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Abstract
A recently proposed model of the Dirac electron, which has been shown to
describe several observed properties of the particle correctly, is in the present
paper shown to be also able to explain quantum interference by classical
probabilities. According to this model, the electron is not point-like, but rather an “entity with structure”, formed by a fast periodic motion of a “light-like
object”, whose momentum (p) causes the angular momentum responsible for
the spin, and whose energy (E = pc) is equal to the energy of the electron,
mc2. A qualitative description of the model is given, together with the quantitative formulae that allow to discuss interference. Applied to the experimental situation of the “two-slit” experiment, the formulae yield the same
time dependence of the detection probability as the quantum mechanical
treatment, and hence the same interference pattern. In contrast to quantum
mechanics, the pattern is due to “particle interference” rather than to “wave
interference”. No wave-particle paradox arises. The merits of the model are
summarized, and its physical content discussed.

Keywords
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1. Introduction
Quantum mechanics treats the electron as a point-like particle having a certain
mass, but no structure. To describe observed phenomena correctly, it ascribes
certain other properties to the particle, for instance spin, and a wavelike nature,
which are “non-classical”, and cannot be “derived” (e.g. [1]). The validity of the
theory is unquestioned; however, its interpretation is still subject of debate (see,
f.i., [2]), because the “quantum world” it creates contains numerous well known
paradoxes.
*Retired Professor of Physics.
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There have been attempts to escape interpretational problems by supposing
that the electron, and possibly other elementary particles also, do have an internal structure that possibly could explain their properties. Especially, the fact that
a so called “Zitterbewegung (ZBW)” [3] is one of the properties arising from the
relativistic quantum theoretical treatment of the free electron, has led to the
proposal of a dynamic substructure [4] [5] [6]. Typical time scale for such a
structure would be the very short period (τ) of the (ZBW):

τ = 2π/ωZBW with ωZBW = 2c/L0, leading to τ = 2πL0 /2c ≈ 4∙10−21 s.
Theoretical analyses have indeed shown that the spin, arising in the Dirac
theory, can be related to a motion; however, an extended (ZBW), not predicted
by the Dirac theory, would be necessary to explain the properties of the electron
[6]. Also models of the electron, based on the (ZBW), have been proposed [7]
[8]. For a recent discussion we refer to [9].
The model to be used in this paper, is also based on the assumption of a
(ZBW). But the new aspect is that, the (ZBW) is not ascribed to the electron, but
rather to a light-like object that possesses momentum and energy, and establishes the electron by its periodic motion around a point in space. The model has
been developed in two recent publications [10] [11]1 of the present author, and
has been shown to explain the properties like spin, magnetic moment, and mass,
of the electron. In the present paper it will be shown to be also able to explain
quantum interference using classical probabilities. First, we give a short qualitative description of the model.
Starting from the assumption that spin is caused by orbital motion due to an

extended (ZBW), a probability distribution of orientation and value of an instantaneous orbital angular momentum is designed, which describes spin and
spin measurements in accordance with experiment. Under the assumption that
the “object” that causes the angular momenta is “light-like”, with momentum (p
= ħ/L), probability distributions for orientation and length of the instantaneous
position vector of the “light-like object”, which we will call “quantum”, are derived from the angular distributions. The instantaneous positions of the quantum turn out to lie on a torus around a fixed point, the torus radius (Rt) being
equal to the radius of the circle (Rc) the torus axis forms around the fixed point:
Rt = Rc = (L/2). This special Torus is a so called Clifford Torus. The relation between instantaneous position vector (r) of the quantum, its instantaneous momentum (p ), and the resulting instantaneous angular momentum vector (I = r ×

p ) is depicted in Figure 1.
The Torus, on whose surface the instantaneous positions of the quantum are
located, is shown in Figure 2.
In Cartesian coordinates the position vector is given by

{

}

r ( x, y, z ) = L cos 2 (θ ) cos (ϕ ) , cos 2 (θ ) sin (ϕ ) ,sin (θ ) cos (θ )

(1)

The idea is now, to describe the distributions in terms of the extended ZBW of
Erroneously, the labels (a) and (b) of the two figures in Figure 3 were interchanged in the final
typesetting.
1
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Figure 1. Relation between the following instantaneous
vectors, 1) momentum (p) of the quantum, 2) its position
(r ), and 3) of the resulting angular momentum I = r × p.
Equal population of the circle around the point Ph by the
quantum, together with cylindrical symmetry around the
Z-axis, lead to the required angular distribution I(θ) =
(h/2π)cos(θ), which explains spin and spin measurements
correctly (see Ref. [10]).

Figure 2. The instantaneous positions of the quantum are located on the surface of a Clifford Torus.
The torus radius (Rt) is equal to the radius of the circle (Rc) the torus axis forms around the fixed point:
Rt = Rc = L/2.

the quantum. To obtain a motion of the quantum on the torus surface, we relate
the angles (θ , φ ) as

 ωt
=
ϕ ω=
p t ;θ
 2



t ; ω p nωt
=


(2)

The parameter (t) is taken to be proper time, so that (ωp, ωt) are frequencies,
and the position vector describes a path in space and time on the surface of the
DOI: 10.4236/jmp.2019.104027
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torus. From (1) we get:

sin (ωt t ) 
 ω  
 ω  

r ( x, y, z , t ) = L cos 2   t  t  cos (ω p t ) , cos 2   t  t  sin (ω p t ) ,
 (3)
2 
 2  
 2  

As an example, we show in Figure 3 the path for the case n = 10 as calculated
with (3).
Properties of the “entity” obtained using relation (3) as averages over an observation time, approach definite values after times sufficiently long compared
to the period τ = 4π/ωt. If (L) is taken to be the reduced Compton wavelength L
= ħ/mc, with (m) the relativistic mass of the particle described, such values are,
for instance, spin = ħ/2, and the correct magnetic moment = ħe/(2m0). We stress
that the value of the number (n) has no influence on the general situation described so far.
We identify the “entity”, if it is observed with a sufficiently low time-resolution,
with the particle described. Then, the center of the torus is the position of the
particle, and due to the dynamical origin of its torus-structure, it has its established properties.
In this paper we attempt to describe the property “wave nature” of moving
particles. It becomes observable by the phenomenon interference, for instance in
the two-slit experiment. Therefore, the velocity (v) is introduced into the model
represented so far by relation (3). Assuming a velocity in Z-direction, this is
done in the following way:
1) The coordinate (z) is replaced by

β = v c ; 3) ω p = 2 c L0 so that ω p

L
( z + vt ) ; 2)=

(

)

12

L0 1 − β 2
with
becomes the ZBW-frequency arising in

the Dirac theory.
The velocity component at the torus axis (at point Ph in Figure 1) in the X-Y
12
2 c 1 − β 2 , and the velocity component in
plane thus becomes ω p L=

(

)

Z-direction is (βc), resulting in a constant tangential speed (c) at the torus axis,

Figure 3. The closed path of the quantum. The “entity”
it forms is taken to represent the electron for the case
(ωp/ωt = n = 10). Coordinates are given in units of the
reduced Compton wave length (L). The path lies on the
surface of the Torus shown in Figure 2.
DOI: 10.4236/jmp.2019.104027
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independent of (v), as required. The ratio of the frequencies becomes:
12
12
ω p ωt= n= 1 − β 2
β , so that =
β 1 1 + n2 .

(

)

(

)

The complete model for the case of a velocity (v = βc) in Z-direction may thus
be represented by the modified relation (3) as follows:
r ( x, y , z , t , β )

sin (ωt t ) ct 
 ω  
 ω  

L0 nβ cos 2   t  t  cos (ω p t ) , cos 2   t  t  sin (ω p t ) ,
+

2
nL0 
 2  
 2  


L0=

ħ
m0 c

; ω p=

ωp
2c
; ωt=
; n=
L0
n

(1 − β )

2 12

β;

(4)

The model is completely general and contains no free parameters. In this paper we will demonstrate, in which way it describes observed interference phenomena of electrons correctly. As example we discuss the two slit experiment in
paragraph (2).

2. Interference
First we show in Figure 4 a 3D-parametric plot of the path of the quantum during a time span of 2.5 periods (τ = 4π ωt ) for the case n = 10, as calculated
using relation (4).
In order to treat interference in the two-slit experiment, we need the velocity
of the quantum in Z-direction (vq). As calculated using (4), this velocity is given
by

ω
vq = 2v cos 2  t
 2


2
 = 2v cos (ωDB t )


(5)

where, according to the definition of the Torus frequency given in (4), ωDB is the
De Broglie frequency defined as ωDB = c/LDB = c mv/ħ.
For the case of many particles starting with a different phase (φ) from a certain position in Z-direction, there arises a constant current of quanta in
Z-direction, which is obtained by integration over (φ). Assuming equal probability (1/2π) for different phases, the current becomes

 1  2π
=
I ( t )   ∫ 2v cos 2=
(ωDB t + ϕ ) dϕ v
 2π  0

(6)

Let us now consider the normal two-slit situation in the context of the model,
where diffracted particles from the two narrow slits separated by distance (B)
form currents into certain directions behind the slits, and hit the surface of a
screen that is oriented perpendicular to the currents and positioned at a distance
large compared to the distance between the two slits (see Figure 5).
Then, at any position on the screen determined by the diffraction angle (+δ),
particles from both slits will arrive. For symmetry reasons, the same current will
arrive at the angle (−δ). For each particle detected at (+δ) on the screen at time
(t), there is a certain probability that it originates from slit 1, or slit 2. According
to classical probability theory [12], this conditional probability is obtained by the
unification of the probabilities for the two slits, P1 and P2.
DOI: 10.4236/jmp.2019.104027
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Figure 4. Traces from left to right: 1), A parametric 3D plot of the
positions in real space of the quantum (in units of L) during the first
2.5 periods of the (EZBW), for the case n = 10. 2), Path of the quantum during one period, starting 1.3 periods after (t = 0). 3), Path of
the point (Ph) on the torus axis (see Figure 1) during the first period. Its tangential speed is (c) (see text). Progress of the “entity” in
z-direction is seen to proceed at the velocity v = 2πL/τ = βc, while
progress of the quantum is given by vq = 2vcos 2 ( (ωt 2 ) t ) (see text).

Figure 5. The two slit situation. The distance (D) of
the screen from the slits is large compared to the distance (B) between the slits.
DOI: 10.4236/jmp.2019.104027
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P ( t , ϕ , +δ ) = ( P1 or P 2 ) = P1 + P 2 − P1 ∩ P 2

(7)

The last term in (7) is the intersection between the probabilities P1 and P2.
Using relation (5), and setting the constant current to v = 1, we have
=
P1 2 cos 2 (ωDB t + ϕ ) and
=
P 2 2 cos 2 (ωDB ( t + Dt ) + ϕ ) . The intersection is
the probability that both paths—via slit 1, and via slit two—lead to detection at
(−δ). In the present case, we identify the intersection as
2
P1=
∩ P 2 cos (ωDB t + ϕ ) − cos (ωDB ( t + Dt ) ) + ϕ . The total probability on the

(

)

screen at position (+δ) is then obtained by integration of (7) over possible initial
conditions (φ):

P ( t , +δ )
2
2
∫0 {2 cos (ωDB t + ϕ ) + 2 cos (ωDB ( t + Dt ) + ϕ )
2π

=

(

− cos (ωDB t + ϕ ) − cos (ωDB ( t + Dt ) + ϕ )

) } dϕ
2

(8)

 ω Dt 
= 2 cos 2  DB 
 2 
As is well known, the probability given by (8), is identical to the probability
calculated in quantum mechanics for the superposition (Ψ) of two equal amplitude, single momentum, particle De Broglie waves, starting from the two slits.
This is indicated below.

=
Ψ

e + e ) ; ΨΨ
(1 2 ) (=
ik ′r

ikr

∗

 k ( r − r ′) 
2  ω DB Dt 
2=
cos 2 
 2 cos 

2
 2 



(9)

In (9) we used the De Broglie wavenumber
=
k 1=
LDB ωDB c , and the fact
cDt , the extra distance to be travelled from the more distant of
( r − r ′) =

that

the two slits.
The different derivations, (8) and (9), of the same result, clearly show the relation between model and quantum mechanics for the case of interference. Most
remarkably, the non-local wave nature, ascribed in the quantum mechanical description to a single particle, the model ascribes to an ensemble of localized particles having a certain structure. Therefore, the paradoxical wave-particle dualism does not arise.
Below we demonstrate the prediction of a two-slit interference pattern using
result (8) for a concrete case. The dependence of the detection probability on the
angle (δ), for a given v = βc, is given through the relations S = cDt = Bsinδ, and
LDB = L β = L0 √ 1 − β 2 β = L0 n , so that the phase in (8) becomes
=
S 2 LDB B=
sin δ 2nL0 π ( B λDB ) sin δ .
Relation (8) is the predicted interference pattern for the case of two infinitely
narrow slits separated by a distance (B). In a realistic case, the slits have a finite
width (d), so that interference of particles coming from different positions within one slit arises, and leads to a certain single-slit interference pattern, which can
be calculated approximately with relation (8) by replacing (B) by (d/2). At sufficiently narrow slit widths (d), and a slit distance (B) considerably larger than (d),
the complete interference pattern thus becomes a modulation of the diffraction

(
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profile by the two-slit interference. In Figure 6 we show an example using B/λDB
= 5 to calculate the two slit modulation, and d = λDB to calculate the diffraction
profile. At this width we have d = Δx = λDB, and a width of the diffraction peak
corresponding to Δp = p = ħ/λDB, so that the uncertainty relation inherent in the
model becomes ΔpΔx = ħ.
As the main result of the present paper we state that the two-slit quantum interference is correctly described without quantum mechanics.

3. Conclusion and Discussion
The dynamic substructure, which the model ascribes to the particle, explains the
two slit interference, one of the main quantum phenomena, without using
quantum mechanics. In a similar way, energy quantization of bound states, as
well as angular momentum quantization, is predicted by the model in agreement
with observation. In addition, as has been shown in the previous papers [10]
[11], the properties of the electron, mass, spin, and magnetic moment, follow from
the substructure implied by the model. Further, the paradox of “wave-particle
dualism” does not arise, because “wave interference” is explained as “particle interference”.
As already mentioned, the model is based on the idea that spin might be explained as angular momentum caused by a quantum of momentum (mc) when it
passes a fixed point in space. The completed model of an elementary particle,
used in this paper, may be visualized in a very simple way: The point (Ph) (see
Figure 1), which is located in the center of the circle containing the quantum, is
identified as a photon, and the point, which is located in the center of this circulating photon, is identified as the particle. As shown in Figure 4, the photon
forms a spiraling trace with tangential speed (c), independent of the relative motion (v) with respect to an observer, and its energy is pc = mc2, with

( m=

(

m0 √ 1 − β 2

) ) . The momentum component of the photon in direction of

mv m=
β c m0 c n ) , is the momentum of the “particle”.
relative motion, (=

Figure 6. The two slit interference pattern for “particles” calculated
with formula (8).The central diffraction peak, common to both slits,
is modulated by the two-slit interference. The same interference pattern would be calculated using quantum mechanics.
DOI: 10.4236/jmp.2019.104027
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There remain important questions regarding the validity of the model. On the
other hand, in our opinion, its demonstrated successes are too manifold and
substantial to be accidental. Therefore, a thorough theoretical investigation of
the model, especially of its relation to quantum field theory, seems interesting.
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