = t/ cos [sin_1 (ng sin G/n)], where t denotes the thickness of the
glass and ng(n) is the refractive index of air (glass).

To comprehensively understand the experimental results, it is helpful to consider the two-photon amplitudes
in both the spatially separated MZIs and the conventional single MZI shown in Fig. 1b. In our experiment, it is
assumed that the phase randomization in the two MZIs is actively synchronized by the two PZTs and path-length
differences Axj and Ax; that are simultaneously introduced as Ax = |Ax; + Axa|, with|Ax;| = |Ax;]. In this

case, the two interfering two-photon amplitudes, contributing to the HOM-type TPI, can be considered as two
BS2 At BS2 At A

pairs of amplitudes along four separated paths, which correspond to &ZI&ZZ =5 4b),a),and &22&21 =5 a4l abhs
We note here that the coincidence events by the two-photon amplitudes &', &', and &zl &gz do not afford the TPI
fringe, because the synchronized phase randomizations by the two PZTs are performed in paths al and a2 of the
two MZIs. Consequently, the phase-insensitive HOM-type TPI fringe is only observed without the introduc-
tion of any relative phase relation between the two amplitudes 47, a;, and a,a] . However, if we introduce an
additional phase shift A¢ in one of the four paths (for example, path b2), the measured coincidences reveal an
oscillation between the HOM peak and dip fringes as a function of the phase shift, as shown in Fig. 10.

Next, we consider the case in which the two interfering two-photon amplitudes corresponding to Fig. 9 over-
lap in the two paths of the single MZI (a; = a; = a,b1 = by = b,and Ax; = Ax, = Ax) shown in Fig. 1b. In this
case, the two-photon amplitudes contributing to coincidence detection by SPDs D1 and D2 should be considered

. . coatat BS2(tt) A4 A apat BS2(rr) Ap -
including BS2, that is, alaz =275 4, ah, and a];az —~—% &},a},, where t and r denote the transmission

and reflection of the two photons at BS2, respectively. Indeed, the conventional single MZI scheme corresponds
to a folded version of that shown in Fig. 9. As a result, to observe the HOM-type TPI of weak coherent light in
two spatially separated MZIs, it is necessary to satisfy the experimental conditions in such a manner that the
two-photon amplitudes in a single MZI contribute to the observation of the HOM interference. Although the
observed HOM-type TPI fringe with the two spatially separated MZIs can be fully explained by the classical
intensity correlation with respect to the limited maximum visibility of 0.5 and the fringe shape, the interference
effect including the coincidence-counting rate and the related two-photon state may need to be understood as a
consequence of the two-photon correlation at the single-photon level or the interference of two indistinguish-
able two-photon amplitudes.

Discussion

The TPI of highly correlated photon pairs is interpreted as the interference between the two indistinguish-
able two-photon amplitudes within the utilized interferometers. When the similar experiment is performed by
employing weak coherent light at the single photon level, the physics underlying the interference effect needs to
be understood in the quantum framework as it originate from the interference of the two indistinguishable two-
photon amplitudes at the single-photon level. In this context, we experimentally demonstrated the observation of
the TPI of weak coherent pulses and quantitatively analyzed the experimental results considering the single- and
coincidence-counting rates based on the statistical property of the coherent state and the interference fringe
originating from the two-photon state at the single-photon level. In particular, the HOM-type TPI experiment
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was performed by employing a phase-randomization mechanism, and further experiments were performed
utilizing two temporally- and spatially separated weak coherent pulses.

From the statistical property of the coherent light with a very low mean photon-number (n) ~ 0.03, we
clearly confirmed in the experiments that the observed TPI fringe corresponding to the coincidence-counting
events with varying path-length differences originated from the two-photon component in the input pulse. The
observed TPI fringe shape and visibility can also be explained by multiplying the two single-photon counting
events; in this case, the result is similar to the classical TPI fringe given by the classical intensity correlation func-
tion. Moreover, we showed that the HOM-type TPI fringe visibility is limited to 0.5 owing to the path-correlated
two-photon state that does not contribute to the interference fringe but only to the random coincidence-counting
event caused by the active phase-randomization mechanism.

When the two input photons contributing to the TPI are temporally and spatially well-separated, the observed
TPI is more clearly explained by the two two-photon amplitudes formed with separated weak coherent pulses
at the single-photon level. According to Dirac’s famous statement on single-photon interference®, and its two-
photon analogy*, if each single-photon or photon-pair interferes only with itself, then individual single photons
contributing to the TPI do not necessarily have to travel through a common interferometer with spatiotemporal
overlap. In other words, individual photons can separately traverse the interferometer arms to exhibit TPI via the
coincidence measurement of two single-photon counting events. For the TPI experiment with weak coherent
pulses traveling through the two spatially separated MZIs, when the interferometric scheme is configured in such
a manner that the two interfering photons traverse as if through a common interferometer, the observed TPI
fringe shows the same feature as the fringe obtained in the single-MZI scheme, except for an additional phase
shift introduced into the interfering two-photon states. As a result, the observed TPI fringe shows HOM-type
bunching and splitting depending on the relative phase shift between the two two-photon amplitudes contribut-
ing to the interference effect.

Although the TPI of weak coherent light, especially the fringe shape and visibility bound, can be described
classically by intensity correlation, we emphasize that the observed interference effect should be considered as
the interference between two alternative two-photon states constituted in the two interferometer arms when
we consider the weak coherent pulse at the single-photon level. We believe that our results can provide more
comprehensive understanding of the TPI of weak coherent light at the single-photon level.

Received: 27 June 2021; Accepted: 13 September 2021
Published online: 15 October 2021

References
1. Hong, C. K., Ou, Z. Y. & Mandel, L. Measurement of subpicosecond time intervals between two photons by interference. Phys.
Rev. Lett. 59, 2044-2046 (1987).
2. Greenberger, D. M., Horne, M. A. & Zeilinger, A. Multiparticle interferometry and the superposition principle. Phys. Today 46,
22-29 (1993).
3. Kok, P, Munro, W. J., Nemoto, K., Dowling, J. P. & Milburn, G. J. Linear optical quantum computing with photonic qubits. Rev.
Mod. Phys. 79, 135-174 (2007).
4. Yuan, Z.S. et al. Entangled photons and quantum communication. Phys. Rep. 497, 1-40 (2010).
5. Dowling, J. P. Quantum optical metrology-the lowdown on high-NOON states. Contemp. Phys. 49, 125-143 (2008).
6. Kaltenbaek, R., Blauensteiner, B., Zukowski, M., Aspelmeyer, M. & Zeilinger, A. Experimental interference of independent photons.
Phys. Rev. Lett. 96, 240502 (2006).
7. Sanaka, K., Pawlis, A., Ladd, T. D., Lischka, K. & Yamamoto, Y. Indistinguishable photons from independent semiconductor
nanostructures. Phys. Rev. Lett. 103, 053601 (2009).
8. Lettow, R. et al. Quantum interference of tunably indistinguishable photons from remote organic molecules. Phys. Rev. Lett. 104,
123605 (2010).
9. Sipahigil, A. et al. Quantum interference of single photons from remote nitrogen-vacancy centers in diamond. Phys. Rev. Lett. 108,
143601 (2012).
10. Toyoda, K., Hiji, R., Noguchi, A. & Urabe, S. Hong-Ou-Mandel interference of two phonons in trapped ions. Nature 527, 74-77
(2015).
11. Li,J. et al. Hong-Ou-Mandel interference between two deterministic collective excitations in an atomic ensemble. Phys. Rev. Lett.
117, 180501 (2016).
12. Bouchard, F. et al. Two-photon interference: The Hong-Ou-Mandel effect. Rep. Prog. Phys. 84, 012402 (2021).
13. Pittman, T. B. et al. Can two-photon interference be considered the interference of two photons?. Phys. Rev. Lett. 77, 1917-1920
(1996).
14. Kim, H., Lee, S. M. & Moon, H. S. Two-photon interference of temporally separated photons. Sci. Rep. 6, 34805 (2016).
15. Kim, H., Lee, H. ], Lee, S. M. & Moon, H. S. Highly efficient source for frequency-entangled photon pairs generated in a 3rd-order
periodically poled MgO-doped stoichiometric LiTaOj; crystal. Opt. Lett. 40, 3061-3064 (2015).
16. Kim, H., Lee, S. M., Kwon, O. & Moon, H. S. Two-photon interference of polarization-entangled photons in a Franson interfer-
ometer. Sci. Rep. 7, 5772 (2017).
17. Kim, H., Lee, S. M. & Moon, H. S. Generalized quantum interference of correlated photon pairs. Sci. Rep. 5, 9931 (2015).
18. Ou, Z.Y,, Gage, E. C., Magill, B. E. & Mandel, L. Fourth-order interference technique for determining the coherence time of a light
beam. J. Opt. Soc. Am. B 6,100-103 (1989).
19. Miyamoto, Y., Kuga, T., Baba, M. & Matsuoka, M. Measurement of ultrafast optical pulses with two-photon interference. Opt. Lett.
18, 900-902 (1993).
20. Baba, M., Li, Y. & Matsuoka, M. Intensity interference of ultrashort pulsed fluorescence. Phys. Rev. Lett. 76, 4697-4700 (1996).
21. Kaltenbaek, R., Lavoie, J. & Resch, K. J. Classical analogues of two-photon quantum interference. Phys. Rev. Lett. 102, 243601
(2009).
22. Kaltenbaek, R., Lavoie, J., Biggerstaff, D. N. & Resch, K. J. Quantum-inspired interferometry with chirped laser pulses. Nat. Phys.
4, 864-868 (2008).
23. Ogawa, K., Tamate, S., Kobayashi, H., Nakanishi, T. & Kitano, M. Time-reversed two-photon interferometry for phase superresolu-
tion. Phys. Rev. A 88, 063813 (2013).
24. Ogawa, K., Tamate, S., Nakanishi, T., Kobayashi, H. & Kitano, M. Classical realization of dispersion cancellation by time-reversal
method. Phys. Rev. A 91, 013846 (2015).

Scientific Reports |

(2021) 11:20555 | https://doi.org/10.1038/s41598-021-99804-w nature portfolio



www.nature.com/scientificreports/

25. Ogawa, K., Kobayashi, H. & Tomita, A. Classical reconstruction of interference patterns of position-wave-vector-entangled photon
pairs by the time-reversal method. Phys. Rev. A 97, 023823 (2018).

26. Lo, H. K,, Curty, M. & Qi, B. Measurement-device-independent quantum key distribution. Phys. Rev. Lett. 108, 130503 (2012).

27. Ferreira da Silva, T. et al. Proof-of-principle demonstration of measurement-device-independent quantum key distribution using
polarization qubits. Phys. Rev. A 88, 052303 (2013).

28. Ferreira da Silva, T., Vitoreti, D., Xavier, G. B., Temporio, G. P. & von der Weid, J. P. Long-distance Bell-state analysis of fully
independent polarization weak coherent states. J. Lightwave Technol. 31, 2881-2887 (2013).

29. Yuan, Z. L. et al. Interference of short optical pulses from independent gain-switched laser diodes for quantum secure communica-
tions. Phys. Rev. Appl. 2, 06406 (2014).

30. Agnesi, C. et al. Hong—Ou-Mandel interference between independent III-V on silicon waveguide integrated lasers. Opt. Lett. 44,
271-274 (2019).

31. Semenenko, H., Sibson, P., Thompson, M. G. & Erven, C. Interference between independent photonic integrated devices for
quantum key distribution. Opt. Lett. 44, 275-278 (2019).

32. Kim, H,, Lee, S. M., Kwon, O. & Moon, H. S. Observation of two-photon interference effect with a single non-photon-number
resolving detector. Opt. Lett. 42, 2443-2446 (2017).

33. Chen, H. et al. Hong-Ou-Mandel interference with two independent weak coherent states. Chin. Phys. B 25, 020305 (2016).

34. Moschandreou, E. et al. Experimental study of Hong-Ou-Mandel interference using independent phase randomized weak coher-
ent states. J. Lightwave Technol. 36, 3752-3759 (2018).

35. Kim, H., Kwon, O. & Moon, H. S. Experimental interference of uncorrelated photons. Sci. Rep. 9, 18375 (2019).

36. Arruda, F. Z. M., Mahdavifar, M., Krop, T., Souto Ribeiro, P. H. & Rafsanjani, S. M. H. Observation of two-photon coalescence in
weak coherent wave packets. J. Opt. Soc. Am. B 37,2901-2905 (2020).

37. Kim, D,, Park, J., Jeong, T., Kim, H. & Moon, H. S. Two-photon interference between continuous-wave coherent photons temporally
separated by a day. Photonics Res. 8, 338-342 (2020).

38. Kim, H., Kim, D,, Park, J. & Moon, H. S. Hong-Ou-Mandel interference of two independent continuous-wave coherent photons.
Photonics Res. 8, 1491-1495 (2020).

39. Halder, M. et al. Photon-bunching measurement after two 25-km-long optical fibers. Phys. Rev. A 71, 042335 (2005).

40. Dirac, P. A. M. The Principles of Quantum Mechanics 4th edn. (Oxford University, 1958).

41. Ou, Z. Y. Investigation of nonclassical and nonlocal effects in fourth-order interference, Ph.D. thesis, University of Rochester
(1990).

Acknowledgements

This work was supported by the National Research Foundation of Korea (NRF) (Nos. 2021R1A2B5B03002377,
2020M3E4A1080030 and 2020R111A1A01072979) and the Ministry of Science and ICT (MSIT), Korea, under
the Information Technology Research Center (ITRC) support program (II'TP-2021-2020-0-01606) supervised by
the Institute of Information & Communications Technology Planning & Evaluation (IITP). This work was also
supported in part under the research program (Nos. 2019-106 and 2020-081) by the affiliated institute of ETRI.

Author contributions
H.K., O.K. and H.S.M. conceived the project. H.K. designed the experimental setup and performed the experi-
ments. H.K., O.K. and H.S.M. discussed the results and contributed to the writing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.S.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:20555 | https://doi.org/10.1038/s41598-021-99804-w nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Two-photon interferences of weak coherent lights
	Results
	Two-photon interference of weak coherent light. 
	Two-photon interference experiment with weak coherent pulses. 
	Two-photon interference of temporally separated weak coherent pulses in a phase-randomized interferometer. 
	Two-photon interference of spatially separated weak coherent pulses in two phase-randomized interferometers. 

	Discussion
	References
	Acknowledgements


