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In 1984 Aharonov and Casher proposed that a beam of neutral particles with magnetic dipole
moments passing around opposite sides of a line charge will undergo a relative quantum phase
shift. This is currently under experimental investigation. Aharonov and Casher claimed that the
magnetic dipole particles should undergo the phase shift despite experiencing no classical force.
They suggested that this new effect has a "duality" with the solenoid Aharonov-Bohm effect where
charged particles passing around a magnetic solenoid experience a phase shift despite, it is
claimed, experiencing no classical force. Here it is pointed out that a magnetic dipole particle
passing a line charge does indeed experience a classical electromagnetic force in the usual electric-
current model for a magnetic dipole. This force will produce a relative lag between dipoles pass-
ing on opposite sides of the line charge, and the classical lag then leads to a quantum phase shift
in exact agreement with that calculated by Aharonov and Casher. Thus actually the proposed
Aharonov-Casher effect has a transparent explanation as a classical lag effect. It is emphasized
that the solenoid Aharonov-Bohm effect is currently the only phase-shift effect which cannot be
explained in an obvious fashion as arising from a classical lag and it is again proposed that also
this shift may actually involve a classical electromagnetic lag effect. A natural experimental conse-
quence suggested by the lag point of view is the breakdown of the interference pattern when the
lag becomes comparable to the wave-packet coherence length.

INTRODUCTION

In 1959 Aharonov and Bohm' suggested that charged
particles passing around opposite sides of a long solenoid
would suffer a quantum phase shift due to the enclosed
magnetic fiux even though the electrons move in a re-
gion free of electric and magnetic fields. This solenoid
Aharonov-Bohm effect has been verified experimentally
and has formed a justification for suggesting nonlocal to-
pological effects in quantum physics. The term
"Aharonov-Bohm effect" has now been extended from
the surprising phase shift for charged particles passing a
solenoid to include many systems where a phase shift is
not surprising. In these. latter systems classical forces
can account for the observed quantum interference shift
in terms of a relative displacement of quantum wave
packets traveling over different paths. Indeed all of the
experimentally observed Aharonov-Bohm effects, (e.g. ,
gravitational and electrostatic ), except the solenoid
effect, can be described in an obvious fashion as classical
lag effects due to classical forces. In 1984 Aharonov and
Casher suggested another Aharonov-Bohm effect which
they claimed did not involve classical forces. The pur-
pose of the present article is to point out that the author
believes this claim is in error. Classical forces account
for the proposed Aharonov-Casher effect in an obvious
fashion as a lag effect, provided one uses the usual
electric-current model for the magnetic dipole and not a
magnetic monopole model.

The Aharonov-Casher proposal appears in Ref. 5.
According to the authors the new effect has a "duality"
with the original solenoid Aharonov-Bohm proposal. In

the original solenoid effect, charged particles passed
around a neutral magnetic solenoid to give an interfer-
ence effect; in the Aharonov-Casher effect, neutral parti-
cles with magnetic moments pass around a charged line
to give interference effects. Aharonov and Casher
write, "In particular, a magnetic moment moving in the
field of a straight homogeneous charged line feels no
force and undergoes an A-B effect; the A-B phase is [in
Eq. (13)]

S~B = —f e A(r —R) dR=pk
(Heaviside-Lorentz units with fi=c =1) where A. is the
charge per unit length on the line and p the projection
of the magnetic moment along the line. "

This Aharonov-Casher effect is currently under experi-
mental investigation by a collaboration using a beam of
neutrons and a Bonse-Hart perfect silicon crystal inter-
ferometer. In the course of describing his experiment re-
cently, Professor Werner pointed out' that the magnetic
dipole p passing the line charge has an interaction p B,
where B=(v/c ) X E is the magnetic field seen in the in-
stantaneous rest frame of the particle where the line
charge A, is moving with velocity v. Now the interaction
looks like a classical energy; if there is a classical energy
involved in the rest frame of the particle, then there
must also be forces on the particles and these forces
must be evident in any inertial frame. In other words,
the claim of Aharonov and Casher that the passing mag-
netic dipole experiences no classical forces bears investi-
gation. In this paper we will show that the proposed
Aharonov-Casher effect can be described naturally as a
relative lag effect caused by classical forces on the pass-
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ing magnetic dipoles when the dipoles are described by
the usual electric-current model.

CLASSICAL MAGNETIC DIPOLES PASSING
A LINK CHARGE

P —1U pP /C

and the force F in Eq. (2) becomes

(3)

In order to understand the Aharonov-Casher proposal
as a classical lag effect, we will calculate the classical
electromagnetic forces" on a neutral particle of mass m
which has a magnetic dipole moment p in its instantane-
ous rest frame. Now in the electric-current model a
magnetic dipole must be described in terms of a second-
rank Lorentz tensor M"; in a frame in which the parti-
cle is moving with a velocity v the magnetic dipole p ac-
quires an electric dipole moment p given by'

p=(v/c) Xp

in the nonrelativistic approximation. This electric dipole
will then interact with the electrostatic field E of the line
charge according to the force law,

F=(p.V')E .

We will consider a Particle of initial velocity vp ——Upj
moving parallel to the y axis in the xy plane which
passes an infinite line of charge A, per unit length along
the z axis. The passing particle moves initially along the
line x =d, z =0, or along x = —d, z =0, corresponding
to passing on opposite sides of the line charge. We will
assume that the interaction between the magnetic dipole
and the line charge is small so that any departure from
uniform motion can be regarded as a small correction to
the rectilinear motion. For convenience we will take the
magnetic dipole p as oriented along the z axis, p=pk.
Then the electric dipole moment p in Eq. (1) is parallel
to the x axis,

bvt = AX p, i(y —d ) j2dy '

t7tc ~ (d 2+y &)2 (d 2+y '2)2

2@~ —ly Jd
flic d +y d +y

Next the relative displacement Ar of the particle from
the position for uniform motion is b, r(t)= I' dt'b, v(t'), and when the particle is far past the
line charge this is

(7)

dy 2pA, —iy jd
vp mc d +y d +y

r

~ 277pk=+J
mCUp

Thus we find that there is a relative displacement in the
direction of motion which is in opposite directions for
particles passing on opposite sides of the line charge k.
The relative displacement Ay for particles which pass on
opposite sides of the line charge is thus double the result
of (8),

4mpA,
Ay =

mCUp
(9)

B=(—vo/c ) XE (10)

where E is the field of the line charge in its own rest
frame given in (5). Then the force on the magnetic di-
pole p is'

In the analysis above we have taken the frame of the
line charge A, as the observer's inertial frame. We can
also go to the inertial frame at rest with respect to the
uniformly moving magnetic dipole. In this frame, the
electric line charge is moving with velocity vz ———Upj
and produces a magnetic field

F =(Uop/c )(BE/Bx ), (4)
F=V(R.B) .

For our situation p=pk and B in Eqs. (5) and (10) is

kUp2A.B=
c x +y2X(ix + jy )

x +y
(5)

giving, from Eq. (11),

PUp2X

where in Gaussian units the electric field of the line
charge is

(12)

The change in velocity v —vp ——Av of the magnetic di-
pole particle can be found from its acceleration a=F/m
with F as in (4) and (5)

1 t, UoP 2A, [i(y —d )+j2dy]Av= — dt'
m — c (d2+y 2)2

Here we have substituted x =+d, corresponding to the
dipole passing on opposite sides of the line charge. Now
in the approximation of nearly uniform motion for the
magnetic dipole, we may write dt ' =dy '/v

p and may in-
tegrate from y

' = —oo to y
' =y ( t ) to obtain

x +y

PUo2~ [i(y —x ) —j2xy]
c (x +y )

This is exactly the force which we calculated earlier
from Eqs. (4) and (5), and used in Eq. (6). The force in
(13) will lead to the same relative displacement as found
earlier in the other inertial frame.

AHARONOV-CASHER PHASE SHIFT

At this point we must go to a quantum interpretation
in order to make contact with the phase shift SAB com-
puted by Aharonov and Casher. We think of two wave
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packets of de Broglie wavelength A, d,z ——h/mvo. Then
the relative displacement Ay in (9) introduces a relative
phase

2~Ay

~deB

47Tpg mv 0 4~pg
mcvo h

(14)

This agrees exactly with the result of Aharonov and
Casher when we recognize that the 4~ appears from our
use of Gaussian rather than Heaviside units.

DISCUSSION OF AHARONOV-BOHM EFFECTS

The solenoid Aharonov-Bohm effect has fascinated
physicists since 1959, and the idea of nonlocal topologi-
cal effects in quantum theory has diffused widely into the
theoretical literature. However, the topological
viewpoint can be viewed with scepticism when it is real-
ized that all but one of the experimentally observed
effects can actually be accounted for by classical forces
which lead to relative particle lags. Only the solenoid
Aharonov-Bohm effect is claimed to involve no velocity
changes for the particles passing along different paths
and this claim is disputed. '

In 1984 Aharonov and Casher suggested an
"Aharonov-Bohrn effect" which they claimed did not in-
volve classical forces; hence it could not be viewed as
arising from a classical lag effect. In this paper we have
shown that the Aharonov-Casher claim is in error. Ac-
tually their proposed effect has a transparent explanation
as a classical lag eff'ect using the usual electric-current
model for a magnetic dipole. Thus the solenoid
Aharonov-Bohm effect still stands alone in not allowing
a transparent lag explanation.

It should be emphasized just how anomalous is the
solenoid Aharonov-Bohm effect. All the other
Aharonov-Bohm effect systems involve changes of parti-
cle velocities due to classical forces. According to the
orthodox interpretation of the solenoid Aharonov-Bohm
effect, there is no velocity change as the particles pass

the solenoid, but this has never been verified experimen-
tally. Furthermore, the solenoid Aharonov-Bohm effect
is anomalous, as currently described, in declaring that
the phase shift can never be broken down by increasing
the fiux in the solenoid. On the other hand, all of the
Aharonov-Bohm effect systems based upon classical lag
efFects should show a breakdown in the interference pat-
tern when the relative lag between the particles becomes
comparable to the coherence length of the particles.
This is a natural experimental consequence of the lag
point of view which is obscured in the topological point
of view. Indeed a breakdown in the interference pattern
for neutron beams by the introduction of a retarding po-
tential in one beam of a neutron interferometer has been
reported. ' It corresponds to a breakdown when the rel-
ative lag between particles on the different paths reaches
a coherence length Ay-A/Ap~. Does one observe a
breakdown of the interference pattern for large solenoid
fluxes in the solenoid Aharonov-Bohm effect? Such a
breakdown does not appear in the usual quantum
description. If such a breakdown is observed, then the
usual no-lag interpretation of the solenoid Aharonov-
Bohm effect is untenable.

Note added in proof. J. D. Jackson has shown that all
known intrinsic magnetic moments (of electron, muon,
proton, neutron, nuclei) are caused, to very high pre-
cision, by circulating electron currents and not by mag-
netic charges [CERN Report No. 77-17, Theory
Division, 1977 (unpublished)]. I wish to thank Professor
Jackson for sending me a copy of his CERN report.
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