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Conventionally, the wave of particles which through the double-slit is assumed plane waves. In this
research, we considered that the interference fringes built up through the double-slit have a difference
amplitudes between the case of electrons and the case of photons. The difference between the two
fringes is in the troughs of the waves. In this research, it is hypothesized that the amplitudes of
waves passing through the left and right slits are not even in the double-slit experiment of electrons.
Computer simulations performed to obtain the results supporting this hypothesis. The concept that
waves of different amplitudes pass through a double-slit is reasonably to have the notion that two
spinor particles pass through each slit.

I. INTRODUCTION

In the Tonomura experiment [1], the dark part of the
interference fringes is not clear. Tonomura immersed
himself in laboratory experiments to clarify those dark
lines. However, no matter how ingenious the dark part
became clear, he came to a certain consideration. That
is, in principle, it is impossible to obtain a dark part that
is clear in the experiment.

The point that two kinds of particles, – photons and
electrons –, make interference fringes by double-slit ex-
periment in common. However, in the valley part of the
interference fringe, the photon clearly becomes a dark
part, whereas in the case of the electron, a clear valley
can not be emerged (Fig. 1). The difference of the re-
sults occurred by the visibility are zero or non-zero. In
the experiment of photons, the crest and the trough can
be clearly distinguished, while that of the electron is am-
biguous.

Till date, the wave generated by the particle is re-
garded as a plane wave until the particles reached the
double-slit. This study shall change this regarding.

In this research, we focus on the difference between vis-
ibility and attempt to verify whether these differences can
be explained by applying the previous electronic model
[2].

II. MOTIVATION

Let us define the expression of the dark part of the
interference fringe clearly using mathematical formulas.
Tonomura, who demonstrated single-electron buildup of
an interference pattern successfully, sent an email to a
professor on December 13, 2010. Tonomura noted that:

”p(x) should have yielded value zero on the
troughs of the interference fringes with the
deflection of electron waves by biprism. How-
ever, experimental results; pmin = 0, was
hardly obtained. Is it possible to consider
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Fig. 1. There is no clear dark line on troughs in
visible. Tonomura noted that it was hard to identify the
deepest trough lines strictly because the visibility is
non-zero. He had been looking for the reason why this
phenomenon occurs for the later years of his life. Note:
The author of this paper added the blue line boxes and
created partial enlarged image from the original
Hitachi’s image.

that the value of visibility could not achieve
100 percent in principle as far as by using
the electron biprism, or furthermore, by us-
ing the electron beam with the charge?” [3]
(note: translated in English by the author of
this paper.)

Where p(x) is a probability density that electrons ap-
pear at space coordinates x on the screen.
Pvis is a visibility of the biprism interference pattern

that is defined by pmax which is the maximum value of
p(x) and by pmin which is the local minimum value of
p(x).

(visibility) : Pvis ≡
pmax − pmin
pmax + pmin

, (II.1)

when
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Fig. 2. The result of the interference fringes due to the
difference in the value of Pvis. (a) Pvis = 1: Crests and
troughs could be clearly distinguished. This is the same
as the interference fringe obtained by making a plane
wave incident on the double slit. (b) Pvis 6= 1: Troughs
are ambiguous because pmin is non-zero. For example,
inside the circle surrounded by a yellow dotted line.
Electrons dotted slightly even at the deepest trough
part of the interference fringes.

pmin = 0 , (II.2)

p(x) equal to 1. pmin = 0 means that electrons should
not be observed at each deepest trough of the interference
fringes. Let us see the two blue flames in Fig. 1. We
cannot confirm complete dark lines between one crest
and the next. This means pmin 6= 0.

Tonomura had attempted to obtain Pvis = 1 in his
experiments over and over because of pursuing for his
cutting-edge projects. However, the observed visibility
did not achieve Pvis = 1. After elaborated his trials, the
result Pvis 6= 1 led him to the viewing that the results
were not caused by the accuracy of the way of experi-
ments, but by a theoretical reason that is fundamentally
undiscovered.

When plane wave passing through the biprism, it has
been considered that the plane waves of electrons pass
through, then interference fringes appeared consequently.
Tonomura had some ideas that the reason why the vis-
ibility is not completely zero. One example idea is that
the wave is not plane. We should consider cylinder wave
instead of the plane wave[3].

Similar phenomena can be found in experiments using
C60 [5] and experiments using helium atoms [6]. From
the facts of such experimental results, the interference
fringes of electrons emitted from the electron beam are
to be searched for the reason in principle.

III. APPLYING THE MODEL

A. Review the Previous Study

In this section, we shall apply the electron model [2]
to the two-slit experiment for obtaining a foundation of

achieving the observed visibility Pvis(x) 6= 1.
Let us glance at the points of the previous paper here.

We assumed the images about an electron as follows:

• Assumption 1: An electron has an internal struc-
ture, which acquired three oscillators composed of
one vector oscillator as a virtual photon and two
spinor oscillators as bare electrons.

• Assumption 2: The bare electron is a thermal spot
and a perfect black body. It radiates its energy
harmonically through time-dependent oscillation.

• Assumption 3: While the two black bodies emit
and absorb thermal energy alternately depending
on the phase.

• Assumption 4: Replaced the image of a virtual pho-
ton with a real one. The virtual photon as a real
photon captured by a bare electron with a force rep-
resented by the coupling constant of α (≈ 1/137).

• Assumption 5: The virtual photon can be moved
as a simple harmonic oscillator with the emergence
and disappearance of bare electrons at fixed spatial
points x = a and x = –a. The two bare electrons
would not change their respective spatial positions,
and only the thermal energies of both the bare elec-
trons are observed to change with time.

As a result of incorporating the function of zero point
energy into the law of conservation of energy with the
classical oscillator model, the three oscillators we ob-
tained are as follows:

(Spinor1) : Te1 ≡ E0 cos4
(
ωt

2

)
,

(Spinor2) : Te2 ≡ E0 sin4

(
ωt

2

)
,

(Photon) : γK.E. ≡
1

2
E0 sin2 (ωt),

(III.1)

where ωt as the electron’s phase. Te1 and Te2 are thermal
potential energy (TPE) of the bare electrons, and γ∗K.E.
is the kinetic energy of the virtual photon. The oscillator
1 would be a vector particle because it has ωt phase. The
oscillator 2 and 3 would be spinor particles because they
have ωt/2 phase.

These three oscillators have its own energy , γ∗K.E., Te1
and Te2, and total energy of these three corresponds to
one free electron, E0, as shown in eqn III.2.

E0 = E0

(
cos4

(
ωt

2

)
+ sin4

(
ωt

2

)
+

1

2
sin2(ωt)

)
,

(III.2)

The first and the second term on the right side repre-
sents the spinors 1 and 2, and the third term represent
the virtual photon. Because ωt implies as vector particle
and ωt/2 would performed their phase as spinor particles,
720-degree rotation.
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Fig. 3. (a, b) Self-energy diagram in QED and that in
the modified model. Both diagrams a and b show the
same example of an electron [2]

.

B. Modification of the plane wave

Electrons handled in the double slit experiment ob-
tained high energy comparing to the ground state energy
eqn III.2.

According to the previous electron model, one virtual
photon is included in the electron in the ground state.
Let us consider an electron in which a plurality of vir-
tual photons are adsorbed to the electron. This extended
model permit that when two spinors pass through the
double slit with different routs, two spinors are wearing
virtual photons in proportion to the TPE energy of each
electron.

Since the TPE taken by each spinor passing through
the left and right changes periodically, the number and
energy value of virtual photons surrounding the spinor
also change accordingly. As this passes through the dou-
ble slits, it is based on the mechanism that each ampli-
tude is different in the circular wave generated from each
slit.

Presently, it is considered that plane waves pass in dou-
ble slit experiments. Here we extend that concept. In
the previous study [2], we examined the electron model
in which two bare electrons are included in one electron.
These bare electrons emit and absorb thermal potential
energy (TPE) alternately depending on the phase, and
their energy values fluctuate.

The plane wave approximation passing through the
double slit is not sufficient in this study. This is because,
plane waves passing through the two slits are equal inten-
sities. Let us consider a model that interferes waves with
each of the two intensity values in which passes through
a double slit.

We extend the electronic model used in the previous
study to explain how to occur the double-slit interfer-
ence fringes. Fig. 3 was a modification of the Feynman
diagram [2]. In the modified electronic model, it can be
reasonably understood that two bare electrons move in
the direction of travel towards the slits. Electrons emit-
ted from the electron gun split in the direction of travel
before arriving at the Biprism. In this modified electron
model, we consider that these bare electrons pass through

Fig. 4. (a) An electron passes through the biprism.
Picked up the two arrows drawn in Fig. 3. (b) The bare
electrons can be in various phase, on which are passing
through biprism.

the each slit as shown in Fig. 4 (a,b).

C. Modification of a fringe formula

The approximate expression for finding the interfer-
ence fringes can be expressed by a Bessel function. The
equation for interference fringes is to be improved so that
the plane wave passing through the double slit can take
two different amplitude values. The interference fringes
can be expressed approximately with two circular waves
using the zero-order Bessel function, J0, as follows:

|〈xi, ψ〉|2 = (J0(kr1) + J0(kr2))
2

(III.3)

Since we are based on the premise that each of the
intensity of the electron wave when passing through the
slit is different. In order to generate the wave, we shall
add the weighting coefficients, Aspinor1 and Aspinor2, to
the above wave equation;

|ψ(x)|2 = (Aspinor1 · J0(kr1) +Aspinor2 · J0(kr2))
2

(III.4)
We shall adopt,

Aspinor1 = Acos2 θ ,

Aspinor2 = Asin2 θ ,
(III.5)
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Fig. 5. (a) Transplant the colored arrows to the θ-axis.
The transparency of the arrow and its phase are
correspond to each other. Opaquer colored both blue
and green arrows represent that the bare electrons have
much thermal potential energy (TPE). Te1 and Te2
represent value of TPE of the two thermal spots as two
spinors [2]. (b) Schematic diagram in phase difference
of the bare electrons when passing through the biprism.
The red numbers are proportions of the amplitude of
the bare electrons as they pass through the biprism.

as weighting coefficients. Where θ denotes the electron’s
phase ωt. The basis of these weighted values are that the
energy value which can be taken by the bare electrons is
from 0 to a positive value. It is because TPE does not
take a negative value. Substitute these values for eqn
III.4 and 1 for A for simplicity;

|ψ(x)|2 =
(
cos2 θ · J0(kr1) + sin2 θ · J0(kr2)

)2
(III.6)

The wave function to be found is taking the integral of
the above equation for θ,

|ψ(x)|2 =

∫ 2π

0

(
cos2θ · J0(kr1) + sin2θ · J0(kr2)

)2
dθ .

(III.7)

Find all probability density functions across the x-axis
of space, so the right side of eqn III.7 shall be integrated
further in space;

Fig. 6. State of probability density of interference
fringes changing with phase of an electron. Of the six
diagrams, only the top 50 : 50 figure has a visibility
value of 1. In the bottom diagram 100 : 0 shows
Pvis = 0, therefore no interference fringes are observed.

1

N

∫ ∞
−∞

∫ 2π

0

(
cos2θ · J0(kr1) + sin2θ · J0(kr2)

)2
dθdx ,

(III.8)
where N is a normalization constant.

D. Expected results

Let us reconfirm “the electron phase” in this research.
As seen in subsection III A, an electron has an internal
structure. Each of the two spinors radiate its energy
harmonically through time-dependent oscillation. There-
fore, one electron obtain the phase of oscillation.

Figure 5 illustrates how two bare electrons pass
through the double slit. The summation of the ampli-
tude of the two bare electrons is set to the value 100.
Numbers in red letters indicate the distribution ration
of the amplitude of both bare electrons. A red number
of 100 means that all the energy possessed by the bare
electron passes through either the left or right slit with
100 percent amplitude value. This means that an elec-
tron passes only through the slit on each side with whole
energies. As noted later, no interference fringes are ob-
served when passing through the slit at this phase.

However, when bare electrons pass through the double
slit at a ratio of 50 : 50, the situation is the same as
a plane wave passed through. In other words, waves of
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Fig. 7. The summation of six sample patterns
represented in Fig. 6. The value of Pvis is not equal to
1 as noted in Fig. 2. (Yellow dashed circles)

the same amplitude traveled the double slit. Therefore, if
the electrons are ejected from the electron gun in phase, a
clear interference fringe with Pvis = 0 would be observed.

In phase 0π (Fig. 5), spinor 1 (Te1) occupies all
the energy of the system in the electron. In phase
θphase at Biprism = 3/2π, the ratio of amplitudes is the
same as in phase 1/2π.

Applying the electron model to the double slit experi-
ment, interference fringes would not appear at a specific
phase. On the specific phases, each of Aspinor1 or Aspinor2

equal to zero.

E. Simulation results

In this subsection, we will demonstrate by simulation
what the fringes look like for the 6 sampled phases at
equally angled radians (see Table. I). The simulation
results are shown in Figs. 6 and 7.

The difference of the interference fringes generated
when two different amplitudes enter the double slit is
clarified. Let us verify by computer simulation what kind
of interference fringes appear depending on the phase of
the electron. The program is described by Python and
its source code is noted in the Appendix.

Fig. 6 shows how the interference fringes change de-
pending on the phase of the electrons. Fig. 7 shows the
total value of the sampled six patterns.

The intensity was not zero value on the troughs of the
fringes. This indicates that interference fringes with per-
fect contrast could not occur in electron experiments in
principle.

These results enforce the basis that the visibility in
the two-slit experiment with spinor particles could not
obtain value zero in theory.

Table. I. Six radians as samples.

radian Aspinor1 : cos2θ Aspinor2 : sin2θ

0.785 0.500 0.500

0.628 0.655 0.345

0.471 0.794 0.206

0.314 0.905 0.095

0.157 0.976 0.024

0.000 1.000 0.000

Table. II. Order of each particles. (E ∝ A2)

Spinor1 Spinor2 Vector

Energy cos4(θ/2) sin4(θ/2) sin2 θ

Order 4 4 2

Amplitude cos2(θ/2) sin2(θ/2) sin θ

Order 2 2 1

IV. DISCUSSION

A. Amplitude order of spinor and vector particles

Generally, the displacement of a simple harmonic oscil-
lation takes the position of A at the upper limit and –A
at the lower limit with reference to the origin. Trigono-
metric functions are useful for expressing the domain of
displacement, for example:

x = A sin(ω0t+ δ), ω0 =

√
k

m
(IV.1)

where ω0 is angular frequency, δ is initial phase, k is
proportional constant, and m is mass. The order of the
trigonometric function in eqn IV.1 is primary. Therefore,
the domain, x, takes values from A to −A, because −1 ≤
sin θ ≤ +1.

Referring to eqn III.2, the first and the second term on
the right side which are represented to the spinor particle
are a forth order of trigonometric function, cos4(θ/2) and
sin4(θ/2). On the other hand, the third term which are
represented to the photon are second order, sin2 θ.

As we have seen so far, bare electrons, which are Ther-
mal Points, must have an energy fluctuation range of 0
to A. Because it does not become negative TPE value.
Therefore, it may be reasonable to use a second order
rather than a first order of trigonometric functions.

Refer to eqn III.1 to reinforce this idea. Spinor parti-
cles taking an angle (θ / 2) are represented by the fourth
order of trigonometric functions, sin4(θ/2). On the other
hand, a vector particle taking an angle θ is represented
by the second order of trigonometric functions, sin2 θ.
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This definition yields the following hierarchy. That is,
since the energy is directly proportional to the square
of the amplitude of the oscillators, i.e. (E ∝ A2). The
energy of spinor particles are expressed by the fourth
order of trigonometric functions, and the amplitude of
the spinor particles are expressed by the second order of
trigonometric functions.

The sum of the three terms represents the energy value,
despite the fact that the trigonometric functions have dif-
ferent dimensions. The total value of both constitutes are
the unit of energy, even though the trigonometric func-
tions have different dimensions. Table. II summarizes
the relationship of these particles’ orders. It is the re-
lationship between energy and amplitude considered in
this research. Validity of assign both cos2 θ and sin2 θ as
weighting variables (eqn III.5 ) would need further study.

B. Prediction of the difference between
experimental results for photons and electrons

While the double-slit experiment of photons observes
the interference fringe of Pvis = 1. How should we
consider that the double-slit experiment of the electron,
C60 and helium atoms build-up the interference fringe of
Pvis 6= 1 (see Fig. 2)?

This subsection highlights the difference between the
visibility of interference fringes occurs between photons
and electrons, which depend on the structure of the elec-
tronic model from the previous study. This is because
there are a pair of bare electrons in the electron, and
these bare electrons constitute a model that vibrates by
emitting and absorbing energy. This phenomenon occurs
in spinor particles but not in vector particles. This is
because there is no thermal radiation with TPE in the
vector particle.

Till date, the wave generated by the particle is re-
garded as a plane wave until the particles reached the
double-slit. It is assumed that the wave takes equal am-
plitude values when passing through the double-slit. In
this study, this phenomenon would be considered to be
that two spinors, which are virtual spinners and bare
electrons, split into two directions and pass through each
of the double-slit.

V. CONCLUSION

In this study, we can explain why the interference
fringes produced by electrons passing through the double-
slit do not have (V isibility) = 1. According to the previ-

ous study [2], we could get a clue which slit the electron
passes through and the reason why no interference fringes
appear when the electron is measured. That is, the ex-
periment to determine which slit the electrons passed
could be measured only when the phase of the electron
is an integer multiple of π. In other words, in the phase
θ = nπ(n = 0, 1, 2, ...), electrons pass through either the
left or right slit. This is the case when W1 = cos2θ = 1
or W2 = sin2θ = 1.

Furthermore, this study suggested that the interfer-
ence fringes obtained when photons or electrons pass
through the double-slit could be different. In the ex-
periments of photons, very clear interference fringes ap-
pear. This may be considered these experiments obtain
(V isibility) = 0. The difference between the two kinds
of particles may be due to the fact that the electrons are
fermions, on the other hand, the photons are bosons.

This is because the interference fringes generated by
photons would be equal intensity at the point of both
slits, and it is reasonable that the conventional plane
wave could be assumed.

However, in the double-slit experiment using electrons,
what this research would like to emphasize is that the two
bare electrons’ intensities differ depending on the elec-
tron’s phase when they are passing through the double-
slit.

As proof that reinforces this issue, the C60 molecules
double slit experiment gives us an example [5]. In the
C60 experiment, striped patterns are observed on the
left and right around the origin. And there is no clear
dark line between stripes which indicated Pvis is not zero
value. In the double-slit experiment using Helium atomic
beams [6], interference fringes without clear dark lines
observed as well. The discussion in this study should be
further explored that differences in visibility observed in
the double-slit experiments with photons and electrons.

One way of verifying the validity of this electron model
is to control the electron phase in which the test elec-
tron emitted from the electron gun passes through the
double-slit. If it becomes possible to control the phase of
electrons on which passing through the biprism, it will be
possible to change the visibility of the interference fringes
intentionally. In the above case, even if one side of the
double-slit is not closed, i.e., both slits are open, the
double slit experiments could yield without interference
fringes.

If technology improves, it will be possible to verify the
difference in the characteristics of the interference fringes
build-up by electrons and photons. That is the technol-
ogy which can adjust arbitrary phase of electrons passing
through the double slit. Furthermore, it will be possible
to perform double-slit experiments of electrons without
interference or with complete contrast fringes.
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VI. APPENDIX

Fig. 8. The source program of Fig. 6. The interference fringes were simulated in lines from 16 to 22.

Fig. 9. The source program of Fig. 7. The value of the vertical axis (Intensity) was omitted near the origin. This is
because the simulation values interfere near the origin. This situation was described in the sixth line, where the plot
range of the vertical axis was from 0.00001 to 0.00016.
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Fig. 10. The result of the simulation which plotted the horizontal axis from the origin. Since the peak value of the
intensity was recorded strongly around the origin, it was difficult to find interference fringes. This was due to the
characteristics of the zero-order Bessel function. Therefore, in this research, intensity was collected at a place away
from the origin.

Fig. 11. The source program of Fig. 10. This source was changed lines 16 and 17 of Fig. 6. In this research, the
value within the blue circle was set to 4000 instead of 0. This change made it easy to obtain interference fringes
because the intensity was clearly observed away from the origin.
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