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Abstract: A thought experiment regarding light-wave diffraction by a matter-wave lattice 

is proposed. Matter-wave diffraction by an optical-lattice is already a well-established 

experimental technology; therefore, the symmetrical phenomenon, i.e., light-wave 

diffraction by a matter-wave lattice, does not seem to be unlikely. If the diffracted light 

could be observed, it would suggest the presence of the matter-wave itself in three-

dimensional space, whereas the orthodox interpretation of quantum mechanics that 

describes the wave-function as merely a mathematical tool representing the probability of a 

particle. Therefore this proposal should provide a good test to verify the reality of the 

wave-function. 
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1. Introduction 

 

The peculiar phenomena of wave behavior, such as interference or diffraction of matter-waves, 

has been proven by a large number of experiments with electrons, neutrons, molecules and even such 

massive molecules as fullerene[1-10]. These results showed that the matter-wave is equivalent to an 

electro-magnetic wave in terms of optical phenomenon realized in three-dimensional space through its 

de Broglie wavelength. Bragg diffraction of matter waves by an optical lattice was demonstrated 

recently [11-14] and has already been adapted for use as an important method in atom-optics 

technology [15,16]. Bragg diffraction is the typical behavior of a wave, when it encounters such 

periodic material lattice. The waves are selectively diffracted in some specified direction allowed by 

Ewald’s vector relation between the lattice pitch and the wavelength. These are well known 

phenomena for the case of light or X-ray and also matter-waves, such as electrons or neutrons, are 

diffracted by the real material lattice, because the matter-wave behaves as a wave that senses the 

periodical structure of lattice in this three-dimensional space. That is, the optical lattice works as the 

same entity with a material lattice for matter-waves. This means the fact that the matter-wave-front 
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covers the optical lattice plane. This behavior is entirely different from the classical view that a single 

particle is directly deflected by an optical lattice potential. 

Here, if we consider the symmetry of duality between matter-waves and light-waves, Bragg 

diffraction of a light-wave by a standing matter-wave cannot be regarded as unlikely. If this 

phenomenon is observed, we can expect a standing matter-wave is considered as some sort of real 

entity for electro-magnetic waves. However, a matter-wave is considered to correspond to the wave 

function , which is the solution of the Schrödinger equation defined in the configuration space, 

although both spaces are mathematically equivalent for the case of one particle. This is not true for the 

path-integral formalism, but in this paper, the discussion is confined to the Schrödinger equation for 

simplicity. In any case, the wave-front or wave-function of  does not represent any real physical 

quantity that is defined as the operator in standard quantum mechanics. 

When we talk about physical reality, the definition is still very ambiguous in the quantum world; 

it is the subject of intense ongoing debate [17-19], and may not be settled for a long time. Recently, 

discussions initiated by Pusey et al. [20] have aroused much controversy [21-23]. Furthermore, even 

electro-magnetic waves are considered to be ambiguous in terms of reality from the view point of a 

quantum mechanics and a quantum field theory [24, 25]. Here, we will not enter into these debates, 

instead, we take a very primitive phenomenological approach to consider reality only from the view 

point of actual experiment. Therefore, if we review the past experiments about diffraction of light-

waves and matter-waves, we can find out the fact that most of them are classified as follows and this 

fact is illustrated in Appendix A; 

 

a) Light-waves are diffracted by a material lattice. 

b) Matter-waves are diffracted by a material lattice. 

c) Matter-waves are diffracted by an optical lattice.  

 

In the case of a) and b), both waves are diffracted by the real material lattice, and then both waves are 

considered to be interacted with the real entities, and then we can say they show the same wave nature. 

These material lattice is mathematically described as only a boundary condition for the Maxwell’s 

equation or Schrödinger equation. This is derived from the fact that the photons are absorbed by 

material atoms and particles are also stopped by the van-der-Waals force of the atoms of wall from the 

microscopic view point. Regarding c), it can be considered to suggest that the optical standing wave 

works as the same role as a material lattice for matter-waves. This means that the action of modulus, 

EE*, of light-waves is considered to be equivalent to some sort of real entity like a material lattice. 

From these three types of experiments to verify the wave nature, it is easy to figure out next 

experiment; 

 

  d) Light-waves are diffracted by a matter-wave lattice. 

 

This is our proposed experiment to verify the wave nature of matter-waves whether it is entirely 

equivalent to light-waves. If the matter-wave behaves like light-waves, its standing wave is expected to 

behave as the matter-wave lattice that acts to arise the diffraction of light-waves. In other words, this 

scenario suggests that  acts as some real physical entities affecting the light-waves. This is likely 
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true, if we think about symmetry between light-waves and matter-waves. These situations are 

illustrated in Figure A1. However, if represents nothing more than a carrier of some mathematical 

information, as predicted by quantum mechanics, this experiment would produce only Rayleigh 

scattering from particles, and the symmetry of duality between light waves and matter waves will be 

broken. This descriptions are schematically illustrated in Figure 1. 

A wave-function has nothing to do with the number of independent atoms; it reveals a fixed-

momentum- state, not a fixed-position state. Therefore, the number of atoms becomes entirely 

uncertain in the interference region because of the uncertainty relation from quantum mechanics. 

Hence, diffraction could be expected to occur even for a dilute matter beam of only one particle 

passing, on average, one atom in the interference region. 

 

 
Figure 1. Schematic of (a) matter-wave diffraction by an optical lattice and (b) light-wave diffraction by a 

matter-wave lattice. This shows the symmetrical relationship of duality between matter waves and light 

waves. However, case (b) is questionable from the quantum mechanical viewpoint. The proposed 

experiment will provide information about the reality of the matter-wave-function. 

 

A standing matter-wave is expressed as the localized fringe of in this three-dimensional 

space, whether it is mathematical or real. As a matter of the fact, it is difficult to form a standing wave 

cavity for matter-waves like a Fabry-Pelot interferometer for light-waves because of the lack of 

effective mirrors of vertical reflection formatter-waves. However, the standing matter wave can be 

formed at the interference region of a Mach-Zehnder interferometer when the beam splitter at the beam 

crossing position is removed, as described in section 3, and we could observe the resultant fringe of the 

standing matter-wave. A large number of experiments in the past proved this is correct, because we 

can see the fringes distributed on the screen or some other detector in the form of the accumulated 

particles. From the analogy with an optical fringe, which is expected to have a three-dimensional 

structure in this three-dimensional space, it could then be said that the standing matter-wave exists in 

this three-dimensional-space. 

If the particles are fluorescent atoms, the localized three-dimensional fringe image of the matter 

wave could be observed using an optical microscope. The result of Mach-Zehnder interferometry with 

a Bose-Einstein condensate (BEC) is very impressive and famous demonstration of this standing wave 

consisting of a light-emitting atom cloud [26]. However, this phenomenon does not mean that the wave 

function is directly observed; rather, only the resultant atom density distribution, which is proportional 

to the modulus of the wave function , is observed. Incidentally, there is one very puzzling 
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phenomenon within this BEC interference: the fact that no atoms exist at the node of the fringe, 

although the atom flow passes through this node region. This is a very strange phenomenon from the 

classical view point. 

 

2. Theoretical Background 

 

 The theory of diffraction of matter-waves by an optical-lattice has been thoroughly studied in the 

past and is well summarized by Adams and others [13-16]. First, we review the diffraction of matter 

waves by an optical-lattice. The basic equation is the orthodox Schrödinger equation, and it is 

sufficient to consider only the time-independent form. The time-independent Schrödinger equationin 

position representation is given by 

 (1)  

where V(r)is the optical potential, which has periodic structure in accordance with the optical lattice. 

This Schrödinger equation has the same mathematical form as the Helmholtz equation for a classical 

electro-magnetic wave; therefore, the solution of Eq. (1) will be equivalent to the solution of an 

electro-magnetic wave under same boundary condition. If we consider a k-vector, analogous to the 

wave-vector of classical optics by 

 (2)  

where e is the propagation vector of the wave, then when V=0, the Schrödinger equation reduces to the 

standard Helmholtz equation 

 (3)  

One solution of this equation has the following form,  

 (4)  

Foran electro-magnetic wave, this is a plane wave, and it actually has a wave-front with an infinite 

extent. The analogy between the matter wave and the classical electro-magnetic wave implies that 

diffraction of a matter-wave can be described by the Fresnel-Kirchhoff formula, which is formulated 

from the Huygens-Fresnel principle, in which the wave-front configuration is essential [15, 27]. Many 

experiments on matter-wave diffraction have proved that the diffraction pattern through some aperture 

is described by this Fresnel-Kirchhoff formula, but of course, they all involve small wavelengths 

compared to the aperture size. The Fresnel-Kirchhoff formula of a matter wave is described as follows 

and is shown in Figure 2; 

 (5)  

where d is the de Broglie wavelength (i.e., mvhd / ),h is Planck’s constant, m is the mass of the 

particle, and v is the velocity of the particle. 
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Figure 2 Schematic illustration of Fresnel-Kirchhoff diffraction. Waves originating from a monochromatic 

point source P0 are diffracted by an aperture S. The amplitude at the point P is calculated by superposition as the 

sum over all the secondary wavelets on the aperture.  

 

The Fresnel-Kirchhoff integral is well known to be mathematically equivalent to Feynman’s 

path-integral of quantum mechanics. 

In Eq. (1),the element of the optical potential V(r) is described as the interaction Hamiltonian 

 (6)  

where d is the dipole moment of the particle and A is the vector potential of the light-wave. This is a 

representation of a classical dipole and electric field interaction that provides a potential energy term in 

the Schrödinger equation when the particle is modeled as a dipole in the case of a simple atom. As a 

result, it works as a phase grating. 

This interaction Hamiltonian has exactly the same form for matter-wave diffraction by an optical 

lattice and for diffraction of a light-wave by a matter-wave. This is true because the fundamental force 

between the electric field and the atom is the same. The only difference between the two cases is in the 

macroscopic boundary conditions; in other words, the basic Schrödinger equation describes both states. 

From this consideration, it is highly probable that light-wave diffraction will be induced by the 

standing matter wave; this means that the symmetrical duality for light waves and matter waves will 

hold. 

The standing matter wave is expressed formally in the same way as the standing light-wave only 

by replacing E with  (see Appendix B): 

 (7)  

where P(r) is the probability density of the particle at r, , and  is the crossing angle of the 

two beams.  

 Because the intrinsic relation of Bragg diffraction is revealed by the Ewald vector relation 

between the grating-pitch vector and the wave-number vector, as shown in Figure 3, diffraction of the 

light-wave will be expected to occur in the direction allowed by this relation, regardless of whether 

diffraction is caused by a mechanical grating or a matter-wave lattice. Thus, this new experiment is 

entirely analogous to the case of matter-wave diffraction by a standing light-wave.  
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Figure 3. Schematic of the Ewald vector relation. ki is the wave 

vector of the incident wave, kd is that of the Bragg diffracted wave, 

and  kL is the grating vector of the periodic structure.  

 

 

 

3. Experimental Configuration 

  

Here, we present only a brief sketch of the basic configuration of the experiment; a detailed 

description of the experimental setup will be omitted in order to focus on the conceptual discussion. 

The basic idea is to use the interference fringes of matter-wave formed in a Mach-Zehnder 

interferometer. A mirror or a beam-splitter for the matter-wave is realized using an optical-lattice 

device [9, 15, 16]. In light optics, the Mach-Zehnder interferometeris a typical configuration of a two-

path interferometer, in which the amplitude of the incident light is divided into two beams, and when 

they are recombined, we can observe the localized standing wave in the interference region. If the light 

source has an ideal coherence, the localized interference fringes of the standing wave exist over the 

entire three-dimensional interference region. If we insert a screen into the interference region, we can 

observe fringes on the screen; the fringe pattern depends on the relationships between the path 

differences of the two beams, the angle between two beams. Therefore, we can recognize the existence 

of localized interference fringe, which indicates the existence of light-waves. The localized fringe that 

occurs when two traveling waves with the same wave number, traveling in opposite directions, 

encounter each other is usually called a standing wave; however, it is generally called a localized 

standing wave even for an arbitrary angle, as described in Appendix B. 

Fora matter-wave, the occurrence of wave-like phenomena should be considered just as for a light-

wave in this three-dimensional space. Therefore, a standing matter wave should be formed in the 

interference region of a Mach-Zehnder interferometer, and we can observe the localized fringe of the 

matter wave. A large number of experiments in the past [1-10,15,16] have proved that this is correct, 

because we can see the fringes distributed on the screen or some other detector in the form of 

accumulated particles. From the analogy with optical fringes, it can be said that the standing matter-

wave is likely to exist in this three-dimensional space. 

 Figure 4(a) illustrates schematically the entire configuration of the Mach-Zehnder interferometer 

for this experiment, and Figure 4(b) shows the components of the observing optics. In Figure 4(b), 

only the Bragg diffraction case is illustrated, but Raman-Nath diffraction will also occur if the 

thickness of the matter-wave lattice is small. 

To realize this experiment, several important points should be considered. First, we should choose 

an observing laser with as short a wavelength as possible, because the matter wavelength is very short 

compared with the light wavelength. From the practical view point, the 193nm light from an ArF laser 

will be the shortest wavelength with good coherence and high power; thus, the standing wave pitch of 

the matter wave must be larger than this laser wavelength to fulfill the Bragg diffraction condition 

under a practical apparatus configuration (see Appendix B).  
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Figure 4. Schematic drawing of the experimental configuration. (a) Mach-Zehnder interferometer for this 

experiment using very cold atoms from a magneto-optical trap (MOT). The second beam splitter of the 

standard Mach-Zehnder interferometer configuration is removed to form the localized fringe. (b) 

Observing optics portion with Bragg diffraction generated by the standing wave of interference.   

 

The de Broglie wavelength d of the atomic beam from the type of oven or discharge vessel 

used in past experiments is on the order of picometers for Ne, Ar, Na, Rb, and so on. This is three or 

more orders of magnitude smaller than thedthat is needed to form an appropriate pitch to diffract the 

laser wave. Hence, a very cold atom beam is indispensable; it could be supplied from a magneto-

optical trap (MOT)or BEC, whose velocity is in the range from less than 1 m/s to several cm/s [28, 

29].Sodium atoms from a MOT will provide a slow atom beam with a velocity of less than 25cm/s; 

therefore, a dvalue exceeding several tens of nanometers could be obtained. The velocity distribution 

of these atom beams should be arranged to be narrow enough to show good contrast fringes. The 

velocity broadening is decreased to approximately 5% of d for the full width at half-maximum using a 

mechanical velocity selector, and the beam splitter of an optical lattice itself is also a good selector of 

velocity [30, 31]; furthermore, it will be feasible to use anew multiplexed velocity selection technique 

[32] to obtain a sharp spectrum. Thus, this combination is expected to satisfy the coherence 

requirement to form a good standing wave. One example of angular management of the experimental 

set up is as follows: when the crossing angle of the two beams of the Mach-Zehnder interferometer is 

40°,the pitch of the standing wave will be approximately 200nm. Therefore, the Bragg condition for 

193nm will be satisfied if the ArF laser beam arrives with a 30°incidence (see Appendix C).  

As a matter of practice, we cannot consider it very easy to execute the experiment; in particular, 

the high quality cold atom source with good coherence would be a significant concern. However, it is 

not impossible in principle, and a good signal-to-noise ratio diffraction pattern could be obtained by 

averaging the built-up weak signal for a long time [33]. 

A possible alternative to the Mach-Zehnder interferometer for forming the standing wave would 

be to use an intensity-modulated beam [34-36] of a very low-velocity matter-wave. If we can use a 

matter-wave beam with a velocity of 25cm/s, then a high frequency modulation of 1.25MHz would 

provide a 2-μm-pitch fringe of the sinusoidal intensity distribution along the traveling direction of the 

wave(see Appendix C).Thus, we can obtain a good matter-wave lattice in which the number of fringes 

is very large (i.e., 500 fringes for a 1mm beam length). Actually, this is a form of moving grating, but 
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the direction of the diffracted light is not changed because the direction of diffraction is defined by the 

Fourier transformation in space.  

One more alternative, a BEC interference fringe [26] can be considered as one type of standing 

matter wave. If this BEC fringe is usable, it could provide bright diffraction light because of its dense 

cluster of atoms. However, the issue is how to distinguish the matter-wave lattice from the classical 

dielectric crystal-lattice. This is discussed in section 4. 

 

4. Discussion 

 

4-1 From the view point of the orthodox quantum mechanics interpretation  

 

If the wave function is only a mathematical inventory of the probability density of particle 

existence in three-dimensional space, which is the conventional orthodox interpretation, then the 

standing matter-wave is not really localized in this space, like an optical lattice, but reveals only the 

distribution density of atoms. T he interaction Hamiltonian between the light and the dipole is 

described by Eq.(6) from classical electro-magnetic theory. Thus, the dipole corresponds to a localized 

particle, not to a non-localized substantial entity distributed in three-dimensional space. The charge-

distribution hypothesis of an electron, which was originally proposed by Schrödinger, has been re-

examined by Gao [37], who concluded that the electron cloud is not distributed in three-dimensional 

space, but is the resultant property of the ergodic motion. The dipole consists of a pair of two opposite 

charges; this may be more problematic, so the reality of a dipole cloud is a more unlikely concept. In 

other words, according to the above discussion in terms of the orthodox interpretation of quantum 

mechanics, the standing matter-wave will not cause light diffraction; instead, it will be interpreted to 

represent only the fringe of the distribution of atoms as shown in the interference experiment with a 

BEC. From this discussion, it might be said that the real existence of the wave function will be 

unlikely, and this means that the symmetry of the duality between matter-waves and light-waves will 

be broken. 

There are many other interpretations for quantum mechanics. Among them, there is one simple 

idea, in which, fundamental constituents are only fields [38], this means no particles, then it does not 

lead to any confusion which is arose from the duality. If so, light-wave and matter-wave will be 

entirely equivalent, therefore, the proposed experiment will provide the diffraction of light-wave by 

matter-wave lattice. This idea is very attractive from a wave-front discussion, but this subject is 

beyond of this paper. 

 

4-2 From the view point of the reality of the wave-front  

 

Notwithstanding the discussion in section 4-1, the existence of a wave-front in three-dimensional 

space should be thought to be indispensable, if we look at the results of matter-wave experiments with 

diffraction or interference. Beginning with electrons and various other matter waves (e.g., neutrons, He, 

Ne, Ar, Rb, Na and massive molecules such as fullerene), every particle shows the same diffraction or 

interference behavior as a classical light-wave. This means that the Huygens principle from classical 

optics still dominates the matter-wave behavior in real three-dimensional space. The Huygens principle 
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is formulated as the Fresnel-Kirchhoff diffraction formula, as shown in section 2. From this formula, 

we can clearly understand that the new wave-front far from some aperture is configured by the entire 

wave-front that covers the aperture. This implies that the information of every point on the new wave-

front is integrated with all the information of the wave-front on the aperture structure through the 

Fresnel-Kirchhoff formula. Therefore, a matter wave is also expected to have some wave-front or 

some sort of entity corresponding to a wave-front. From the viewpoint of the path-integral formula of 

quantum mechanics, the phase of a particle path is equivalent to the wave-front, but this path is neither 

a real trajectory of a particle nor a real wavelet of a matter-wave; therefore, it does not really exist in 

this three-dimensional space. 

If something provides a phase shift to one of the matter-wave beams, it brings about a shift of the 

interference fringes by overlapping the phase-shifted wave and the original wave. A beautiful 

photograph of the experiment of Tonomura et al. [39] demonstrating the Aharonov-Bohm effect 

showed this fact; moreover, matter-wave holography [40] indicated the existence of the wave-front. 

These matter-wave interference experiments show vividly the existence of a “wave-front” in this three-

dimensional space. 

Thepresence of the wave-front in three-dimensional space would indicate the presence of the 

original wave itself. The wave nature of light-waves is proven by comparing many experimental 

results of interference or diffraction with the results calculated using the Fresnel-Kirchhoff formula, 

which is derived from the fact that light is the electromagnetic wave solution of Maxwell’s equations. 

Formatter-waves, whereas the time-independent Schrödinger equationof one particle has the 

same form as the Helmholtz equation and its solution also formally satisfies the Fresnel-Kirchhoff 

formula, like that of an electromagnetic wave, the Schrödinger equation is still defined in another 

space, and the wave-front of the wave-function is not defined in three-dimensional space; its modulus 

merely provides the probability of the particles. If that is the case, questions remain, such as “What 

senses the structure of the aperture as if it were a real wave-front?” or “Is there any real quantity 

equivalent to a wave-front corresponding to the wave-function?” These points remain ambiguous. 

 

4-3 Matter-wave lattice with intensity modulation  

 

Intensity modulation is mathematically equivalent to the standing wave as shown in Appendix C; 

it merely takes the form of a traveling standing wave because of the small difference between the two 

wavelengths that are superposed. Therefore, the foregoing discussion concerning the reality of the 

matter wave holds in the same manner. Hence, as a matter of fact, diffraction of light will occur if the 

periodic intermittent beam exists in three-dimensional space. In the prior experiments [34-36], it has 

been observed that separation of the de Broglie wavelength occurred as a result of intensity modulation 

of matter-waves. Just as in the previous discussion, this fact means that the beam senses the real 

modulation in time domain. That is, in the space domain, the wave-front senses the real structure of the 

entire aperture, and in the time domain the beam senses real modulation for the entire time frame, i.e., 

from the infinite past to the infinite future. This fact is a consequence of the Fourier transformation in 

time. 

If  is assumed to be a mere probability wave, the same question arises, i.e., what is intended to 

detect the modulation of the be a min three-dimensional space-time? (The intensity modulation is 
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referred as a time lattice in analogy with a space lattice.) Therefore, the above discussion leads to the 

same perspective as that for a wave-front in space. These facts suggest the existence of or something 

that senses the actual three-dimensional space-time structure corresponding to . 

 

4-4 Matter-wave lattice with a BEC 

 

For a BEC, we can expect to observe diffraction of the light wave from the matter-wave fringes, 

as shown in section 3. Because the BEC cloud is modeled as a coherent wave cloud in which the wave 

functions of a large number of atoms are superposed coherently, then the interference fringe could 

provide a well-defined lattice like a light lattice. If so, we can expect strong diffracted light due to the 

large number of atoms. 

On the other hand, if we consider the Clausius-Mossotti formula which describes the relation 

between the optical dielectric ratio and the atom density from classical electro-magnetism, diffraction 

will also occur [41]. In fact, if the wave-function of BEC indicates only the probability, then the BEC 

interference fringe merely shows the distribution of the atom cluster. However, in this case we might 

also say that diffraction will occur from the classical consideration of electro-magnetism using the 

Clausius-Mossotti relation for the atomic gas of the BEC. Therefore, it might be difficult to decide 

whether the observed light diffraction is caused by the real presence of a matter-wave lattice or merely 

by the classical dielectric gas density distribution of atoms.  

 

5. Summary 

 

We proposed a thought experiment concerning diffraction of a light-wave by a matter-wave 

lattice, in accordance with the fact that the matter-wave is diffracted by an optical lattice, and taking 

into account the symmetry of duality between light-waves and matter-waves. We also found that this 

experiment might provide some interesting information about testing the reality of the wave function 

in this three-dimensional space. 

If we illuminate a matter-wave lattice by a light wave, there will be two possibilities: either we 

can obtain light diffraction or we cannot. In other words, the proposed experiment will provide 

information on whether we can sense the modulus of the wave function by a light-wave; thus, the 

results will suggest the presence of some sort of physical entity for the wave function of a matter-wave. 

From the standard interpretation of quantum mechanics, it is true that a standing matter-wave 

exists as the probability distribution of particles, and the presence of dense and coarse distributions of 

atoms is real, the fringes are not the standing wave of the wave function itself, so it is not likely to be 

possible to observe the diffracted light from the matter-wave lattice. 

On the other hand, the wave-front of a matter-wave in three-dimensional space is very likely to 

exist just like light-waves from a large number of diffraction or interference experiments on matter-

waves, that is, there is some possibility of some sort of physical entity of the wave-function of matter-

waves because diffraction of matter-waves should obey the Fresnel-Kirchhoff formula, just as light-

optics does. Moreover, the existence of periodic intermittent beam similar to light-waves is likely to be 

possible from the intensity modulation experiment of matter-waves. From these experimental 

configurations, it might be very reasonable to image the physical presence of the wavefunction or 
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some kind of real presence corresponding to the wavefunction. These considerations suggest that the 

localized standing matter-wave exists as some sort of real physical entity. This assumption will be 

confirmed, if the light diffraction from the matter-wave lattice is observed.  

Therefore, we believe that the proposed simple experiment should be a very good test to examine 

whether the wave function exists as something associated with some sort of physical entity in three-

dimensional space or merely as a mathematical tool.  
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Appendix A. Summary of Diffraction Phenomena of Light-waves and Matter-waves   

 

Most experiments about diffraction of light-waves and matter-waves are symmetrically classified 

as follows; 

a) Light waves are diffracted by a material lattice. 

b) Matter-waves are diffracted by a material lattice. 

c) Matter-waves are diffracted by an optical lattice.  

d) Light waves are diffracted by a matter-wave lattice. 

These configurations are schematically illustrated in Figure A1. Here an incidental wave is drawn as 

normal incidence to the lattice for simplicity. 
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Figure A1.  a) Light wave diffraction by material lattice. b) Matter wave diffraction by material lattice. c) Matter 

wave diffraction by light lattice. d) Light wave diffraction by matter wave lattice. Intensity is measured as counts of 

photons or atoms. Experiments of a), b) and c) are well confirmed, but the experiment of d) is not performed yet.  

 

Appendix B. Standing Waves of Light Waves and Matter Waves 

 

A standing electro-magnetic wave is formulated as follows [42]: Two plane waves with the same 

frequency that travel in the z direction are written as  

 (B1)  

 (B2)  

where  and are the amplitude of each wave; (here the electromagnetic field is expressed as a scalar 

field for simplicity), and k1 and k2 are the wave vector of each wave. These are written as follows in 

Cartesian coordinates as shown in Figure B1: 

 (B3)  

 (B4)  

where , , and  is the intersection angle of the two beams. 

When the two beams are superposed, 

 (B5)  

and the intensity can be written as, 

 (B6)  

Thus, the pitch of the standing wave d is . 

 

 
 

 

 

Figure B1. Interference of two waves forms a standing 

wave as a lattice. The pitch of the lattice is determined by 

the beam-crossing angle. For two counter-propagating 

waves, it forms the usual standing wave. 

 

 

 

 

For two beam interference of matter waves, E is replaced by ; 

 (B7)  

 (B8)  

these equations are written as follows in Cartesian coordinates as shown in Figure B1; 
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 (B9)  

 (B10)  

When the two beams are superposed,  

 (B11)  

and  

 (B12)  

where P is the modulus of , which is the probability density of particle’s existence.  

 

Appendix C. Intensity Modulation of Light Waves and Matter Waves 

 

Superposition of two beams of light waves that have slightly different frequencies is equivalent 

to intensity modulation of a single-wavelength light beam, as described below; the situation is also the 

same for matter-waves, because they are connected by a simple Fourier transformation relation. 

If  and  are light wave fields with frequencies of  and  that differ by 2 ,the 

superposition of the two beams provides an intensity beat with a frequency of 2 ; this is entirely 

equivalent to the following expression of the intensity modulation of a light beam, as shown in Figure 

C1. 

 (C1)  

 

(C2)  

where  and . When two beams are superposed,  

 (C3)  

and the resulting beam’s intensity is written as: 

 (C4)  

Although the techniques used to generate these states, i.e., superposition and modulation, are 

different, the states are exactly the same. If we measure the intensity-modulated light beam with a 

spectrometer, we will obtain two spectral lines differing by 2 . In addition, if we measure the output 

of an optical detector for the two superposed beams whose frequencies differ from each other by2 , 

we obtain the beat signal of 2 . For matter-waves, the discussion is exactly the same, 

 (C5)  

 

(C6) 

 (C7)  

where P is the probability density of the particle. 
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Figure C1. (a) Intensity beat produced by superposing two coherent laser beams with two different 

frequencies where , and .(b) Intensity modulation by 2 of single coherent 

laser beam. The resultant states of the light beam are the same. 

 

The essential point is that this is simply the same Fourier expansion for both cases, namely, the 

classical light-wave and the quantum matter-wave. However, the matter-wave case raises a question 

about a phenomenon that is puzzling from the classical view point, because any particle that passes 

through the modulator does not sense any energy or momentum from the modulator or from any other 

particle, but the entire continuous intensity lattice structure of the beam produces the energy-shifted 

particle. That is, some particle changes to ω0 + Δω and some other particle changes to ω0 –Δω without 

any exchange of energy with other particles or with the modulator. In any case, this phenomenon is 

also symmetrically equivalent in the spatial domain; i.e., the grating produces two shifted wave vectors 

from one wave vector of the beam in the usual diffraction grating. However, these phenomena occur in 

the quantum mechanical world. 

 

 

References 

 

[1] Tonomura, A., Endo, J., Matsuda, T., Kawasaki, T., and Ezawa, H. (1989) Demonstration of 

single-electron buildup of an interference pattern, Am. J. Phys. 57 (2) 117. 

[2] Rauch, H., Treimer, W., and Bonse, U. (1974) Test of a single crystal neutron interferometer, Phys. 

Lett. A 47 369. 

[3] Rauch, H., and Werner, S. H. (2000) Neutron Interferometry: Lessons in Experimental Quantum 

Physics, Oxford University Press.   

[4] Shimizu, F., Shimizu, K., and Takuma, H. (1992) Double-slit interference with ultracold metastable 

neon atoms, Phys. Rev.A 46 R17. 

[5] Carnal, O., and Mlynek, J. (1991) Young's double slit experiment with atoms: a simple atom 

interferometer, Phys. Rev. Lett. 66 2689. 



 

 

International Journal of Quantum Foundations 2 (2016) 141 

 

[6] Keith, D. W., Ekstrom, C. R., Turchette, Q. A., and Pritchard, D. E. (1991) An interferometer for 

atoms, Phys. Rev. Lett. 66 2693. 

[7] Arndt, M., Nairz, O., Vos-Andreae, J., Keller, C., van der Zouw, G., and Zeilinger, A. (1999) 

Wave–particle duality of C60 molecules, Nature 401 680–2. 

[8] Nairz, O., Arndt, M., and Zeilinger, A. (2003) Quantum interference experiments with large 

molecules, Am. J. Phys.71 319. 

[9] Cronin, A. D., Schmiedmayer, J., and Pritchard, D. E. (2009) Optics and interferometry with atoms 

and molecules, Rev. Mod. Phys. 81 1051–1129. 

[10] Hornberger, K., Gerlich, S., Haslinger, P., Nimmrichter, S., and Arndt, M. (2012) Colloquium: 

quantum interference of clusters and molecules, Rev. Mod. Phys.8 4 157–73. 

[11] Martine, P.J., Oldaker, B. G., Miklich, A. H., and Pritchard, D. E. (1988)Bragg Scattering of 

Atoms from a Standing Light Wave, Phys. Rev. Lett. 60 515. 

[12] Rasel, E. M., Oberthaler, M. K., Batelaan, H., Schmiedmayer, J., and Zeilinger, A. (1995) Atom 

Wave Interferometry with Diffraction Gratings of Light, Phys. Rev. Lett. 75 2633. 

[13] Giltner, D. M., McGowan, R.W., and Lee, S. A. (1995) Theoretical and experimental study of the 

Bragg scattering of atoms from a standing light wave, Phys. Rev.A 52 3966. 

[14]Wallis, H. (1995). Quantum theory of atomic motion in laser light, Phys. Rep. 255 203-287. 

[15] Adams, C. S., Sigel, M., and Mlynek, J. (1994) Atom optics, Phys. Rep.240 143-210. 

[16] Berman, P. R., ed. (1997). Atom Interferometry, Academic Press, New York. 

[17] Aharonov, Y., Anandan, J., and Vaidman, L. (1993) Meaning of the wave function, Phys. Rev.A 

47, 4616. 

[18] Hardy, L, H. (2013). Are Quantum States Real? , Int. J. Mod. Phys.B27 1345012. 

[19] Ney, A., and Albert, D. Z. eds. (2013) The Wave Function: Essays On The Metaphysics Of 

Quantum Mechanics, Oxford University press.  

[20] Pusey, M. F., Barrett, J., and Rudolph, T. (2012) On the reality of the quantum state, Nature 

Physics 8, 475-478. 

[21] Ringbauer, M., Duffus, B., Branciard, C., Cavalcanti, E. G., White, A. G., and Fedrizzi, A. (2015) 

Measurements on the reality of the wavefunction, Nat. Phys. 11, 249–254.  

[22] Colbeck, R., and Renner, R. (2012) Is a system's wave function inone-to-one correspondence with 

its elements of reality? , Phys. Rev. Lett. 108, 150402. 

[23] Lewis, P. G., Jennings, D., Barrett, J. and Rudolph, T. (2012) Distinct Quantum States Can Be 

Compatible with a Single State of Reality, Phys. Rev. Lett. 109, 150404.  

[24] Kastner, R. (2014) Haag’s theorem as a reason to reconsider direct-action theories. International 

Journal of Quantum Foundations 1(2), 56-64  

[25] Wheeler, J. and Feynman, R(1945) Interaction with the absorber as the mechanism of radiation, 

Rev. Mod. Phys. 17, 157–181. 

[26]Andrews, M. R., Townsend, C. G., Miesner, H. J., Durfee, D. S, Kurn, D. M., and Ketterle,W. 

(1997) Observation of Interference Between Two Bose Condensates, Science 275 637. 

[27] Born, M., and Wolf, E. (1999) Principles of Optics, 7
th

 ed. Pergamon Press (Oxford), p.412.  

[28] Dallin, S., Durfee, D., and Ketterle, W. (1998) Experimental studies of Bose-Einstein 

Condensation, Opt. Express 2 299. 



 

 

International Journal of Quantum Foundations 2 (2016) 142 

 

[29] Davis, K., Mewes, M., Andrews, M., van Druten, N., Durfee, D., Kurn, D., and Ketterle,W.(1995) 

Bose-Einstein condensation in a gas of sodium atoms, Phys. Rev. Lett. 75 3969. 

[30] van den Meijdenberg, C. J. N. (1998) Velocity selection by mechanical methods, in Atomic and 

Molecular Beam Methods, Scoles G ed., Oxford University Press. 

[31] Szewc, C., Collier, J. D., and Ulbricht, H. (2010) Note: a helical velocity selector forc ontinuous 

molecular beams, Rev. Sci. Instrum. 81 106107. 

[32] Hammond, T., Pritchard, D., Chapman, M., Lenef,A., and Schmiedmayer, J. (1995) Multiplex 

velocity selection for precision matter-wave interferometry, Appl. Phys. B 60 193-197.  

[33] Berrada, T., van Frank, S., Bücker, R., Schumm, T., Schaff, J., and Schmiedmayer, J. (2013) 

Integrated Mach-Zehnder interferometer for Bose-Einstein condensates, Nat.Commun.4 2077.  

[34] Bernet, S., Oberthaler, M. K., Abfalterer, R., Schmiedmayer, J., and Zeilinger, A. (1996) Coherent 

frequency shift of atomic matter waves, Phys. Rev. Lett. 77 5160. 

[35]Brukner, C., and Zeilinger, A. (1997) Diffraction of matter waves in space and in time, Phys. Rev. 

A 56 3804. 

[36] Bernet, S., Abfalterer, R., Keller, C., Oberthaler, M. K., Schmiedmayer, J., and Zeilinger, A. 

(2000) Matter waves in time-modulated complex light potentials, Phys. Rev. A 62 023606. 

[37] Gao, S. (2013) Is an electron a charge cloud? A reexamination of Schrödinger's charge density 

hypothesis, http://philsci-archive.pitt.edu. 

[38] Hobson, A.(2013) There are no particles, there are only fields, Am. J. Phys. 81 211. 

[39] Tonomura, A., Osakabe, N., Matsuda, T., Kawasaki, T., Endo, J., Yano, S., and Yamada, H. 

(1986) Evidence for Aharonov-Bohm effect with magnetic field completely shielded from 

electron wave, Phys. Rev. Lett. 56 792. 

[40] Kishimoto, T., Fujita, J., Mitake, S., and Shimizu, F. (1999) Gray-Scale Atom Holography, Jpn. J. 

Appl. Phys. (Part 2) 38 L683. 

[41] Born, M., and Wolf, E. ibid, p.87. 

[42] Born, M., and Wolf, E. ibid, p.308. 

 

 

Copyright © 2016 by Takeshi Yamaguchi. This article is an Open Access article distributed under the terms and 

conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/), which permits 

unrestricted use, distribution, and reproduction, provided the original work is properly cited. 

 

http://philsci-archive.pitt.edu/

