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The Aharonov-Bohm
effects: Variations on
a subtle theme
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The notion, introduced 50 years ago, that electrons could be affected by electromagnetic potentials
without coming in contact with actual force fields was received with a skepticism that has spawned
a flourishing of experimental tests and expansions of the original idea.
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Quantum phenomena that were once thought to limit
measurement capabilities are now being harnessed to en-
hance them and to improve the sensitivity of nanometer-size
devices. Persistent questioning and probing of quantum phe-
nomena has yielded many such advances. However, the
Aharonov-Bohm effect, a modern cornerstone of quantum
mechanics, is not yet a good example of that kind of progress.
The AB effect was already implicit in the 1926 Schrodinger
equation, but it would be another three decades before theo-
rists Yakir Aharonov and David Böhm pointed it out.' And
to this day, the investigation and exploitation of the AB effect
remain far from finished.

Our discussion of the AB ef-
fect begins with a seemingly in-
nocent question: What happens
to an electron as it passes by an
infinitely long ideal solenoid?
One might expect that the elec-

Figure 1. Two electrons passing
by a long current-carrying sole-
noid on opposite sides (along the
blue trajectories) illustrate the
magnetic Aharonov-Bohm effect.
Although the solenoid's magnetic
field (purple flux lines) is almost
entirely restricted to the coil's in-
terior, the vector potential A out-
side (tangential to the green
coaxial circles) fallsoff only as 1/r
with distance r from the axis. One
of the two trajectories is parallel
to A (at the point of closest ap-
proach), while the other is anti-
parallel. Even in the absence of
any Lorentz force on the elec-
trons, that difference produces a
quantum mechanical phase shift
between their wavefunctions.

tron is unaffected. Outside the solenoid, the magnetic and
electric fields B and E, and thus the Lorentz force, are all zero.
But in quantum mechanics one describes an interaction not
by the forces involved but rather by the Hamiltonian.

The canonical momentum in the electromagnetic
Hamiitonian has a term proportional to the magnetic vector
potential A, which is defined (with some gauge freedom) by
B = V X A. Before the AB paper, the vector potential was gen-
erally thought of as a useful mathematical artifice without
independent physical reality. Aharonov and Böhm changed
all that.
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Figure 2. Semiclassical argument for the magn t i 
Aharonov- Bohm effect. Consider the plane wavefront of a co
herent electron beam passing through and around ,I uniformly 
magnetized bar. Electrons going through the bar are deflected 
by the Lorentz force. tilting their sector of the wavefront. Elec 
trons passing outside the bar see no magnetic field, so their 
sectors remain untilted. But because continuity requires the 
three sectors of the constant-phase front to remain contigu
ous, the two untilted sectors are now di p laced along th~ 
beam di rection, which impl ies a corr sponding phase shift 
across a cross section of the beam. The phase shift thus al u 
lated in terms of the Lorentz force is the same i.J 'i that pre
dicted by the AB effect in terms of the vector potentia l A cir
cling the bar. 
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Figure 3. Electron interference pattern demonstrating the 
magnetic Aharonov-Sohm effect in an experiment that 
strictly excludes all stray fields:l A coherent electron beam 
traveling normal to the page is made to pass around a 
toroidal magnet (seen as a shadow) or through its 4-lJm
diameter hole. The magnet's superconducting cladding pre
vents all stray fields. Having threaded or passed around the 
magnet, the beam is made to interfere with a reference 
plJne wave. The resulting pattern, with the interference 
fringe inside the hole offset by half a cycle from those out
side whenever the magnet flux is an odd multiple of hl2e, in
dicates an AS phase shift of rr (modulo 2n) between the 
threading and bypassing electrons. 
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Box 1. Types and duals 
The original magnetic and electric Aharonov-Bohm effects (pan
els a and b) are type I effects in the sense that in an ideal experi
ment. the electron see no B or E fields, though it does traverse 
different potentials A and V. In their respective dual effects- the 
Aharonov-Casher effect (panel c) nd the so-called neutron
scalar AB effect (panel d)- polarized neutrons (neutral particles 
with magnetic dipole moments) replace unpolarized 
electrons, and electrostatic configurations change 
places with solenoids. lo In panel (, a neutron interfe
rometer encloses a line of charge, and in panel d, 
neutrons pass through pulsed solenoids. These duals 
are classified as type II effects because the neutron 
must traverse a nonvanishing E or B field. 

In either case, to acquire an AB phase shift, the 
electron or neutron must pass through a region of 
nonzero electromagnetic potent ial. That qllantum 
mechanical result seems to elevate the status of the 
potentials to a physical reality absent from classical 
electromagnetism. Yakir Aharonov has pointed out 
that the potentials do overdetermine the experi 
mental outcome; th phase shift need only be 
known modulo 2". An alternative view is that the 
onginal magnetic AB effect shows electromagnetic 
fields acting nonlocally. 1 

For type II effects, the wavepackets can plow 
straight through force fields, and forces are allowed 
in the Interaction. But the AB interpretation require 
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that the emerging way packets not be deflected or delay d in 
any way. Quantum mechanicall descriptions gener lIy Ircum 
vent the notion of forces. But one can use here an op I ation I 
definition of forces that might be mimicking an AS effect: If the 
interaction has produced no deflection or delay, there were no 
forces. 

Dispersion 
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Box 2. A paradox 

Yakir Aharonov and Daniel Rohrlich have posed a fully classical 
paradox that they regard as "crucial for clarifying the entirely 
quanturn interactions of fluxons [flux quanta] and charges- the 
generalized Aharonov- Bohm effect." 1! The paradox involves the 
interaction of a charge with a magnetic flux tube, just as in the 
original magnetIC AB effect. The magnetic flux tube is realized 
with symmetric charge and current distributions (see the figure 
below). Two coaxial, counterrotating, and oppositely charged 
tubes create the flux. The difference between the two tube 
diameters is negligible; they rotate in opposite directions with 
the same rim speed v. 

Outside the tubes there is no electric or magnetic field (the 
latter assuming the tubes are very long). So a charged particle 
at rest outside the tubes should stay where it is. But if friction 
between the tubes causes their 
spins to decelerate, something 
curious occurs. Faraday's law 
dictates that the diminishing 
magnetic flux inside the tubes 
induces an electric field outside. 
The electron experiences a force 
F and accelerates, but the tubes 
do not. What happened to 
Il"Iomentum conservation? 

Aharonov and Rohrlich reply 
that one must take account of 
momentum in the electromag-
netic field and "hidden" relativistic mechanical momentum in 
the tubes. Many paradoxes are based on field momentum, and 
hidden momentum is a difficult concept that has been debated 
for decades. With regard to the AB effect, identifying all the 
(relativistic) classical momentum terms and all the forces associ
ated with the interaction between flux quanta and charges is 
not easy.l l'l So experiments have an important role to play. 

Duals 
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Figure 4. In search of forces that might mimic the Illdgnetic 
Aharonov- Bohm effect, (a) electrons were sent through a 
field-free gap between solenoids, and (b) their flight times 
were measured as a function of the current flowing in oppo
site senses in the two solenoids. In the absence of current, 
the flight time between detectors is about 8 ns. If a reaction 
force from the solenoids is to mimic the AB effect, delays (or 
advances) relative to 8 ns would have to vary with urrent 
like the dashed diagonal line. Instead, the measure time 
delays are consistent with zero at all currents. Th inset 
shows that the measured spectrum of fl ight times is ssen
tially the same for low, high, and interrnediate currents. 
(Adapted from ref. 7.) 
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Still more AB phenomena 

V t' tha/lk Adam ell/Ire: fo r tht' artw(Jrk. This article it bln~d w work 
slIPl'orted Ily tllC SF 'lIlde!" , 'rnllf ITO. 0653182. 
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