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Classical wisdom of wave—particle duality regulates that a quantum object shows either the particle or wave nature
but never both. Consequently, it would be impossible to observe simultaneously the complete wave and particle
nature of the quantum object. Mathematically the principle requests that the interference visibility V' and which-
path distinguishability D satisfy an orthodox limit of V2 + D* < 1. The present work reports a new wave—
particle duality test experiment using single photons in a modified Mach—Zehnder interferometer to demonstrate
the possibility of breaking the limit. The key element of the interferometer is a weakly scattering total internal
reflection prism surface, which exhibits a pronounced single-photon interference with a visibility of up to 0.97
and simultaneously provides a path distinguishability of 0.83. Apparently, the result of V2 + D? ~ 1.63 exceeds
the orthodox limit set by the classical principle of wave—particle duality for single photons. We expect that more
delicate experiments in the future should be able to demonstrate the ultimate limit of V2 + D? ~ 2 and shed new

light on the foundations of contemporary quantum mechanics.
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1. INTRODUCTION

The wave—particle duality of a quantum object, including pho-
tons, electrons, atoms, etc., constitutes one of the conceptual
cornerstones of quantum physics. The principle dictates that all
quantum objects exhibit mutually exclusive behaviors of two
intrinsic attributes, namely, being either as wave or as particle
depending on how they are measured, but never both [1-10].
Opver the past several decades, numerous studies using gedanken
or practical interferometers such as a Mach—Zehnder interfer-
ometer (MZI) and Young’s two-slit interferometer in various
genuine arrangements have been carried out to test the wave—
particle duality principle of particles. To name a few, there are,
for instance, Wheelers delayed-choice scheme [6,7,11-16],
Scully’s quantum eraser scheme [8-10], Afshar’s scheme
[17-19], and others [20-23]. The outcomes of all previous test
experiments can be summarized into three situations character-
ized by the interference visibility V' and which-path distin-
guishability D. In the first situation, one uses a specific setup
to achieve perfect observation of the wave nature of the par-
ticle with an interference visibility V' = 1 at the price of com-
plete loss of the path distinguishability with D = 0. In the
second situation, one applies another setup to distinguish
unambiguously the paths that each particle passes at the cost
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of complete destruction of the interference pattern, i.e.,
V' = 0and D = 1. In the third situation, using interferometer
setups with quantum delayed-choice schemes, one can observe
the simultaneous partial wave and partial particle nature of pho-
tons with V' # 0 and D # 0 [13,15,16,23], which yet still sat-
isfies the orthodox limit of V2 4+ D? <1 [24]. In summary,
despite enormous efforts, all existing test experiments have
shown no sign of going beyond the principle of wave—particle
duality.

A rigorous analysis based on full quantum mechanics in the
Schrodinger picture reveals that in previous interferometers,
such as the delayed-choice scheme of MZI as well as Afshar’s
scheme, the measurement of one entity (either wave or particle
nature) strongly disturbs the other so that the observation of the
two are exclusive [25,26]. As illustrated in Fig. 1(a), a photon
sent into the MZI goes either into path X or path ¥ with each
50% probability after the first beam splitter BS1. To know
which path the photon passes and thus the particle property,
one needs to remove the second beam splicter BS2 and check
the detectors X and Y. To observe the interference pattern and
thus the wave property of the photon, one should keep BS2 and
examine the detectors X and Y. However, no matter how smart
the design is, it is impossible to observe the wave and particle
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Fig. 1. (a) Schematic setup of classical Mach—Zehnder interferom-
eter (MZI) used to test wave—particle duality of a photon. The MZI
consists of the first beam splitter BS1, two mirrors (M), a phase shift
(¢), and the second beam splitter BS2. BS2 can either be present in the
path, or absent, or controlled by an external (classical or quantum)
module. (b) Schematic setup of weak-measurement MZI (WM-MZI),
where an interference screen (denoted by the blue thick lines) with
high transmission and weak scattering replaces BS2.

nature of the photon simultaneously because the insertion and
removal of BS2 are completely exclusive operations. Yet, as
displayed in Fig. 1(b), a modified MZI working in the weak-
measurement regime, hereafter called WM-MZI, can largely
get around the difficult mutual exclusion problem by using an
interference screen to replace BS2 in the standard MZI [27].
This interference screen exhibits a high transmission and weak
scattering of the photon, and essentially becomes a detector
of interference pattern via weak scattering. A similar idea has
recently been extended to atom interferometers with weak-
measurement path detectors [28]. Quantum mechanical analy-
ses show that compared to the standard MZI the proposed
WM-MZI has the potential to make simultaneous observation
of interference and which-path information of quantum ob-
jects. Specifically, it can reach the level of V' =1 and
D — 1, so that V2 + D? — 2, which far exceeds the regime
allowed by the principle of wave—particle duality. In this work,
we experimentally construct a WM-MZI setup and perform
single-photon experiment with this new interferometer to test
the wave—particle duality of photons.

2. RESULTS

Simultaneous observation of the path and interference of a sin-
gle photon in the WM-MZI is an intriguing while practically

challenging experiment. The difficulty lies in observing the
interference pattern via the WM-MZI. The proposed origi-
nal configuration shown in Fig. 1(b) suffers from very low
collection efficiency of weakly scattered single photons from
the interference screen. For a two-dimensional image with
100 x 100 pixels, the average photon detection rate at each
pixel is estimated to be fewer than 0.01 count per second (cps)
considering a single-photon source with an emission rate of
100 keps, a scattering efficiency of 10%, and an overall detec-
tion efficiency of 1% for the proposed configuration. To cir-
cumvent such a formidable experimental difficulty, we take
advantage of the fact that the interference pattern of two plane
waves is one dimensional in nature and thus one can use an
efficient point detector (an avalanche photodiode, APD) with
a movable slit instead of a camera to observe the interference
pattern. Moreover, we modify the original high-transmission
weak-scattering interference screen in Fig. 1(b) to a high-
reflection weak-scattering prism setup so that a microscope ob-
jective with a high numerical aperture (NA) could be used to
improve the collection of the weakly scattered single photons.
The above modifications afford us to experimentally demon-
strate single-photon WM-MZI, as discussed in the following
sections.

Figure 2(a) shows the key element of the WM-MZ], i.e., a
prism surface that hosts the interference and provides weak
scattering via a diffusive scattering thin film. The weakly scat-
tering film is made via casting a droplet of dilute milk. Single
photons split into two beams are incident upon the prism sur-
face at total internal reflection angles with an angle difference of
0 = 1.75°. Labeled as beam 1 and beam 2, the two beams exit
the prism with the same separation angle and are detected by
APD1 and APD2, respectively. These two beams interfere on
the prism surface to form a one-dimensional interference pat-
tern, which evanescently decays into the air side of the surface.
With a diffusive weak-scattering thin film, incident single pho-
tons are scattered by a small probability and a fraction of that
is collected and detected by APD3 to reveal the interference
pattern. Moreover, with weak scattering the total reflection
becomes imperfect, having a reflection coefficient R slightly
smaller than unity. We have tested the WM-MZI setup by in-
cidence of a laser beam and observed a very clear interference
pattern at the prism hypotenuse surface, as illustrated by the
right-most image in Fig. 2(a), which confirms that the weak-
scattering prism surface functions nicely as an interference
screen for light.

Figures 2(b) and 2(c) display the whole experimental setup.
An efficient single-photon source based on spontaneous emis-
sion of excited single CdSe/CdS core—shell colloidal quantum
dots (QDs) [29-33] is prepared in Room 1 and then by cou-
pling to the single-mode fiber (SMF) the single photons are
delivered to the WM-MZI setup in Room 2. The challenging
part is to achieve large coupling of the single photons from sin-
gle QDs into the SMF [31]. Aiming for that goal, we designed a
sandwich sample structure as shown in the inset of Fig. 2(b),
where the QDs are sandwiched between a coverslip and a
PMMA thin film with a thickness of 300 nm so that a good
amount of QD emission can be coupled to the SMF. The QD
sample is excited by a 532 nm continuous-wave laser in an
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Schematics of the experimental setup of the WM-MZI. (a) Single-photon interference on a prism surface coated with a weakly scattering

milk film as an interference screen. The interference pattern on the right is formed by the incidence of a laser beam into the WM-MZI setup. (b) A
single-mode fiber (SMF) output single-photon source apparatus. Inset shows the sample structure where CdSe/CdS coreshell quantum dots (QDs)
in PMMA serve as single-photon emitters. LPF, long-pass filter. (c) WM-MZI setup. The avalanche photon detectors APD1 and APD2 record two
path way information, respectively. A wedge glass plate (WGP) is used to tune the optical length of path 1. APD3 with a position-tunable slit is for

observing the interference pattern.

inverted microscope configuration and the fluorescent emission
around 650 nm is filtered with a long-pass filter and coupled
into an SMF. We manage to have a coupling efficiency of about
15% such that the single-photon emission rate at the output of
the SMF reaches about 100 keps. As depicted in Fig. 2(c),
streams of single photons from the SMF are split into two arms
via a 50:50 beam splitter and sent to the prism for the WM-
MZI experiment as discussed previously. The optical path of
one arm (path 2) is tunable via a wedge glass plate and a neutral
density filter (0.3 OD) in the other arm is used to balance the
photon count rates of the two arms. The weakly scattered pho-
tons are collected by a microscope objective with an NA of 0.65
and sent to APD3 with a slit (150 pm width) for recording
the interference pattern. We note that the size of the interfer-
ence pattern is about 10 mm at the position of the slit. Since
a point detector APD3 is used here, the slit functions as an
interference-image sampler along one direction where the in-
terference occurs.

Before launching the wave—particle duality test experiment,
we characterize the setup and properties of the single-photon
light source. We first measure the reflection of the prism surface
with a weakly scattering film by comparing the reflected light
intensity from a silver mirror for the same source. The color-
coded intensity time traces in Figs. 3(a) and 3(b) show the typical

blinking phenomena of the photoluminescence (PL) from a
single QD. Despite decade-long research efforts in developing
nonblinking QDs [34,35], PL blinking is quite common among
colloidal QDs especially when the QDs are under relatively
strong excitation. QD blinking happens when the QD under
constant excitation randomly switches between emission states of
different brightness, possibly due to charging [33,34]. We can
decipher different emission brightness states of the QD [33] and
only choose the bright state to evaluate the reflectivity. With the
consideration of the reflectivity of the silver mirror and two other
surfaces of the prism, we estimate from the change of the average
intensities of the two cases that the reflectivity of the prism
coated with a weakly scattering thin film is around 83.3%.
Figure 3(c) displays the second-order photon correlation func-
tion ¢?(z), where a pronounced anti-bunching dip at zero
delay confirms single-photon statistics of the source [29,32].
A spectrum of the single-photon source is shown in the inset
of Fig. 3(c). Since APD3 will be used to detect the interference
from a very weak signal, its dark count rate is characterized and
shown as a function of time in Fig. 3(d). An average dark account
rate of 32 cps is measured and subtracted from the measured
results obtained in the following.

It is valuable to make a quantum mechanical analysis of
this WM-MZI and clarify its operation principle. The spatial
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Fig. 3. Characterization of the photon paths of the setup. (a) Time traces of the photon detection rates of APD1 for the cases of reflection from
a silver mirror (red) and refection from the prism surface (blue), respectively. Inset shows a schematic diagram of the measurement. (b) The same
for APD2. (c) Coincidence measurement of the photon detection events of APD1 and APD2. Inset shows the spectrum of the photons in APD1

and APD2. (d) Dark count rate of APD3 as a function of time.

distributions of two incident single-photon beams can be
described by two wave functions:

Wi (%)) = ot (1a)

Vain (x’y) — Woeik(x cos -y sin 49). (1 b)

Here £ = 22/ is the wavenumber of the photon with wave-
length 1 and ¢ is the phase shift of path 1 relative to path 2.
The wave functions of the reflected beams read

Wiow(y) = rpge ™t (2a)

W) out (x,}/) = ry, eik(x sin -y cos 49)' (2b)

The reflection coefficient 7 is close to 1. The two beams inter-
fere on the prism hypotenuse and the total field is evanescent
into the air side of the surface. Its wave function can be
written as

ikn sin(§+91 ) (x-y)

l//evan(xr}/) =y |:€ V2 + €W+i(p:|

ikn(sin 01 +cos 07)(x-y)
2

~ 21//0 |:€ eilm(;*ﬂ ' i(p:| ) (3)

The scattered wave distribution recorded by APD3 can be

given as

Vica (%)) = sWeyan(%,9)

ikn(sin 6] +cos 07)(x-y)
2

_ 251//0 |:€ + et/m(ZX*]) ; i¢:| ) (4)

Here # = 1 + r = 2 is the evanescent wave amplitude, 7 is the
refractive index of the prism, and 6, is the refraction angle of

the single-photon beam within the prism, which satisfies Snell’s
law as 7 sin@; = sin@. Mathematically, Egs. (1)—(4) are the
solutions to Schrédinger equation for photon in this WM-MZI
instrument. What do they mean? This deserves a careful quan-
tum mechanical analysis and interpretation. From the orthodox
quantum physics, it follows that the wave function represents
the spatial probability amplitude distribution of quantum ob-
jects, including photons. In this framework, the two important
physical quantities in Eqs. (1)—(4), » and s, represent the single-
photon probability wave reflection and scattering coefficient,
whereas R = |r|?> and S = |5|*> denote the reflection and scat-
tering probability of the single photon on the prism surface.
Under the condition of small § and large R, we find
S+ R~ 1. Now from Egs. (1)-(4), we obtain the single-
photon light intensities of the two output paths as

Pl,out = |l//1,out(x)_y)|2 = RPO: (5a)
pl,out = |w2,out(‘x’}/)|2 = RP0> (5b)
where Py = |w|* is the single-photon light intensity at the

input. The intensity distribution of the interference reads

Pscat = A|l//scat(x9_y)|2 = SSAPO
y {1 + cos [(/en sin @) + kn cos 6, - kn)(x - y) N q)] }’
(6)

2
where A is the combined collection and detection efficiency
and is usually much smaller than 100%. In the above theoreti-
cal analysis, we have assumed a 100% transmission of photon
through the two right-angle sides of the prism.
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The next important step is to calculate the path distinguish-
ability D and the interference pattern fringe visibility V. Let us
first make a brief analysis on what happens for a photon coming
from beams 1 and 2. If the prism is not coated with a weakly
scattering thin film, the total internal reflection is perfect, i.e.,
r=1,R = 1,5 = 0. Thus, the photon will follow its own path
and transport unambiguously to photodetectors APD1 and
APD?2, respectively. In this case the path distinguishability is
100%, while the interference pattern, although existing there
at the prism hypotenuse outer surface, cannot be detected and
thus the fringe visibility is zero. Yet, with the milk-coated prism
surface as the interference screen, ie., 7 < 1, R < 1,5 > 0, and
according to Eq. (6), it is possible to detect the interference
pattern. Although the overall intensity 8SAP is low because of
the small value of § and A, the fringe visibility V' theoretically
can be as high as 1. The value of the path distinguishability can
be estimated according to a simple model as follows. For each
arm of the WM-MZI, i.e., the reflection beam 1 and beam 2, if
no scattering-induced deviation of the photon from its original
path, the reflectivity should be ideally 100%. Now since scat-
tering does occur, the extent of deviation of each photon from
its original path is measured by the actual reflectivity R, and
thus the path distinguishability is taken simply as D~ R.

In the following, we discuss the experimental results of the
WM-MZI and clearly show that simultaneous observation
of the path and interference of single photons is achievable.

As shown in the inset of Fig. 4(a), the optical path length
of path 2 can be tuned by changing the position of the wedge
plate (wedge angle 0.5°) along the direction of the arrow. By
tuning the wedge plate and using a fixed slit in front of
APD3, we are able to measure the effect of longitudinal inter-
ference, i.e., interference with respect to phase shift ¢, accord-
ing to Eq. (6), by simultaneously counting single photons at
three channels by using three APDs. The color-code traces
in Fig. 4(a) indicate the detected photon counts of the output
beam 1 and beam 2 in blue and red, respectively. One observes
that the photon count levels of the two beams do not change
much in particular as the position of the wedge plate is tuned
from 0.2 mm to 0.4 mm. The measured photon count rates of
APD1 and APD2 are obtained for the bright state of the QD.
Specifically, from the fluorescence time traces of the QD, we set
a time bin of 10 ms and select the time period with more than
five consecutive bright bins and the corresponding photon
counts as the effective data to get the correct photon count rate.
Thus the time periods when the QD is in dark states emission
have been subtracted and only the bright-state photon count
rates are shown in Fig. 4 [33]. The small variations of the count
rates of the two channels are due to the possible mechanical
stability of the setup and the photostability of the QD within
about an hour of measurement. For APD3, the detected pho-
ton count level is much lower and each data point is integrated
for 50 s. Figure 4(b) displays the detected photon count rate
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of APD3 (dark counts subtracted) as a function of the position
of the wedge plate. The position of the APD3 is fixed and the
results are insensitive to its position. One observes a very nice
periodic change of the signal with respect to the phase shift ¢,
which is the exciting longitudinal interference effect. The error
bar is mainly due to the variation of the dark count rate. The
blue trace is a fit to the experimental data points and the vis-
ibility of the fringes V' is estimated to be 97%.

To directly observe the lateral interference pattern, i.e., the
interference with respect to the displacement along the prism
hypotenuse outer surface according to Eq. (6), we fix the posi-
tion of the wedge plate and change the lateral position of the slit
and again record the photon count rate in these three channels
simultaneously. Note that the slit size is only 150 pm and the
interference image extends to about 10 mm. Thus, the slit
functions as an imaging sampler along the interference direc-
tion. In front of APD3, an aspherical condenser lens with a
focal length of 16 mm is used to ensure that the whole spot
where the two beams interfere can be imaged onto APD3 if
the slit is removed. Therefore, a lateral scan of the slit posi-
tion gives the image of the interference pattern on the spot.
Figure 4(c) displays the detected photon counts of reflected
beam 1 and beam 2 in blue and red, respectively. In principle,
these channels should not be affected by the change of the
slit position, but in practice the signal levels fluctuate due to
the fact that during the hour-long measurement the intensity
of the QD emission changes gradually because of the drift of
the confocal excitation laser spot. The rapid small oscillations
are because of the uncertainty in determining the bright state
emission rate of the QD. Figure 4(d) shows the measured pho-
ton count rate of APD3 as a function of the slit position. One
clearly observes the interference feature. On the other hand, the
decrease of the fringe contrast with the lateral position differ-
ence is due to the finite spot size of the two beams. To evaluate
the visibility of the lateral interference pattern, we model the
interference with the assumption that two Gaussian beams with
the same beam waist partially overlap in space with a small in-
clination angle. The blue trace in Fig. 4(d) is a fit based on the
model to the experimental results. We have estimated the vis-
ibility of the interference fringe V' to be 0.84 if the two beams
were plane waves.

The above experimental data clearly indicates our WM-
MZI exhibits an excellent performance for observing the wave
property of a single photon manifested from the pronounced
interference pattern in both the longitudinal and lateral dimen-
sions. The experiment agrees well with theoretical prediction
as made in Eq. (6) and in Ref. [27]. Now we turn our eyes
to another entity of wave—particle duality, i.e., the particle prop-
erty of the photon, which is connected with the path distin-
guishability D. In experiment, the reflection coefficient R of
the milk-coated prism is calibrated by comparing with a silver
mirror. As shown in Fig. 3(a), the photon signal is in random
status with time elapsing, which means photons randomly emit
one by one from a QD, passing through the WM-MZI and
detected by the photodetectors. The overall single-photon re-
flection intensity from the reference silver mirror and the milk-
coated prism has a time-averaged quantity of 102 keps and
81 kcps, respectively.
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Considering in practice the reflectivity of the photon
from the silver mirror is 95.5%, and the transmission coeffi-
cient of the photon through each right-angle side of the prism
is 96%, we can calculate the reflection coefficient of photon
through the whole prism as R = 83%, and the scattering
loss is about 17%. This allows us to estimate the path distin-
guishability D~ R = 83%. As a result, we can make a good
estimate to evaluate the wave—particle duality. For the longi-
tudinal interference case we obtain V? + D’ ~0.97% +
0.83%> = 1.63 > 1 while for the lateral interference one we
have V? + D? ~ 0.84> + 0.83% = 1.39 > 1.

3. DISCUSSION AND CONCLUSIONS

The experimental observations using single photons agree well
with the theoretical prediction made strictly in the framework
of the standard quantum mechanics formulation for the
WM-MZI with a milk-coated prism surface as an interference
screen. The weakly scattering interference screen plays a key
role in achieving a remarkable interference pattern, which in
principle can exhibit a perfect fringe visibility as V' =1 and
in practice a very high value of V' = 0.97 is measured, despite
that the absolute amplitude of this pattern is several orders of
magnitude smaller than the incident single-photon light ampli-
tude. At the same time, the two beams remain sufficiently high
path distinguishability D. Thus, this WM-MZI indeed can
allow one to observe simultaneously the wave and particle fea-
tures of the photon with a power much higher than that en-
abled by the well-established principle of wave—particle duality.
In contrast to previous works [14,36] using a quantum beam
splitter where the orthodox limit of Ve D?P<1 always holds
when the total photon number is taken into account, our work
here clearly goes beyond the limit even in the ensemble sense.
We expect a better performance of obtaining V' =1, D — 1 is
achievable by improving the quality of the single-photon
source, the diffusive milk-coating interference screen, the trans-
missivity through the right-angle side of the prism, the collec-
tion and detection efficiencies, and so on.

Our experiment allows one to draw a basic physical picture
of the whole journey a photon takes within the WM-MZL
A photon emitted from the QD source goes into the WM-
MZI, passes the BS, goes to and transports along either
path 1 or path 2, hits and goes into the prism horizontally, hits
the hypotenuse surface and is reflected downward vertically,
and finally goes into the two photodetectors and triggers a pho-
ton counting event. This journey seems to be very ordinary,
well known, and understood, and nothing unexpected hap-
pens. However, when one looks closely at the hypotenuse sur-
face of the prism, which is now coated with an everyday milk
film, using some highly sensitive state-of-the-art single-photon
detection and imaging instruments, something miraculous hap-
pens. Right at the hypotenuse outer surface, a very clear inter-
ference pattern forms as more and more photons go into the
WM-MZI when time goes on. A strange thing is that the fringe
visibility is as perfect as comparable to the well-known case
when an ordinary laser beam is used to perform the same ex-
periments. In the language of quantum physics, the wave
nature of the photon is perfectly observed. The price to achieve
this beautiful status is that the photon now does not follow
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strictly its original path of transport; however, the deviation is
only a litdle bit, and it can be managed and reduced to a very
low level when better instruments are used, so that one can be
very sure (not 100% but close) of the path the photon even-
tually takes. Or in the language of quantum physics, one can
observe very good particle nature of the photon. This is dras-
tically different from the usual delayed-choice MZI scheme as
illustrated in Fig. 1(a), where once perfect interference pattern
is observed, and the path each photon takes becomes com-
pletely ignorant to the observer.

Another thing that is worthwhile to notice and discuss here
concerns the origin of the interference pattern formed at the
prism hypotenuse outer surface and recorded by the imaging
and detecting system via APD3. Some people might argue that
this pattern is formed only by the small set of scattered photons
that go into the APD3, while the remaining big set of photons
detected by APD1 and APD2 measure the path distinguishabil-
ity information. Thus, it is not justified to conclude violation
of the orthodox wave—particle duality. We argue here that ac-
cording to the theoretical analysis of Egs. (1)—(6), the small set
of photons detected by APD3 are the faithful representation
(in terms of interference pattern formation) of the whole inci-
dent photons at the entrance of the WM-MZI. The fringe
visibility V' determined here is thus exactly the right quantity
for the interference pattern formed by the whole photons at the
prism hypotenuse outer surface (in the form of evanescent
wave). In addition, the path distinguishability D determined
from the detection data of APD1 and APD?2 is also rightly the
quantity for the whole incident photons. Because we are talking
about the detection of wave—particle duality for the photons
emitting from the QD and injected into the WM-MZI, it is
fully justified to say that the experimental data of V? + D? ~
0.97% 4+ 0.83* = 1.63 > land V? 4+ D? ~ 0.84% 4 0.83* =
1.39 > 1 do hold for the whole incident photons. Therefore, it
is fully justified to claim violation of the orthodox wave—particle
duality.

As another issue, we would like to notice that we have done
experiments in the single experiment setup of the WM-MZI to
test the wave—particle duality. This single experiment setup in
principle allows one to observe simultaneously the nearly com-
plete wave (V' — 1) and complete particle (D — 1) nature of
photons and other quantum objects. In contrast, in previous
experiments, one essentially needs two different (and essentially
exclusive) experiment setups, i.e., one for observing the com-
plete wave nature and the other for observing the complete par-
ticle nature. In our experiment and also in all other experiments
based on interferometers to observe wave—particle duality of
a specific particle, such as a photon, electron, and atom, one
sends the particle one by one through the interferometer,
and observes, analyzes, and retrieves the wave nature (via inter-
ference pattern) and particle nature (path information) based
on the accumulation of many events of a single measurement,
or in other words, measurement over an ensemble of particles.
Such an experiment is historically called a single experiment
rather than many experiments, because all the incident particles
are equivalent with each other as long as the experimental con-
ditions are strictly kept the same. In this regard, in our current
work we have indeed performed a single experiment in one

single experimental setup to observe simultaneously the wave
and particle nature of photons.

The designed WM-MZI is much more powerful to observe
simultaneous the wave and particle nature of the photon than
the delay-choice scheme of MZLI. It should be emphasized that
all these observations are dictated within the reign of standard
quantum mechanics and can be predicted by standard calcula-
tions. Nonetheless, the physics underlying the unexpected
behavior of the photon is indeed going beyond the well-known
principle of wave—particle duality. It seems that our experiment
does add some mysteries into the already mysterious system of
concept upon orthodox quantum mechanics taught by the
Copenhagen doctrine. We believe that these experimental stud-
ies in a deeper and broader aspect in the future will open up new
insights upon the foundation of quantum physics and offer
instructive clues as to explore more fundamental physics for the
microscopic world beyond contemporary quantum mechanics.
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