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Abstract: It is possible to empirically discriminate between the predictions of orthodox (i.e., Copen-
hagen) quantum theory and the de Broglie—Bohm theory of quantum mechanics. A practical
experiment is proposed in which a single, laser-cooled ion inside an ultra-cold particle trap is either
found to be near the trap’s walls or not. Detections of the former kind would support the prediction
of orthodox quantum theory and of the latter kind would support the de Broglie—Bohm theory.
The outcome of this experiment would show which theory gives the more correct description and,
consequently, would have far-reaching implications for our understanding of quantum mechanics.
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1. Introduction

The controversy over what quantum mechanics actually tells us about the physical
world has been going on for over ninety years. This controversy is on-going because of a
continuing dissatisfaction with nonempirical aspects of orthodox (i.e., Copenhagen) quan-
tum mechanics. What has become obvious in the twenty-first century is that arguments
over these nonempirical aspects are not going to persuade the majority of the physics
community to accept any of the alternatives to orthodox quantum theory (OQT), even if an
alternative provides a clearer perspective on the nature of quantum processes. The only
way that the majority of physicists will accept an alternative to OQT is if that alternative
theory can be shown to be empirically better.

One of the main alternatives to OQT is the de Broglie-Bohm (deBB) Theory of quantum
mechanics. Contrary to a common misunderstanding, the deBB alternative is a theory in
its own right and not just another interpretation of the quantum formalism. The question
of whether deBB Theory or OQT is more correct remains unanswered [1-4]. If it could
be shown that one of these theories is empirically superior to the other then this question
would be essentially resolved.

Advances in quantum measurement technologies have rendered possible the realiza-
tion of experiments that the founders of quantum mechanics would have considered only
to be “gedanken-experiments” (e.g., tests of Bell’s Inequalities, detection of gravitational
waves). In recent decades, the trapping of single quantum particles has been achieved
and this too has greatly extended the scope of possible quantum measurements. These
advances have reached a stage where it is possible to conduct a laboratory test which can
distinguish between OQT and deBB Theory.

A proposal for an experimental test using the techniques of atom optics that can
demonstrate which of these two theories provides better empirical outcomes was made
some years ago [5]. The proposed test offers the possibility of delivering results with impli-
cations of enormous significance for our understanding of the fundamentals of quantum
mechanics. The proposal was based on different predictions made by the two theories
when quantum particles are within a sealed particle trap. However, the original testing
proposal required a free-fall environment which made it impractical. A feasible version of
this test is outlined.
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2. Background

Any comparison of OQT and deBB Theory needs to first specify what they predict.
The existence of particles is a case in point since some accounts of OQT maintain that a
particle does not exist until it is “measured”. In order to ensure the presence of one or
more quantum particles in the proposed experiment, it is sufficient that the quantum state
inside a sealed particle trap be prepared using the well-known techniques of loading and
trapping of quantum particles.

A sealed particle trap is modelled as a three-dimensional “infinite” potential well [6,7]
with zero potential inside and “infinite” potential outside the well, i.e., the particle cannot
escape. The wavefunction of a particle of mass m inside an “infinite” rectangular well of
side lengths Ly, Ly, L, with one corner taken as the origin of a Cartesian coordinate system
has the simple form [6]:

Frngn, = 8/ LXLyLZ)l/ 2 sin(ny7x/Ly) sin(nymy /Ly) sin(n,7z/L;,) exp (-iEt/h) (1)

where
E = Enpngn, = [(02/L3) + (0y?/Ly?) + (02 /L,A)] (P2 /2m) > 0 )

is the system’s energy, with ny, ny, n, =1, 2, 3, ...; /i is Planck’s constant divided by 27; and
tis time.

Since ]‘I’nxnynz |2 >0for 0 <x<Ly 0<y<Ly 0<z<L, OQT predicts that there
is a nonzero probability of detecting a particle at any position inside the potential well,
including near its walls. As the ground state (nx = ny = n, = 1) energy is greater than zero,
OQT predicts that a particle in the well will have a nonzero momentum value [8,9]. Nonzero
momentum is also required by the Uncertainty Principle as understood in OQT [10].

In deBB Theory, a quantum particle has a definite position and momentum in all
circumstances. The particle is guided by its accompanying matter wave, i.e., both wave
and particle are accepted as physical entities. When the configuration wavefunction ¥
of a spinless particle is expressed in polar form: ¥ = R exp (iS/h), where R and S are
real-valued functions of the space and time coordinates, the momentum p of the particle is
given by [11-16]:

p=mv=VS 3)

where v is the particle’s velocity. Equation (3) is a key expression in this experimental
proposal and the cited references confirm its validity in deBB Theory. (Note that the
expression for the momentum of a nonzero spin particle will have a more complicated
form.) The deBB Theory predicts that a spinless particle inside a three-dimensional “infinite”
well is at rest (in the laboratory frame of reference). This outcome is found by substituting
the S-function from Equation (1) into Equation (3), then:

p=V(-Et)=0=mv 4)

i.e., the particle’s momentum is zero and therefore it is stationary. This does not violate the
Uncertainty Principle as interpreted in deBB Theory [17].

The particle will be at rest because all of its (initial kinetic) energy has become stored
as potential energy in the standing matter wave formed inside the well [17-21]. The particle
being stationary is a clear and unambiguous theoretical prediction of deBB Theory (the energy
calculation supporting this outcome appears in Appendix A). The zero momentum result
holds for a system with many non-interacting, spinless particles and the corresponding
relativistic calculation also gives zero momentum [22].

3. Original Testing Proposal

The novel (i.e., nonstandard) design of the proposed experiment is all-important. Stan-
dard measurement techniques (e.g., detection by irradiating quantum particles) introduce
disturbances to a quantum system and thereby guarantee identical measurement outcomes
for the two theories which is why a nonstandard technique is required. The original testing
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proposal was to use evanescent light on the inside of the transparent walls of a particle
trap, generated by projecting laser beams on the outside of the trap’s walls at an angle
greater than the critical angle (see Figure 1).

vacuum Evanescent wave

glass 9

Incident laser beam | Reflected laser beam

Figure 1. An evanescent wave is formed on the vacuum side when 6 > critical angle.

Neutral atoms in their lowest energy state initially placed in the center of the trap
would be repelled if their motion took them into the evanescent waves without reaching
the trap’s walls (i.e., the atoms would be reflected elastically). Atoms close to the interior
surfaces of the trap would be detectable by small phase shifts in the laser beams reflected
from any of the (glass) walls. These relevant phase shifts are due to changes in the refractive
index because of the presence of particles near the walls in addition to the usual change of
phase on reflection. This usual change of phase () is a function of the angle of incidence 0
and for transverse electric (TE) polarized light is given by [23]:

tan(8/2) = —(sin?0 — nz)l/z/COSG (5)

where 7 is the index of refraction of the glass forming the trap’s walls. The change in phase
can be measured by interfering each reflected laser beam with a reference laser (see the
extensive references listed in [5]) where the laser beams incident on the trap’s exterior
surfaces have well-defined phases.

Aspect et al. calculated for a trap wall forming a glass—vacuum interface, using
transverse electric (TE) polarized lasers, the relevant phase shift (¢) of a reflected laser
beam is [24]: ) ,

12, ncos® p Lot A
—(;)m(m)(g)(?)ﬂn (6)
where p is the magnitude of the maximum momentum of the atoms, M is the atomic mass,
A is the incident laser wavelength, I' is the natural linewidth of atomic transition, pj, is
the incident density distribution of the “cloud” of atoms, k = (271/A) (n? sin?0 — 1)1/2,
Lsat = 27?ATc /33, Iey = (41 cos?6) I /(n* — 1), with I, being the intensity of the incident
laser beam and c is the speed of light in a vacuum.

The results of measurements made on such a quantum system would supply an
uncontroversial method of deciding between the theories. A series of measurements would
be needed over the lifetime of the trap. Detection of the relevant phase shift (as given
by Equation (6)) in one or more of the reflected laser beams would indicate that the OQT
prediction is verified whilst an absence of this phase shift would indicate that the deBB
Theory prediction is correct. The detection of these relevant phase shifts constitutes a
quantum nondemolition measurement where no extra energy is imparted to the atoms, i.e.,
energy is not gained from the measurement apparatus. This is an instance of an exchange
of quantum information between matter and light. The method proposed incorporates a
fundamental difference between this experimental test and previous tests of quantum
mechanics which have utilized standard quantum measurement techniques.

The original testing proposal also highlighted a number of technical issues. The issues
which require addressing in order to successfully conduct the experiment are as follows:
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e  Effect of Gravity
Gravity will affect an atom’s vertical motion resulting in the matter wave not forming
a standing wave pattern. Unless the effects of gravity could be counteracted without
affecting the stationary state, the experiment would need to be done in a free-fall
environment. Performing the experiment in such an environment would introduce
significant practical complications to its conduct and greatly increase its cost.

e  Vibration Elimination
Vibrations of the walls of the particle trap have the tendency to disrupt the standing
matter wave and possibly heat the atoms if they approach too near to the walls.
This could be eliminated by cooling the trap’s walls close to absolute zero. External
sources of vibration would also need to be avoided by acoustically, mechanically, and
thermally isolating the apparatus.

e  Homodyne Detection
Each of the incident laser beams used to generate the evanescent waves might be split
into two parts with one part reflected from a wall of the trap and the other part used
as a reference beam. This arrangement will greatly reduce fluctuations over what
would result by having the reflected and reference beams produced by separate laser
devices [25].

4. Discussion—A Feasible Test

Many complications would be avoided if the experiment was conducted only using
a single particle. One reason for the use of neutral atoms in the original proposal was to
have particles that do not affect each other. A practical version of the proposed experiment
could be done with a single ion rather than a collection of atoms as there will not, obviously,
be any interparticle interactions with just a single ion. This is a viable possibility as the
methods for creating isolated, trapped, one-particle quantum systems are now firmly
established [26-31].

A feasible version of the experiment would have a single ion in its lowest energy
state placed at the center of a regular, ultra-cold particle trap. The use of a single ion
has several advantages. An ion is easier to manipulate than a neutral atom and can be
readily prepared in its lowest energy eigenstate. Since ascertaining that the ion is at rest
(or not) is the experimental aim, just the detection (or otherwise) of a relevant phase shift
would be sufficient. The use of a single ion will not affect the detection of any relevant
phase shifts in the reflected laser beams as this only depends on a change in refractive
index due to the presence of the ion near one of the trap’s walls. A detailed design of the
experimental setup will, however, need to be done by leading experimentalists in the field
of quantum/atom optics.

If the OQT prediction is correct, then there will be relevant phase shifts in some
of the results obtained in a large series of sensitive measurements showing that the ion
was detected near a wall (as this has a nonzero probability in OQT). If the deBB Theory
prediction is correct, there will be no relevant phase shift as the ion would be stationary
in a region away from the walls of the trap, i.e., there will not be anything to detect. Any
doubts about this being the case should be dispelled when it is acknowledged that a faithful
measurement and any consistent theory of measurement will both produce a zero result
when there is nothing to measure.

The Earth’s gravitational field would not allow the creation of a standing matter wave
unless the effects of gravity can be negated. However, as previously noted, the conduct of
the experiment in a free-fall environment would render it impractical. The use of a single
ion can get around this problem if the particle trap is embedded in a suitably sized and
directed electric field. Such an electric field would counteract the force of gravity on the ion
allowing a standing matter wave to be formed. Techniques for setting up and maintaining
an electric field inside a particle trap are straight-forward [32,33]. The experiment could
then be conducted in an ultra-cold particle trap at rest in the laboratory’s frame of reference.
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5. Concluding Remarks

An outline of a feasible test of quantum theory using an ultra-cold particle trap has
been provided. The use of a single trapped ion would allow for a basic version of the test
to be practical where the single ion is either detected or not detected. Nevertheless, the test
will be difficult to conduct requiring not only the highest resolution and accuracy available
from laser interferometry but also a very specifically controlled environment for the particle
trap. If this experiment is properly conducted then its results should empirically refute the
prediction made by either OQT or deBB Theory.

Finally, an episode from the history of physics is worth recalling. In respect to the pos-
sibility of testing Bell’s Inequalities, it was stated by a prominent physicist in the 1960s that
these inequalities were worth taking notice of but that no competent experimentalist would
attempt to measure them [34]. Since the proposed test has the possibility of delivering an
outcome with wide-ranging repercussions for our comprehension of fundamental quantum
processes, quantum experimentalists should take care not to be similarly dissuaded from
constructing a working laboratory version and conducting this test.
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Appendix A

In deBB Theory: a particle of mass m is described by a quantum version of the
Hamilton—Jacobi equation which is derived from the time-dependent Schrodinger equa-
tion [17,35]:

—3S/0t = (VS)*/2m+V(x,t) — (h*/2m)(V?R/R) (A1)

where V is any classical potential, and the last term is called the quantum potential energy
Q. In the case of a particle inside a three-dimensional “infinite” well, its momentum
and kinetic energy are both zero and the quantum potential energy Q corresponding to
Equation (1) is found to be:

Q= —(1?/2m) (V’R)/R = [(ns*/Ly?) + (ny?/Ly?) + (n,*/L,)] (> /2m) (A2)

which is equal in magnitude to the particle’s energy as predicted by OQT (Equation (2)).
This shows that, in deBB Theory, the particle’s kinetic energy is zero having been trans-
formed into potential energy that is stored in the standing matter wave within the well and
therefore why the particle is stationary.
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