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ABSTRACT 

The Aharonov-Bohm and Aharonov-Cashcr effects have, in recent 
years, been subjected to experimental verification using electron as well as 
neutron interferometry. T\\\s paper summarises these effects, concentrating on 
the neutron experiments, and discusses future possibilities. 

1. The Aharonov • Bohm Effect 

In classical electrodynamics, potentials are merely a convenient 
mathematical tool for calculating electromagnetic fields of force. In 
quantum mechanics, however, potentials have a primary physical 
significance and are an essential ingredient which cannot be eliminated 
from the Schrodinger equation. In a paper entitled "Significance of 
Electromagnetic Potentials in Quantum Theory" published in 1959, 
Aharonov and Bohm1 proposed actual electron interference experiments 
aimed at exhibiting these conclusions. The phenomena predicted came 
to be known as the Aharonov-Bohm (A - B) effect, and have given rise 
to a literature of over 300 journal articles over the last 30 years. 

The essence of the experiments2 is that electrons would suffer 
phase shifts in passing through regions of space which are field-free 
but which carry non-zero potentials. The effects are of two types, the 
magnetic (or vector) A - B effect, which is discussed below, and the 
electric (or scalar) A - B effect, to which we will return in section 4. 

In Fig.la, an electron wave packet is coherently split in two and 
each of the halves passes around a region of space which completely 
encloses a tube of magnetic flux. The electron paths are thus entirely in 
field-free (and hence force-free) space. However, the magnetic vector 
potential A is non-zero along these paths and gives rise to a relative 
phase shift between the two halves of the wave packet. 

fPresentcd at the Santa Fe Meeting on the Foundations of Quantum Mechanics, 
May 27-31, 1991. 
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$ Tube of magnetic 

Fig. 1. Schematic of a) Magnetic Aharonov - Bohm experiment; 
b) Aharonov - Cashcr experiment. 

Thus, for the canonical momentum p given by p = (mv + eA/c) we 
expect a phase shift A<p = (1/ft) Jp • dx , i.e. 

A(J>AB = (e/fic) J A • dx (1) 

which may be written in terms of the magnetic field B and thus seen to 
be proportional to the magnetic flux OM enclosed by the paths: 

A<()AB = (e/fic ) J B • ds = (e//ic) 4>M (2) 

The observation of just such a phase shift has been the subject of 
several experiments, first by Chambers3 in 1960, who used crystalline 
whiskers of iron as tubes of flux inside an electron microscope adapted 
to function as an electron interferometer. Mollenstedt and Bayh 4, in 
1962, used micron-sized current-earring solenoids inside their electron 
interferometer. More recently, definitive experiments in electron 
holography, carried out by Tonomura5, employed tiny ferromagnetic 
toroids, made of thin films of perrmalloy. In all these cases the 
predicted effects were indeed observed. 

Nevertheless, extensive controversy has accompanied the A - B 
effect, in spite of the important paper by Furry and Ramsay6 which, 
back in 1960, pointed out that the A - B effect is essential for the 
consistency of quantum mechanics. (They showed that the effect is of 
just the right magnitude to destroy the interference pattern if one were 
to attempt to determine which of the two paths the particle has taken 
around the tube of flux). The interpretation of the various experiments 
also gave rise to extensive discussion and commentary because of the 
fundamental nature of the conclusions reached. The exquisite precision 
of Tonomura's experiments leaves little room for quibbles but 
alternative theoretical ideas have appeared from time to time. For a 

A 
Line of electric 

charge. 



3 

detailed summary of these discussions refer to the excellent review by 
Olariu and Popescu 7. For our purposes, it is interesting to note that 
similar discussion was engendered by some of the neutron experiments 
which concern us here. 

2 . The Aharonov-Bohm Effect with Neutrons 

From the standard minimal coupling scheme for the 
electromagnetic interaction of neutrons one would not expect a 
magnetic A - B effect for neutrons because of their electrical neutraliy. 
( q n < -0.4± 1.1 x 1 0 - 2 1 e from the experiment of Baumann et. al . 8 . 
However, a more general form of coupling may be postulated 9 

containing an additional term of the form: 

V = y(e/mc)A«p f[(p/mc) 2] (3) 

where y is a parameter to be determined experimentally, and the form 
factor f obeys f(0) = 1. The experiment mounted by Greenberger et al 9 

involved a perfect crystal neutron interferometer in a topology similar 
to that of Fig. 1. The magnetic flux was carried by a rectangular loop of 
single crystal Fe. The experiment gave a null result, with an upper limit 
to the neutron phase shift of (0.56°±0.67°) upon reversal of an enclosed 
magnetic flux of 152 gauss-cm2. From this result the upper limit of y 
was found to be less than 4.9 x 10" 1 2 - In other words, within 
experimental uncertainty, no measurable A - B effect has been found 
for neutrons. 

3 . The Aharonov - Casher Effect 

A topological effect closely related to that of Aharonov and Bohm 
was put forward by Aharonov and Casher 1 0 (A - C) in 1984. A phase 
shift was predicted to arise when neutral particles posessing a magnetic 
dipole moment diffract around a line of electric charge. Just as in the 
A - B effect there is no force acting on the electrons, in the A - C effect 
there is no force acting on the neutral particles. By comparing Fig.lb 
with Fig.la, and replacing the tube of magnetic flux with an equivalent 
line of magnetic dipoles, it is clear that the two effects may be regarded 
as d u a l 1 1 . Alternatively 1 2, one may regard the effect as a direct 
consequence of the term (u;/c x E) in the expression for the canonical 



4 

momentum of a neutral particle with magnetic moment u> in an elctric 
field E. Thus, for p = (mv + u./c x E) we obtain, for the phase shift in the 
situation of Fig.lb, 

A<{>AC= ( l / f tc)J i ixE*dx (4) 

which may be shown to be proportional to the the line charge density, 
A, encircled by the particle, viz:. 

A<()AC = (uMc) A c (5) 

where o = ± 1 depending on whether the spin is up or down with 
respect to the plane of the motion. 

Insight into the effect may be gained by writing equation (4) as a 
time integral in terms of the particle velocity v: 

A<|>AC = (1/fcc) J u . x E « v d t . (6) 

which in turn is equal to: 

A<j>AC = OMc) J (n x v) • E dt. (7) 

In this expression we can identify the quantity (1/c) (u, x v) as an 
effective electric dipole moment in the laboratory frame, acquired by 
the moving particle, and thus the integrand is the energy of its 
interaction with the electric field of the line charge. Alternatively, by 
writing the expression as : 

A<|>AC = ( l / f ic)Ju.«(Exv)dt (8) 

we may identify the quantity (1/c) (E x v) with an effective magnetic 
field, seen by the particle in its (moving) frame of reference and, once 
again, the integrand is the interaction energy. 

Provided that the spin is perpendicular to the plane of the motion, 
the effect is topological, in the sense that the phase shift depends only 
on the enclosed line charge density, A, but not on the shape and location 
of the beam paths. Consequently, a series of line charges or, in fact, a 
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prismatic electrode system may be used This was the case in the 
experiment of Cimmino et a l . 1 3 which used a 30-kV/mm vacuum 
electrode system inserted between the beam-splitter and mirror plates 
of a perfect single crystal neutron interferometer 1 4 , as shown 
schematically in Fig.2 

Fig.2. Layout of Aharonov Casher Experiment (Ref. 13) using z single crystal 
neutron interferometer. 

A variable spin-independent phase shift was produced by tilting 
the whole crystal interferometer around the axis defined by the 
incoming beam, thereby having the two beams traverse different 
potentials in the Earth's gravitational field. A supplementary bias 
magnet, M, served to give an additional spin-dependent phase shift in 
one of the beams. These refinements allowed first-order sensitivity to 
the A - C phase shift to be achieved and allowed the use of an 
unpolarised neutron beam, a very important feature of the experiment. 
Nevertheless, the theoretically predicted phase shift was only 1.52 
milliradians, because of the very small magnitude of the neutron's 
magnetic moment when compared to that of the electron. The observed 
phase shift, of 2.11 ±0.34 mrad, is in acceptable agreement with the 
prediction. Detailed descriptions of the experiment may be found in the 
papers by Cimmino et a l 1 3 and Kaiser et a l . 1 5 ; for further theoretical 
discussion refer to Goldhaber1 6. 
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4 . The Scalar Aharonov-Bohm Effect 

The electric, or scalar, A -B effect for charged particles is 
conceptually quite simple. It conerns the phase shift caused by the 
scalar potential V in the Schrodinger equation: (H 0 + V)y = ih dy/ 3t. 

Jl_4» i2(oj-|_ 

•i«ir 
Fig.3. Schematic of a) Scalar Aharonov - Bohm experiment for electrons; 

b) Scalar Aharonov - Bohm experiment for neutrons. 

Consider Fig.3a, which shows the split halves of an electron wavepacket 
entering conducting cylinders. These act, to a good approximation, as 
Faraday cages, i.e have a field-free interior no matter what electrostatic 
potential U they carry. In order to exhibit the scalar A - B effect, the 
potentials of the cylinders are made to change in a time-dependent 
manner while the wavepackets are in flight through them. Thus, if the 
cylinders had voltage pulses applied to them during that time, the 
electrons would not experience any force, but a relative phase shift is 
nevertheless predicted to develop, given by: 

A<t> = (eM)J[Ui( t )-U2(t)]dt (9) 
While few would doubt the correctness of the A - B predictions, 

the effect is of such fundamental importance to the internal consistency 
of quantum mechanics that a practical realisation of the experiment 
deserves a serious attempt. However, this in-principle simple 
experiment has not yet been carried out because of technical difficulties 
with existing types of electron inteferometer. An experiment of 
Mateucci and Pozzi 1 7 bears a close resemblance but involves forces 
acting on the electron and is, therefore, not a clear-cut test of the effect. 
Realisation with protons or ions is hindered by the lack of suitable 
interferometers for such particles. 
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5 . The Scalar Aharonov - Bohm Experiment With Neutrons 

In the experiment to be described, neutrons are used for 
exploring the phase shift caused by a scalar potential, but instead of 
V = - eU as for electrons in an electric field, the analogous term for 
neutrons in a magnetic field is employ J, viz. V = |i • B, where u, is 
the magnetic dipole moment of the neutron. Thus, consider a split 
neutron wavepacket entering solenoids, as shown in Fig.3b. If current 
pulses, i(t), are applied to the solenoids while the neutrons are in the 
force-free environment of their interior, they give rise to magnetic 
fields B(t) and the relative phase shift produced is given by: 

A* = (l/»)l[ |i»Bi(t)- |i«B2(t)] dt (10) 

in complete analogy with eq.(9). In the actual experiment, short-
duration current pulses (of a few microseconds) are applied to suitably 
designed solenoids placed inside a neutron interferometer. The counts 
detected are gated according to the position of the neutron wave packet 
relative to the solenoids at the time when the pulses were applied. The 
phase shift of neutrons which traversed the solenoids when the current 
was zero are thus compared with the phase shift of neutrons which 
traversed the centre of the solenoids when the current was at a 
maximum. For typical solenoid dimensions of ~\ cm and a neutron 
velocity of =2mm per microsecond (deBroglie wavelength ~2 A), 
magnetic fields of less than 35 gauss are required in the solenoids in 
order to give rise to a relative phase shift of K radians. 

The scalar A - B experiment with neutrons is currently underway 
at the University of Missouri Research Reactor, as a collaboration 
between the University of Melbourne and the University of Missouri -
Columbia, the research groups responsible for the A - C experiment 
described earlier. I wish to thank my colleagues, Geoffrey Opat and 
Alberto Cimmino from Melbourne, as well as Sam Werner and Helmut 
Kaiser from Missouri for their vital contributions to this work. 
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