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Measurement of the Rotational Frequency Shift Imparted to a Rotating Light Beam
Possessing Orbital Angular Momentum
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We observe the frequency shiff), imparted to a mm-wave beam with an orbital angular momentum
of [/ per photon, when the beam is rotated at angular frequéncyVe show that this shift, and those
found in a number of experiments on the rotation of circularly polarized beams, are special cases
of the rotational frequency shift recently predicted by Bialynicki-Birula and Bialynicka-Birula. The
measurement also explicitly confirms a theoretical prediction by Nienhuis. [S0031-9007(98)05836-0]

PACS numbers: 32.70.Jz, 42.79.Nv

The nonrelativistic translational Doppler effect is a well orbital angular momentum when transmitted through a ro-
known phenomenon. The relative velocity between aating mode converter consisting of a system of cylindri-
source and a detector leads to a frequency shift propocal lenses. We show that this is the shift we measure and
tional to the product of the velocity and the unshiftedthat it is a special case of the rotational frequency shift.
frequency. We also suggest that the shifts observed in the work of

The angular Doppler shift associated with circularly Garetz [1,5] and others [6,7] associated with intrinsic spin
polarized light and a rotating wave plate was describedre further examples.
nearly 20 years ago by Garetz and Arnold [1]. Recently In our work the potential frequency shifts associated
Bialynicki-Birula and Bialynicka-Birula [2] predicted a with the centrifugal and Coriolis forces are eliminated
rotational frequency shift due to the uniform rotation of by keeping the light source stationary. The rotation is
an atomic system. They stress that this shift should noapplied to the light beam only, by means of a rotating
be confused with the Doppler shift observed for rotatingDove prism [8]. To rotate the beam without any associated
objects due to the rotation having a linear velocity withtranslation or angular deviation, the axis of the Dove prism
respect to the observer. Unlike the linear Doppler shiftmust be aligned to within a fraction of the wavelength
which is maximal in the plane of rotation, their effect is of the light. At optical frequencies this requirement is
maximal in the direction of the angular velocity vector extremely challenging. Therefore, we have performed
where the linear Doppler shift is zero. the experiment at mm-wave frequencies where the longer

Bialynicki-Birula and Bialynicka-Birula perform a de- wavelength eases the mechanical tolerance needed both for
tailed specific quantum-mechanical calculation for thethe rotation of the prism and for overall system alignment.
shift of the atomic resonances when an atom is rotatedn the mm-wave region of the spectrum, components
The effect occurs for atomic systems which lack rotationakuch as lenses and prisms can all be fabricated from
symmetry, but which still have stationary states in a rotatpolyethylene, which has a refractive index at this frequency
ing frame. The frequency shift is shown to be equal to theof 1.52 [9]. Consequently, it is possible to design and
scalar product of the angular frequer@yand the angular construct aroptical experiment where the wavelength of
momentum of the emitted photon in units/of They em-  thelight is several mm.
phasize that this rotational frequency shift is in addition The light source used in this work is an Indium
to any shifts between the energy levels which may aris€hosphide Gunn Diode, configured as an oscillator at
from the centrifugal and Coriolis forces associated with94 GHz [10]. An impedance-matched feed horn launches
the rotation. Consequently, for the rotational frequency
shift to be observed, care must be taken in the design of
an appropriate experiment. They suggest that the rota
tional frequency shift might be observed in a M(jssbauer—T
like regime, where the angular recoil is negligible.

In this paper we report the observation of a frequency27“
shift for a light beam possessing orbital angular momen-
tum. This orbital angular momentum is distinct from that
associated with intrinsic spin and arises from @&
phase structure within the beam, Fig. 1. This leads to ar. =0 I=1 1=3

orbital angular momentum @f: per photon [3]. Nienhuis FiG. 1. Helical wave fronts resulting from an azimuthal phase
[4] predicted a frequency shift for a light beam possessingtructure of the forme?.
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a monochromatic Gaussian beam into free space. Orbitélonts, then each rotation of the beam will change the

angular momentum is introduced into the beam by passingumber of wave fronts passing through this planelby

it through a spiral phase plate [11], the optical thicknesdHence, the frequency shift is simply equal/€d.

of which varies linearly with azimuthal anglé. The Garetz and Arnold [1] predicted that a rotating half-wave

transmitted beam has the requir€t phase structure and plate inserted into a beam of circularly polarized light re-

associated orbital angular momentum /&f per photon, sults in a frequency shift which they called the angular

which is uniform at all points in the beam [3,12]. Doppler effect. This has subsequently been confirmed ex-
We measure the rotationally induced frequency shift byperimentally by a number of groups [6,7]. The wave plate

dividing the beam in two and recording the interferencereverses the circular polarization of the beam. Although

between that transmitted through the rotating Dove prisnsometimes analyzed in terms of an energy exchange [7],

and that transmitted through a nonrotating Dove prismthe rotation of the wave plate may also be considered as

The introduction of the second Dove prism ensures thainducing a rotation of the polarization of the beam. We

the helical wave front of each beam has the same sensghould note that the fast axis of the wave plate breaks the

Consequently, interference between the beams is uniformotational symmetry of the system.

across the whole aperture. This allows the two beams Nienhuis [4] predicted that a rotating mode converter,

to be focused onto a single detector, and the interferenoghich changes the sense of the orbital angular momentum

recorded as one Dove prism is rotated. Although theof the beam, would shift the frequency of the light. His

phase structure of the beam is rotated by the Dove prism,

its polarization state remains essentially unchanged. A

simple Jones matrix analysis shows that if the prism 1A =0

is rotated between parallel polarizers the transmitted M

intensity does not vary by more than 15%. The system

is configured as a Mach-Zehnder interferometer with

polarizing beam splitters, Fig. 2. This ensures that the

light remains linearly polarized and that intrinsic spin

plays no role in our observation. >
Figure 3 shows the interference between two beams 0 m an g
with the rotation of the Dove prism. In each case the i\ =1

observed interference implies that the frequency shift is
given by, where() is the angular rotation frequency of
the beam. The slight amplitude modulation in the observed
difference frequency, particularly evident for= 0, arises
from the small change in the relative intensities of the two
beams as the Dove prism is rotated.

For a light beam with are’¢ phase structure with
[ intertwined helical wave fronts, the physical origin of A 1=2
the frequency shift is readily understood. For a beam
propagating in free space the number of wave fronts that
pass through a plane in unit time is equal to the optical
frequency. If the beam hak intertwined helical wave

<
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0 2r 4w t
stationary mm-wave TA =3
Dove prism @\ source§
spiral 0 m 4n t
d tect % phase plate FIG. 3. Interference between two beams with an azimuthal
ctector phase structure of the form’¢ after one of them has been
rotatmg Dove prlsm transmitted through the rotating Dove prism; denotes the

beam rotation angle; the curves have been plotted over one
FIG. 2. Interferometer with a rotating Dove prism for the rotation of the Dove prism, which corresponds to two rotations
observation of the rotational frequency shift. of the beam.
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lens configuration may be shown to be an image rotatom a field possessing orbital angular momentum has also

exactly equivalent to our Dove prism. Our experimentbeen shown theoretically [16] to be a specific example of

is thus a direct observation of his prediction, with thethe rotational frequency shift.

experimental merit that the Dove prism is much easier In conclusion, we report the first observation of the

to align than the lens system actually proposed. rotational frequency shift for light possessing orbital
When rotated, the asymmetry of the cylindrical lensesangular momentum. The rotation of the beam was ac-

in the experiment proposed by Nienhuis, the inversiorcomplished using a rotating Dove prism. The observation

axis of the Dove prism, and the fast axis of the wave plateextends the work of Garetz [5] to include orbital angular

analyzed in the work of Garetz and Arnold are all responimomentum and constitutes the experimental verification

sible for the rotation of the transmitted beam. The rota-of both the work of Nienhuis [4] and of Bialynicki-Birula

tion of an atomic system with an asymmetric potential,and Bialynicka-Birula [2].

as discussed by Bialynicki-Birula and Bialynicka-Birula,

produces a rotation of the emitted beam. Consequently,

these observations are all examples of the rotational fre-
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