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Simultaneous observation of the wave and particle natures of a quantum object under one experimental
arrangement represents the latest development regarding wave-particle duality. In this work, we propose a simple
scheme using linear-optics devices to observe either the particle nature or wave nature or the wave-particle
superposition (WPS) of photons by controlling a relevant classical parameter. Our setup consists of two stages,
the preparation and measurement stages, with the latter stage containing an additional classical variable whose
value will be given only after the first stage in order to avoid any possible communication between the two
stages and thus rule out the classical hidden-variable model. We not only develop the theory but also perform the
corresponding experiments. The experimental observations perfectly agree with the theoretical predictions. Our
findings are the following. The frequency (wavelength) of both single- and two-photon systems is independent of
whether the photon(s) is wavelike or in a WPS state, with the common fact being that the frequency (wavelength)
of two photons as a whole entity is twice (half) that of a single photon. As for the interference-pattern visibility,
it is always lower in the case of WPS than in the case of a wavelike state for a single photon as well as for two
photons. Remarkably, with a given value of the control parameter, the interference visibility in the case of WPS
is always higher in the single-photon scenario than in the two-photon one. Although here we are dealing with
photons, the obtained results apply equally well to matter particles.

DOI: 10.1103/PhysRevA.108.022223

I. INTRODUCTION

Understanding the nature of quantum objects’ behaviors is
the premise for a reasonable description of the quantum world.
Depending on whether the interference can be produced or
not, the quantum object is endowed with dual features of a
wave and a particle, i.e., the so-called wave-particle duality
(WPD), which are generally observed in the so-called mu-
tually exclusive experimental arrangements in the sense of
Bohr’s complementarity principle [1]. The confirmation of
WPD in the early days of quantum theory is mostly based
on diffraction or double-slit-type experiments of matter parti-
cles, such as electrons, atoms, neutrons, and so on [2–5]. The
Mach-Zehnder interferometer (MZI), being almost equivalent
to the double-slit-type setup, is also widely used to illustrate
the WPD of photons and electrons. In the case of the MZI,
one usually resorts to the existence or absence of the second
beam splitter (BS) to reveal the wave or particle character of
a photon. After having been split by the first BS, the photon
is prepared in a quantum superposed state of two paths, which
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will collapse into either path if the detection is made directly
at the ends of individual paths in the absence of the second BS,
indicating the particle nature of the photon. In contrast, if the
two paths are recombined by the second BS before detection,
interference fringes appear, showing the wave property of the
photon. Here, interference means the dependence of the pho-
ton detection probability on the difference in the two optical
paths brought about by phase shifters placed on the photon
paths. Since the behaviors of a photon are always concomi-
tant with the configurations of experimental setup, one might
envisage that the photon could adapt its behaviors in advance
to the foregoing setting. In order to exclude such a classical
hidden-variable model (HVM), Wheeler proposed a delayed-
choice experiment in which the second BS is randomly chosen
to be inserted or removed after the photon has already passed
the first BS of the MZI but is still on the way to the second BS
[6]. Subsequent experiments showed that similar results can
be acquired for both normal and delayed-choice situations,
consistent with quantum-mechanical predictions [7].

A quantum version of the delayed-choice experiment was
suggested in Ref. [8], where the second BS could be in a
superposition of presence and absence via coherent quantum
control of an ancilla. With this setting, the photon can be
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forced into a superposed state of the particle and wave and
exhibits continuous morphing between those two sides with
changing the controlling parameter of the ancilla. Moreover,
the complementary properties of a photon can be measured in
a single experimental setup by correlating the measurement
outcome of the ancilla after the photon has already been de-
tected, reversing the temporal order of the measurements. This
type of postchoice of the second BS being present or absent
also relaxes the requirement of ultrafast switch in the classical
delayed-choice experiment. An experimental realization of
this quantum delayed-choice setup with a single photon was
done in Ref. [9] by taking the polarization state of the pho-
ton itself as the ancilla. In Ref. [10], a two-photon quantum
delayed-choice experiment was performed using an integrated
photonic device, in which one photon acts as a system and the
other one acts as an ancilla. Other realizations of the quantum
delayed-choice experiment were successfully implemented in
different contexts [11–20].

In order to rule out classical HVMs, the delayed-choice
process is generally required through either inserting or re-
moving the second balanced beam splitter (BBS) randomly as
in Wheeler’s original delayed-choice experiment [6] or apply-
ing a quantum BBS in the superposition state of the presence
and absence controlled by an ancilla, as proposed in Ref. [8].
However, being based on wave-particle objectivity, these pos-
sible methods have been shown to be self-inconsistent, and
the predictions of quantum mechanics can be reproduced by
means of the classical two-dimensional nonretrocausal HVM
[21]. Fortunately, this proves that a slight modification of
Wheeler’s delayed-choice experiment can exclude the HVM.
Namely, instead of being inserted or removed randomly, the
second BBS can simply be displaced, corresponding to intro-
ducing an additional phase in a delayed manner [21]. This
proposal can be demonstrated concretely with the device-
independent preparation-and-measurement (PAM) scenario
through the violation of the dimension witness [21,22] and
has been realized in experiment [23–26].

In this work, following the method in Ref. [21], we design
and implement an experimental setup to observe the wave-
particle superposed state of a photon without using quantum
control or entanglement assistance. Our distinct scheme is
based on the combination of two complementary events,
namely, whether to monitor the photon in the path of the MZI
or not. It is known that the photon is bound to manifest a parti-
cle feature if the path information is exposed by, for example,
inserting an opaque object in one path of the MZI to absorb or
scatter the photon. Without this object, or, alternatively, with
a transparent one in the path, the photon will exhibit the wave
property. Instead of the opaque or transparent object, the use
of a semitransparent one such as an unbalanced BS would in-
duce the photon wave-particle superposition (WPS). Here, we
show that the photon exhibits WPS when it does not interact
with the semitransparent object (i.e., the object is not detected
by the photon); otherwise, it behaves as a particle. Although
we place objects with different transmissivities in the optical
path to induce the wavelike, particlelike, and WPS-like prop-
erties of a photon, the detection results in terms of interference
fringes can, in turn, signal the transmissivities of the object,
similar to the counterfactual protocol called interaction-free
measurement (IFM) [27–33]. The connection between WPD

and IFM represents a potential application of our scheme in
quantum imaging which is well suited to detecting fragile
objects [33].

The superposition of the dual natures of a photon repre-
sents a milestone of the development of WPD and deepens our
understanding of the fundamental laws of quantum mechanics
[34–41]. In previous works [8–15], WPS observations were
mostly made for single photons and were less explored for
multiphoton situations. As is known, the wavelength of an
N-photon state is simply λ/N , with λ being the single-photon
state wavelength, which is equivalent to the matter de Broglie
wavelength of all N photons as one entity [42]. Therefore,
the wave property of an N-photon state can be characterized
with an interference fringe that is N times finer than the
conventional fringe of a single photon [43–46]. However, the
pattern of the interference fringe of N photons being in WPS
has not yet been addressed in detail. In particular, questions
such as whether this N times relation still holds with respect
to the interference fringe of an entire set of N photons being
in a WPS state and what the interference visibility of an N-
photon WPS state is compared with the corresponding purely
wavelike one depending on N need to be demystified. In this
work, we also implement the two-photon experiment, and our
results show that, as in the purely wavelike scenario, in the
scenario of WPS the interference fringe of two photons is also
2 times finer than that of a single photon.

This paper is organized as follows. In Sec. II, we present
our experimental setup and develop the underlying theory.
The setup is designed such that not only can the photon WPS
behaviors be observed but also the classical HVM can be
abandoned. The theoretical predictions obtained in Sec. II are
tested experimentally in Sec. III. Conclusions are made in
Sec. IV.

II. THEORY

Our setup with the PAM scenario is depicted in Fig. 1,
which consists of the preparation and measurement stages, de-
noted by two shaded parts. In the preparation stage, a BS with
transmissivity cos2 α (with 0 � α � π/2 considered to be a
classical control parameter) is inserted in path A of the MZI, a
detector DE is used to detect a possible photon in path E , and
a phase shifter in path B is introduced to provide a variable
value of the phase ϕ. In the measurement stage, an extra phase
shifter φ is inserted in path A, which should be placed after
the preparation one to exclude possible correlations between
these two stages. The tunable BS is tantamount to “nothing,”
or a 100% transparent object, for α = 0 and to a mirror for
α = π/2, whereas for 0 < α < π/2 it serves as an opaque
object which partly transmits and partly reflects the incoming
signal. As a result, a photon behaves as a wave when α = 0
and as a particle when α = π/2. Being confined between
these two extreme values, i.e., 0 < α < π/2, the photon will
be forced to a superposition of the wave and particle (i.e., they
are at the same time both wavelike and particlelike) if DE does
not fire.

In this section we theoretically formulate our scheme as
follows. A single photon is sent from path a with the in-
put state |ψ (1)

in 〉abE = |100〉abE , with |lmn〉xyz ≡ |l〉x ⊗ |m〉y ⊗
|n〉z denoting the l , m, and n photons in paths x, y, and z,
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FIG. 1. Schematic of our experimental setup using the MZI for
observations of WPS of photons. The two shaded parts correspond
to two stages of the experiment: the stage of preparation (left part)
and the stage of measurement (right part). A beam splitter (BS) is
inserted in path A, and two balanced beam splitters (BBSs) are the
input and output of the MZI. Photodetectors DE , DC , and DD are used
to detect possible photons in paths E , C, and D, respectively. Two
phase shifters are used: one is placed on path B in the preparation
stage to provide a variable phase ϕ, and the other one is placed on
path A in the measurement stage to provide another variable phase
φ. The value of φ will be given after the value of ϕ with the purpose
being to rule out the two-dimensional HVM (see text). M denotes the
mirror. For the single-photon scenario a photon is injected via port a,
while for the two-photon scenario one photon is input to port a and,
simultaneously, the other one is input to port b.

respectively, and the superscript (1) denoting the case of a
single photon. A straightforward calculation yields an output
state of the form∣∣ψ (1)

out

〉
CDE =

(
cos α

∣∣ψ (1)
w

〉
CD + sin α√

2

∣∣ψ (1)
p

〉
CD

)
|0〉E

+ sin α√
2

|00〉CD|1〉E , (1)

where∣∣ψ (1)
w

〉
CD = ei(ϕ−3φ)/2

[
sin

ϕ − φ

2
|10〉CD − i cos

ϕ − φ

2
|01〉CD

]

(2)

and ∣∣ψ (1)
p

〉
CD = − i√

2
eiϕ (|10〉CD + |01〉CD) (3)

are the wave and particle states of a photon, operationally rep-
resenting the capacity and incapacity to produce interference
in terms of the (ϕ, φ) dependence of the photon detection
probability, respectively. Note that the wave and particle states
are not orthogonal to each other since 〈ψ (1)

p |ψ (1)
w 〉 = 1√

2
e−2iφ .

With a probability of 1
2 (1 + cos2 α) the detector DE is silent,

and state |ψ (1)
out 〉CDE (1) collapses into

∣∣ψ (1)
wp

〉
CD

= 1√
1 + cos2 α

[√
2 cos α

∣∣ψ (1)
w

〉
CD

+ (1 − cos α)
∣∣ψ (1)

p

〉
CD

]
, (4)

which is a single-photon WPS; that is, the photon behaves at
the same time as a wave and a particle. Hence, the photon
will manifest a pure particle nature or WPS depending on

whether the detector DE responds. Since we are interested in
the observation of WPS of the photon, we restrict measure-
ment outcomes to the subspace where DE does not fire.

The probability that detector DC or DD clicks can be ex-
pressed as

P(1)
C = 1

4 [1 + cos2α − 2 cos α cos(ϕ − φ)] (5a)

= cos2αPw,(1)
C + (1 − cos α)2Pp,(1)

C

+ 4 cos α(1 − cos α)Pw,(1)
C Pp,(1)

C (5b)

or

P(1)
D = 1

4 [1 + cos2α + 2 cos α cos(ϕ − φ)] (6a)

= cos2αPw,(1)
D + (1 − cos α)2Pp,(1)

D

+ 4 cos α(1 − cos α)Pw,(1)
D Pp,(1)

D , (6b)

where Pw,(1)
C = sin2[(ϕ − φ)/4], Pw,(1)

D = cos2[(ϕ − φ)/4],
and Pp,(1)

C = Pp,(1)
D = 1

4 are contributions of the particle and
wave components of the photon to the total detecting prob-
abilities of DC and DD, with the superscript p (w) implying
particle (wave). Interestingly, the third terms in Eqs. (5b) and
(6b) indicate visually that the probabilities P(1)

C and P(1)
D are

also contributed by the quantum interference of the wave and
particle natures of the photon, implying that the photon is in a
pure state of WPS once it is detected in DC or DD.

In order to rule out the classical HVMs, we have adopted
the method proposed in Refs. [21,22] by introducing an addi-
tional phase φ in the measurement stage, with its value being
given after the photon has passed the preparation stage. Since
the photon has two spatial modes with two detection results,
four values can be set for ϕ (i.e., ϕ0, ϕ1, ϕ2, ϕ3), and two can be
set for φ (i.e., φ0, φ1) [21,22]. The matrix to test the dimension
witness reads [47]

W2 =
[

p(0, 0) − p(1, 0) p(2, 0) − p(3, 0)

p(0, 1) − p(1, 1) p(2, 1) − p(3, 1)

]
, (7)

in which p(x, y) = p(DC = 1|ϕx, φy) is the probability that
DC fires for the combination of ϕx and φy. For the
state (1), we derive that p(x, y) = [1 + cos2 α − 2 cos(ϕx −
φy) cos α]/2(1 + cos2 α). By plotting |Det(W2)| against ϕ and
α in Fig. 2(a), we can see that |Det(W2)| > 0 in several areas;
that is, the dimension witness is violated, which rules out the
possibility of HVMs. In our setup, we set α to 0.176π and
choose the values of ϕx and φy to be ϕ0 = 0, ϕ1 = π , ϕ2 =
−π/2, ϕ3 = π/2, and φ0 = π/2, φ1 = 0. In this case, the
quantum probabilities give rise to |Det(W2)| = 0.974, imply-
ing the violation of classical prediction. In the experiment, we
obtained |Det(W2)| = 0.907 ± 0.003 by postselecting only
those events where a signal photon and a trigger photon
arrived simultaneously. The above analysis of |Det(W2)| ac-
tually does not take into account the mutual influences among
noise terms as well as their effects on the hidden variables
[21]. To exclude such an effect, one can adopt the linear
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FIG. 2. (a) The contour plots of the dimension witness |Det(W2)|
as a function of ϕ and α for the choice of ϕ0 = ϕ1/2 = ϕ2/3 =
ϕ3/4 = ϕ, φ0 = 0, and φ1 = π/2. (b) The contour plots of the linear
dimension witness IDW as a function of ϕ and α for the choice of
ϕ0 = −ϕ1 = ϕ, ϕ2 = π , φ0 = 0, and φ1 = π/2. The region of IDW >

3 is surrounded by the dashed line, inside which the dimension
witness is violated. The existence of the region of IDW > 3 implies
the irrelevance of the HVMs.

dimension witness formulated in an inequality form as [48]

IDW = 〈D00〉 + 〈D01〉 + 〈D10〉 − 〈D11〉 − 〈D20〉 � 3, (8)

where 〈Dxy〉 = p(DD = 1|ϕx, φy) − p(DC = 1|ϕx, φy) is
the probability difference between DD and DC to detect a
photon. From Fig. 2(b), we can see the regions with IDW > 3,
indicating the violation of the linear dimension witness. In
our setup, when α is chosen to be 0.176π , the values of ϕx

and φy are set as ϕ0 = 7π/4, ϕ1 = 5π/4, ϕ2 = π/2, and
φ0 = π/2, φ1 = 0. The theoretical and experimental values
of IDW are 3.779 and 3.660 ± 0.007, respectively.

To make a comparison with the properties of one photon,
in particular where the WPS is concerned, we also present the
results for two photons, with each of them being sent through
a path of a and b with the input state |ψ (2)

in 〉abE = |110〉abE .

The output state can be derived as

∣∣ψ (2)
out

〉
CDE =

⎛
⎝cos2 α

∣∣ψ (2)
w

〉
CD +

√
1 − cos4 α

2

∣∣ψ (2)
p

〉
CD

⎞
⎠|0〉E

+ i cos α sin α√
2

(|10〉CD − |01〉CD)|1〉E

+ sin2 α√
2

|00〉CD|2〉E , (9)

where∣∣ψ (2)
w

〉
CD = eiϕ

[
i sin ϕ√

2
(|20〉CD + |02〉CD) + cos ϕ|11〉CD

]
(10)

and ∣∣ψ (2)
p

〉
CD

= 1
2 ei2ϕ (|20〉CD +

√
2|11〉CD + |02〉CD) (11)

are the wave and particle states of the two photons, respec-
tively, with the superscript (2) indicating the scenario with
two photons. Note also that the two-photon wave and particle
states are not orthogonal to each other since 〈ψ (2)

p |ψ (2)
w 〉 = 1√

2
.

For clarity, in the case of two photons, we set the extra phase
to φ = 0 since it can be absorbed into the total phase. With
a probability of 1

2 (1 + cos4 α) the detector DE is silent, and
|ψ (2)

out 〉CDE collapses into∣∣ψ (2)
w−p

〉
CD

= 1√
1 + cos2 α

(√
2 cos α

∣∣ψ (2)
w

〉
CD + sin α

∣∣ψ (2)
p

〉
CD

)
,

(12)

which is a WPS; that is, the two photons as a whole exhibit
both particle and wave behavior at the same time.

Let us denote P(2)
C(D) as the probability that only detector

DC(D) clicks, while P(2)
CD is the joint probability that both DC

and DD respond simultaneously. These detecting probabilities
can be formulated as

P(2)
C(D) = 1

2 cos2 α sin2 ϕ + 1
8 sin4 α (13a)

= cos4 αPw,(2)
C(D) + sin4 αPp,(2)

C(D)

+ 8 cos2 α sin2 αPp,(2)
C(D) Pw,(2)

C(D) , (13b)

P(2)
CD = cos2 α cos2 ϕ + 1

4 sin4 α (14a)

= cos4 αPw,(2)
CD + sin4 αPp,(2)

CD

+ 4 cos2 α sin2 αPp,(2)
CD Pw,(2)

CD , (14b)

where Pw,(2)
C = Pw,(2)

D = 1
2 sin2 ϕ and Pp,(2)

C = Pp,(2)
D = 1

8 are
the contributions of the wave and particle features of the two
photons to P(2)

C and P(2)
D , while Pw,(2)

CD = cos2 ϕ and Pp,(2)
CD = 1

4

represent those of the two photons to the joint probability P(2)
CD.

We see that the quantum interference effects of the wave and
particle components of the two photons are recognized by the
third terms in Eqs. (13b) and (14b), which occurs when 0 <

α < π/2. The expressions for P(2)
C(D) and P(2)

CD also show that,
when α = 0, the two photons as an entity are 100% wavelike
and, when α = π/2, they are 100% particlelike.
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FIG. 3. Experimental setup for observations of various photon behaviors. In the experiment for a single photon, one of the generated
photons (trigger) is sent to the quantum random number generation (QRNG) station to select a phase shift φ between 0 and π

2 . The second
photon (signal) enters the delay-choice interferometer, which consists of two parts corresponding to the preparation and measurement stages.
For the two-photon experiment, each of the two photons is injected into a port of the setup. � is the delay introduced between the H
and V polarizations of the photon. The legend displays the periodically poled potassium titanium phosphate (PPKTP) nonlinear crystal,
interference filter (IF), polarization beam splitter (PBS), half-wave plate (HWP), compensated crystal (CC), beam displacer (BD), convex lens
( f = 150 mm), fiber collimator (FC), and single-photon detector (SPD).

From Eqs. (5a)–(6b) and (13a)–(14b) it follows that for
0 � α < π/2 the detecting probabilities are P(1)

C ∼ cos2(ϕ/2)
[P(1)

D ∼ sin2(ϕ/2)] in the single-photon case and P(2)
C,D ∼

sin2 ϕ and P(2)
CD ∼ cos2 ϕ in the two-photon one. Analyzing

the full formulas of the probabilities, we come up with two
main theoretical predictions; one is regarding the frequency
(wavelength) of oscillation of the probabilities as a function
of the phase ϕ, and the other concerns the visibilities of the in-
terference patterns. First, the probabilities associated with the
WPS states (i.e., when 0 < α < π/2) under both the single-
and two-photon situations oscillate versus ϕ with the same fre-
quencies (wavelengths) as those known for photons exhibiting
a purely wave nature (i.e., when α = 0) [43]. However, the
oscillation frequency (wavelength) under the two-photon situ-
ation is twice (half) that under the single-photon one. Second,
we deal with the visibilities of interference patterns defined
as V (1) = (max P(1)

C,D − min P(1)
C,D)/(max P(1)

C,D + min P(1)
C,D) in

the single-photon scenario and V (2) = (max P(2)
CD − min P(2)

CD )/
(max P(2)

CD + min P(2)
CD ) in the two-photon scenario. In terms of

the control parameter α, analytical expressions for the visibil-
ities read

V (1) = 1

1 + v(1)
, V (2) = 1

1 + v(2)
, (15)

with

v(1) = 2 sin4(α/2)

cos α
, v(2) = sin4(α)

2 cos2 α
. (16)

At α = 0 (purely wavelike behavior) we have v(1) = v(2) = 0,
so V (1) = V (2) = 1, implying perfect visibility independent of

the considered number of photons. At α = π/2 both v(1) and
v(2) are infinite, so V (1) = V (2) = 0, implying a particlelike
nature without any interference patterns. Interestingly, in the
WPS states with 0 < α < π/2 it can be verified using the
properties of trigonometric functions that 1 − (v(1)/v(2) ) =
[2 cos2(α/2) + cos2 α]/(1 + cos α)2, which is obviously al-
ways positive. This is tantamount to the inequality v(2) > v(1),
which in turn means V (2) < V (1). That is, when the photons
are in WPS states the two-photon interference-pattern visi-
bility is always lower than the single-photon one. Also, in
the entire relevant range of variation of α (i.e., 0 � α < π/2)
both v(1) and v(2) increase with α. This fact predicts that the
interference visibilities V (1) and V (2) decrease with increasing
α due to the decreased weights of the wavelike components
in the WPS states of both single- and two-photon cases. In
the next section we shall carry out experiments to exam-
ine whether the above-mentioned theoretical predictions are
justified.

III. EXPERIMENT

Our experimental arrangements are detailed in Fig. 3,
where a continuous-wave laser (with a central wavelength
of 405 nm) is used to generate photon pairs (with a
central wavelength of 810 nm) from a periodically poled
potassium titanium phosphate (PPKTP) nonlinear crystal
via spontaneous parametric down-conversion processes. To
implement the single-photon experiment, the horizontally
polarized single photon (trigger) is sent to the quantum
random-number-generation (QRNG) station, while the verti-
cally polarized one (signal) is sent to the interferometer.
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FIG. 4. The detecting probabilities P(1)
C of the single-photon case with respect to the phase ϕ for different α. The black symbols are

experimental results, and the lines are corresponding theoretical ones.

In the QRNG station, after a half-wave plate (HWP)
at π

8 , the polarization of the photon is rotated to |+〉 =
(|H〉 + |V 〉)/

√
2, which then enters a polarization beam split-

ter (PBS). Here and throughout the paper, H and V denote
the horizontal and vertical polarizations of the photon, re-
spectively. The detecting probabilities of horizontally and
vertically polarized photons should be the same. Photons are
converted into electrical signals through a single-photon de-
tector, and the electrical signals are divided into two channels
through a BNC tee adapter. One of the signals is modulated by
an arbitrary wave-form generator and a high-voltage amplifier
to trigger the electro-optic modulator (EOM). Another signal
is connected to a time-to-digital converter (ID Quantique,
ID800). In Fig. 3, we use electrical equipment (EE) to refer
to the electrical instruments mentioned above.

The interferometer station is further divided into prepa-
ration and measurement stages. In the preparation stage, we
use three compensated crystals, two of which are applied to
compensate the optical path, and the remaining one is rotated
at an angle to introduce a variable single-photon phase shift
ϕ by moving the displacement table. We set HWPs at π

8 and
−π

8 to ensure the possible interference and another two HWPs
at π

4 for bit inversion. The HWP at α
2 can be adjusted at

any angle 0 � α � π/2 to act as a polarizer, transforming
the photon state a†

H |0〉A to cos αa†
H |0〉A + sin αa†

V |0〉A. If we
set α = 0 (α = π/2), the photon in path A is horizontally
(vertically) polarized, and the PBS is equivalent to nothing (a
mirror), so that the single photon exhibits wavelike (particle-
like) behavior. Between these two extreme cases, the setting
of 0 < α < π/2 causes a superposed state of the wave and
particle of the single photon when the detector DE does not
fire. In the measurement stage, to ensure the delayed choice,

the signal photon is delayed by 1230 ns through a 246-m-long
optical fiber. The signal photon is then focused by a convex
lens pair (focal length f = 150 mm) into the spatial EOM.
Considering the rise and fall time of the arbitrary wave-form
generator (8.4-ns minimum, 100-ps resolution) and the slew
rate of the high-voltage amplifier (400 V/µs), the choice of
measurement stage needs a response time of around 722 ns,
which is shorter than the delay time after the phase is applied
on path B in the preparation stage. By setting the output
voltage of the high-voltage amplifier to change the refractive
index of the electro-optic modulator, we choose two phase
shifts corresponding to 0 and π

2 . In the experiment, we se-
lected only the time when both signal and trigger photons
arrived simultaneously.

In Figs. 4(a)–4(e), in terms of the dependence of P(1)
C on ϕ,

we demonstrate transitions of behaviors of the single photon
from wavelike to particlelike by choosing α = jπ/8, with
j = 0, 1, 2, 3, 4. The black symbols are experimental results,
and the curves are corresponding theoretical fits obtained from
Eq. (5a) or Eq. (5b). We can see that the experimental data
points are in good agreement with the theoretical curves. For
α = 0, as shown in Fig. 4(a), we observe an oscillation with
a high visibility of 0.951, indicating that the single photon
exhibits a purely wave property. For α = π/2, as shown in
Fig. 4(e), the detection probability remains 0.25 with a very
low visibility of 0.024, signaling the entirely particle behavior
of the photon. As α increases from 0 to π/2, the photon, being
in the WPS state, exhibits a continuous transition of its behav-
ior from wavelike to particlelike, as seen in Figs. 4(b)–4(d),
both experimentally and theoretically.

Next, we turn to the observation of two-photon WPS and
compare it with the case with a single photon. We connect
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FIG. 5. Two-photon coincidence as a function of the relative
delay � between the H and V polarizations. The integration time
of each point is 1s and the visibility of the fitting curve is 0.94.

trigger photons to the input of the interferometer through
a fiber-optic collimator. In order to make the two photons
indistinguishable, we set the HWP in the preparation stage
(π

8 in the single-photon experiment) to zero, while keeping
the other HWPs in the interferometer unchanged. The fiber
coupler for the H-polarized photon is mounted on a micro-
translation stage to introduce a delay � between the H and V
polarizations. Two-photon coincidence counts are registered
to measure the probability that DC and DD have detected a
photon at the same time, which is shown in Fig. 5. Figure 5
shows the typical Hong-Ou-Mandel dip with a visibility of
0.94 and a full width at half height of 201.88 µm, which are

derived from a least-squares fit to a mathematically convenient
Gaussian shape (the red solid curve). The less than 100% vis-
ibility is a result of the imperfect spatial mode match between
the pairs of down-converted photons.

Having confirmed the indistinguishability of two photons,
we implement the experiment to observe two-photon WPS by
setting the delay � at the bottom of the dip in Fig. 5. The same
as in the single-photon experiment, we set HWPs at the prepa-
ration and measurement stages to π

8 and −π
8 , respectively, and

perform bit inversion on the other two HWPs at π
4 . The HWP

at α
2 can be adjusted at any angle 0 � α � π/2 to act as a

polarizer, which transforms the two-photon state a†2
H |0〉A to

(cos αa†
H + sin αa†

V )2|0〉A. If we set α = 0 (α = π/2), the two
photons in path A are horizontally (vertically) polarized, and
PBS2 amounts to nothing (a mirror), so that the two photons
exhibit wave (particle) properties. Of interest is the setting of
0 < α < π/2, under which we can obtain a superposed state
of waves and particles of the two photons when the detector
DE is silent.

In Figs. 6(a)–6(e), in terms of the dependence of the joint
detecting probability P(2)

CD on ϕ, we demonstrate the wave-
to-particle transitions of behaviors of the two photons by
choosing α = jπ/8, with j = 0, 1, 2, 3, 4. The experimental
data points represented by the black symbols are in good
agreement with the theoretical curves derived from Eq. (14a)
or (14b). When α = 0, as shown in Fig. 6(a), we observe an
oscillation with a visibility of 0.958, indicating that the two
photons as an entity behaves like a wave. When α = π/2,
as shown in Fig. 6(e), the detection probability remains 0.25,
with a visibility of 0.073, which indicates a particle nature
of the two photons. The WPS of two photons is visualized

FIG. 6. The detecting probabilities P(2)
CD of the two-photon case with respect to the phase ϕ for different α. The black symbols are

experimental results, and the lines are the corresponding theoretical ones.
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FIG. 7. The visibilities of the single-photon and two-photon in-
terference patterns with respect to α.

in Figs. 6(a)–6(e), which show an interference pattern quite
unlike the behaviors of either a wave or a particle.

After demonstrating the WPS for both single-photon and
two-photon cases, we are ready to make a comparison be-
tween them. First, we observe that the oscillating frequencies
of two photons against ϕ are two times larger than that of a sin-
gle photon for 0 � α < π/2; in other words, the wavelength
of two photons as an entity is half of that of a single photon.
This result was known previously for the situation where
photons exhibit a 100% wave nature when α = 0, which is
now extended to the scenario of the WPS when 0 < α < π/2.
Second, as shown in Fig. 7, the interference visibility of two
photons is always less than that of a single photon when the
photons are in states of WPS with 0 < α < π/2, although
they take the same value equal to 1 when behaving purely as
a wave with α = 0.

IV. CONCLUSION

In conclusion, we have developed a theory and carried out
experiments to investigate dual behaviors of one and two pho-
tons as a wave or a particle, relying on the setup schematically
sketched in Fig. 1 and detailed in Fig. 3. Our setup is far
simpler than the previous one [8] in which an ancilla in a
superposition state, implementation of a controlled-Hadamard
gate, and proper measurement on the ancilla are required. By
using our proposed setup we were able to watch purely wave-
like or purely particlelike or wave-particle-superposition-like

behaviors of one photon or two photons by adjusting a single
classical control parameter, α, which is proportional to the
reflectivity of the beam splitter which we added to the Mach-
Zehnder interferometer. When we set α = 0 both one photon
and two photons exposed their 100% wave nature, with their
wavelengths satisfying the relation λ2 = λ1/2, where λ1 (λ2)
is the wavelength of the single-photon (two-photon) state.
When α was chosen in the range 0 < α < π/2, the photon(s)
was observed in wave-particle superpositions. We found that
the wavelengths of both one and two photons in the wave-
particle superposition states remain the same as those in the
purely wave states. By continuously changing α from α = 0
towards α = π/2 a transition from wavelike to particlelike
behavior occurred, which eventually became purely particle-
like at α = π/2. The photon wave nature is best revealed by
the interference pattern with visibility depending on both the
control parameter α and the number of photons considered.
When α = 0, the interference visibilities are equal to 1, and
in the range of 0 < α < π/2, they decrease with increasing
α, independent of the number of photons. However, the in-
terference visibility in the two-photon case is always lower
than that in the one-photon case. All the experimental find-
ings agree perfectly with the theoretical predictions, certifying
the relevance of the setup we have proposed. Our scheme
for a delayed-choice experiment adopts a device-independent
prepare-and-measure scenario to test the HVM with purely
classical control. We calculated the corresponding dimension
witnesses and revealed the violation of the linear dimension
witness in some range of parameters, demonstrating the im-
possibility of HVMs. Although in this work we considered
photons, similar results would also hold for matter particles.
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