
1Scientific RepoRtS |         (2019) 9:18375  | https://doi.org/10.1038/s41598-019-54504-4

www.nature.com/scientificreports

experimental interference of 
uncorrelated photons
Heonoh Kim  1, osung Kwon2* & Han Seb Moon  1*

The distinguishing of the multiphoton quantum interference effect from the classical one forms one 
of the most important issues in modern quantum mechanics and experimental quantum optics. for 
a long time, the two-photon interference (tpi) of correlated photons has been recognized as a pure 
quantum effect that cannot be simulated with classical lights. In the meantime, experiments have been 
carried out to investigate the classical analogues of the TPI. In this study, we conduct TPI experiments 
with uncorrelated photons with different center frequencies from a luminescent light source, and 
we compare our results with the previous ones of correlated photons. The observed TPI fringe can be 
expressed in the form of three phase terms related to the individual single-photon and two-photon 
states, and the fringe pattern is strongly affected by the two single-photon-interference fringes and also 
by their visibilities. With the exception of essential differences such as valid and accidental coincidence 
events within a given resolving time and the two-photon spectral bandwidth, the interference 
phenomenon itself exhibits the same features for both correlated and uncorrelated photons in the 
single-photon counting regime.

From the early 17th century, the interference of light has formed one of the most important topics in natural 
science1. In modern quantum mechanics, the interference of photons is at the heart of understanding the super-
position of quantum states and correlations between distinct particles2,3. From Young’s two-slit experiment on 
the classical interference phenomenon4 to modern quantum-optical experiments utilizing correlated photons5–8, 
a consistent understanding of multiphoton interference effects has played a key role in realizing new photonic 
quantum information technologies9–14.

Over the past 30 years, the Hong-Ou-Mandel (HOM) interference effect15 has been considered as the most rep-
resentative multiphoton quantum interference phenomenon because it cannot be treated using the classical wave 
theory; further, there is no classical counterpart that entirely mimics the fringe visibility and the related two-photon 
state. Moreover, the observation of the HOM effect is essential to understand the superposition principle in fun-
damental quantum mechanics and the implementation of quantum information processing3,10,13. Since the first 
report of the HOM experiment, a number of two-photon interference (TPI) experiments have been conducted 
under various experimental conditions of an interferometric setup and with the employment of conceptually 
extended two-photon superposed states with highly correlated photons16–18. To date, HOM-type TPI experiments 
have also been performed by employing electrons19, plasmons20, bosonic atoms21,22, phonons in trapped ions23, spin 
waves24, Rydberg excitations25, and microwave-frequency photons26, instead of optical photons. Other non-classical 
features of light interference have been experimentally observed in various types of interferometers such as the 
Mach-Zehnder, Michelson and Franson interferometers via the use of highly correlated photons27–33. In the mean-
time, many experiments have been carried out to investigate the classical analogues of the TPI34–37.

Although the observations of non-classical or quantum effects in optical interference have sometimes been 
recognized as counterintuitive phenomena5,6, in fact, the interference itself can be easier understood as the super-
position of indistinguishable probability amplitudes in quantum mechanical terminology38. This “quantum intui-
tion” allows us to distinguish multiphoton quantum interference effects from classical analogues2,3,7, and therefore, 
it is possible to identify pure quantum effects that cannot be simulated with classical lights. In this study, we 
performed TPI experiments with uncorrelated photons from a luminescent light source and compared our results 
with the expected ones for correlated photons. Further, we investigated the critical factors determining the TPI 
fringe pattern, such as the phase terms, visibilities, and spectral bandwidths related to individual single-photon 
and two-photon states. Our experimental results showed that the interference phenomenon itself exhibits the 
same features for both correlated and uncorrelated photons, at least in the single-photon counting regime.
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Results
interference of two uncorrelated photons. When photons are fed into a Mach-Zehnder interferometer 
(MZI), as shown in Fig. 1, two types of number-correlated two-photon states are generated with equal probability 
in the two interferometer arms beyond the 50:50 beamsplitter (BS1). One is the state wherein the two input pho-
tons follow two different paths 1 and 2, expressed as →2 1 1

BS1
1 2; therefore, the two photons exhibits no phase 

relations between each other in the two interferometer arms, and this two-photon state contributes to the HOM 
interference described as → +1 1 1/ 2 ( 2 0 0 2 )1 2

BS2
3 4 3 4 . The other state corresponds to the case wherein 

the two photons are bunched together along the same path (1 or 2) beyond BS1, which can be described as 
e2 1/ 2 ( 2 0 0 2 )iBS1

1 2
2

1 2→ + ϕ ; this path-entangled state is highly phase-sensitive in the interferometer. 
Here, note that the two input photons do not have to possess identical properties in terms of the internal degrees 
of freedom, such as polarization and wavelength27–30,39. Moreover, they can differ in terms of external degrees of 
freedom, such as the input spatial modes and the arrival time of the two incident photons at BS130,39,40 (see 
Supplementary Note 1 for details)

To observe the HOM-type TPI with classical light such as coherent light41–46 and low-coherence fluorescent 
light47,48, a phase randomization has to be employed between the two interferometer arms in order to prevent 
the single-photon interference (SPI) effect as well as the interference of the path-entangled state41,46. In the 
classical-light HOM-type experiment, the maximum visibility bound limited to 50% is only partly considered to 
be due to the photon-number distribution of the light source itself. In fact, the limited visibility is the only cause of 
the coincidence-detection contribution arising from the path-entangled state, which is intrinsic for the two input 
photons only when not considering multi-photon inputs46,49.

At the two MZI-output ports shown in Fig. 1, the single-photon counting rates recorded at the two 
single-photon detectors (SPDs) D1 and D2 after photon passage through the two interference filters IF1 and IF2 
(not shown in Fig. 1), as a function of the path-length difference Δx, are given by

R R V R R V[1 cos ( )F ( )], [1 cos ( )F ( )], (1)1 1, 1 1 1 2 2, 2 2 2ϕ ω ϕ ω= − = +∞ ∞

where Ri,∞ represents the counting rate recorded at the two detectors located at the two output ports of BS2 for 
x lcohΔ . (where lcoh. denotes the coherence length), Vi denotes the SPI-fringe visibility, and φi = 2πΔx/λi 

(where, λi denotes the center wavelength) represents the relative phase difference related to the path-length dif-
ference between the two interferometer arms. Further, F(ωi) denotes an interference-fringe-envelope function 
with central angular frequency ωi and spectral bandwidth δωi, which is related to the single-photon coherence 
length and thus actually determined by the spectral bandwidths of the filters used in the experiment47. The SPI 
effect expressed by Eq. (1) is the same as that in the cases of correlated and uncorrelated photons as well as in the 
interference of the classical electric fields of light.

However, in the case of the coincidence counting of uncorrelated photons with a very short coherence time 
(~picoseconds), the registered coincidences within the resolving time of electronics (~nanoseconds) are all acci-
dental events. Therefore, the coincidence counting rate is given by

ϕ ω ϕ ω

ϕ ϕ ϕ ϕ ω ω
=









− +

− + + −
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1 1 1 2 2 2

1 2 1 2 1 2 1 2

Figure 1. Mach-Zehnder interferometer employing two uncorrelated photons. When two photons are incident 
on BS1, two two-photon states are generated with equal probability within the two interferometer arms. One is 
the phase-insensitive separable state, which thus contributes to HOM-type interference, while the other is the 
highly phase-sensitive path-entangled state and thus shows a phase super-resolved interference fringe at the 
output port of BS2. BS, 50:50 beamsplitter; M, mirror; PZT, piezoelectric transducer; D, single-photon detector; 
Δx, introduced path-length difference between the two interferometer arms.
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where Rc,∞ denotes the coincidence counting rate recorded at two detectors for x lcohΔ . . Actually, Rc corre-
sponds to the accidental coincidence given by R1R2TR, where TR denotes the resolving time of the coincidence 
electronics. We note here that the TPI fringe represented by Eq. (2) exhibits a somewhat complex pattern and thus 
implies certain significant characteristics: (i) In general, there is a fundamental difference between valid and acci-
dental coincidences in which correlated and uncorrelated photons, respectively, are employed. Therefore, the 
coincidence counting rate is specifically determined by single-photon counting rates R1 and R2 measured at the 
two detectors D1 and D2 in Fig. 1 and also by the resolving time of the coincidence electronics. (ii) The TPI fringe 
expressed by Eq. (2) includes three phase-related terms, which are the term corresponding to the interference of 
the individual single-photons and the sum- and difference-frequency oscillation terms. The cos (φ1 + φ2) term 
corresponds to the phase super-resolved fringe arising due to the path-entangled state, while the cos (φ1 − φ2) 
term corresponds to the spatial-beating fringe by the frequency-entangled state. (iii) Eq. (2) also includes two 
SPI-fringe-envelope terms and a TPI-fringe-envelope term in which the entire shape is determined only by the 
single-photon spectral bandwidth. For two uncorrelated photons, the width of the TPI-fringe envelope including 
both the sum- and difference-frequency oscillations is given by the product of the individual single-photon band-
widths, because the path-entangled two-photon states are also generated probabilistically from the single-photon 
wavepacket. In contrast, for correlated photons, the difference-frequency term still affects the extent of the 
SPI-fringe-envelope, but the range of the TPI-fringe corresponding to sum-frequency oscillation is determined 
by the phase-matching characteristics for two-photon generations28–31. This interferometric feature may form the 
most significant difference between correlated and uncorrelated photons29. (iv) In contrast to naive intuition, it is 
interesting that the TPI-fringe pattern is strongly affected by the two SPI-fringes and also by their visibilities, as 
can be deduced from Eq. (2). Moreover, the TPI-fringe visibility corresponding to the sum- and 
difference-frequency oscillations is given as the product of two SPI-fringe visibilities. Therefore, the TPI effect 
corresponding to the super-resolution-fringe period disappears very rapidly relative to the reduction in the 
SPI-fringe visibility. Here, it is necessary to emphasize that the TPI-fringe expressed by Eq. (2) has the same pat-
tern as that resulting from the use of two highly correlated photons in the experiment29. Furthermore, the 
TPI-fringe pattern in Eq. (2) can also be expressed by classical intensity-correlation measurement41,50.

To simplify the analysis of the TPI-fringe full-width, we assume that the two filters have a Gaussian shape; 
consequently, the TPI-fringe envelope function can be expressed as xF( )F( ) exp( / )1 2

2
12
2ω ω σ= −Δ , where 

σ σ σ σ σ= +2 /( )12 1
2

2
2

1
2

2
2  is related to the average spectral bandwidth (σi = c/δωi, where c denotes the speed of 

light in vacuum) of the two filters and determines the range of the TPI-fringe showing sum- and 
difference-frequency oscillations. In the case of Δx ≈ 0, the TPI fringe corresponds to a super-resolved period 
corresponding to the sum-frequency oscillation, whereas in the case of σΔ >x 2 12, the oscillation period cor-
responds to the average value of the individual single-photon wavelengths. If the two interferometer arms are 
phase randomized by means of the piezoelectric transducer (PZT) in Fig. 1, then the TPI effect expressed by  
Eq. (2) corresponds to the spatial-beating fringe by the frequency-entangled state of two uncorrelated photons, 
wherein the fringe pattern “contains” the cos (φ1 − φ2) term only. When the two filters have the same bandwidth, 
the spatial-beating-fringe width becomes narrower by 2  than that of the SPI ( 212 1,2σ σ= ).

If we now consider the most simplified case in which two identical photons are employed in the TPI experi-
ment, Eq. (2) can be expressed as the form

ϕ ω ϕ ω= − − − +∞{ }R R V V VV1 ( ) cos( )F ( ) 1
2

[1 cos(2 )]F ( ) ,
(3)c c , 1 2 1 2

2

which reveals a super-resolution-fringe period across the entire range of the TPI-fringe irrespective of the 
non-vanishing SPI effect except for the fact that an asymmetric fringe oscillation is generated only for the case 
of Vi ≠ 0. When the two SPI fringes show the same visibility, V1 = V2, the two SPI terms disappear and thus,  
Eq. (3) simply represents the sum of the HOM interference and the path-entangled-state interference fringes. 
Even in this case, it is interesting that the TPI fringe visibility is given by the product of the two SPI-fringe vis-
ibilities, regardless of whether the fringes are actually observed in individual detectors, particularly for HOM 
interference.

experimental setup. Figure 2 shows the experimental setup utilized to perform TPI experiments employ-
ing uncorrelated photons from a weak and incoherent light source. In the study, we used single-mode-fiber 
(SMF)-coupled broadband light from a super-luminescent diode (Qphotonics, QSDM-810), which has a 
central wavelength of 810 nm and spectral bandwidth of 23.5 nm. In the setup, highly attenuated light to the 
single-photon level is horizontally polarized by PBS1 and then fed into a polarization-based Michelson interfer-
ometer. The two polarization components are equally divided by PBS2 after photon passage through a half-wave 
plate (HWP1) with its axis oriented at 22.5°. A relative path-length difference Δx between the two interferometer 
arms is introduced by moving the mirror M1 mounted on a translation stage. Active relative-phase randomiza-
tion between the two interferometer arms is performed by use of the PZT actuator, which is utilized essentially 
to observe the phase-insensitive HOM interference fringes. The PZT actuator is also used to precisely measure 
interference fringes. Two quarter-wave plates (QWPs) with their axes oriented at 45° are placed in the two inter-
ferometer arms to rotate the polarization direction. The output photons from PBS2 are passed through HWP2 
with its axis oriented at 22.5° and thence to PBS3. Finally, the two output photons from PBS3 are coupled into two 
SMFs through the two interference filters (IF1 and IF2). In our experiment, one of the filters (IF2) was tilted at 
an angle of 20° with respect to the normal direction to shift the central wavelength of the transmitted spectrum 
of IF2. The central wavelengths of the two filters IF1 and IF2 are 810.63 nm and 798.44 nm, respectively. Two 
SPDs are connected to two fiber couplers (FCs) via SMFs, and subsequently, the output signals are fed into the 
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single- and coincidence-counting electronics. In our experiment, the coincidence window was set to 10 ns, and 
thus, the average photon-number per resolving time was approximately 3 × 10−3 at individual detectors D1 and 
D2 (not shown in Fig. 2). The operating principle of the polarization-based Michelson interferometer is the same 
as that of the MZI shown in Fig. 146.

In our experiment, we measured phase-sensitive SPI and TPI fringes without phase randomization of the 
interferometer in order to confirm the full-fringe shape and the effect of the phase-related terms in Eq. (2), which 
can reveal the characteristic features of the TPI fringe of uncorrelated photons. Here, we utilized two methods for 
detecting the two-photon coincidence events; one is the conventional coincidence counting with two SPDs pres-
ent at the two interferometer output ports, and the other is the time-delayed coincidence measurement of succes-
sive electrical signals from each SPD (see Supplementary Note 2), which is possible when the two input photons 
are temporally well-separated relative to the dead time of the SPD46. We also investigated the influence of the 
SPI-fringe visibility on the TPI-fringe visibility caused by two non-identical SPI-fringe visibilities. Furthermore, 
the phase-insensitive interference fringes were also measured upon applying the phase randomization.

experimental results. Our experimental results are shown in Fig. 3. The SPI and TPI fringes are acquired 
with a 200-nm resolution of Δx. The measured single-photon counting rates are normalized (symbols) and com-
pared with the theoretical predictions with the same parameters (very dense red lines). Here, the fringe-envelope 
function is considered as a Gaussian. Figure 3(a,b) show the SPI fringes measured at individual detectors D1 
and D2, respectively, which have visibilities and Gaussian-shaped fringe widths of V1 = 0.98 and V2 = 0.90, and 
σ1 = 0.17 mm and σ2 = 0.08 mm, respectively. Here, we note that asymmetric and non-ideal visibilities can arise 
due to the imperfect extinction ratio of PBS3 and also imperfect alignment of the interferometric setup. In our 
study, when IF2 was tilted at an angle of 20°, the transmitted spectrum was slightly changed from the Gaussian 
shape. As a result, unwanted side peaks appeared, as shown in Fig. 3(b); these peaks caused by rather complex 
spectral components can affect the TPI fringe shape. The insets in the figures represent the transmission spectra 
of each filter and the phase-resolved SPI fringes measured at Δx ≈ 0.

To observe the TPI fringe with only one SPD, we utilized the time-delayed coincidence measurement of suc-
cessive electrical signals from each detector. In this case, the two photons measured via the interferometer arrive 
at the same detector with a long time interval relative to the dead time of the SPD. Here, we remark that it is 
known that two temporally well-separated pairwise two-photon states show the same interferometric feature 
as in the case wherein the two photons are incident on the interferometer simultaneously16,17,39,46. Further, we 
have recently demonstrated that the HOM-type TPI effect can be observed with only one SPD by means of 
a time-delayed coincidence measurement when temporally well-separated pairwise weak coherent pulses are 
employed in the TPI experiment46.

The experimental result in this work confirms that this kind of measurement technique can also be applied 
to a continuous-mode weak incoherent light source. The TPI fringe measured at D1&D1(Δτ1) or D2&D2(Δτ2) 
can be expressed as

Figure 2. Experimental setup. A polarization-based Michelson interferometer is used to perform two-photon 
interference (TPI) experiments with uncorrelated photons. SMF, single-mode fiber; Att., attenuator; PBS, 
polarizing beam splitter; HWP, half-wave plate; QWP, quarter-wave plate; M, mirror; PZT, piezoelectric 
transducer; IF, interference filter; FC, single-mode-fiber coupler. Inset shows the two transmission spectra of the 
two IFs (see text for details).
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 ϕ ω ϕ ω= + + .∞R R V V{1 2 cos ( )F ( ) 1
2

[1 cos (2 )]F ( ) } (4)c c i i i i i i,
2 2

Here, Rc can be expressed as RiRi(Δτi)TR, as in Eq. (2), regardless of the time delay involved. Figure 3(c,d) show 
the TPI fringes measured with each detector followed by electrical delay lines with Δτ1 = Δτ2 = 60 ns. The nor-
malized coincidences measured at D1&D1(Δτ1) and D2&D2(Δτ2) as a function of the path-length difference, 
Δx, show visibilities of V1 = 0.93 and V2 = 0.85, respectively. From the phase-resolved TPI fringes (see insets), 
the visibilities are found to be V1 = 0.94 ± 0.02 and V2 = 0.83 ± 0.02. Different from the SPI fringe, the effect of 
the reduced visibility is remarkably reflected in the constructive positions than the destructive positions of the 
interference fringes.

Figure 4 shows the experimental results for the TPI fringe measured with the two SPDs D1 and D2. Similar 
to Fig. 3, the normalized coincidence as a function of Δx shows visibilities of V1 = 0.98 and V2 = 0.90 (red back-
ground). Here, the TPI fringe of uncorrelated photons is determined by envelope functions F(ω1), F(ω2), and F(ω1) 
F(ω2) for each single-photon spectral bandwidth, as well as the two SPI-fringe visibilities V1 and V2 in Eq. (2). 
Figure 4(b,c) depict the phase-resolved fringes for Δx≈0 to demonstrate the characteristic features of nondegen-
erate photons showing the spatial-beating fringe involving the sum- and difference-frequency oscillation terms 
in Eq. (2) and to clarify the effect of the asymmetrical visibilities of the two SPI fringes on the TPI fringe. The two 
dark-red dotted lines in Fig. 4(b) indicate the constructive-interference positions involving sum-frequency oscil-
lation, and the extended lines indicate the beat-fringe period corresponding to the difference-frequency oscilla-
tion term. The influence of the two non-identical SPI-fringe visibilities in Fig. 3(a,b) is reflected in the asymmetric 
fringe oscillation, as indicated by the light-blue lines in Fig. 4(b,c). The fringe visibilities in Fig. 4(c) are found to 
be V1 = 0.99 ± 0.01 and V2 = 0.89 ± 0.01, which agree well with the values indicated in Fig. 3(a,b). The effect of 
SPI on the TPI fringe is also shown in the case where highly correlated photons are involved in the interference 
experiments29, although the SPI fringes are actually not observed in individual detectors27,28,31.

Observing TPIs of uncorrelated photons with phase randomization. Finally, we observed 
HOM-type TPI fringes upon employing relative-phase randomization between the two interferometer arms. In 
this case, the phase-related terms in Eq. (2) and Eq. (4) are canceled out, and consequently, the TPI fringes meas-
ured at D1&D2, D1&D1(Δτ1), and D2&D2(Δτ2) are expressed in the form

Figure 3. Experimental results for single-photon interference (SPI) and two-photon interference (TPI) of 
uncorrelated photons measured with one detector. (a,b) Normalized single counting rates measured at D1 and 
D2 as a function of the path-length difference showing visibilities of V1 = 0.98 and V2 = 0.90, respectively, for 
a coarse scan over the range of the full-fringe width. For Δx ≈ 0, phase-resolved SPI fringes are obtained with 
visibilities V1 = 0.99 ± 0.02 and V2 = 0.90 ± 0.01 (see insets). (c,d) Normalized coincidence counting rates at 
D1&D1(Δτ1) and D2&D2(Δτ2) showing visibilities V1 = 0.93 and V2 = 0.85, respectively (see text for details). 
Phase-resolved TPI fringes are obtained with visibilities V1 = 0.94 ± 0.02 and V2 = 0.83 ± 0.02 (see insets). The 
red backgrounds represent the theoretical predictions.
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Here, note that the visibilities corresponding to Eq. (5) are the same as those for Eqs. (2) and (4), and thus gov-
erned by the SPI-fringe visibilities of Eq. (1), even though the SPI fringes are actually not observed in the individ-
ual detectors due to the random phase. The spatial-beating fringe measured at D1&D2 reveals the same feature 
as the TPI fringe of the frequency-entangled state formed with highly correlated photons39,51–53, except for the 
limited visibility due to the path-entangled-state contributions. For coincidence measurement with one detec-
tor involving an electrical time delay, the HOM-type-peak fringe measured at D1&D1(Δτ1) or D2&D2(Δτ2) 
is similar to the case of coincidence measurement when two detectors are placed at one of the two output 
ports of the interferometer. The phase-insensitive peak fringes measured at D1&D1(Δτ1) and D2&D2(Δτ2) 
are shown in Fig. 5(a,b), respectively, which indicate visibilities of V1 = 0.90 ± 0.01 and V2 = 0.83 ± 0.01 and 
Gaussian widths of σ1 = 171.69 ± 1.60 μm and σ2 = 84.53 ± 1.13 μm. Figure 5(c) depicts the spatial-beating 
fringe measured at D1&D2 with visibilities of V1 = 0.97 ± 0.01 and V2 = 0.83 ± 0.01. From the measured 
results, we find the beat-fringe period to be 52.13 ± 0.10 μm, corresponding to the angular-frequency difference 
Δω = 3.62 ± 0.01 × 1013 rad/s, which is well-matched with the value estimated from the center-wavelength differ-
ence of the two filters used in the experiment.

Here, we note that the measured HOM-type-peak fringe in one detector and the spatial-beating fringe in the 
two detectors have to be considered as genuine two-photon interference effects. In the TPI experiments with 
uncorrelated photons in the phase-randomized interferometer, the coincidence events registered within the 
resolving time do not exceed the accidental coincidences determined by the single-photon counting events in 
individual detectors. Therefore, the normalized coincidences exceeding 0.5, as shown in Fig. 5, must be obviously 
originate from the HOM-type and spatial-beating interferences of the two two-photon states at the single-photon 
level, t t1/ 2 ( 1 1( ) 1( ) 1 )1 2 1 2Δ + Δ  and ω ω ω ω+1/ 2 ( )1 1 2 2 2 1 1 2 , respectively. If we consider these 
two-photon states only, the interference phenomenon itself demonstrates the same feature as in the case when 
highly correlated photons are employed in the same interference experiment. This is because the TPI effect itself 
originates from the related two-photon states but not from the types of light sources used in the interference 
experiments.

Figure 4. Experimental results for two-photon interference (TPI) of uncorrelated photons measured with 
two detectors. (a) Normalized coincidence counting rate measured at D1&D2 as a function of the path-length 
difference showing visibilities V1 = 0.99 and V2 = 0.90, for a coarse scan over the range of the full-fringe width. 
(b,c) Correspond to a phase-resolved TPI fringe for Δx ≈ 0, which is obtained with visibilities V1 = 0.99 ± 0.01 
and V2 = 0.89 ± 0.01 as shown in (c). The inset of (a) depicts the two transmission spectra of the two filters IF1 
and IF2.
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Discussion
We have experimentally demonstrated the TPI of nondegenerate uncorrelated photons from a broadband 
super-luminescent light source. In the TPI experiments, the essential difference between correlated and uncor-
related photons is the valid coincidence events within the resolving time of the coincidence detection device and 
accidental coincidences, respectively. For uncorrelated photons employed in the TPI experiment, the observed 
TPI-fringe shape and visibility were fully determined by the two SPI-fringes and also by the visibilities, which 
have the same interferometric feature as in the case when highly correlated photons are used in the experiment 
within the range of the single-photon coherence length. The essential difference of the interferometric charac-
teristics between correlated and uncorrelated photons is the interference of the path-entangled two-photon state 
revealing sum-frequency oscillations far beyond the coherence length of the source. Here, we have focused on two 
kinds of two-photon quantum states generated within the interferometer, which result in the phase-insensitive 
HOM-type interference and the interference of the highly phase-sensitive path-entangled state. When phase 
randomization was introduced in the interferometer arms, the limited HOM-type TPI visibility originated from 
the contribution of the constant coincidence events due to the path-entangled state. Furthermore, the normal-
ized coincidence exceeding 0.5 obviously originated from the HOM-type and spatial-beating interferences of the 
corresponding two-photon states. With the exception of essential differences such as the number of coincidence 
events and the two-photon spectral bandwidth, the interference phenomenon itself reveals the same features for 
both the correlated and uncorrelated photons in the single-photon counting regime. Although the observed inter-
ference effects in our work are essentially arise from the two-photon states in the interferometer, the observed 
interference effects can also be explained by classical intensity-correlation measurements.
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