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Elementary analysis of interferometers for wave—particle duality test
and the prospect of going beyond the complementarity principle*
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A distinct method to show a quantum object behaving both as wave and as particle is proposed and described in some
detail. We make a systematic analysis using the elementary methodology of quantum mechanics upon Young’s two-slit
interferometer and the Mach—Zehnder two-arm interferometer with the focus placed on how to measure the interference
pattern (wave nature) and the which-way information (particle nature) of quantum objects. We design several schemes
to simultaneously acquire the which-way information for an individual quantum object and the high-contrast interference
pattern for an ensemble of these quantum objects by placing two sets of measurement instruments that are well separated
in space and whose perturbation of each other is negligibly small within the interferometer at the same time. Yet, improper
arrangement and cooperation of these two sets of measurement instruments in the interferometer would lead to failure of
simultaneous observation of wave and particle behaviors. The internal freedoms of quantum objects could be harnessed to
probe both the which-way information and the interference pattern for the center-of-mass motion. That quantum objects can
behave beyond the wave—particle duality and the complementarity principle would stimulate new conceptual examination

and exploration of quantum theory at a deeper level.
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1. Introduction

Quantum theory has enabled brilliant successes in pre-
dicting the physical and chemical properties of microscopic
objects such as electrons, atoms, and molecules, as well as
macroscopic objects such as crystals, insulators, semiconduc-
tors, and superconductors. There is no doubt that quantum
theory is one of the most deliberate and successful physical
theories in history. However, the interpretation of quantum
theory has been an issue ever since its founding more than 100
years ago!!"'8) and has raised extensive hot controversies, e.g.,

between Einstein and Bohr. -3

I The wave—particle duality
of quantum objects, and more generally, the complementarity
principle, stands at the conceptual core of quantum theory. Ac-
cording to the orthodox Copenhagen interpretation, all quan-
tum objects, including massless and massive particles, exhibit
mutually exclusive behaviors of two intrinsic attributes — they
behave either as waves or as particles, depending on how they
are observed and measured, but never as both, [1-3:9:10.12-18]

In recent years, there are still many theoretical and exper-
imental discussions and investigations of the conceptual im-
plications of the wave—particle duality of various quantum ob-
jects, such as photons, electrons, atoms, molecules, and even
macromolecules and heavy particles.['®"] Besides, a wide
variety of experimental setups, both gerdanken (thought) and
practical, have been adopted.?*#?1 All results, without any
exception, just confirm again and again the old wisdom that
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the wave—particle duality stands solidly and firmly at the con-
ceptual center of quantum theory. In this paper, we will show
a different perspective, by making an elementary quantum me-
chanical analysis of the previous gedanken or realistic wave—
particle duality experiments, that it is possible to design ex-
periments to demonstrate that a quantum object can behave
both as wave and as particle. We focus our analysis on the
two most popular experimental schemes in history to test the
wave—particle duality: Young’s two-slit interferometer and the
Mach—Zehnder two-arm interferometer. The perspective relies
on the design of two simultaneous sets of good measurements
well separated in space, where one works to acquire the which-
way information (particle behavior) and the other works sep-
arately to acquire the high-contrast interference pattern (wave
behavior), and they cause only negligible perturbation to each
other. We discuss in detail how to make good measurements
of the which-way information and the interference pattern of
quantum objects and analyze the effect of proper or improper
arrangement and cooperation of these two sets of measure-
ments on the outcome of a wave—particle duality test.

2. Analysis of classical interferometers for
wave—particle duality test

A standard Young’s two-slit interferometer experiment
is illustrated schematically in Fig. 1. This scheme is widely
adopted to illustrate the wave nature of classical waves, such
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as water waves, sonic waves, and light waves, and it is used
equally a lot to test the wave nature of quantum objects. In
both the classical and the quantum views, the interference of
waves relies closely on the degree of coherence, which de-
scribes mathematically the mutual correlation status of the
waves in two space—time points. Physically, the interference
pattern is directly related with the superposition of two sec-
ondary waves exiting the two slits of an interferometer and
transporting to the observation screen. The state of motion or
transport of these waves can be uniformly described by the
spatial function y(r,z). For optical waves, y/(r,z) refers to
the electric field (more precisely, one of its three vector com-
ponents), which satisfies Maxwell’s equations, while for mas-
sive particles such as electrons and atoms, y/(r,z) refers to the
probability wave function, which satisfies Schrédinger’s equa-
tion. Yet, one important common thing is that in free space
y(r,z) has a simple wave motion (e.g., plane wave) form.
Thus, in the following and all throughout this paper we use
the term quantum object to represent all massless and massive
particles, such as photons, electrons, and atoms.
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Fig. 1. Principle of Young’s two-slit interferometer for wave—particle
duality test of quantum objects. The interferometer consists of three
components: the incident beam of quantum object, assumed to have
high coherence and described by wave function yp; an opaque screen
encoded with two parallel slits separated by some distance; a screen di-
rectly decorated with a detector or through other indirect mechanisms to
observe and measure the interference pattern formed by the secondary
waves (Y10 and Y, ) diffracting from the two slits. When the slits
are fixed, a high-contrast interference pattern can be observed while
the which-way information, i.e., which slit the quantum objects pass
through, is unknown completely. When the slits can recoil freely to al-
low for recording the which-way information, the secondary waves are
strongly disturbed so that the high-contrast interference pattern disap-
pears.

When a wave with spatial distribution y(r,z) impinges
upon the two slits of a Young’s interferometer, diffraction and
interference take place, and the pattern depends on the corre-
lation between the wave states at the two slits (Y1 o and y» ),
which is just the way the spatial coherence status of y(r,z)
is defined. Mathematically, in the paraxial approximation, the
overall wave function y;(r,z) at the observation screen after

the two-slit diffraction can be written as

vi(r,2) + ya(r,2)
= A@D) [y10e' "7 £y e I (1)

l[/t(T’,Z)

Here y(7,z) and y»(r,z) are the wave functions evolved
from the secondary sources (Wi and Ya () at the exits of
the two slits, ¢@;(7,z) and ¢@,(r,z) are the phases accumu-
lated during the wave transport process, and A(z) is the single-
slit diffraction factor. The signal intensity at the observation
screen is then calculated by

]t('r',Z) = |l//t(,r>z)|2
= |A(Z)|2 Ullfl,0|2+|‘lfz,o

22|10/ W20/ cos(Ap)].(2)

Here the phase difference A@(7,z) = @1 (r,2) — @2(r,z) is the
key factor for any interference experiment, which determines
the peak and valley positions of the interference fringe. How-
ever, whether stable (temporal) and clear (spatial) interference
patterns can be observed strongly depends on the temporal and
spatial coherence nature of the wave function y(r,z) and its
values y1 o and y o at the two slits. This point has been well
established in classical optics, where to manifest a good two-
slit interference experiment, a laser source is usually used to
guarantee both high temporal and spatial coherence. When
the coherence condition is well satisfied, a perfect interference
fringe pattern is observed at the observation screen, following
the formalism of Eq. (2).

Another experimental scheme popularly used for illustrat-
ing the wave nature of classical and quantum objects is the
Mach—Zehnder two-arm interferometer, as depicted in Fig. 2.
A coherent optical beam or particle beam described by the
wave function W(7,z) = wo(r)e'?(@ passes through the first
beam splitter (BS 1) and is separated into two beams, which
then pass along two paths (path x and path y). Here 7 is the
transverse position and z is the transport position of the beam.
In practice, the diffraction of the beam is neglected so that
Wo(r) is a constant over r and the transport phase @(z) = kz
(with & being the wave number and z the transport path) is the
only relevant quantity. When the two beams pass through the
second beam splitter (BS 2), interference occurs in both paths,
and both detector x and detector y can record the periodic vari-
ation of the signal intensity when the path length difference of
the two arms is changed continuously, measuring the wave na-
ture of the object. Mathematically, the signal intensity in both
arms is given by

L(AQ) = |y |*[1+ cos(A9)] /2, 3)

where A@ is the phase difference of the two beams passing
across the two arms before finally reaching detector x or y,
and perfect 50:50 beam splitting has been assumed in both BS
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1 and BS 2. Similar to the situation of Young’s two-slit inter-
ferometer experiment, good temporal coherence of the beam
y(r,z) is the condition for this type of interference experi-

ment.
eikz
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Fig. 2. Principle of Mach-Zehnder two-arm interferometer for wave—
particle duality test of quantum objects. The incident wave beam of quan-
tum object described passes through the first beam splitter (BS 1) and is
separated into two beams, which transport along two paths (path x and
path y). When they pass through the second beam splitter (BS 2), both
detector x and detector y can record the periodic variation of the signal
intensity when the path length difference of the two arms is changed con-
tinuously by moving the two reflection mirrors (M), detecting the wave
nature of the quantum object. When BS 2 is absent, neither detector ob-
serves a periodic variation of signal, but rather a constant value of signal,
detecting the particle nature of the quantum object.

The above two experimental setups are popularly used for
exclusively illustrating the wave nature of photons and mas-
sive quantum objects. Simple modification can be made to
both setups for exclusively revealing the particle nature of pho-
tons and massive quantum objects. In the Young’s two-slit
interferometer setup, one slit is closed to allow the beam to
pass only through the other slit. The transport path of a par-
ticle is then determined while letting the interference fringe
at the observation disappear, because now the signal intensity
is Ii(r,2) = |A()*[lw1.0* + |w2,0/*] /2. In the Mach-Zehnder
interferometer, the BS 2 is removed, so that the path of the
particle can be unambiguously determined by looking at the
signal recorded by detectors x and y. However, the signal ob-
served by both detectors is now I (A@) = |yp|?/2, losing the
periodic variation of signal and thus unable to tell the wave
nature of the particle. Obviously, neither the old nor the new
version of Young’s or the Mach—Zehnder interferometer can
simultaneously tell the wave and particle nature of the quan-
tum object; instead they tell only one or the other nature (i.e.,
wave or particle).

The above description is more or less based on concep-
tual argument. Strictly speaking, the behavior of optical and
quantum particle beams in all these setups can be perfectly
predicted by quantum theory itself. Some very simple elemen-
tary analysis and calculation alone can already do the job well.
The results in the old and the new setups of interferometer are
very different just because the environments within which the

quantum object transports are very different. In some sense,
quantum theory operates very well in these problems in the
framework of its own methodology, but this methodology in
itself just is not able to get people closer to the conceptual in-
sight of the nature of quantum objects. However, just based on
the above analysis (simple but classical, adopted by all people
now and throughout modern history) for two classical interfer-
ometer setups, it is unfair to jump too hurriedly to the conclu-
sion that quantum theory completely excludes the possibility
that the wave and particle nature of quantum object can be
simultaneously observed by some very different, while brand
new, experimental setups.

Note that equation (2) is the basic formalism for describ-
ing the interference pattern in the observation screen that has
been used almost exclusively in all Young’s interferometers.
Yet, in the context of quantum mechanics, there should exist
a certain operation of measurement in reality (whether perfect
or imperfect, at least in principle) that can well correspond
to this formalism and whose outcome can be described by
this formalism. Otherwise the measurement is not working
to allow for unambiguous acquisition of the interference pat-
tern. In classical optics, this formalism has been proven to
be true based on a very solid physical mechanism of how the
optical interference pattern is observed: L(r,z) in Eq. (2) is
just the optical intensity distribution pattern. Yet, great cau-
tion and care should be made for more general quantum parti-
cles. It might not be a safe assumption for arbitrary operation
of measurement without thinking deeply of the corresponding
physics underlying such a measurement. This point will be-
come clear in later discussion.

It is worthwhile to examine and address various interfer-
ometer experiments for the wave—particle duality and com-
plementarity principle tests through mathematical solutions
based on the orthodox operation methodology of quantum
theory, instead of purely conceptual argument and justifica-
tion. Solutions of quantum mechanical problems for quan-
tum objects passing through these interferometers based on
the Schrédinger equation (or Maxwell’s equations) should rely
on both the environment, which determines the Hamiltonian,
and the initial condition of the wave function (the coherence
status). After the final wave function of the quantum objects
is solved, the outcome of the quantum system under various
operations of observation and measurement can also be cal-
culated and determined via standard formulations of quantum
mechanics, such as perturbation theory and scattering theory,
used to handle the transition between the initial and the final
quantum states. In this regard, the experimental setups for ac-
quiring the wave and the particle behaviors in the above stan-
dard Young’s and Mach—Zehnder interferometers offer com-
pletely different environments for quantum objects to trans-
port and evolve. The totally different and mutually exclusive
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outcomes, i.e., either wave or particle, but never both, in these
experiments are thus a natural result of quantum mechanics. If
more complicated situations such as various “delayed-choice”
experiments, as first conceptually proposed by Wheeler, are
concerned,*#6! then the great details of how the environ-
ment (thus the Hamiltonian) changes in time and space must
be first clarified and determined to allow for the precise pre-
diction of the outcome of these experiments. Usually a good
physical model faithfully representing the experimental oper-
ation details needs to be placed into the Schrodinger equation
in order to obtain good theory—experiment agreement. Unfor-
tunately, this reasonable roadmap of problem solution (other
than purely conceptual argument and deduction) has rarely
been adopted to reveal the puzzling wave—particle duality in
these delayed-choice experiments.

3. New design of Mach-Zehnder interferometer

In the modified Mach—Zehnder two-arm interferometer,
BS 1 remains in the path while BS 2 has been removed. It is
well-known that this setup can unmistakably reveal the particle
nature of a quantum object but not the wave nature. Let us tem-
porarily follow the transport path of quantum objects within
the new Mach—Zehnder interferometer rather than hurrying at
once to the final destinations of the path, detector x and de-
tector y. Notice that the initial coherent beam of quantum ob-
jects is described by the wave function y(r,z) = o (r)ei?®.
However, in the above analysis made by ourselves (to be fair,
also by all others now and in the past), the transverse function
Wo(7) is completely omitted, assuming its irrelevance. Yes, it
is true that yy(r) is irrelevant to the final outcomes of detec-
tor x and detector y, either in the original or in the modified
setup of Mach—Zehnder interferometer. Yet, do not forget that
() is an indispensible part of the wave function y(7,z) and
it also carries information of the coherence of the beam. This
information would manifest itself in the cross region of the
two beams in space. It is worth making a more mathematical
analysis on the behavior of the wave transport in this region.
For simplicity, both beams are approximately modeled as
a plane wave with wave vector k, = (ko,0,0) for the horizon-
tal beam (path x) and ky = (0, —ko,0) for the vertical beam
(path y). Then the wave function in the cross region is given
by
l//(x,y) _ l[fo(eikox+ e—ikoy-ﬁ-iA(p)/\/E. 4)

The corresponding wave intensity is simply
I(x,y) = [y (x,y)* = [yol’[1 + cos(kox — koy +A@)].  (5)

Obviously, a volume interference pattern forms in the cross-
ing region of the two coherent beams. Therefore, the general
picture of this new Mach—Zehnder interferometer is that the
two quantum-object beams pass along their own paths, cross

and interfere, leave each other without changing their original
paths, and then finally reach their own destinations, detector x
and detector y, respectively.

When summing up all the above information and thinking
over from a new conceptual view rather than the standard one,
it seems natural for us to immediately point out a very strong
conclusion that the modified setup of Mach—Zehnder interfer-
ometer, as illustrated in Fig. 3, can simultaneously record the
wave and particle nature of quantum objects, although in dif-
ferent temporal and spatial domains, by using two different
sets of measurement instruments at the same time, one in the
two-beam cross region for acquiring the wave nature, and the
other at the destinations for acquiring the particle nature. Hav-
ing said this, we still need to go one step further to make the
principle idea of the above gedanken experiment operationally
practical and leave no loopholes for doubt. The key then is to
design a smarter instrument to observe the interference pattern
in the two-beam cross region while not significantly modify-
ing the environment of the quantum object transport paths. In
optics, this is not difficult to do. One can place a glass plate
coated with a very thin (say, a few nanometers thick) scatter-
ing or absorption material with its surface inclined in some
angle (say 30°) with the x axis. In the scheme of weak scatter-
ing, the scattering intensity by the thin film would be propor-
tional to the intensity profile of light at the surface, which can
then be collected by an optical telescope outside the path of
the Mach—Zehnder interferometer. In the absorption scheme,
the interference pattern is directly recorded by the thin film.
In both schemes, the scattering or absorption must be suffi-
ciently strong to allow the interference pattern to be recorded
by state-of-the-art sensing materials or devices with very high
peak—valley contrast, and at the same time must be sufficiently
weak so that most photons (say > 99%) can pass through the
thin film and follow their original path to reach the detector
so that its particle nature is faithfully recorded. In both weak
scattering and absorption schemes, the measured optical pat-
tern is proportional to the spatial interference distribution and
thus has a perfect peak-to-valley contrast under ideal condi-
tions.

Notice that the above description of the operational mech-
anism of the weak detection scheme for the interference pat-
tern works well not only in the framework of classical optics
for light waves, but also works equally well in the framework
of quantum mechanics for photons. The reason is the same as
for the beam splitter used in this interferometer and commonly
used in many other quantum systems. It is well known that
the functionality of a beam splitter, such as the amplitude and
phase of the two split beams, can be designed and described
exactly based on the knowledge of classical physical optics.
Yet, it equally works for a single photon, where the probabil-
ity amplitude and phase of the wave function for the two split
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beams of photon are the same as those designed or predicted
by classical optics. In fact, many other devices involved in
quantum systems also work exactly in the way described by
classical physics, because they are essentially classical. This
means that the above weak measurement scheme for interfer-
ence pattern observation, although designed and discussed ba-
sically in the context of classical physics, can be described
equally well in terms of quantum mechanics and should yield
equal experimental results followed not only by classical light
waves, but also by an ensemble of photons, or equivalently by
a single photon in the context of probability.

Po(r)elt

BS 1 path y

incident
beam

interference pattern
detector screen

detector =

detector y

Fig. 3. New design of Mach—Zehnder interferometer allowing for simulta-
neous acquisition of which-way information and high-contrast interference
fringe of quantum objects. The incident quantum object wave beam de-
scribed by wo(r)ei?@ with longitudinal phase @(z) and transverse wave
front yo(r) = Wo(x,y) (denoted by the red short line segments) will pass
through the first beam splitter (BS 1) and is separated into two beams,
which transport along two paths (path x and path y). When they intersect in
space, the interference pattern of waves will appear in the intersection re-
gion due to the overlapping of their transverse wave fronts. A highly trans-
parent (99% transmittance) and weakly scattered or absorbed (1% scattered
or absorbed) screen (denoted by the thick blue lines, unlike BS 2 in Fig. 2)
inserted into this region can be used to record the interference pattern of
the two wave beams, while imposing only a little influence on the propaga-
tion of the quantum object. The two wave beams of the quantum object will
transmit through the screen along their original path and be detected by par-
ticle detectors x and y, yielding the which-path information of the quantum
object. The simultaneous observation of the wave and particle nature of
quantum objects is made in different space—time domains without the trou-
blesome mutual repulsion effect seen in the conventional Mach—Zehnder
interferometers, as illustrated in Fig. 2.

The modified Mach—Zehnder interferometer designed to
manifest both the wave and particle nature simultaneously for
quantum objects can work, not only in principle (in gedanken
experiment) but also in practice (using modern technology),
and it can be immediately brought to experimental test for
photons. As to other massive particles such as electrons and
atoms, the key to successful experimental demonstration of
their new wave—particle duality also relies on design and fab-
rication of instruments or materials like the above thin film
for photons that allow for weak measurement of the interfer-
ence pattern in the two-beam cross region. This proposed
scheme is drastically different from many previous schemes
based on the Mach—Zehnder interferometer for wave—particle

duality test. The previous schemes, like Wheeler’s delayed-
choice gedanken experiment scheme, try to operate on each
single quantum object to reveal both the wave and particle na-
ture; however, two sets of instruments are proposed or actually
used (namely, inserting BS 2 or removing BS 2) but not simul-
taneously, which obviously are incompatible with each other.
In the methodology of quantum theory, such an arrangement
of two sets of instruments corresponds to two mutually repul-
sive quantum mechanical problems (corresponding to two dif-
ferent setups of Mach—Zehnder interferometer), whose solu-
tion can never lead to simultaneous wave and particle obser-
vation no matter how clever the two setups for measurement
are arranged in space—time. In contrast, our proposed scheme
uses only a single set of measurements involving two instru-
ments simultaneously placed in different spatial and temporal
domains, avoiding strong mutual influence; thus it allows si-
multaneously observing the wave and particle nature of quan-
tum objects without contravening any standard methodology
of quantum theory.

4. Young’s interferometer for quantum objects
with internal freedom

In the history of quantum theory, Young’s two-slit inter-
ferometer has become a popular gedanken experiment used to
debate and clarify the concepts and philosophies of quantum
mechanics, among which Einstein’s recoiling slit,!3! Heisen-
berg’s y-ray microscope,[*l and Feynman’s light—electron
scattering scheme!'?! are several prominent examples. The
failure to obtain simultaneous definite information of wave
and particle by using these old experimental setups is closely
related with Heisenberg’s uncertainty principle. The act of
measuring the which-way information inevitably disturbs the
particle in such a manner that coherence is lost and the inter-
ference pattern disappears. Mathematically, the wave function
diffracted by the two slits at the presence of strong perturba-
tion can be written as

l//t(Tvz) = wl(rvz)eiéq)l +W2(T7Z)ei5q)2
= A(z)[e®Py g6 (") 4 ei¥2yp o123 (6)
under the simplified model where the perturbation induces
large random phases d¢; and 8¢, to each secondary wave

function from the two slits. Then the signal recorded at the
observation screen is given by

It(r,z)

AG) [ [lwiol* + waol?
+2|y10/lya0/ (e T00) (e cos(Ap)]
AG) (w10l + lvaol?).- @)

Here bracket (...) means the ensemble average. Obviously,
the methodology of quantum theory once again successfully
predicts the outcomes of the strongly perturbed Young’s two-
slit interferometer gedanken experiments. On the other hand,
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if the which-way measurement does not induce a large ran-
dom phase shift, but instead induces a constant phase shift
(or a random but negligibly small phase shift) for every par-
ticle, then equation (2) still holds and the which-way infor-
mation acquisition operation does not destroy the interference
pattern. Of course, to achieve this goal in practice rather than
just in a thought experiment, the observation-induced pertur-
bation must be sufficiently weak so as to maintain the spatial
coherence of the two-slit secondary waves, as understood in
the language of wave optics or wave mechanics.

To this end, Scully and coworkers have proposed a mod-
ified scheme of Young’s two-slit interferometer involving a
micromaser-cavity which-way detector to interact with the
internal state of long-lived Rydberg atoms.!?®21 Although
the which-way detector induces only a negligibly small but
random phase shift to the center-of-mass wave function of
atoms, %331 Scully’s team concluded that their scheme still
cannot acquire both the wave and particle information simul-
taneously due to the entanglement between the which-way de-

(28291 Later experiments

tector and the atomic internal states.
seem to justify this scheme of entanglement, upholding the
complementarity principle.**3! In the following, we will re-
visit and generalize this type of gedanken experiment and
make an elementary quantum mechanical analysis on the out-
come under various situations from a new conceptual angle,
which eventually leads to a conclusion that differs totally from
the historically popular one.

The first thing that we need to do before going anew into
the details of discussing the wave—particle duality in an atomic
system is to clarify the object of examination. This could be-
come a problem because, as we learned so long ago, an atom
itself is not an elementary particle but rather a very compli-
cated composite system. So it is the motion of the atom as a
whole, more precisely, the atom’s center-of-mass, that should
be considered as the most appropriate representation of the
atom as a quantum object. As is increasingly well known, each
atom possesses some internal structures and freedoms. For ex-
ample, it consists of a nucleus at its center and some electrons
around the nucleus. The nucleon consists of many protons
and neutrons, which in turn are made up of quarks. When
observed, the atom might interact with the environment (e.g.,
which-way detectors) through some of its internal freedoms
during the process of its center-of-mass motion. It is therefore
obvious that when we talk about the interference of atoms, we
should refer only to the atom’s center-of-mass, rather than the
interference of any of these internal components. Otherwise,
ambiguity inevitably occurs, and more seriously, incoherence
in any internal freedom (such as electrons and quarks) will
force one to conclude that the atomic wave cannot be coher-
ent, which is of course not the case. Essentially, the effects
of the internal freedoms in an atom interferometer should be
reflected only through their influence on the atomic center-of-

mass motion; otherwise, they are just unobserved by the oper-
ation of an atom interferometer.

The motion of atomic center-of-mass can also be de-
scribed by quantum state y(r,z).
can be approximately described by plane wave y(r,z) =
Woe'® when a high-coherence atomic beam is concerned, and
the atomic center-of-mass momentum is given by p = hk.
When only considering Young’s two-slit interferometer for the
atomic center-of-mass, the formalism (Egs. (1)—(3)) applies
equally well, and the coherence of the atomic beam is the key
to observing a high-quality interference pattern. However, it
is also impossible to acquire the wave and particle informa-
tion simultaneously using the conventional scheme where the
which-way detector works directly on the atomic center-of-
mass. Things might appear very different when the internal
freedom of an atom is adopted to interact with the which-way
detector and thus serves as a means of probing the which-way
information.

In the new Young’s two-slit interferometer setup for quan-
tum objects with internal freedoms described by quantum state

In free space, y(r,7)

¢, the total wave function of the atomic system after passing
through the two slits and being subject to diffraction and inter-
ference effects is given by

Y(R) = yi(R)p1 + y2(R) 2. ®)

If one directly uses the methodology of quantum theory lit-
erally without going into details of its physical meaning, the
interference pattern is given by

I(R)=|¥(R)]’
= |y1(R)*+|y2(R)*+2Re[(¢] @2)y; (R)y2(R)]. (9)

This formulation has been overwhelmingly and popularly
adopted in the analysis of atomic interferometers, and it im-
plies that the interference fringe pattern is modulated by both
the center-of-mass wave motion (denoted by coordinate R)
and the internal quantum states. Here we have assumed that
@1 and @, are normalized wave functions defined in a certain
Hilbert sub-space so that (¢;|@;) = 1 and (@|@,) = 1. Yet,
equation (9) needs more careful examination. Usually in prac-
tice, ¢; and @, are quantum states in their specific Hilbert sub-
spaces, rather than in the usual real space, unlike the center-of-
mass motion states yj(R) and y»(R).
hard to interpret the total state in Eq. (8) according to the

Therefore, it seems

probability definition of orthodox quantum mechanics in terms
of Born’s interpretation of the wave function for a quantum
state, namely, the probability of finding a particle at position
R. Similarly, the definition of the interference pattern of the
atomic center-of-mass according to Eq. (9) is also problematic.
This issue will make the wave—particle duality more compli-
cated to describe and harder to imagine and understand. That
this issue can have a very significant consequence will become
clear from the following examples.
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In general experiments about wave diffraction and inter-
ference of quantum objects, the internal quantum state does
not play an active role; in other words, the internal quantum
state is not intentionally prepared in some specific states. This
means that the quantum states in the two slits are generally
not coherent, so (@) @2) = (@) x (¢2) = 0. Then according
to Eq. (9), I(R) = |y1(R)|> + |y2(R)|* and the interference
fringe completely disappears, as the internal state modulation
amplitude is zero. If special care is taken to prepare the in-
ternal quantum state to be highly coherent, then equation (9)
holds true, but whether the interference pattern appears or not
sensitively depends on the value of (@;|¢,). If the two internal
states are orthogonal, then the interference pattern disappears
but leaving the possibility to acquire the which-way informa-
tion by looking at the internal state. Otherwise, if ¢; = ¢,
then the interference pattern appears but making it impossible
to acquire the which-way information.

Yet, when the above conceptual argument and methodol-
ogy operation extend without any constraint to all the inter-
nal states of electrons and the nucleus comprising the atom,
then all these internal states cannot be coherent simultane-
ously. If we apply Eq. (9) literally, then no interference pat-
tern can be observed in any Young’s two-slit interferometer
for composite quantum objects with internal freedoms, even if
one does not trouble to observe simultaneously the which-way
information for the quantum object transporting in the inter-
ferometer. This of course is not the case, as numerous ex-
periments have demonstrated the wave nature of quantum ob-
jects through diffraction and interference. So something must
be wrong physically in directly and literally applying the or-
thodox definition that the interference pattern is given simply
by I(R) = |P(R)|?, even if ¥(R) is the total wave function
for the composite quantum system involving multiple quantum
states defined in various Hilbert sub-spaces.

5. The role of which-way detectors interacting
with quantum objects

Things will become even more complicated when the
which-way detectors are further introduced to form an even
larger coupled quantum system together with the atomic sys-
tem. Through direct and literal application of I(R) = |¥¥(R)|?
to define the interference pattern, many conceptual conclu-
sions can be, and indeed have been, deduced. Although they
may be obviously counter-intuitive and seemingly unphysi-
cal in many situations, more and more new and fashionable
concepts and methodologies such as entanglement, delayed-
choice, quantum eraser, just to name a few important ones,
are introduced by defenders and proponents of the orthodox
Copenhagen interpretation of quantum theory to argue that
these conceptual conclusions reflect the truth in the quantum
worldview. A prominent example is the micromaser which-
way detector gedanken experiment proposed and analyzed by

(28291 A simplified version of the gedanken experiment

Scully.
is illustrated in Fig. 4, where a coherent beam of Rydberg
atoms with excited internal state passes through two micro-
maser cavities each placed just ahead of one of Young’s two
slits. The micromaser cavity serves as the which-way detector

by interacting with the internal quantum states of the atoms.
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Fig. 4. Analysis of Young’s two-slit interferometer setup for atoms with
internal freedom coupled with the micromaser which-way detectors. The
interferometer consists of four components. The first part is the incident
Rydberg atomic beam described by composite wave function yp¢p, where
Yo is the atomic center-of-mass wave function, assumed to have high co-
herence, and @y = ¢, is the initial excited quantum state of atomic internal
freedom, which is assumed to be the same for all atoms. The second part is
the micromaser cavity placed before and collimated with the two slits. They
are coupled with the excited quantum state of atom and serve as the which-
way detector from their photon quantum state described by ¢. By looking at
the emitted microwave photon number in each cavity and the corresponding
quantum state of field (¢; and ¢ ), one can tell which cavity the atom passes
through. The third part is an opaque screen encoded with two parallel slits
separated by some distance, and the secondary atom waves at the exits of
the two slits are described by w1 091 and ¥, @2, where @ = @2 = @ is the
final state of the atom internal freedom (ground state), while y; o and y» o
are the atomic center-of-mass wave functions. The fourth part is a screen
decorated with detectors that allow only for observing and measuring the
interference pattern reflecting the atomic center-of-mass positioning proba-
bility without the complexity induced by incorporation and interaction with
the internal freedom of atom. In a practical experiment, the second and the
fourth parts can be categorized as the which-way detector module (blue box)
and the interference-pattern detection module (red box), respectively. These
two modules act together in a well-separated space—time domain without
mutual influence and allow one to simultaneously acquire the wave and the
particle behaviors of the atoms. However, if another module, called the mod-
ulation data-processing module, is used to artificially modulate the atomic
center-of-mass interference pattern with the coincidence-counting outcome
of cavity photon numbers in the which-way detection module, the outcome
of this joint data-convolution action will lead to a seeming disappearance of
the interference pattern because it just corresponds to the mathematical inter-
ference term of Re[(¢] ¢2)(¢, ¢2)y; (R)y2(R)] = 0. This result has been
popularly described as the entanglement enforced complementarity princi-
ple by Scully and many others. Besides, such an artificial connection of the
which-way detection module, where many changes and modifications can
be made, with the interference-pattern detection module is also the origin of
so-called delayed-choice, quantum eraser, and many other counter-intuition
conceptual arguments and deductions.
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Let us tentatively follow Scully by going beyond the atom
itself and considering simultaneously the detector. In other
words, we now need to consider the atom—detector as a whole
system. Suppose the quantum states of the two which-way
detectors are described by ¢; and ¢» in another Hilbert sub-
space, respectively, corresponding to atoms passing through
either slit. In addition, assume that the detector interacts only
with the internal quantum state of the particle and neglect the
direct interaction of the detector with the center-of-mass mo-
tion of the atom. Then the total wave function of the coupled
atom—detector quantum system is given by

Y(R) = y1(R)@1¢1 + v2(R) 0205. (10)

Again one uses the operation methodology of orthodox quan-
tum theory and finds that the interference pattern is given by

I(R) = ¥(R)
i (R)] + |va(R)?
+2Re[(0 0)(9 )V (R)Wa(R)]. (11

When the internal quantum state of the atom, ¢, interacts
with the micromaser cavity quantum state ¢ so that the which-
way information of the atom is unambiguously transferred to
and recorded by the which-way detector, one has ¢; = ¢, =
¢ and (¢;|¢) = 0, thus the interference term in Eq. (10)
Re[(¢7¢2) (9] ¢2)w; (R)y2(R)] is equal to zero. This means
that the unambiguous recording of the which-way informa-
tion in the Young’s interferometer will definitely sweep away
the interference pattern for the atomic center-of-mass motion.
This thought outcome would thus seemingly uphold the prin-
ciple of complementarity.

In the modified two-slit interferometer proposed here, the
acquisition of the which-way information does not suffer from
Heisenberg’s uncertainty principle induced by the uncontrol-
lable interaction of the which-way detector with the atomic
internal freedoms, because the interaction energy is much
smaller than the center-of-mass momentum energy. 8331 This
which-way detector seems to be smarter than the old ones
such as Einstein’s recoiling slit.[*] In the scheme of Einstein’s
recoiling slit, one needs to directly operate on the particle
center-of-mass motion in order to acquire the which-way in-
formation, and the interaction length scale must be comparable
with the slit width, leading to an interaction sufficiently strong
to induce uncontrollable perturbation upon the center-of-mass
motion and destroy the interference pattern. Obviously, it is
Heisenberg’s uncertainty principle that works to greatly dete-
riorate the coherence of the atomic beam. In contrast, in the
scheme of Scully’s micromaser interferometer, the interaction
length scale of the micromaser with the atomic internal free-
doms is on the scale of the wavelength of microwave photon
and comparable with the cavity size, which could be much

larger than the slit width. So the emission of microwave pho-
tons and the subsequent recoil of the subject atom induce only
negligible influence on the coherence of the atomic center-of-
mass. However, it was argued and generally agreed that the
entanglement between the which-way information and the mi-
cromaser quantum state would enforce a destructive factor in
the atom—detector quantum state, as described in Eq. (11), to
sweep away the interference pattern.!?®?°! Notice that these
arguments about the entanglement-enforced complementarity
principle are more or less based on the confidence and belief
that the conceptual basis for the orthodox Copenhagen inter-
pretation of quantum theory, the principle of complementarity,
is always correct, no matter how much time passes and how
much scientific technologies develop.

In some sense, the analysis is like looking for supporting
materials based on an a priori conceived conclusion, i.e., the
complementarity principle is always true, rather than deducing
conclusions from new data in normal logic. The logical way of
argument about the role of entanglement in the wave—particle
duality is counter-intuitive for many people. Yet, many fur-
ther arguments and outcomes as a consequence of this anal-
ysis, including the concept of delayed-choice experiment and
quantum erasers, look even more counter-intuitive and harder
to swallow for people who are not hot-faith proponents of or-
thodox conceptual quantum theory.5-5-11-1847] Being a realist
rather than a doctrinaire of quantum theory, I try to make a
more comprehensive analysis of such a type of gedanken ex-
periment, following the well-established regular methodology
of quantum theory and using regular logic, in a hope to offer
an alternative and common-sense solution to this old, classi-
cal, and puzzling problem of wave—particle duality. I find that
the key lies in how to measure the interference pattern.

6. Analysis of interference pattern measurement

The above discussions largely focus on how to acquire
the which-way information of an atomic system. The Scully
scheme has offered, at least in principle, a smarter way to
achieve this goal without suffering from the constraint of
Heisenberg’s uncertainty principle. Yet, there is another is-
sue that is equally important in the wave—particle duality test
by using an atomic interferometer, namely, the acquisition of
the interference pattern. Obviously, much less attention has
been paid to handling this issue, not only in the Scully work,
but also in many other gedanken and practical experiments.
In some sense, the situation of much less intensive and exten-
sive analysis, or even negligence and ignorance, attending to
the vital details of measuring the interference pattern formed
by quantum objects in a wave—particle duality test might be
the reason why so many concepts and interpretations that are
apparently counter-intuitive, seemingly unphysical or meta-
physical, but are still overwhelmingly thought to be correct
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quantum mechanically, are raised and more or less cause great
confusion in conceptual understanding of these gedanken or
practical wave—particle duality test experiments. Thus, it is
invaluable to make a detailed analysis on how to measure the
interference pattern in various interferometers.

First, let us go to the simplest situation — a quantum ob-
ject without internal freedom. The virtual interference pattern
of the two-slit interferometer is given by Eqs. (1) and (2). T use
the term “virtual” here because the interference pattern at this
step is largely only of mathematical or conceptual meaning.
To bring it into reality, some certain experimental technique
or measurement (a term popularly used by the proponents of
orthodox quantum theory) must be performed to transfer the
“virtual” probability distribution profile of the quantum object
into a form that can be sensed by human beings or recorded
through some practical instruments. However, the paramount
principle is that the measurement should faithfully reflect the
“virtual” profile. In optics, a simple flat rough-cast screen or
glass can be used to record this interference pattern as the scat-
tering intensity of light off the screen as visualized by hu-
man eyes is just proportional to the intensity profile at the
screen, thus the “virtual” interference pattern is recorded by
the screen. In atomic optics, a position sensitive detector can
be used to record the distribution of atoms. On the other hand,
the measurement device should not deviate much from this
linear operational regime, otherwise, the “virtual” interference
pattern would not be faithfully recorded. In optics, a black sur-
face obviously cannot implement such a recording functional-
ity as it smears off all patterns irrespective of their profiles.

The importance of talking about the measurement pro-
cess for the interference pattern will become clear when it
comes to the Young’s interferometer for composite quantum
objects with internal freedoms. A good example is the Ry-
dberg atom beam with its internal quantum states interacting
with the micromaser cavity which-way detector, as discussed
in Fig. 4. The total wave function for the composite quantum
object when reaching the observation screen is given by Eq. (8)
as ¥(R) = y1(R) @1 + y2(R) 2. Only y1(R) and y(R) are
related with the center-of-mass motion of the quantum object
in real space. They are subject to phase shifts depending on
their transport paths and are responsible for the formation of
the interference pattern. Of course, this is just the “virtual”
interference pattern. On the other hand, the quantum states for
internal freedoms ¢; and @, are defined in another Hilbert sub-
space. They will evolve by themselves, say, having a phase
shift or other changes, during their transport accompanying
their master quantum object. Usually the center-of-mass mo-
tion and the internal freedoms are independent of each other
during the transport of a quantum object in free space, unless
an indirect interaction happens when one freedom or all of
them are subject to some external perturbation.

The paramount principle of faithful measurement should
also be followed to record the interference pattern — in
our proposed method, for detecting the center-of-mass of the
quantum object. Frankly speaking, this is not an easy task
that any measurement instrument would conveniently work to
achieve. This task requires great caution and care so as not to
induce ambiguity, confusion, or error without being aware of
them. I would not attempt to reexamine how measurement of
the interference pattern was made in all the wave—particle du-
ality gedanken and practical experiments performed in history,
as this seems to be impossible. Instead, I will here argue and
discuss the principles of how to make a good measurement,
considering various situations.

Generally, the measurement can be modeled as an opera-
tion M working on the wave function of the composite system
¥Y(R) = yi(R)@1 + y2(R)®,. The new wave function after
the measurement is then

i (R) =M{¥(R)} = M{y1(R)p: } +M{yr(R)p,}. (12)

In general situations, the operator M could work on the center-
of-mass motion or on the internal freedom or on both. In the
first case, M only works on y;(R) and y,(R); then the in-
ternal quantum state does not participate in the measurement
process, or in other words, the measurement is insensitive to
them. In this case, the composite quantum object behaves the
same as a pure quantum object. Then equation (12) transforms
to

i (R) = M{¥(R)} =A[yi(R) + w:(R).  (13)

Here a good measurement has been assumed, where the mea-
surement introduces only a linear amplitude factor. Besides,
the measurement should also yield a signal intensity given by

Iu(R) = ¥ (R)?
= |A{|lyi (R)+Hya2(R)+2Re[yi (R)y2(R)]}(14)

Obviously, a perfect interference pattern representing the po-
sitioning probability of the quantum object center-of-mass has
been recorded by this good measurement, which is the term
Re[y}(R)y2(R)]. Of course, in practice there are many other
possibilities for bad measurements that deteriorate the inter-
ference pattern by either introducing a random phase shift, or
imposing nonlinear or more complicated modulation to y; (R)
and y, (R), although these measurements also completely ne-
glect the internal freedoms. These bad measurements should
be avoided in practical experiments.

In the second case, the measurement operator M works
only on the internal freedom and induces a transition of ¢; and
¢, to new states @1 s and @ y7. This scheme has been adopted
in most atom interferometers for wave—particle duality tests,
such as those reported in Refs. [34] and [35]. For instance,
light emission when atom jumps from a higher electronic state
to a lower electronic state under the dipole transition can be
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used to probe the position of an atom by recording the emis-
sion site optically. In this situation, equation (12) transforms
to

Yu(R) = M{¥(R)} = yi(R)p1m+ V2 (R) 2. (15)

It is seen that the center-of-mass wave function just imposes a
position dependent probability modulation to the internal state
transition. Suppose that the recorded signal intensity is pro-
portional to the transition probability of the quantum state, as
is the case in light emission experiments. The signal is given
mathematically by

Iy(R) =< (Y (R)|M|¥y(R))
= |1 (R) (@1 [M|@1 ) + [v2(R) * (92| M| @2,11)

+ Vi (R)ya(R){(1|M|2.m)
+ i1 (R)y; (R)(92|M| @1 01). (16)
Obviously, the best way to record a perfect interfer-

ence pattern with Iy(R) o« |A|*?{|y1(R)|> + |y»(R)|* +
2Re[y} (R)y2(R)]} is to make (@1 |M|@20) = (@2|M|Q1.m),
and the simplest way to satisfy this is to have @ = ¢
and @1 = @ . On the other hand, if (@||M|pry) =
(@2|M| @1 31) =0, then the interference pattern disappears even
if the measurement imposes no uncontrollable perturbation
to the quantum object’s center-of-mass. The analysis clearly
shows that the interference pattern obtained by this type of
measurement is a convolution of the internal state transition
intensity and the quantum object center-of-mass positioning
probability. Both contribute equally to the apparent interfer-
ence pattern. Strictly speaking, this composite-measurement
scheme is subject to serious ambiguity, as it strongly depends
on the internal state evolution of the atom under probe, and es-
sentially it is also the origin of many delayed-choice outcomes
of wave—particle duality test, like those presented in Refs. [34]
and [35]. This point should be kept in mind when revisiting
the wave—particle duality test experiments (either gedanken or
practical) of history.

In the above, we discussed how to make a good measure-
ment of the interference pattern formed by quantum objects,
either those without internal freedoms or those with internal
freedoms. As the two quantities exactly overlap in space,
a probe over them can reveal the interference feature of the
quantum object, albeit caution and care should be taken. On
the other hand, in our proposed method, the probe over the
which-way information is made by another set of measure-
ment instruments that is separated in space from the interfer-
ence measurement instrument. These two sets of measure-
ments could arguably be independent with proper care, as a
result of which it is then possible to acquire both the which-
way information and the interference pattern simultaneously.
However, in many examples of wave—particle duality test ex-
periments, these two sets of measurements are assumed to be

closely correlated or entangled, even if they are separated in
space, rendering it impossible to acquire both the wave and
the particle behaviors simultaneously, and enabling one to up-
hold the consistency of the complementarity principle. 2%

Let us take a closer look at the Scully gedanken
experiment!>®2°] and focus on the measurement process. The
total wave function of the coupled atom—detector quantum sys-
tem is given by ¥ (R) = y1(R) 0161 + v2(R) @24, when the
atom has just passed through the two slits. This type of wave
function represents a typical entanglement state and it is the
atom—detector interaction that creates this entanglement. Af-
ter the interaction ends, the two sub-systems evolve by them-
selves without disturbing each other and each is subject to
measurement. The atom, with its center-of-mass carrying an
internal quantum state, transports in free space and reaches
the observation screen where the measurement over the inter-
ference pattern is implemented. By its wall, the micromaser
cavity will eventually absorb the microwave photon emitted by
the transmitted atom and fulfill the measurement of the which-
way information by enabling the detection of the photon num-
ber (0 or 1) every time in the two cavities. If we generalize
the atom—detector system as a quantum object (atom) with in-
ternal freedom (the state of the which-way detector), then ac-
cording to the above discussion on the measurement process,
one can simply adopt a measurement that either operates di-
rectly on the atomic center-of-mass motion or indirectly op-
erates on the atom’s internal state (which imposes no trouble
as @; = @, = @), from which it is not difficult to acquire the
interference pattern, either appearing or disappearing. In ei-
ther way, the signal intensity at the screen is given by Eq. (14),
where a nearly perfect interference pattern should be observed
as ¥ (R) and y, (R) are nearly identical (more precisely, with
the addition of only a negligibly small random phase factor) to
the perfect function without interaction between the atom and
the maicromaser cavity. On the other hand, because of the ex-
cellent separation of the screen from the micromaser cavity,
the measurement of the interference pattern will have no influ-
ence upon the which-way information measurement, i.e., the
cavity photon number counting. In this way, the wave and the
particle behaviors of the atom could be simultaneously illus-
trated by using this experimental scheme.

If, on the other hand, a very extraordinary, and strange
in some sense, measurement operation is made to examine
the wave—particle behavior in the coupled atom system, things
can be very different and favor the upholding of the comple-
mentarity principle. As depicted in Fig. 4, if one modulates
the atomic center-of-mass wave function (exhibiting interfer-
ence pattern) with the outcome of a special measurement made
upon the internal freedom of the atom (the micromaser cav-
ity state), which is just a simple coincidence counting of the
photon numbers in the two cavities, then this modulation fac-
tor is exactly zero, destroying the interference pattern, as im-
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plied by Eq. (11). Mathematically, this coincidence counting
measurement is equal to determine the term (¢;|¢;), which
should be exactly zero as expected. In some sense, this co-
incidence counting is a good measurement for which-way in-
formation acquisition, but it is a bad measurement for inter-
ference pattern observation when it is inappropriately used to
modulate the interference pattern. The interaction of the good
and the bad measurements leads to the failure of the simulta-
neous illustration of wave and particle natures in this special
Young’s two-slit interferometer and inadvertent upholding of
the complementarity principle of the orthodox quantum the-
ory. Although the two sets of measurements are mutually ex-
clusive (either wave or particle, but not both), they are just
two very special interrelated measurements among so many
possible operations of measurement that can work on our pro-
posed two-slit interferometer. One can easily go around them
and take other good measurements for illustrating both natures
simultaneously, like the ones mentioned earlier. Yet, if one
wishes to uphold the complementarity principle and the con-
ceptual orthodox Copenhagen interpretation of quantum the-
ory, then the two special sets of measurements in cooperation
via artificial data processing are the only way to achieve this
goal, no matter how counter-intuitive, extraordinary, and even
absurd such an artificial action of measurement might look.
However, such an action necessarily leaves the obvious loop-
hole of conceptual justification.

The inappropriate and artificial connection of the which-
way detector measurement and the interference pattern mea-
surement as illustrated in Fig. 4 can be be used to explain
the outcome of so many delayed-choice experiments and
quantum eraser experiments that have been further deduced
to be intrinsically involved and manifested in this type of

36461 The reason is that one can now con-

interferomete
nect whatever operation on the which-way detector (instant
or delayed-choice) with the distant interference pattern mea-
surement operation and generate any outcome of experiment,
removing or restoring the interference pattern. In some sense,
this connection is not a physical one that instantly occurs in the
interferometer but just a mathematical operation that can be
arbitrarily manipulated in a way according to one’s subjective
desire via post management and processing (e.g., convolution
and modulation) of two sets of measurement data and can be

implemented at an arbitrary time, long after the experiment.

7. Further discussion

The above discussions show that the key to acquire both
the wave and particle information for quantum objects in a
good interferometer lies in the simultaneous use of two sets
of good measurement devices that are well separated in space
and do not perturb each other. In addition, all the analyses
are made based on elementary methodology of quantum me-
chanics rather than abstract and counter-intuitive conceptual

arguments and justifications. These gedanken experimental
schemes can be readily tested by using modern quantum optics
or atomic physics technologies. [27:41-46:48-51]

The wave nature of a quantum object manifests in the ap-
pearance or disappearance of a distinct peak—valley contrast
interference pattern, and the formation of this pattern requires
an ergodic ensemble of quantum objects to participate either
via time-accumulation or via sample-accumulation. The key
in experiments is the maintenance of the coherence status of
the ensemble. A single quantum object passing through an
interferometer cannot illustrate a sufficiently fine interference
pattern in experiments. This point should hold true in both the
Mach—Zehnder interferometer as discussed in Section 3 and
Young’s interferometer as discussed in Sections 4-6. Actually,
such assumption and concept have been justified in numerous
experiments that were performed to test the wave nature of
massive particles such as electrons and massless particles such
as photons. For instance, in experiments of particle diffrac-
tion and interference, the observed pattern always gradually
evolves from some randomly kicking points in the observation
screen for the initial one, two, three, and small numbers of
particles and events, to a final stable and well-defined diffrac-
tion or interference pattern for a sufficiently large number of
particles and events. This feature can be well understood by
the probability nature of the wave function used to describe
the motion of these particles in orthodox quantum mechanics.
Therefore, any experimental setup, including the interference
pattern detector screen in the Mach—Zehnder interferometer as
illustrated in Fig. 3, that is used to observe the interference pat-
tern of quantum objects, must operate and should only operate
in such a probabilistic way for a sizable ensemble of particles
in the practical operation of measurement. Nobody has ever
designed or even imagined a technological means to demon-
strate and observe the interference pattern for only one single
quantum object.

On the other hand, the particle nature of quantum objects
manifests in the which-way information detection of each in-
dividual particle. This can be easily done by a wide variety of
modern technologies. The difficulty here is to introduce as lit-
tle as possible perturbation to the particle passing through the
two slits and maintain the coherence of the ensemble of parti-
cles as a whole. In history, many schemes for interferometers
failed to pass such a two-fold criterion. But now the inter-
nal freedom of quantum objects, which is intrinsic to almost
all quantum particles, can be exploited to probe the which-
way information of every particle while maintaining the high
coherence status of the whole ensemble of particles’ center-
of-mass in various interferometers. In other words, it is now
possible to design good schemes of measurement to acquire
both the particle and wave nature of a quantum object. Al-
though this would seem to violate the popular wave—particle
duality and complementarity principle that stand at the center
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conceptual stage of orthodox quantum theory, it strictly fol-
lows the orthodox methodology of quantum theory about the
probability nature of the wave function and its evolution fol-
lowing Schrodinger’s equation, either under a fixed environ-
ment or under interaction with detectors.

Another interesting issue is whether it is possible ex-
perimentally to test the wave—particle duality for an atomic
beam with different internal freedoms transporting within the
Young’s two-slit interferometer. In the Scully scheme, both
the incident atomic beam going into the micromaser cavity
(excited state) and the transmission beam passing through the
two slits (lower state) have the same quantum states of internal
freedom in the two paths. When the atomic beam reaches the
screen, the internal freedom is allocated at the same quantum
state of @] = ¢, = @, therefore, one can directly operate on the
atomic center-of-mass motion or the internal quantum state to
measure the interference pattern. The which-way information
is acquired via another measurement in the micromaser cavity.
Yet, if the atomic beams passing through the two slits are in
different internal quantum states, say ¢; # ¢,, which can be
done by placing a micromaser cavity only before the upper slit
while leaving the lower slit open, then according to Eq. (12),
one can adopt a measurement scheme that operates only on the
atomic center-of-mass motion and misses the internal freedom
to acquire the interference pattern of the ensemble of quantum
object.

The schematic setup of this new Young’s two-slit inter-
ferometer can be envisioned by making only a small change
to the setup illustrated in Fig. 4. The which-way information
can still be acquired by the single micromaser cavity by look-
ing at whether there is emission of photon in the upper cav-
ity. Whether the atom passes through the lower slit cannot
be known directly, but this does not impose any trouble that
changes the outcome, because logically, if one knows that the
atom passes (or does not pass) the upper slit, then it must not
pass (or must pass) the lower slit. There is something that one
would know without making a direct measurement, but just
through many physical laws, such as energy conservation, mo-
mentum conservation, or particle number conservation, which
suffice as an indirect partial measurement. On the other hand,
if one can find an even smarter scheme of measurement that
allows for simultaneous determination of not only the atomic
center-of-mass position, but also its internal state (either ¢; or
@), then it is capable of acquiring the which-way informa-
tion of every individual atom by such an operation working
purely upon the atom itself, without the trouble to count the
photon number (0 or 1) in the micromaser cavities. This, of
course, brings more flexibility in designing good measurement
schemes to test the wave—particle duality with high fidelity and
precision.

In principle, almost all particles, including massless par-
ticles such as photons and massive particles such as electrons,

protons, neutrons, atoms, and molecules have intrinsic internal
freedoms. For instance, photons have polarizations, electrons
have spins, protons and neutrons have nucleus spins, while
atoms and molecules have many subtle electronic states. Var-
ious interferometers constructed and operated based on the
above-mentioned schemes can be employed to make a wave—
particle duality test experimentally rather than just gedankenly
by using state-of-the-art technologies. Subtle differences be-
tween massless particles (known as the media for interaction
force) and massive particles (known as the origin of interac-
tion force) might be revealed by such a high fidelity and pre-
cise wave—particle duality experimental test. They would un-
doubtedly open a new door to explore the nature of various el-
ementary particles and their composite objects in the quantum
world, more than 100 years after the first door of the quantum
world was uncovered by the pioneers of quantum theory, in-
cluding Einstein, Bohr, Heisenberg, Schrédinger, Dirac, and
many others.

8. Conclusions and perspectives

We have made a systematical analysis of various Young’s
two-slit interferometers and Mach—Zehnder two-arm interfer-
ometers for testing the wave—particle duality and the principle
of complementarity by adopting only an elementary method-
ology of quantum mechanics rather than purely conceptual ar-
guments and justifications. In particular, we focused on the
key issues of how to make good measurements of the which-
way information (particle nature) and the interference pattern
(wave nature) of quantum objects in these interferometers.
We have realized that the internal freedoms of quantum ob-
jects could be used to construct both which-way detectors and
interference-pattern detectors for the center-of-mass motion
of atoms. However, the way of arrangement and cooperation
of these two sets of measurement instruments in the interfer-
ometer would lead to completely different results. We have
found that arrangement of good and bad measurements on ei-
ther aspect (wave or particle), or inappropriate arrangement of
good measurements on both aspects (wave and particle) would
lead to failure of simultaneous observation of wave and parti-
cle behaviors in numerous past gedanken and realistic experi-
ments and seem to uphold the orthodox conceptual knowledge
about the wave—particle duality and the principle of comple-
mentarity. Based on such a new view, we are able to design
several schemes that allow for simultaneously acquiring the
which-way information for an individual quantum object and
the high-contrast interference pattern for an ensemble of these
quantum objects by placing two sets of measurement instru-
ments that are well separated in space and whose perturbation
of each other is negligibly small within a single Young’s inter-
ferometer or Mach—Zehnder interferometer.

Our new designs of interferometer are drastically differ-
ent from many interferometers in history and current time in
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their concept and motivation. As the focus is placed on how to
handle the issue of making simultaneous good measurement of
the wave (via interference pattern) and the particle (via which-
way information) nature of quantum objects, rather than on
the philosophical and conceptual argument of how to observe
them, our schemes offer a more practical means to go beyond
the complementarity principle, namely, a way to simultane-
ously observe the wave and the particle behaviors of quantum
objects. In addition, our schemes allow for a continuous ap-
proach to the ideal realm of perfect wave and particle observa-
tion by adopting state-of-the-art weak measurement technolo-
gies in quantum optics and atomic physics. In this regard, the
key issue is no longer the technology for making things finer,
but rather the courage for bringing change and revolution of
concept.

That quantum objects can behave beyond the wave—
particle duality and the complementarity principle would stim-
ulate new conceptual examination and exploration of quantum
theory at a deeper level, more than 100 years after its foun-
dation. Of course, such an important consequence in fun-
damental physics involved in our theoretical analysis should
be subject to the highest level strict experimental tests, based
on advanced quantum optics and atomic physics technologies.
Nonetheless, even if these experimental tests would bring new
understanding on the wave—particle duality and the comple-
mentarity principle in the quantum world, other more subtle is-
sues such as whether Heisenberg’s uncertainty principle can be
violated in an Einstein—Podolsky—Rosen type experiment,?!
whether localism and realism strictly hold in the quantum
world, whether one can observe simultaneously the wave and
particle nature of a single quantum object, and many others,
still largely remain mysterious and will continue to puzzle hu-
man beings. Yet, the step of human being to explore unknown
frontiers and landscapes in science and nature will never come
to a stop, and the new understanding of wave—particle duality
and complementarity principle surely will shed new light and
bring new insights for answering these fundamental questions
in the quantum world.
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