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Parallel analyses of matter penetrating a barrier are analyzed, one using electrodynamics, the other using quantum mechanics.
Mathematical operations are performed to show the identical nature of the phenomena of reflection above the barrier and of
penetration of the barrier in quantum mechanics and in classical electrodynamics. It is shown that, in reality, the tunneling effect is
not a “purely quantum phenomenon”.
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[IpoBeneHo mapaienbHOE PACCMOTPEHHE IMPOXOKACHHS MaTepu depe3 Oapbep METOJaMH DICKTPOJMHAMHUKH W KBaHTOBOM
MEXaHHKH. MaTeMaTHyeckd CTpPOro TIojy4eHa aOCOJIOTHAs WASHTUYHOCTh HaA0aphepHOro OTPAXKEHUS U MOAOapbepHOro
MIPOXOXKAEHHS, KaK B KBAHTOBOWH MEXaHMKE, TaK M B KIACCHUYECKON 3IeKTpoAanHaMuke. [Toka3aHo, UTO ONpeneneHne TyHHEIbHOTO
3¢ dekTa KaKk «IUCTO KBAHTOBOTO SIBIICHHS» — HE COOTBETCTBYET ACHCTBUTEIBHOCTH.
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IIpoBeneHo mapaiensHe MOCHIIKEHHS MPOXOMKEHHS Martepii depe3 Oap’ep METOZaMH eNeKTPOAWHAMIKM Ta KBAaHTOBOI MEXaHiKH.
MateMaTHYHO BHKJIIOYHO OTpHMaHa aOCONIIOTHA IAEHTHYHICTH Hanbap’e€pHOro BiIOWTTSA Ta migbap’e€pHOTO MPOXOPKEHHS SIK y
KBAaHTOBIH MEXaHIIll Tak 1 B KJIACHYHIN eJIeKTpoauHaMilli. [loka3aHo, M0 BU3HAYCHHS TYHEIBHOTO €(EKTy SIK «YUCTO KBAHTOBOTO
SBUIA» — HE BIAMOBiae MiMCHOCTI.
KJIFOYOBI CJIOBA: kBaHTOBa MexaHika, 6ap'ep, IpOXOKSHHS, BiJOUTTS, TYHEIbHUIN e(eKT.

“In questions of science the authority of a thousand is not worth the humble reasoning of a single individual”
(Galileo Galilee).

Over 450 years before the beginning of the Common Era, Empedocles said that everything on this planet was
made up of earth, water, air, and fire. A century later, Aristotle supported and built upon this theory. Aristotle’s
authority was so great that the validity of the statement was not doubted for over a millennium, until Robert Boyle did
not put into motion the modern chemistry movement. As of today, an analogous scenario is playing out regarding the
“purely quantum nature of the tunnel effect”. When quantum mechanics was only beginning to blossom as a science, it
was said that the tunnel effect could not be encountered anywhere in classical mechanics. This correct, but narrow
statement went from textbook to textbook, article to article, until it became known that the tunnel effect was a purely
quantum phenomenon, a statement which has undermined the potential of the science. Lev Okun once said that “First of
all, perverted information will inevitably lead to a mistake in some unusual situation. Second of all, a clear
understanding of the basics of science is more important than mindless work with formulas and numbers” [1].

One of the most interesting applications of the De Broglie hypothesis, as well as the Schrodinger equation is that
there is a certain probability that, when a particle adheres to quantum laws, it will occupy a space which it could not
occupy according to the laws of classical mechanics. To illustrate this, let’s analyze a particle tunneling through a
potential barrier. From the point of view of classical mechanics, a particle cannot pass through the barrier if its kinetic
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energy was lower than the height of the potential barrier. From the point of view of quantum mechanics, however, a
particle can have any kinetic energy and still be able to pass through the barrier, albeit the lower the energy of the
particle — the lower the probability of the particle succeeding. Starting from these interesting applications, the physicist
George Gamow proposed the theory of alpha decay, in which he proposed that an alpha particle has a small chance of
tunneling out of the potential well of the nucleus. From the point of view of classical physics, alpha-radiation was an
unsolved riddle, since the kinetic energy of the alpha particles, according to calculations, was not enough to traverse
outside of the nucleus’ potential well. But the detail that stumped physicists of that era most was the process’ complete
unpredictability. The alpha particle is like a prisoner held in a deep hole, constantly trying to get out. From the point of
view of classical mechanics, the prisoner’s fate is sealed. But in quantum mechanics (and, as experimentally proven, in
real life) the prisoner has a small chance of climbing outside of the hole. The problem, therefore, lies not in the ability
of the prisoner to get out, but knowing which of his attempts will succeed. This is a general overview of the
unpredictable behavior of particles adhering to the laws of quantum mechanics. It is also evident that this contradicts
modern philosophical ideas, which state that every action has a clearly predefined reaction.

The study of determinism combined with the continuous nature of our surroundings has been a pillar of modern
philosophy since the time of Spinoza. Albert Einstein, a big fan of Spinoza’s work, was surprised by the random nature
of quantum physics, and his unwillingness to accept them, put him at odds with Niels Bohr. In this situation, however,
nature itself supported Bohr and the other founders of quantum mechanics in their conflict with Einstein. The tunnel
effect seen in many experiments followed Schrodinger’s equation precisely. Later, It was determined that we owe our
very existence to this wonderful effect, as it plays a key role in the nuclear reactions that take place on the Sun. Einstein,
however, was unmoved and kept with his opinions, while the scientific community moved on.

QUANTUM AND CLASSICAL MODELS AND THEIR RESPECTIVE SOLUTIONS

So, what is the truth behind the “purely quantum” nature of the tunnel effect? To answer this question, let’s
analyze the following situation: we have a particle cannon at X — —oo which sends out matter (in the most general,
philosophical meaning of the word, a meaning that is even more general than the relativistic definition of the word,
which already encompasses substance and radiation) with the energy K .

The matter flies along the X axis, away from the cannon, and comes across a barrier, located on 0 < x < a.
Matter is neither destroyed nor created on the borders of the barrier. Let’s analyze this well-known problem from the
oint of view of quantum mechanics (left) and classical physics (right).

Quantum point of view Classical point of view
Let’s assume that the matter shot out is of the quantum Let’s assume that the matter shot out is of the classical
nature — electrons. Then, the potential barrier looks like | nature — an electromagnetic wave, and the barrier is a
this: ' , 47> n,
layer of plasma with the frequency Qe =,
me
where 7, is the density of the electron component of the
plasma, . is the mass of the electron. The plasma

0, x €]— o0; 0[U]a; +oof barrier will look like
Ux)=1"~ ’ ’ Q1) 0, x €] — o0, 0[U]at; +oo[
U,,xe[0,a] o . .
c(x)=1 4dre nO,xe[O,a] (C.1)
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Fig. QP. 1. Fig. CP. 1. ‘
Q.1 — space before the barrier, Q.II — the barrier’s space, Q.IIl | C.I—space before the barrier, C.II — the barrier’s space, C.III -
— space after the barrier the barrier’s space

Since the potential energy only depends on one | The wave propagates along the X axis, and during it’s
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coordinate, Schrodinger’s equation has the following | collision with the plasma layer Maxwell’s electric field

form [1, 2] equation has the following form [3]
I’y (x) 2m d’E (x) 1
L2+—;[K —U@p(x)=0 Q2 | —5—+—[0 -Q(x)]E,(x)=0 (C2)
ox h dx c
where ¥/(x) is the wave function, characterized by the | where E (x) is the wave component perpendicular to
following formulg: ' the electrical wave component with the frequency @,
e +4e™  on QI characterized by  the  following  formula:
, , ik —ikx
w(x)={Be" +B'e™ on QI , (Q3) Eye™ + e on ClI
Ce™ on QI E (x)= Be*™ +B'e™ ™ on C.II, (C3)
ik
m m TE e on C.II
where &’ zh—zeK,kl2 = hze (K-U,). ) |
[0
where k’ =—, k’ =—2(a)2 -Q7)
c c ’

Since matter is not created on and between X =0 and | Since matter is not created on and between x=0
X =a the probability density function and the flux | and x = a, the tangential component of the electric and
density are both continuous. [1, 2] magnetic field obtains a continuous nature [3]

dy,(0) _ dy,,(0) dE,,(0) _dE,,(0)

v, (0) =y, (0), E (0)=E,,(0),

dx dx dx dx
Q4 , (C4)
_ dy, (@) _ dy,(a) dE,, (a) _dE,,(a)
yy (@)=, (a), cll'[x = CIZC E, (a)= E ;(a), 2; = Z;IC
where H_(0,a0) =—————, j=1L11,1II .
/ k  dx

If one carefully analyzes the corresponding pairs of formulas (C.1) — (Q.1); (C.2) — (Q.2); (C.3) — (Q.3); (C4) —
(Q.4), then, from the point of view of mathematical formalism, they are absolutely identical, and therefore all future
analyses also must be identical. All that remains is to test the validity of the approximations in which the analysis will
be performed.

Performing simple mathematical calculations yields, | Performing several substitutions and transformations on
along with [1, 2], the following formula for the | [3] yields the transmission coefficient

calculation of the transmission coefficient | " \/z 2
D, = : 5 | Pe= r |2 - — =
o~ 2 — i Q) ‘(8+1)smkla+i2\/zcoskla‘
1+ { Lsin kla} 1
Zkkl = 7 (CS)
2_ g2
1+ KK sink,a
2kk,
2
where £=1- e2° .
[

The formula (Q.5) states that DQ <1. When | The formula (C.5) states that D, < 1. When kja=7n,

ka=rnn, wheren=1;2;3..., we have D, =1, | where n=1;2;3..., we have D, = 1, meaning the barrier

meaning the barrier is completely transparent to the is completely transparent to the electromagnetic wave with

2 2
material with the discrete values K, > U the frequency @), > Qeo
2 242 2.2 2
T°nh zc’n
K,=""—"+U, (Q6) W, ==+, (C.6)
2m,a a

where n=1;2;3...

where n=1;2;3...
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RESULTS AND DISCUSSION THEREOF
All quantum mechanics textbooks are absolutely right in their statement that when K <U|, we get DQ <1, but it

exists and is positive nonetheless:

1
D, = , Q.7

0 2 2 2
1+ usinh;{a
2ky

2m,
hZ

where kl =iy=i (U, —K), meaning that there exists a possibility of the penetration of the “barrier” of

potential energy by the “matter”, whose energy is lower than that of the barrier.

This phenomenon is called:

e «In classical mechanics, the potential barrier is impregnable by particles; in quantum mechanics, however, a
particle can, with a non-zero probability, move “through the barrier” (this phenomenon is called quantum
tunneling). ... The penetration of a potential barrier is an example of a process that cannot occur in classical
mechanics.» [1].

e «The wave in the first region corresponds to a particle trying to get into the second region, but the amplitude
there falls off rapidly. There is some chance that it will be observed in the second region—where it could
never get classically...This effect is called the quantum mechanical "penetration of a barrier."» [4].

e  «The fact that D does not vanish for K < U, o is a purely quantum mechanical result. This phenomenon of

particles passing through barriers higher than their own incident energy is known as tunneling.» [5].

All of this poses an obvious question: «Why is the existence of a CLASSICAL TUNNEL EFFECT deemed

. . / 1
impossible? ». After all, if @* < Qio then k, =iy =i _2(Q§U — (02) , which, when taken into account, transforms
C

(C.5) into

D = 1 , €7

¢ JEIpY: 2
1+ isinh;{a
2ky

which is identical to (Q.7). Likewise, there is an exponential decay of the amount of «matter» (the electromagnetic
wave) through the «barrier» with an effective potential energy that is larger than the energy (frequency) of the «matter»
itself.

For a clearer understanding of the situation, let’s analyze, from both points of view, the situation of a wide

. 1
barrier ya >> 1, where sinh xa= Eel @, and the transmission coefficients transform into

16K K | 20,5 W’ @ | 2o
D, =——-I]1—-——|e " .8 =16—|1—-=- e VO
o Uo[ Uo} Q8 | D, 16Qio 1 Qi e (C.8)

The formula (Q.8) gives us the value of the transmission coefficient of the quantum object — the electron - through
the wide barrier with energy higher than the energy of the electron itself. The quantum object is a wave-particle from

the point of view of quantum mechanics and therefore has the energy
2

P
K=— Q.9
2m
and, correspondingly, the de Broglie wavelength
27h
A="— (Q.10)
p
and with the corresponding de Broglie frequency
2y
Wy =——. (Q.11)
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Using the substitutions found in (Q.11) and (Q.10) on (Q.9), we see that

2,2
K- I @, 5
= (Q.12)
Then we can assign an effective barrier frequency €2 032 result of which
nQ;
U, = Wﬁ. (Q.13)
Using the substitutions found in (Q.12) and (Q.13) on (Q.8), we see that
2 2 2a
1) [0) N (o0
DQ=16Q—§ I—Q—f e vV, (Q.14)

0 0
The only difference between (Q.14) and (C.8) lies in the following: if an electron has the velocity v, then the

electromagnetic wave propagates with the speed of light ¢, while the effective barrier frequency €2 0 from (Q.14) , in

the case of a plasma layer, becomes the plasmon frequency and corresponds to QEO .

ho
Analogously, (C.8) yields (Q.8), in whichm =—-, and where K and U, oare (Q.12) and (Q.13) respectively,
c

wherev =c.

The above statements make it clear that the tunnel effect ((Q.7), (C.7)) and reflection above the barrier ((Q.5),
(C.5)) both exist in quantum mechanics, as well as in classical electrodynamics. The tunnel effect that the particles
experience is a result of their wave-like nature, which is inseparable from their corpuscular nature. The
misunderstanding relating to the “purely quantum nature of the tunnel effect” is most likely linked to the fact that in
classical electrodynamics the phenomenon would only be observed much later, when intensive study of plasma began.

The non-zero /i(# # 0) leads to a uniform description of quantum particles (ones that experience wave-particle

duality) in quantum physics, which are separated in classical physics. It is also important to remember that waves
behave similarly in quantum mechanics and classical physics. Since there is a phenomenon similar to the tunnel effect
in classical physics for waves, the tunnel effect is not purely a quantum one. A visual example of this is the situation
where a particle cannon is sending out quantum objects, that tunnel through a barrier when 7 # 0 , the objects being

photons, which have mass, impulse, concentration and so on. Correspondingly, when 7 = 0 , tunneling should not take
place, a statement which contradicts the conclusions of the classical wave theory seen above.

By the way, the analogy of the tunnel effect for alpha-particles radiating from a nucleus is, in classical wave
physics, the radiation of waves with the frequency @ by a generator located in bounded plasma with the plasma

frequency QeU > @ .In this case the wave experiences the skin effect while in the plasma, but a small part of the wave

reaches the border of the plasma and radiates.
Therefore, in the quantum realm, particles and waves behave analogously when faced with high energy barriers

{K <U, 0} and low energy barriers{K >U, 0}’ as a result of wave-particle duality. The tunnel effect for waves,

however, is not bound to the quantum realm — it is also observed when /i = 0 . In reality, the entire misconception about
the “purely quantum nature” owes its existence to the wave-particle duality which was used to explain the tunnel effect
when it was first observed, and not giving due thought to the possibility of its existence in other realms of science.
Nature has much more unity than is first made apparent by analysis of individual phenomena and the methods of
analysis that we are limited to.
The authors express their gratitude to: L. Okun — for consultations, Y. Berezhnoy — for valuable insight, and
A. Kostenko — for literature-related work and formatting.
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