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Abstract. In the exchange of orbital angular momentum between an electromagnetic wave and a copper
ring we examine the origin of the Angular Momentum. We then investigate the transfer mechanism between
the microwave and the object, and compare it with other mechanisms. We evidence a transfer mechanism
based on the reflection of the electromagnetic field on the copper ring. In particular, at a microscopic scale,
we show that the electromagnetic field induces alternative electric currents in the ring, with a small drift.
Although little, the resistivity of copper leads to a force that rotates the ring. The estimation of the torque,
which is of the order of 10™® Nm, is in good agreement with the experimental measurements. We also show
that the transfer of electromagnetic orbital angular momentum to objects could be a way to measure the
orbital angular momentum carried by electromagnetic fields, and we discuss possible applications.

PACS. 41.20.Jb Electromagnetic wave propagation; radiowave propagation — 45.20.da Forces and torques
— 84.40.Ba Antennas: theory, components and accessories — 42.50.Tx Optical angular momentum and its

quantum aspects

1 Introduction

Since Beth pioneering experiments [1,2] on the transfer of
Angular Momentum (AM) between electromagnetic waves
and macroscopic objects, there have been several studies
reporting mechanical torques on various objects. Whereas
some works manipulate the radiation pressure on specifi-
cally designed complex objects [3-5], most of the experi-
ments use the AM of light. It can either be the Spin An-
gular Momentum (SAM) in the microwave domain [6,7]
and in the optical domain with macroscopic [8] and micro-
scopic objects [9-11], or the Orbital Angular Momentum
(OAM). The latter has only been evidenced in the optical
domain, with micro particles [12-14] and Bose-Einstein
condensates [15]. The objects to be rotated could be bire-
fringent particles or absorbing particles in the case of SAM
exchange, and mostly absorbing particles in the case of
OAM. Indeed, purely transparent particles do not change
the helical phase front and hence do not interact with
OAM, except when they induce astigmatism or when light
is scattered [16]. The origin of the transfer mechanism, in
terms of torque, was difficult to interpret for birefringent
particles for SAM [17], but it has now been elucidated
[18-20]. It is also clear for absorption, for SAM and/or
OAM. Recently, we have reported the transfer of AM to
a copper ring in the centimeter range [21] at 870 MHz.

Since the copper ring only little absorbs radiations at this
wavelength, one may then wonder what the transfer mech-
anism is. The aim of this article is thus to investigate the
Electro-Magnetic field (EM) and the current in the cop-
per ring, to try to elucidate the AM transfer to the object
and then to estimate the torque exerted on the ring. After
describing the experimental set-up (see Sect. 2), and re-
calling few theoretical results (see Sect. 3), we present the
experimental results in Sect. 4. We then discuss them and
focus on the transfer mechanism. We finally compare it
with other transfer mechanisms (see Sect. 5) before reach-
ing the conclusion.

2 Experimental set-up

The experimental set-up, which has already been described
in [21], is sketched in figure 1. This is an adaptation of
the proposal made several years ago by Vulf’son [22]. The
EM field carrying OAM is generated by a so-called turn-
stile antenna [23] made of two 17-cm-long, 2-mm-diameter
copper dipole antennas. According to the Voltage Stand-
ing Wave Ratio (VSWR), which describes the adaptation
of the antenna impedances to the transmission lines they
are connected to, we decided to perform the experiment
at a frequency v = 870 MHz (see insert of fig. 1).
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Fig. 1. Experimental set-up. G: radio frequency generator, C:
-3 dB coupler, A: 40 dB amplifier. The experiment is performed
in an anechoic chamber. Inset VSWR versus frequency for the
two dipole antennas. The arrow at a frequency of 870 MHz
corresponds to the crossing of the two VSWR signals.

A -3dB coupler splits the signal generated from a si-
nusoidal frequency synthesizer in two, and induces a ¢; —
¢ = m/2 phase between the outputs. The two signals are
amplified by two 40 dB gain amplifiers and then sent to
the antennas. The maximum total output for each dipole
is 25 W. This turnstile antenna is usually used to radi-
ate a circularly polarized field in the axis of the antenna.
However, it also radiates an electric field carrying OAM
in the plane of the antenna. We are here interested in this
last case.

The rotating object is a copper ring (radius R = 150
mm, height H = 50 mm, thickness 7' = 0.165 mm). Its po-
lar moment of inertia is J = 8.4 10~* kgm?. The suspen-
sion is a 2-m-long, 0.5-mm-diameter cotton thread, fixed
to the ceiling. Its torsion constant is measured from the
12-min-period of the free oscillations of the pendulum. It
equals C' = 5.6 10~% N.m/°. To avoid any spurious EM
effect, the experiment is confined in an anechoic chamber
dedicated to this frequency range. Special care is taken
to isolate the set-up from any mechanical vibration. An
angular graduation is glued on the copper ring, and the
rotation is recorded on a computer via a webcam.

3 Theoretical considerations
3.1 Expression of the EM field

We have calculated the electric field radiated in the plane
of the antenna using CST simulation software [24], taking
into account the near and the far field components of the
field. The results of these simulations are shown on figure
2. Figure 2a presents the amplitude of the electric field
and figure 2b corresponds to its phase. Whereas the am-
plitude decreases according to a 1/r law in the far field,

as for the usual field radiated by a dipole [25], the phase
variation is very differently from a single dipole antenna.
On concentric circles aligned on the center of the antenna
(dotted lines in figure 2b), the phase has a 27 variation in
one turn. It thus seems that the EM field indeed carries
OAM and that the topological charge ¢ is equal to 1.
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Fig. 2. Plot of the amplitude a) in logarithmic scale (dB(V/m)
units), and phase b) of the electric field radiated by the turn-
stile antenna in the plane of the antenna, without the copper
ring. The dotted concentric circles of figure b are guides for the
eye to exemplify the 27 phase rotation.

On the other hand, the electric field could be analyt-
ically calculated. This has already been done in [21], and
can be also found in the literature, see for example [26]
and references therein. We have recalled the main results
of the calculations in order to express the AM and we have
fixed a few inaccuracies. However, in the following, the
formula expressing the infinitesimal orbital (Eq.5), spin
(Eq.7) and total AM for the ring (Eq.8) were not derived
previously, neither the torque in the following paragraph
(Eq.9). We use the cylindrical coordinates (p, 6, z), the
origin O being at the center of the turnstile antenna, e,
being perpendicular to it. The complex vector potential,
in the plane of the turnstile antenna, writes at a point M

A(Mvt) = _@j—wp

BO L2 il o, + jeg), (1)

where r = OM, w is the pulsation of the current, pg is
the dipole moment, pg is the magnetic permeability and
k is the wave vector modulus. The complex magnetic field
then writes

Ho Jw

B(M,t)=—"—=p

P o(1 — jkr)ej(k’"_“t)ej(e_”m)ez. (2)

The complex electric field writes

2(1 — jkr)e,—

E(M,t) = i@ej(]”*“’t) (3)
’ G(1 — jkr — k?r?)eq |

4meq r3

€o being the electric permittivity. These analytical expres-
sions also correspond to the simulations of figure 2 that
have been performed with CST. One can note in equation
3 that, for a given distance r from the turnstile antenna,
the modulus of the electric field is constant, its direction
rotates around z, and its phase varies as a function of 6,
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from 0 to 27 in one turn. This is in agreement with simula-
tions and experiments that have been performed on radial
slot antennas [27], in a different configuration.

3.2 Expression of the angular momenta

Let us calculate the AM density and the associated torque.
This last point has not been completely elucidated previ-
ously in [21]. From equations 2 and 3, one evaluates the
total AM density wr taking the real part of the EM fields,
wr = eor X (ExB), [25,26,28], in the plane of the antenna
at a point M. This is nothing but the vectorial product
of the Poynting vector by r. Since B is along e, and r is
along e,, one has only to consider the component of the
electric field along e,, which indeed corresponds to a near
field component. One gets

cos?(kr — wt + 0)+
k%72 sin?(kr — wt + )+
2kr cos(kr — wt + 0)x
sin(kr — wt + 0)

2w ﬁ
(4m)2 r4

WT(M, t) =

€z,

(4)

In order to calculate the torque exerted on the ring, one
has to evaluate the infinitesimal AM dJ, passing through
the ring during dt. Then one has to integrate equation 4
over the whole ring and estimate the AM crossing the ring
during dt. This corresponds to a multiplication by cdt. As
one integrates over 6, rdf being the elementary length,
the cos? term averages to m, as well as the sin?, whereas
the sin x cos averages to zero. Assuming that the EM field
keeps the same expression on the whole height H of the
ring as the one in the plane of the antenna (we have indeed
checked numerically, that the variations in amplitude and
in phase are less than 5%), this leads to a total AM on
the ring that equals to

. 2/100.1
dJ, = (4m)?

Similarly, one can calculate the SAM. To avoid any
gauge choice dilemma [25,28], one has to evaluate the
SAM density wg = egr x (E x A) considering the trans-
verse component of the vector potential only. Then, from
equations 1 and 3, one gets

2
b
r—gﬂHcdt [1+ k%] ey, (5)

2 cos?(kr — wt + 0)
+kr cos(kr — wt + 0) x
sin(kr — wt + 0)

How pj

ws(Mt) = (4m)2 rd

e, (6)

One also estimates the infinitesimal SAM dS, exerted on
the ring following the same procedure as above. This leads
to
2pow
dS, =
(4m)?

From equations 5 and 7, one deduces the infinitesimal
OAM exerted on the ring. It is simply

i
r—37TH cdtey, (7)

2[&0&1
Lr = r — r —
AL = dd = dSy = 705

P2
70]6'27THCdtez, (8)

It has to be noted that the OAM has the same expression
in the near field and in the far field, assuming that the
height of the ring increases linearly with r as one moves
further up.

3.3 Estimation of the topological charge

Although equation 4 clearly shows that the phase of the
electric field has a 27 variation in one turn, one may won-
der whether the value £ = 1 of the topological charge could
be confirmed using equation 8.

Let us imagine that OAM would have kept the same
expression as the one found in the plane of the turnstile
antenna. We now evaluate the torque over an infinite cylin-
der. Let us call ¢ the angle between the plane of the an-
tenna and the radial vector (H is replaced by 7 sin ¢d¢ in
the OAM density). Since one considers the projection of
the AM over the z axis, one should add a cos ¢. Finally,
for a given ¢, the OAM passing through the cylinder cor-
responds to thickness ccos ¢dt. Then one would have to
integrate cos? ¢singdp between 0 and 7/2 corresponding
to a half infinite cylinder and to multiply by a factor of 2
to get the whole cylinder. This would lead to a factor 2/3.
Then, the available torque would be

dLr _é How
dt 3 (4nm)2

pick’re,. (9)

From a general point of view, an EM field with a power
P and a topological charge ¢ exerts a torque that is

Iy, = (P/w. (10)
Such power is related to the dipole moment [23] by the
relation

2 4
=— 11
127reoc3p0w ’ (1)
then comparing this expression with equation 9, this would
lead to

dL,

1% (12)

which indeed corresponds to a topological charge equal
to £ = 1. This confirms that the OAM associated to the
EM field in the plane of the antenna has a topological
charge equal to £ = 1. It has been here estimated by the
available torque in a manner similar to what has been
done in acoustics [29]. This torque is a multiple integer of
the radiated power. Then, the measurement of the OAM
carried per photon leads to an integer number times &, A
being the reduced Plank constant.

| = Plw,

3.4 Paradox

However, the expression of the electric field could be viewed
as a kind of a paradox. Indeed, if one considers the far field
only in equation 3, or if one moves in the far field region,
the electric field writes

1 . .
E(M,t) = — D0ilkr—w it jp26

= 13
dmeg T (13)
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The electric field is tangential. From equation 2 the mag-
netic field is vertical. The Poynting vector is thus radial.
This erroneous back-of-an-envelope calculation would lead
to an OAM equal to zero, since the OAM is the vectorial
product of the radial vector and the Poynting vector. In-
deed, the radial component of the electric field (which is
usually said to be the near field component) only con-
tributes to the OAM, even in the far field.

The same kind of paradox also holds for Beth experi-
ment [2] for SAM. In that case, a plane wave crosses a half
wave plate. Rapidly estimating the SAM, one would say
that the Poynting vector is along the propagation direc-
tion. This cannot induce any torque on the plate which is
perpendicular to the propagation direction. This paradox
has been solved in [18]. The light beam could be Gaussian
thus having components not parallel to the propagation
direction, or the plate could have finite dimensions thus
creating diffraction and components non parallel to the
propagation direction. As a result, the components of the
Poynting vector which are not parallel to the propagation
direction, only contribute to the torque.

4 Experimental results

The experimental results have already been presented in
[21]. We have evidenced a uniformly accelerated rotation
of the pendulum, as can be seen from figure 3. In figure 3a
we have plotted the rotation versus time for three different
powers. The rotation depends on the power, as expected.
As the phase between the two dipole antennas is reversed
from +7/2 to —7/2, the sign of the OAM switches from
¢ =1to ¢ = —1. The sign of the torque then also changes.
We find experimentally a change of the rotation direction
of the pendulum. Besides, the two plots of the rotation are
nearly perfectly symmetric. When the two dipole antennas
are in phase, no rotation is observed.

Figure 3b shows the angular acceleration induced by
the EM field versus the transmitted power to each dipole.
The experimental results evidence a linear dependence
versus the power, as expected, that holds over one order of
magnitude. Note also that the linear coefficient is exactly
reverse for the other rotation direction. From Fig. 3b, for
a 25 W power, we find an acceleration of 7.8 10~% °/s?
which corresponds to an OAM torque of I, = 1.1 1078
Nm.

5 Discussion
5.1 Comparison between experiment and theory

According to the theoretical section (Eq. 10), assuming
that the total radiated power P; is twice the power emitted
by each dipole (which is of course an over estimation), the
maximum torque available would be

Iy = hN = W(P;/hv) = P;/w = 9.2107° Nm,  (14)

where N is the number of photons emitted per second,
assuming that all photon are used and that they have the

Rotation (°)

4- _

1 1 -
100 150 Time (s)

A b) e 1

=]
h

=
1

Power (W)
30

20

' 1
X &

Acceleration (10-4 °/s2)
=]

Fig. 3. a) Rotation versus time for a 7/2 (circle) and —m/2
(square) phase between the two dipole antennas for different
transmitted powers. b) Acceleration versus power for a /2
(circle) and —m/2 (square) phase between the two dipole an-
tennas.

same AM. At first glance, there is a very good agreement
between this theoretical value I}, and the experimental
one I,,. However, the height of the ring is only 50 mm,
at a distance of 150 mm, which leads to a solid angle that
equals 7/3, whereas Iy, is estimated for an isotropic radi-
ation with a solid angle that equals 47. Then, the theoret-
ical value seems to be more than one order of magnitude
under estimated.

5.1.1 Fabry-Perot effect

First, the ring is made of copper which is a nearly per-
fectly reflecting material at this frequency. It is usually
assumed that for a perfectly electrical conductor, no AM
transfer by reflection could be performed [30-32]. Indeed,
following the arguments given in these references, to en-
sure continuity of the fields, the tangential component of
the electric changes sign upon reflection, thus excluding
any inversion of the AM. Because of AM conservation, no
transfer can then be performed. Nevertheless, in our case,
the OAM is due to the longitudinal component of the elec-
tric field which does not change its sign upon reflection,
enabling for OAM change and AM transfer. This is the
same argument as the one used in [32] for SAM transfer
at oblique incidence. This leads to a transfer of 2A. This
can be evidenced on figure 4, where we have plotted the
equi-phase of the electric field for different times.
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Fig. 4. Interference effect. Evolution of phase fronts of the
electric field in the plane of the antenna, for a phase front
¢ = 0 (solid line) and ¢ = 7 (dotted line) for a) t=0, b) t=T/8,
T being the period, ¢) t=T/2 and d) t=T. Upon reflection
(t=T/2), the sense of rotation of the electric field has changed.
After a period, the field corresponds to the field at t=0. Thus
the field interferes constructively. Bold blue arrows show the
direction of the propagation of the wave.

Second, the ring is at a distance R = 150 mm from
the source, that is of the order of A/2, i.e. still in the near
field. The copper ring thus interacts with the totality of
the field. One has to consider the antenna and the field
as a whole. In order to check this hypothesis, we have
carried out calculations still using CST software taking
into account the antenna and the ring. The results can be
seen in figure 5. Actually, one can notice that in the plane
of the antenna, there is hardly any field radiated outside
the strip location. All the field is concentrated inside the
strip.

Third, since the diameter of the ring equals A, the cop-
per ring behaves as a Fabry-Perot. As already discussed,
the topological charge of the AOM is reversed upon re-
flection. It is again reversed when crossing the center of
the turnstile antenna which is at the focus of the reflect-
ing ring. Indeed, when crossing this focus, the longitudinal
component of the electric field remains unchanged. Due to
the so-called Gouy phase [33], the magnetic field experi-
ences a 7/2 phase shift for a £ = 0 Gaussian beam. This
is exactly the same experimental situation as the one en-
countered with acoustical waves [34] where they evidenced
also a /2 phase shift for a spherical wave in two dimen-
sions. For a £ = 1 topological charged beam, there is an
extra 7/2 phase shift [35]. Thus the magnetic field changes
its sign crossing the focus, leading to a change of the topo-
logical charge, in a manner similar to what can be found
in optics for cylindrical lenses [36]. This can be evidenced
also on figure 4. After the focus, the topological charge is
the same as for the incoming beam. Since the tangential
component of the electric field also changes it sign due

500 80
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R 20
R 250

0
'595900 -250 0 250 500

Distance (mm)

Fig. 5. Amplitude of the electric field in the plane of the
antenna, in presence of the ring, in logarithmic scale (dB(V/m)
units). The radius of the ring corresponds to the experimental
value R = 150 mm.

to the Gouy phase, the reflected field interferes construc-
tively with the incoming beam, leading to a Fabry-Perot
effect.

Yet, because the same EM wave serves several times to
rotate the ring, one may wonder whether energy conser-
vation might be violated. Indeed, the reflected wave, due
to the rotational Doppler effect [37], has a slightly lower
frequency. The increase of the energy of the ring due to ro-
tation is compensated by a lowering of the photon energy
that enables energy conservation. Could this variation be
detected? For a 1 Hz rotation frequency of the ring, which
is far above the rotation frequency our pendulum could
experience, the rotational Doppler shift would be of 1 Hz.
Compared with the 1 GHz microwave frequency we used
in our experiment, it is a 10~ relative variation. This is
much lower than the natural width of our frequency syn-
thesizer which is of the order of 100 Hz. The frequency
change is hardly noticeable in our case and must be diffi-
cult to unambiguously isolate and to determine.

Since the strip lies in the near field, it is quite difficult
to estimate the finesse of this radio frequency Fabry-Perot.
We have tried to determine it experimentally. Due to high
losses, the photons are only bouncing a few times. The
finesse should be lower than ten, that is a very low finesse.
Then the width of the transmission resonance frequency
must be very broad, of the order of few tens of megaHertz.
Performing experiments, the only resonance we evidenced
when we changed the excitation frequency was the width
of the frequency response of the antennas which is of the
order of 10 MHz (see insert of Fig. 1).

As for a usual Fabry-Perot in optics, and according to
figure 5, the ring position corresponds to a node of the
interfering waves. The electrons within the metal react so
as to ensure EM field continuity. Since the field is equal to
zero at the strip location the transfer mechanism could not
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be via absorption as supposed in [22]. It must be by reflec-
tion. However, the argument given above doesn’t explain
the transfer mechanism at a microscopic scale, neither the
discrepancy between the expected torque values and the
experimental observations. The EM waves must anyhow
interact with the copper ring. Since EM waves cannot pen-
etrate below the surface of the ring, the Lorentz force of
the light can only act on the charges and the currents at
the surface of the ring [32]. The next paragraph is dedi-
cated to discuss the transfer mechanism in terms of cur-
rents, taking all these effects into account.

5.1.2 Transfer mechanism

At the strip location, the tangential component of the EM
field induces an alternative current I running at the sur-
face of the strip with a cos(f — wt) variation (see Eq.3).
This current experiences a resistance thus generating an
electric field that drives the copper atoms. These atoms
then radiate an EM field to compensate for the incoming
field. Following Newton’s second law of mechanics, con-
sidering a small portion of the ring, one finds that

4?0 pgpl

darz

ROT cos(f — wt) = acos(f — wt),
Pm

(15)

where p, is the charge density, p,, is the mass density, p
is the copper resistivity. We have plotted the intensity of
the current at a given time on the ring still using CST
software, taking into account the influence of the ring.
The result is displayed in figure 6. One can clearly see
that there is an oscillating current running on the inner
side of the copper ring only. With these simulations we
are able to estimate the amplitude of the current.

Turnstile antenna

QOutside
/
I (A/m)

0.375

0.25

0.125
0

Fig. 6. Simulated distribution of the electric current on the
copper ring at a given time for our experimental set-up, for
a radiated power of 25 W. Note that the current is running
inside the ring. There is hardly any current running outside.

This current is found to be I = 0.25 A, leading to
a = 5.5 10% °/s%. This value is the amplitude of the os-
cillating term in equation 15. It is not directly linked to
the average acceleration experienced by the ring. One has
then to solve the differential equation. Indeed, a temporal
variation of the form cos(wt) would have lead to the col-
lective oscillations of the atoms of the copper ring at the
EM field frequency. However, the presence of 6 in Eq.15
also leads to a position drift. We have plotted in figure 7
the numerical solution of equation Eq.15 with the experi-
mental values. One can clearly identify two regimes. The
first one corresponds to an oscillation of the mobile with
the frequency of the radiated field. This oscillation would
have been present even with a plane wave. However, at
longer time scales, there is a drift of this oscillation. Ac-
tually the electrons are drifted due to the existence of the
phase variation of the electric field. The angle variation
resembles a parabola.

Angle (°)
A 1.15x10%
4
2 —
0 I I Ti
0 50 100 Time (s)
Fig. 7. Integration of the differential equation (Eq. 15) for

a radiated power of 25 W. The electrons are submitted to an
oscillatory force at the frequency of the EM field and a drift
that is due to the OAM.

From equation 15, there seems to be a self contradic-
tion between paragraph 5.1.1 and the current paragraph
5.1.2. In paragraph 5.1.1, we claim that the transfer mech-
anism is via reflection whereas in this paragraph we intro-
duce a dissipation mechanism via the copper resistivity in
a way that resembles to absorption.

Here, the transfer mechanism is clearly via reflection. It
can’t be via absorption for the two following reason. First,
in a perfectly conducting material, the running currents at
the ring surface would tend towards infinity. The currents
are proportional to the inverse of the resistivity. There
must be a dissipation mechanism within the copper that
accounts for the interaction of the ”free” electrons of the
metal and the periodic structure. This enables AM conser-
vation. However this absorption is far too weak to be the
main transfer mechanism. Indeed, since the reflection coef-
ficient in intensity of copper is of the order of 99,99% [23],
the absorption is in the 0.01% range or lower. Then if we
considered this absorption from the total available power,
which is of course an over estimation, this would lead to a
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torque of the order of I',p = 1074 x AN = 9.2 10~ Nm.
This is negligible. Second, as explained in the beginning of
subsection 5.1, there is not enough power available even
if all the power is absorbed and transformed to AM to
explain our observations.

5.1.3 Torque estimation

From the numerical integration of equation 15, that ap-
pears on figure 7, we estimate the angular acceleration
of the ring to a,, = 8.2 107* °/s2. The corresponding
torque is of the order of I'.y; = 1.2 1078 Nm. This value
is in very good agreement with the experimental value
I'., = 1.1 1078 Nm. This thus validates the fact that the
turnstile antenna and the copper ring should be consid-
ered as a whole system as calculated in figure 5. It also
validates that the ring behaves like a Fabry-Perot interfer-
ometer. This Fabry-Perot effect could not have been taken
into account in the calculation carried out in paragraph
3.3.

From Eq.15, since I varies linearly with the frequency,
one may think that the torque varies accordingly contrar-
ily to Eq.14. However, the numerical integration of Eq.15
gives a factor proportional to the inverse of the square of
the pulsation, leading to a linear dependence of the torque
with the wavelength.

5.2 Discussion of the transfer mechanism
5.2.1 Comparison with other transfer mechanisms

The rotation of small objects by light sources can be in-
duced either by the linear momentum or by the AM. The
first scheme takes advantages of specially shaped three-
dimensional objects and the scattering of ordinary light [4,
38,39]. The radiation pressure or/and the scattered light
exert a force that leads to a torque on such objects. In
addition to this mechanism, one can refer to thermocap-
illary propulsion observed for asymmetric microgears [40]
where the heat transfer due to the light absorption leads
to a torque effect. One can also mention the diffraction of
a plane wave on an asymmetric object, [41,42], where the
diffracted light carries OAM. Nevertheless, we are inter-
ested here in the transfer of momentum from light carry-
ing AM to objects. As for the second scheme, the mech-
anisms of OAM transfer between light carrying AM and
objects can be considered under two different aspects. The
first one relies on the determination of the origin of the
torque, whereas the second one considers the AM conser-
vation that must be always fulfilled [43]. We are interested
here in both aspects.

For SAM, the rotating objects could be birefringent or
absorbing objects. In the case of absorbing objects, the
torque is applied by the absorbed light and the AM con-
servation implies that each absorbed photon transfers h.
In the case of birefringent objects, as discussed in para-
graph 3.4, diffraction is responsible for the torque. In the

ideal case of \/2 birefringent objects, each circularly po-
larized photon flips its polarization leading to a 2A per
photon transfer. It could even be increased by a factor of
2 by adding a A\/4 plate and a mirror [1,8]. Birefringent
particles could also follow adiabatically (in a quantum me-
chanical sense, see for example [44]) a rotating polarization
[9,45].

For OAM, the transfer mechanism for absorbing or
reflecting particles relies in the twisting photons around
their propagation direction. Then each photon transfers
h for absorption and 2h for reflection as in our case. For
transparent objects the problem is of a different nature.
As already stated in the introduction, for purely transpar-
ent particles, the helical phase of the incident beam is not
changed while crossing the objects. Hence the objects can-
not interact with OAM [16]. However, when these objects
introduce astigmatism, the phase front is modified and
OAM could be transferred [46]. Besides, in those latter
cases, scattering or diffraction of OAM by these objects,
could be the transfer mechanism. Nevertheless, scattering
and diffraction also modify the helical wavefront and the
objects couldn’t be considered as purely transparent any
more. For example, a "free” cylindrical lens could rotate
under the influence of an OAM field [36]. As for birefrin-
gent objects, micro-particles can also be trapped in pat-
terns that are rotating. These particles would then follow
adiabatically the pattern rotation at a low frequency of
the order of few Hertz [47,48]. However such mechanical
rotation is not directly linked to the OAM of light.

There is another OAM transfer mechanism based on
coherent processes that has been applied to atoms. In par-
ticular, the OAM carried by a pump beam could be ab-
sorbed by an atom and then probed in a four wave mixing
experiment [49]. In the case of Bose Einstein condensates,
the absorption of a photon in an incident OAM carrying
beam could transfer OAM to the condensate by a resonant
two photon process [15]. In such processes, the transfer
mechanism relies also on absorption. Nevertheless, in a
two photon process, both beam could carry OAM [50].
Then the transfer mechanism is induced both by absorp-
tion and stimulated emission. It could also be the same
mechanism for ions [51].

In our case, the transfer mechanism is clearly via re-
flection via a 2k transfer by reflected photon. The re-
flected beam induces a current inside the rotating strip
that causes the mobile to rotate. It is very different from
other mechanisms of AM transfer. This transfer mecha-
nism resembles the transfer of AM in the case of the in-
duction motor for magnetic field [52]. Since the detection
of a tiny current can be easily carried out, this kind of de-
tection scheme can be an alternative to the determination
of an OAM EM field.

5.2.2 Torque estimation as a measure of the topological
charge of a twisted beam

In optics, the precise determination of the OAM is still
a challenging issue [53,54], for example in highly focused
geometry or for large values of ¢ [55]. There are mainly
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three different existing ways to measure the OAM carried
by an EM field. The method we have described here could
be considered as a fourth method.

The most commonly used method is via interferences
either with a plane wave [56-58] or with self interferences
[69-64], or even considering the light speckle [65]. An al-
ternative to measure OAM is by optical transformation,
operating for example the mode creation optics in reverse
[56,66—69]. These two techniques could be called classi-
cal optical methods. The third method uses the rotational
Doppler shift of the beam [70]. Tt is linked to the EM field-
matter interaction. The fourth method also relies on EM
field-matter interaction. It measures both the torque and
the applied power to deduce the topological charge. Such
measurement leads to an integer value of the OAM quan-
tity. It has been described in this article in microwaves,
although it is coupled here with a Fabry-Perot effect. Be-
sides, in order to measure the topological charge, we can
here either measure the torque or the electrical current.

6 Conclusion

We have investigated the OAM transfer from the EM field
radiated by a turnstile antenna in the plane of the antenna
to a suspended copper ring. We have shown that the AM
transfer mechanism is by reflection of the EM field on the
conducting ring. Actually, the EM field induces a small os-
cillating current with a drift, in the ring. Due to this drift,
the ring starts to rotate. The estimated torque is in reason-
able agreement with numerical estimations and with the
maximum torque available from the antenna. However,
each photon must have been used several times like in a
Fabry-Perot interferometer. As the sign of the topological
charge is reverse, the sign of the torque is also reversed.
Such an experiment could be a new way to detect
OAM. Actually, the topological charge can be either de-
tected by the torque exerted on the pendulum like we did
here, but it could also be done via the current generated
on the detector. Since, in principle, very tiny current could
be detected, this could lead to applications in the OAM
detection especially in the radio domain where for a given
power, the OAM varies linearly with the wavelength, and
where the techniques used in optics do not always apply
[71,72]. It could even be used to detect OAM in astronomy
[73,74]. Conversely, it may also be applied in optics since
light beams can generate static electric fields and current
via nonlinear effects such as optical rectification [75,76].
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