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A circularly polarized electromagnetic wave can spin conductors if they are not cylindrically
symmetric. We tested this idea in experiments, showing the effect is efficient and occurs at practical
microwave powers. Symmetric conductors fail to spin, while asymmetric conductors do. The wave
angular momentum acts to produce a torque through an effective moment arm of a wavelength,
so longer wavelengths are more efficient in conveying angular momentum. Conducting figures of
revolution can be spun if they are cut to produce asymmetries. We spun symmetric objects only
if they had a substantial material absorption coefficient. We compare with the theory of Konz and
Benford and find agreement in both qualitative and quantitative aspects.
PACS numbers: 41.20.-q,41.20.JB

INTRODUCTION

Circularly polarized electromagnetic fields carry both energy and angular momentum. The wave angular momentum
L acts to produce a torque through an effective moment arm of a wavelength, so L = N hk, with N the photon number.
The wave energy is E = N hω, so the ratio of L/E imparted by a wave is L/E = 1/ω. Therefore, longer wavelengths
are more efficient in producing spin. (See references [1–8].)
Much recent work has focused on electromagnetic handling of small, absorbing particles, using helically phased
beams carrying both orbital and spin angular momentum [11–15]. The aim of such work is to manipulate microscopic
objects, usually made of birefringent or absorbing materials, eventually to drive molecular motors. Such handling
typically uses a high numerical-aperture microscope, whereby the electromagnetic gradient force confines a dielectric
particle near the point of highest light intensity in a radial gradient, leading to azimuthal motion of the orbit. The
particle itself does not usually spin unless it is on the beam axis, a difficult positioning feat.
Generally, helically phased beams make this handling possible, and carry orbital angular momentum, since the
beam’s wave fronts are not perpendicular to their propagation. This requires phase coherence, but lacking it, beams
can still carry spin angular momentum from their circular polarization. In a paraxial approximation these angular
momenta simply add. Paterson et al. [7] used this to trap and force particles to orbit about a beam axis.
Azimuthal orbiting motion is driven by orbital angular momentum. This is clearly distinct from spin angular
momentum, though for dielectric particles both forms of angular momentum are transferred with the same efficiency,
given by an angular momentum absorption coefficient [6]. Orbital angular momentum can be ”extrinsic” when
it depends upon the defined symmetry axis, while spin angular momentum is ”intrinsic” and rotates the objects
themselves.
Here we study only spin angular momentum from plane waves, but including the reflection and diffraction of objects,
mostly conductors. Most works have restricted application to tiny objects and laser wavelengths. We use large (0 >
cm) objects and microwaves.
Our experiments show a new method of rotating objects themselves, due to interference of reflected and diffracted
waves with incoming electromagnetic waves. We use polarized, phase incoherent, nearly plane waves, eliminating
orbital angular momentum in the incoming wave. Once a wave reflects or diffracts around obstacles, the physics
alters. Since handling objects is the practical goal, this becomes crucial.
The wave angular momentum imparted to the conducting object scales as λ, the wavelength. Here λ should be
of the order of D, the transverse scale of the (asymmetric) object for efficient coupling. This arises because a wave
focused to a finite lateral size D generates a component of electric field along the direction of propagation of magnitude
(λ/D) times the transverse electric field, as long as D exceeds the wavelength. The spin frequency S of an object
with moment of inertia I grows according to
2P (t) α
dS
=
dt
I ω
where P is the power intercepted by the conductor and α is the absorption coefficient.
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Konz and Benford generalized the idea of absorption to include effects arising from the geometric reflection and
diffraction of waves, independent of the usual material absorption[2]. They proposed a symmetry rule governing
wave angular momentum coupling to conductors, which have by definition tiny material absorption. They argued
that axisymmetric perfect conductors cannot absorb or radiate angular momentum when illuminated. However, any
asymmetry allows absorption, so that even for perfect conductors α > 0 purely from wave interference effects.
They investigated the conditions under which a circularly polarized wave field transfers angular momentum to a
macroscopic object, using exact electromagnetic wave theory. Using rigorous solution of the boundary value problem
for reflection from a perfectly conducting infinite strip, and from an infinite wedge, they showed that waves convey
angular momentum at the edges of asymmetries. Such absorption or radiation depends solely on the specific geometry
of the conductor. They termed this geometric absorption. Conductors can also radiate angular momentum, so their
geometric absorption coefficient for angular momentum can be negative. The geometric absorption coefficient can be
as high as 0.5, much larger than typical simple material absorption coefficients, which are typically ∼ 0.1 for material
absorbers such as carbon, and ∼ 0 for conductors.
We subjected their theory to experiments that spun differently shaped carbon and aluminum sheets suspended
on threads, illuminated by circularly polarized microwave beams. The variables explored are various shapes (discs,
‘roofs’, strips, cones), both intact and with ‘cuts’ chosen to optimally interrupt currents on the conductor’s surface,
to produce maximum absorption.
APPARATUS AND MATERIALS

A schematic of the experiment using a low friction rod is in Fig.1. The major systems are: High power microwave
generation system; microwave waveguide connection assembly and input into the experimental chamber; experimental
chamber with conducting object, vacuum and data acquisition system.
The microwave power source was a CW klystron amplifier (Varian VA-864) with maximum power of 10 kW at 10.6
GHz. The klystron has a 17 kV power supply and a water cooling system (8 gal/min) with heat exchanger and water
pump. The waveguide assembly uses WR90 waveguide and waveguide components in X-band (23mm × 10 mm).
In our first experiments we used the open end of a waveguide with flange as a microwave input in the experimental
chamber. A high power microwave pressure window assured atmosphere-vacuum separation. The output microwave
power we measured using a directional coupler (−60 dB) and thermistor power meter (model 432A) manufactured by
Hewlett Packard Co. The experiments used power levels up to 2300 W. The critical issue in measuring small torques
is to use low friction supports, or else very thin threads. We applied both techniques as experience warranted.
Low friction rods with magnetic support. The idea here is to use a lift force provided by a magnetic field to offset
gravity, thereby reducing the total normal force necessary to support the conducting object assembly. Thus the torque
due to the frictional force at the base of the rod will be significantly reduced and less microwave power will be needed
to spin. The rod holding the object we placed on a special low friction base, described below. The rod was supported
vertically by the magnetic field of the permanent magnet, placed on supports above the object. For the microwave
spin experiments we used objects made of carbon fiber material manufactured by Energy Science Laboratories. In
particular, we used a C-C microtruss cone with areal mass density 19.6 g/m2 . For the conductor experiments we used
common aluminum foil with areal mass density of 30 g/m2 .
Thin thread suspension. Here the object was suspended in the vacuum chamber on a thread of carbon fiber or of
kevlar fiber. (Fig. 2)
The fiber thread attached to the object with high vacuum epoxy. The carbon fiber of about ten microns thickness
was very difficult to handle due to its extreme fragility and stiffness. Each conducting object and its attached fiber
were used only once and repositioning was difficult. Bringing the chamber up to atmospheric pressure completely
destroyed the object-carbon fiber connection. Kevlar fiber thread is much easier to work with–more flexible, strong
and not as brittle as the carbon fiber. The conducting object-Kevlar fiber connection survived several experiments.
The conductor we centered at the peak of the microwave power distribution and normal to the microwave beam. We
avoided surface contamination.
Our experiments used both the support systems described above. Overall, threads gave our best results.
We studied objects of different materials including carbon fiber material (carbon-carbon microtrusses from Energy
Science Laboratory Inc., CA), aluminum foil and aluminum coated Kapton (courtesy of ORCON Corp., CA). Most
of the experiments used aluminum foil conductors in an evacuated chamber under vacuums of 2 to 5 ×10 −5 Torr. to
avoid thermo-molecular effects.
We used two types of microwaves: the linear polarized wave of TE10 mode radiated from the open end of the
waveguide, and a circular polarized wave of TE11 mode radiated from a circular waveguide or horn.
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Modeling. When using the thread suspensions we saw clear diffraction nulls and maximas above the hanging objects.
These were revealed by bright spots on the hanging thread, spaced about a wavelength apart–a heating effect tracing
out the patterns expected.
We used a simple model of rotational motion to find quantitatively the angular momentum transfer. We assume
that only reflection takes place and there is no absorption of the microwaves by the object material, a very good
assumption for aluminum. The mechanical equations of motion are
I

Tthread = −kθ θ;

∂2θ
= Tthread + Trf + Tdamping .
∂t2
Tdamping

∂θ
= −ν ,
∂t

Trf = α

(2)
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where I is the moment of inertia of the object, Tthread is the restoring torque of the fiber, Trf is the torque due to
microwaves, Tdamping is the damping torque, kθ is the torsional spring constant, ν is the damping constant, α is the
coupling coefficient relating the microwave power on the object, Ps to the applied torque, c is speed of light, and λ is
the wavelength of microwave beam. At a certain total power of the beam Pt and respectively, power on the conducting
object Ps , the object will rotate to a maximum angle θm . Then the coupling coefficient is
 2   

cIπ
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For practical use we can also define the efficiency coefficient as the total use of all beam power, including that power
which misses the conducting object entirely.
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This coefficient gives the efficiency of using the total beam power to spin the conducting object, a number that may
have practical implications.
By observing the motion of spun objects, we determined the mechanical properties of each thread. By timing the
oscillations and damping of the system we found I for each object, the torsional spring constant k θ , the damping
constant ν, and so calculated α for each power level. Particularly we investigated the effect of both shape and ‘cuts’
in the basic form to influence current patterns on the different forms like a cone, roof, strip, and square.
SPIN EXPERIMENTS

For a qualitative test, we illuminated each hanging object from below with the microwave beam. Asymmetric
objects, or those of absorbing material (carbon), spun in the direction of the circular wave polarization. The spin
direction reversed if we reversed the direction of polarization. Linear polarization yielded no rotation. Before studying
conductors, we checked the method with an absorbing carbon cone.
Carbon cone sail test. The carbon fiber material (carbon-carbon microtruss) cone should spin under the influence of a
polarized microwave beam, due to absorption of the microwaves by the carbon fiber material. The experiment used a
carbon cone of mass 0.056 g hanging on a kevlar fiber thread. The cone had a base radius of 2.4 cm and a cone angle
of 90◦ and hung 5.5 cm from the horn of the polarizer. Irradiated with the polarized microwave beam, it rotated in
the direction of the wave polarization. (Fig. 3)
Taking parameters of the motion from the linear regime, we determined the coupling coefficient for the carbon
cone. For example, by calculation the moment of inertia of the cone is Ic = 1.6 × 10−8 kg cm2 and the observed
maximum displacement angle is Θm = 50◦ at beam power Pt = 50 W (Ps = 15.3 W). Using the period of oscillation
without microwave power, τ = 107 s, we used the model equations to find the calculated coupling coefficient α = 0.01.
Since the measured absorptivity of carbon in the microwave is 10%, the rotation is due to simple absorption of the
microwaves by the carbon fiber material. This agreement checks our basic picture.
Aluminum Conducting Strips. Strip conductors of aluminum foil had areal density σ = 3 mg/cm2 , with length
L much larger than width w. The maximum angle of displacement, θm , from the initial position of the conductor
we determined experimentally for each power level of the microwave beam Pt . The rotation we recorded by a video
camera and then displayed on a TV screen, yielding a measurement of the angle of displacement for each power level.
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TABLE I: Strip Conductors: Coupling Coefficient α with and without cuts
Strip (Al foil)

Moment of
Coupling
Inertia, kg × cm2 Coefficient
4.38 ×10−8
0.15

3 cm × 8 cm,
without cuts
3 cm × 8 cm,
4.38 ×10−8
2 cuts longitudinal
(2.5 cm each)
3 cm × 8 cm,
4.38 ×10−8
6 cuts transverse
(1 cm each)

0.65

0.34

We calculated the microwave power intercepted by the conducting object Ps , accounting for conducting object size
and its position with respect to the horn. After power was turned off we measured the period of oscillations of the
conducting object, τ .
The Konz-Benford theory shows that transfer of angular momentum from the microwave beam to the strip conductor
depends on the relative size of w, the width, and λ the wavelength. The smaller the width the higher is the coupling
coefficient. However, the efficiency of using the beam power decreases with smaller width and peaks for w ∼ λ/2. We
could not vary λ to check this further.
We determined the value of the coupling coefficient using the above equations. (Fig. 4) The curve is from the
theory of Konz and Benford. Both α and efficiency coefficient  are shown to an accuracy within 20% or less. The
efficiency coefficient (Fig. 5), is low. Agreement with theory is good near the peak, but theory overestimates at higher
widths. This is probably because the exact theory is for perfectly plane waves, circularly polarized, and a strip of
infinite length. For higher widths w/λ ∼ 0.3 this approximation is not good and the experiment of course omits the
coupling at greater distances from the strip axis. We then expect that it will overestimate the total coupling, even
though the experiment will also include the small torque effect at the strip ends.
Aluminum roof-shaped conductors. We investigated a ‘long’ (L = 6 cm) roof and a short roof (L = 3.4 cm),
suspended by several different types of thread. The dependence of the coupling coefficient on its opening angle, β,
tells of the effect of multiple reflections within the roof. (Fig. 6)
Aluminum roofs behave similarly to a strip of size equal to the base area of the roof, but with structure due to
reflections. The predicted curve is from the theory of Konz and Benford.
Results for the larger and long roofs (r = 3.5 cm, L = 6 cm) have prominent maxima, as the reflection effects are
more expressed. The ratio of the roof height to the wavelength is important and the ratio of the width of the roof
base to the wavelength is important also. The maxima correspond to the roof angles 40 ◦ and 90◦ , where the roof at
its base is or the height of the roof is λ (within 20%).
Clearly there are diffraction and reflection effects and it looks like they could be competitive for certain cases. For
example, concerning the shorter roof (3.5cm × 3cm), the plot for the coupling coefficient resembles that for the strip.
It seems that the diffraction of the wave by the short roof (L = 3 cm) overshadows the reflective effects, due to the
roof angle (height of the roof), and the roof conductor behaves much like a strip conductor.
Fig. 7 shows the total efficiency  of beam power use vs. roof angle. This can be an important practical design
element. The two peaks occur where the roof width at its base is λ (120 degrees) or λ/2(50 degrees). This implies a
cavity-like resonance effect for the roof.
Conical Conductors. We conducted many tests with cone conductors of aluminum foil. The Konz-Benford theory
holds that completely symmetrical objects (bodies of revolution) should not spin when irradiated by circularly polarized wave. We did not observe any movement when we increased the beam power up to 1100 W, whereas powers of
∼ 20 W could spin strips and roofs of comparable mass. This confirms that symmetric conductors cannot be spun.
Asymmetric Cuts To investigate the effect of cuts in the conductor surface, which can interrupt surface current
patterns, we studied strips slotted along the width or along the length of the squares and strips.
Slotting the conducting strip increases the coupling coefficient. The increase depends on the size of the cut, the
number of cuts and the spacing of the cuts. See Table 2 for some examples.
We also cut cones in various ways (Fig. 8). For a given aluminum cone, an areal cut does not significantly increase
the coupling coefficient, even if it significantly destroys the shape and consequently the symmetry of the conductor.
But several line cuts (thin slots in the foil surface) will increase the coupling by a factor ∼ 10. This suggests that the
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TABLE II: Square Conductors: Coupling Coefficient α for with and without cuts
Strip (Al foil)

Moment of
Coupling
Inertia, kg × cm2 Coefficient
4 ×10−9
0.10

3 cm × 3 cm,
without cuts
3 cm × 3 cm,
4 ×10−9
4 cuts (1.5 cm each)
3.25 cm × 1.25 cm, 1.2 ×10−10
without cuts

0.07
0.27

perimeter of cuts is the important element. Radial cuts give more coupling than azimuthal cuts.
Aluminum square conductor tests. Some tests used conducting squares (Table 2). Rectangular cuts in the squares
decreased the absorption coefficient α and the smaller square has a higher coefficient.
CONCLUSIONS

Our experiments demonstrate that a conducting object can be induced to spin when irradiated by a circularly
polarized microwave beam. We believe the conductors spun due to transfer of the angular momentum of the incident
microwave beam to the highly conducting surfaces, and not from the material absorption, which was ∼ 10 −5 . The
conductors we suspended on either a carbon fiber thread or on a kevlar fiber thread. As a function of the microwave
power we studied conductors of different shapes and materials and calculated the coupling coefficient α for each shape
of conducting object. Our principal results:
• Axially symmetric conductors do not spin up to power levels > 1kW.
• As expected, a carbon fiber material cone spun under the influence of a polarized microwave beam with a measured coupling coefficient of 0.1, fitting independent measurements of carbon material absorption for microwaves
in this frequency region.
• Coupling to conductors can be greatly enhanced, giving coupling coefficients of ∼ 0.1 or more, by the ‘geometric
absorption’ effect, a previously unnoticed phenomena in classical electromagnetics. Though the Konz-Benford
theory in principle allows the geometric absorption coefficient for angular momentum to be negative over a very
narrow interval of wedge angles, we could not test this reliably.
• Transfer of angular momentum from the microwave beam to a strip conductor depends on the width of the
strip and its relative size with respect to the wavelength of the beam. The efficiency of using the beam power
decreases with smaller width.
• Slotting the strip conductor leads to an increase of the coupling coefficient. The behavior of the aluminum roof
of the size we studied is similar to the behavior of a strip of a size equal to the base of the roof conductor.
• Slotting an aluminum cone can also significantly increase the coupling.
• Our experiments suggest strongly that cuts in good conductors (e.g., aluminum) constrain the circulating currents within it to the scale between the cuts. When this size is roughly a wavelength, maximum coupling occurs.
Radial cuts give more coupling than azimuthal cuts.
• Generally, our experiments agreed with the Konz-Benford theory in both qualitative and quantitative aspects.
Our experiments demonstrate extraction angular momentum from electromagnetic fields purely by reflection and
diffraction from good conductors of asymmetric shapes. Henceforth one must distinguish between an inherent material
absorption coefficient arising from an object’s composition, and a geometric absorption coefficient determined by its
shape. Geometric absorption may be significantly larger than typical material absorption coefficients.
We isolated these effects by considering good material absorbers (carbon) and good conductors (aluminum). How
do these effects interact for objects somewhere between these extremes? This seems fertile ground for future work.
We could not vary λ to check scaling. Also, although we noted increased coupling when conductors were cut, the
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scaling with perimeter length of the cuts does not appear simple. This could be a fruitful area for further study,
especially for application.
These effects promise new applications in manipulation of objects, whenever they can be handled by electromagnetic
waves of wavelengths comparable to the scale of the object asymmetries.
We thank Tim Knowles, Paul Nissenson, Christian Konz, and Keith Goodfellow for useful conversations.
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FIG. 1: Experiment configuration for objects supported on an aluminum rod resting on a low-friction mount. The conducting
object is called a “sail” to denote its lightness and we also show a propeller mounted on the same rod. These methods were
less accurate than suspending objects on thin fibers.
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FIG. 2: Conducting objects suspended by thin fibers, while illuminated by circularly polarized microwaves: cone, strip, and
roof shapes.

FIG. 3: Cone made of carbon fiber material, which absorbed angular momentum with a material, α ∼ 0.1.
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FIG. 4: Geometric coupling coefficient α vs. width of conducting strips for various horn distances, d.
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FIG. 5: Total efficiency  = α(Ps /Pt ) vs. width of the strip. This measures the total angular momentum absorption of all
beam power, including that missing the conducting object entirely.
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FIG. 6: Geometric absorption coefficient α vs. opening angle β of roof-shaped conductors. The differing error bars correspond
to different types of thread suspensions.
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FIG. 7: Total efficiency  = α(Ps /Pt ) vs. opening angle β of roof-shaped conductors.
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FIG. 8: Types of cuts: Conical conductors with an areal cut (left) and thin cuts (right). We find that the thin line cuts give
larger coupling to circular polarized microwaves.

