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It is shown that the vector potential of a circularly
polarized laser causes the optical equivalent of the Aharon-
ov-Bohm effect. An estimate is made of the expected fringe
shift due to a circularly polarized laser directed through an
optical fiber in an electron diffraction experiment, and it

is shown that the effect is equivalent to that of a magnetic
field.
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1. INTRODUCTION

The Aharonov-Bohm (AB) effect [1-3] is well known to
produce a fringe shift in an electron diffraction pattern by
means of a gauge transformation into the non-trivial topology
[3] of the vacuum of the potential four-vector, A,, which is
thus shown to have a physical significance in the quantum
field theory. The gauge transformation ensures that there is
a fringe shift due to the extra electron momentum -ea (t even
in regions where there is no magnetic flux density, and
therefore no non-zero curl of the vector potential.
Here A'® is the gauge transformed vector potential with zero
curl. The AB effect is therefore based on the fact that a
magnetic flux density of any kind is invariant under a gauge
transformation. In the thirty years since its prediction [1]
and verification [2] AB theory has been developed extensively
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to include fundamental concepts such as the topology of the
vacuum [3], and the experimental development has resulted in
new methods for mapping magnetic patterns in materials such
as superconductors [41]. There 1is no reasonable doubt
therefore that A, has physical significance. In this Letter

we propose the optical Aharonov-Bohm (OAB) effect, due to a
circularly polarized laser beam, which replaces the iron
whisker, or equivalent solenoid device [2] of the original AB
experiment.  An estimate shows that the OAB effect is
feasible with a laser beam of moderate power directed between
the incoming electron beams, and contained within an optical
fiber of about a micron in radius. The basic theory of the
0AB effect is shown to be straightforward, and is based on
the text-book result [5] that a circularly polarized Taser
drives an electron in a circular trajectory, i.e., generates
a non-zero transverse momentum, a momentum which can be
worked out from the real part of the vector potential of the
circularly polarized laser. It is, furthermore, well known
[5] that a static magnetic effect generates the same type of
electron trajectory, a circle, so that under circumstances
defined in this Letter, the effect on an electron of a phase
free magnetic field (denoted B{® ) and a circularly polarized
laser is identical.

Experimental conditions are suggested under which the
existence of the 0AB can be proven uneqguivocally, by isolat-
ing from the electrons the magnetic field of the fiber quided
laser with a shield made, for example, of a ferroelectric
material. This procedure attempts to ensure that the gauge

transformed four-potential A" with zero curl is the only

laser property present in regions occupied by electron wave-
functions, and is a procedure analogous to isolating the
magnetic field in a solenoid in the traditional AB experiment
[2]. The DOAB phenomenon can in principle be developed into
a useful analytical technique by embedding the Taser carrying
fiber in a material to be analyzed, and Tlooking at the
resulting electron interference patterns.

1. FUNDAMENTAL THEORY OF THE OAB EFFECT

In its simplest form [3] the theory of the conventional
AB effect considers the electron wavefunction
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¥ =, exp(%p-r), (1)

where ¥, is its scalar amplitude, p the electron momen-

tum, z a space coordinate and % the reduced Planck constant

as usual. The electron momentum p is augmented in simple AB
theory [3] by

p—vp-eA(t), (2)

where A€ has no curl, and is generated by a gauge transfor-
mation into the vacuum of the vector potential whose cur]
defines B inside a solenoid (or iron whisker) placed in the
shadow of the interfering electron beams.

The existence of an optically generated AB effect is
based on the inference that under certain circumstances, the
direct effect on a single electron of a circularly polarized
laser 1is the same precisely as that of a real, phase free,
magnetic flux density, B®) . The extra transverse momentum
imparted directly to the electron by a field B® s

(o)
D= -eA, = ~e§21(~yi+Xj), (3)

where 1, J, and k are unit vectors in X, Y, and Z of the
Cartesian frame, and where B® := B(®k, This generates
directly a non-zero electronic angular momentum

J = erxa,. (4)

The transverse electronic momentum imparted by a circularly
polarized laser is

B(O)C
V2w

p=-e (-1sin¢ + J cos ¢), (5)

where  1is the laser’s angular frequency and ¢ its phasej
The magnetic flux density amplitude of the laser is B® //Z.
The Tinear transverse momenta imparted directly to the

electron by B®) and by the circularly polarized laser are
identical under the condition
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S

R :=(X2+Y?%)"®

Cu

and so, under this condition, the effect of the laser can be
understood precisely in terms of the equivalent phase free

magnetic field B®™ . The equivalence condition (6) is a
constraint on the vector potential of B},

(0)
A = —B—2-(—Yi x4y,  X?+Y¥? = 2k%, (7)

where x is the wave vector of the laser. This means that a
circularly polarized laser generates a field B®), and it can
be shown [6-10] that this is related to the usual transverse,

oscillating, phase-dependent fields of the Tlaser by a
cyclically symmetric set of equations

BW w1 = jglOIg®* ot cyclicum, (8)

in a circular basis (1), (2), (3) defined by the unit vectors
[111,

e = _}ﬁ(iﬁij)' e® = —:L\/%(iﬂ“i:l), e® = k. (9)

Thus B 1is the complex conjugate of B!, and B! is pure
real and equal to its complex conjugate [6-10]. The conju-
gate product B® x B 4s observed in the inverse Faraday
effect [12], and is the antisymmetric part of Tight intensity
[6]. Therefore B! 4s real and observable in the inverse
Faraday effect and vrelated magnetic effects of Tight and
electromagnetic radiation in general.

Having realized the existence of B, it is a simple
matter to adopt the conventional AB theory [3] for the fringe
shift expected from a circularly polarized laser in a fiber

as described in the introduction. We use the standard [5]
vacuum electrodynamical retlation

3
gl = (W N7 | fo |7 (10)
€,C°Ar €,C3
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where F{ is thg power of the Taser in watts, Ar the area of
the optical fiber, and €, the permittivity in vacuo in S.I.
units. In kqg. (10) I, is the Taser intensity in watts per

square meter. The flux (in weber, i.e., tesla m* ) through
the fiber is therefore

O = arplo = (AIW)3
€,C>

(11)

and standard AB theory gives the fringe shift (in meters)

=L e
Ax dmocq,' (12)

In Eq. (12), d 1is the inter-slit distance, I the
interplate distance, A = h/ (m,c) the electron wavelength, e
the charge and m, the mass of the electron respectively.

Assuming L/d = 10, then for a one micron radius fiber, Eq.
(12) reduces to '

Ax ~ 107W7 pm. (13)

For a laser of moderate power, the fringe shift of the OAB is
easily observable using contemporary pulsing methods, which
can routinely generate a power of up to 10" watts.

Equation (12) 1is the simplest description of the
optical Aharonov-Bohm effect — the shift in the electron
interference fringes of a two slit interference device caused

by a circularly polarized laser contained within an optical
fiber.

By using the standard theorem [3],
fA'dr*:foA-ds, (14)

it becomes clear that the 0AB effect can be described in
terms of a magnetic field

B =Vxa, ~(15)

and that the non-zero A, is a vector function whose curl
inside the fiber is also non-zero,
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_B(O)_ : 2 2 _C'_z
a =2 (xievs), xirv th. (16)

Therefore the unequivocal observation of the 0AB would
demonstrate experimentally the existence of the magnetic

field B'™ which is the curl of A .

DISCUSSION

Under the equivalence condition (&), the non-zero
angular momentum imparted directly to a single electron by a
circularly polarized Taser is the angular momentum due to the
magnetic field B, and can be expressed in terms of the
vector potential A&,. The field B of the laser therefore

induces a magnetic dipole moment

ZCZ
0

where y’/ is the real part of the single electron’s suscepti-
hility. It is noteworthy that this classical susceptibility
is exactly the same in form as that routinely calculated in
atoms and molecules [13]. The OAB is not of course due to
the direct action of B®) on the electron, but is due to the
gauge transformation into the vacuum of the vector poten-

tial A, associated with B® . Nevertheless, the 0AB would

show the presence of B® in the fiber in precisely the same
way as the AB shows the presence of a field B in the
traditional iron whisker [2]. If the shielding around the
fiber 1is removed, or if a free laser bheam is allowed to
interact directly with the interfering electron beams, there
is, in principle, a shift due to the field B interacting
?ggect1y with the electrons of the beam as in Egs. (3) and

Extensive theoretical work on B [6-10] has shown
that it is consistent with the principles of classical and
quantum electrodynamics, and with the conservation theorems
[5] of electromagnetism and matter. In quantum electrody-
namics it is directly proportional to the angular momentum of
the photon, & quantity (%) which 1is also phase free.
Equation (17) shows that B(*) can act directly at first order
on a single electron, producing a magnetic dipole moment.
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The OAB shows the effect of a gauge transformed vector

potential due to B® . From the standard relativistic
Hamilton-Jacobi equation of motion of e in A, [51,

m = gy/Be, (18)
where
- My 2) 2
z-(u[wm)] (19)

is a relativistic correction factor which renders Eq. (17)
correctly covariant. Equation (18) can be expressed for

@%uh/eB(OWZ < 1,, using an ordinary Maclaurin series, as a
sum of terms

2 4
m® = y/g) |1 4 M@ ', 1f M ) (20)
¥ e |y
eB{® 2\ eB!®

the first of which is Eq. (17). Equations (17) and (18) shaw
conclusively that the electron behaves in 4, as if it were
under the influence of the novel field B}, which is a
fundamental field of electromagnetism, defined by the cyclic
equations (8), and whose magnitude is B(®,
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