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ABSTRACT

This Letter reports the observation of a rotational Doppler shift on reflected beams carrying Orbital Angular Momentum (OAM). More
precisely, we study the beat frequency of two optical beams carrying OAM with opposite signs, reflected on a right angle prism. We show
that the interference of the two beams leads to a daisy-like pattern that rotates at twice the rotating frequency of the prism. The rotational
Doppler frequency shift is equal to the OAM topological charge change times the rotational frequency. Possible applications in the

positioning and detection of rotation of objects are then discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0009396

The picture of the hands of a stopwatch is often proposed to
explain the rotational Doppler effect.”” Indeed, if the stopwatch is
placed face up in the center of a turntable, viewed from above, the
revolution of the turntable causes an observer in the rest frame to see
the hands rotating at a different velocity. This is analogous to the
one-day gained by Phileas Fogg on his eastward around-the-world
circumnavigation in Jules Verne’s famous novel “Around the World
in Eighty Days.”’ In electromagnetism, the rotational Doppler effect
manifests itself as a frequency shift.” It can be observed either with the
Spin Angular Momentum (SAM) that is related to the polarization of
light™® or with the Orbital Angular Momentum (OAM) of light.”* Tt
can be detected both in optics and in the radio domain, either in reflec-
tion or in transmission, or even when the transmitter and the receiver
rotate with respect to each other.” Several applications have been con-
sidered, such as probing spinning microparticles,"’ fluid flow rotation
measurements,”’12 free—space remote sensing of ro‘[ation,13 or radar
rotational detection,'”'” to name a few. However, because the total
angular momentum has to change from emission to detection, the
rotational Doppler effect has been evidence on scattered light where
the OAM changes from £ to zero'®'"” or using dedicated rotating
object either in transmission”'® or in reflection using phase conjugat-
ing mirrors'’ where the OAM value is reversed. Nevertheless, the rota-
tional Doppler shift upon reflection on simple and widely used
components has never been considered. Here, we demonstrate a rota-
tional Doppler effect upon reflection on a right angle prism.

We investigate the frequency shift, depending on the prism angular
velocity, for different values of the topological charge of the OAM,
before considering possible applications.

The phase of an OAM beam is not uniform on a plane perpen-
dicular to the direction of propagation. It varies from 0 to 2¢7 as one
makes one complete turn around the direction of propagation.” ¢ is
called the topological charge of the beam. Experimentally, we will deal
with Laguerre-Gaussian (LG) beams that are a special class of OAM
beams. The experimental setup is given in Fig. 1. The fundamental
mode of a He-Ne laser is converted to a LG mode with a topological
charge ¢ or a superposition of LG modes thanks to a Spatial Light
Modulator (SLM Pluto-2-NIR-011 Holoeye Photonics). This beam
impinges then on a right angle prism. It is positioned on a stage that
can be rotated at a controlled constant velocity with a motor. The
reflected light is analyzed on a screen or using a photodiode connected
to a frequency meter (FM).

The physics of the Doppler shift, in general, can be expressed in
various equivalent ways. One elegant derivation of the linear Doppler
shift in optics is based on the force (radiation pressure force) exerted
by the wave on a moving object.”’ This force equals P/c, where P
= Nhv is the power of the incoming beam, v is its frequency, N is the
number of photons per second, and ¢ is the velocity of light. The
power of this force (the rate of doing work) equals Pr = Pu/c, where
u is the velocity of the moving object. In order for the power of the
force to be conserved, it must correspond to a change in the light
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FIG. 1. Experimental setup: the fundamental mode of a He-Ne laser (wavelength
/=633nm) is converted to a superposition of LG beams of opposite charges
using a Spatial Light Modulator (SLM). The beam impinges on a rotating right angle
prism. The retro reflected light is sent to a screen or to a photodiode connected to
a frequency meter (FM). L: lens, BS: beam splitter, M: mirror, and PD: photodiode.

power after interaction with the moving object. Since the number of
photons is also conserved, the energy per photon and, thus, the fre-
quency v of the wave must change. Equating these to quantities
(Pu/c = NhAv) leads to the usual expression of the linear Doppler
shift,

Av =vu/c. 1)

Besides, an analogous power is defined for a torque applied on a
rotating object. Actually, SAM and OAM of light can act as a torque
on a macroscopic object.”””’ The torque equals N(s -+ ¢)7, where
s = *1 correspond to the quantum number of spin angular momen-
tum for left- and right-handed circular polarizations, respectively. ¢
corresponds to the topological charge of the OAM. The power of the
torque is Py = N(s + ¢)hQ, where Q is the angular velocity of the
object. Since the number of photons and the power must be conserved,
the energy per photon and, thus, the frequency must also change after
interaction,

2nAv = (s + 0)Q, (2)

which is the usual expression for the rotational Doppler shift.”" It is
worth noting that the rotational Doppler shift is deeply linked to the
torque, as the linear Doppler shift is linked to the force.

Let us now consider the light reflection on a simple object. It
could be a mirror, a right angle, a corner cube, or a conical mirror.
However, the reflection on a mirror does not change the topological
charge nor the polarization of a beam, for a given fixed direction, inde-
pendent of the direction of the light propagation. There is, thus, no
torque associated with the reflection of light on a mirror, and hence,
there is no rotational Doppler shift.”"*” The same conclusion also
holds for a corner cube and for conical reflection.”® Nevertheless, the
reflection on a right angle prism reverses SAM and OAM.

Actually, the reflection on one side of the prism is equivalent to a
reflection on a mirror at 45° from the beam axis. It does not change
the handedness of the beam. Two reflections do not change the
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handedness either but reverse the propagation direction. Considering
a fixed direction, the reflection on a right angle prism changes both
SAM and OAM. One may then expect a rotational Doppler shift on a
rotating prism. We concentrate on OAM only. This shift should be 20
according to Eq. (2) since, upon reflection, the variation of the OAM is
twice the topological charge (Al = 2¢).

Experimentally, we investigate this shift in the beat frequency
between two OAM beams with opposite topological charges.”” The
phase of the electric field of an OAM beam with a topological charge ¢
varies as £0, with 0 being the azimuthal angle.”® The interference of
two beams with opposite topological charges leads to a daisy-like pat-
tern,””*" with the number of petals being equal to twice the topological
charge. Upon reflection on a prism rotating at an angular velocity Q,
one of the beam pulsations is shifted by 2¢€), whereas the other one is
shifted by —2/€Q. Then, the interference pattern is proportional to

—i((0+20Q)t+00) —i((0—20Q)t—£0) |2
le te |
~cos (£(2Qt + 0))|e ™ |* ~ 1 + cos (202Qt +0)),  (3)

where @ = 27w is the light pulsation and £0 and —£0 account for the
phase variation of the OAM beam. The daisy flower rotates at a veloc-
ity 2Q, whatever the value of /. This is also true for the interference
pattern between OAM beams with £ and . In Eq. (3), the term 2/ is
then replaced by £ — ¢'.

We first consider the reflection of such a beam on a “static” prism
whose position is fixed. However, its position can be adjusted manu-
ally. The prism changes the value of the topological charge from ¢ to
—/£. This reflection, thus, corresponds to a symmetry with respect to
the edge of the prism. As the axis of the prism makes an angle o with a
symmetry axis of the diffraction pattern of the incident light, the
reflected pattern is rotated by an angle 2a (see Fig. 2). To perform this
measurement, we take a picture of the interference pattern before and
after reflection, and we rotate the two images until they superpose. We
then register the value of the rotation angle. This 2« rotation property
is valid whatever the topological charge. This is not limited to OAM.
The reflection on a right angle prism rotates any image,”" even with a
dynamical rotation of the prism. However, the connection with the

FIG. 2. Reflection of the interference pattern of two OAM beams with opposite
charges ¢ and —/, for £ = 1 (a, leading to &’ after reflection), 2 (b, leading to b’),
and 4 (c, leading to ¢’), on a static right angle prism. As the edge of the prism is
rotated by an angle o with respect to a symmetry axis of the interference pattern,
the reflected pattern is rotated by 2o..
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Doppler effect, which is the main point of this work, has never been
established.

As the prism is now rotated at a constant frequency, the interfer-
ence pattern also rotates. Figure 3 shows pictures of the pattern for the
superposition of £ = +1 and £ = —1 OAM beams at different times
for a rotation frequency of the prism of 0.15 Hz. The temporal position
of the prism for each time is also indicated. Clearly, the interference
pattern rotates at a frequency fp; that is twice the rotation frequency
of the prism fyign = Q /27, as expected from Eq. (3). We have checked
that it is also true for higher values of the topological charge. It is
worth noting that a linear polarization impinging on the prism would
also rotate at 2Q and could be detected using a linear polarizer, for
example.

We have then continuously varied the rotation frequency of the
prism fprs,, and we have investigated the rotation frequency of the inter-
ference pattern f,,, using the frequency meter, for different values of /.
The variation is perfectly linear and the proportionality coefficient is
always exactly equal to 2, whatever the £ value, as expected (see Fig. 4).

The topological charge of the two interfering beams can be mea-
sured from the number of petals of the daisy flower. From Fig. 4, one
knows the rotation frequency of the Daisy flower vs the rotation fre-
quency of the prism. The rotation frequency of the Daisy depends on
the respective shifts of the two interfering beams. One can then deduce
the variation of the rotational Doppler frequency shift of each beam.

Actually, since the interference pattern rotates at a velocity 2 Q,
there is a phase shift Qt on the £ OAM beam and —Qt on the —¢
OAM beam that act on the azimuthal angle 0. Because the phase varia-
tion associated with the azimuth is €0, one must associate a term
exp [i(0 4 Qt)] and term exp [—il(6 + Qt)] in the expression of the
£ and —¢ OAM electric field, respectively. Finally, one obtains fre-
quency shifts of /Q for the  OAM beam and —/¢Q for the —¢ OAM
beam. The variation of these shifts vs fs is plotted in Fig. 5. This
variation is linear vs the rotation frequency and vs the topological
charge, as expected. This shows unambiguously that there is a Doppler
shift upon reflection on a right angle prism. This shift Av equals twice
the rotation frequency of the prism times £, Av = 2lfyg, in agree-
ment with Eq. (2). The rotation of the prism is transposed into the
rotation of the interference pattern.
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FIG. 3. Image of the reflected interference pattern of two OAM beams, ¢ = 1 and
¢ = —1, from a rotating right angle prism (rotating frequency fyism = 0.15Hz), for
different times. For each time, the orientation of the prism is also indicated.
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FIG. 4. Rotation frequency f..; of the interference pattern vs rotation frequency of
the prism £, s, for values of £ from 1 to 5.
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This rotational Doppler shift on a right angle prism can be used
to certainly detect rotation on macroscopic systems and may, thus,
lead to various potential applications. Actually, it has been recently
argued’ that a wide dynamic range, high precision, non-contact, and
large bandwidth angular displacement measurement is highly neces-
sary for applications such as industrial control and military equipment.
For that purpose, a right angle prism could be installed on the rotation
axis of such a system and used to detect its rotation. A servo control
could help to position the prism just in the axis of the light source, in
order to measure the rotation frequency of the system.

For example, such a prism could be installed on drones or
unmanned aerial vehicles that are playing an enhanced role in survey
in general and also in telecommunication systems.”” Such vehicles face
enormous challenges in detecting, identifying, and managing them.
Their stability relies on angular displacement sensing.”* Since most of
the time, feedback systems maintain the drone horizontally, the
remaining angle to be determined is the vertical rotation angle. In this
case, an OAM laser generating a daisy pattern can be ground based,
and a reflecting prism attached to the rear of the drone is shown in
Fig. 6(a). Such a system would enable the detection of the rotation
angle, either in a static way as it is performed in Fig. 2 or in a dynami-
cal way, measuring the rotational Doppler shift as shown in Fig. 3.

Such a system could also be used in spacecraft rendezvous.
Actually, out of the six degrees of freedom between any two systems,

10 | AV(HZ) (=6 . '3=- 4
i ) =3
20 - . =2
1 == (=1
==
0 ——— - ’ 4 fprism(HZ)
| X% =
20 A {=8" (=
i =7 \ (=3
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FIG. 5. Rotational Doppler shift of an OAM beam reflected on a prism vs sy, for

values of ¢ varying from 1 to 8.
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FIG. 6. Example of the application of the rotational Doppler shift in the detection of
the rotation of an unmanned aerial vehicle (a) and in the positioning of spacecraft in
a space rendezvous (b).

the roll angle is the most difficult to measure. However, in aircraft
docking in space rendezvous, the roll angle measurement is essen-
tial.”>*° OAM daisy pattern reflection on a prism could perform this
measurement. For example, the OAM laser system generating the
daisy pattern could be attached to one of the spacecraft (let say the
chaser), whereas the prism would be linked to the other spacecraft
(the target vehicle), as in Fig. 6(b). Then, the rotation and position of
the daisy flower would help to exactly position the two spacecraft
ready for docking.

To conclude, we have investigated the rotational Doppler shift on
a rotating right angle prism. The frequency shift is obtained via the
beat frequency between two OAM beams with opposite topological
charges. We have shown that the Doppler shift for an OAM beam is
equal to the topological charge change times the rotation frequency.
However, concerning the interference pattern between these OAM
beams, it is a daisy-like flower that rotates at twice the frequency of the
rotating prism whatever the topological charge. Thus, when studying
rotation through frequency shifts and daisy flower rotations, there is
no special need to increase the topological charge to improve the qual-
ity of the measurement. Besides, the sensitivity of the rotation mea-
surement is independent of the topological charge. It is only a matter
of light intensity as in every interference measurement.”””’
Nevertheless, when the Doppler shift is probed using other techniques,
such as, for example, directly using a spectrum analyzer in the radio
domain, it is worth dealing with higher order modes.
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