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This letter reports the observation of a rotational
Doppler effect from a rotating rod illuminated by a
fundamental Gaussian laser beam. More specifically,
we decompose the transmitted light behind the rotat-
ing rod into Laguerre-Gaussian modes and investigate
the associated frequency shifts. The main contributing
modes correspond to modes having the same rotational
symmetry as the rotating object. Besides, their shifts
equal the topological charge of the beam times the rota-
tional frequency of the object. Potential applications in
pattern recognition and rotation identification are then
considered. © 2021 Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

The Doppler frequency shift occurs when a wave source and
a receiver are moving regarded to each other [1]. It has many
applications ranging from astrophysics [2], Doppler velocimetry
[3], laser cooling [4] to radar systems [5]. Conversely, in the
case of rotations, there is also a "so called" rotational Doppler
effect related to the angular momentum (orbital or spin) of the
wave [6]. Whereas the linear Doppler effect requires a change
of the wave vector, the rotational Doppler effect is linked to
a variation of the angular momentum [7]. This limits, up to
now, rotational observations to waves carrying Spin Angular
Momentum (SAM) or Orbital Angular Momentum (OAM) to
specific situations. In particular, it has been reported for waves
transmitted through specific elements [8], or scattered [9, 10] or
reflected on suitable surfaces such as phase conjugated mirrors
[11], scattered from ion-acoustic vortices in laser plasma [12],
metasurfaces and helicoidal reflectors [13, 14] or prisms [15]. It
thus also greatly restricts the potential applications. One may
then wonder whether such rotational Doppler effect could be
evidenced using ordinary light and a simple rotating object.
The aim of this letter is thus to investigate the transmitted light
behind a rotating metallic rod that could mimic a two-blade
propeller and to consider the possible frequency variation of the
transmitted light.

Usually, target recognition experiments using OAM beams
examine the interaction of light and object, that have the same
rotational symmetry [16]. Here, conversely, a simple rod is il-
luminated by a fundamental Gaussian beam, as sketched in

Fig. 1. The eye safe (A = 1550 nm) free space propagation of
the fundamental mode from a CW fiber laser (CEFL, Keopsys,
connected to a single mode fiber SMF-28) is mode-matched to
the fundamental mode of a commercially available space divi-
sion multiplexing unit based on Multi-Plane Light Conversion
(MPLC) [17], a patented technology developed by Cailabs in
2013. The MPLC technology allows to perform any unitary spa-
tial transform. Theoretically, any unitary spatial transform can
be implemented by a succession of transverse phase profiles sep-
arated by free space propagation for optical Fourier transforms.
The MPLC cavity is formed by one mirror and one reflective
phase plate, implementing the successive phase profiles and opti-
cal transforms, to realize any unitary spatial transform, with low
optical losses and high modal selectivity. The MPLC has been
here configured to multiplex/demultiplex Hermite-Gaussian
modes (HG). However, in another configuration, a MPLC can
address any spatial mode profile, especially Laguerre-Gaussian
(LG) beams with high fidelity.

Since this unit multiplexes or demultiplexes into HG modes
[18] that have cartesian symmetry we use a mode converter
based on cylindrical lenses [19] to decompose the transmitted
light into LG modes that have rotational symmetry. The MPLC
demultiplexing unit and the mode converter are here used to
decompose the transmitted light on an LG basis. These modes
are noted LGf1 hereafter, where n is the radial order, and 7 is
the azimuthal order or topological charge. Let us recall that a
LG mode has an azimuthal dependence that writes exp(i¢0), 6
being the azimuthal angle [6].

In order to check that the outputs of the spatial multiplexer
corresponds to LG beams, we use the principle of reversibility of
light, and plug directly the output of the laser into the in/output
of the various modes of the spatial multiplexer. We then use
the double slit experiment for OAM beams [20], to characterize
the free space propagation of the output of the spatial multi-
plexer. Actually the twisting order of the interference fringes
of an OAM beam compared with the fundamental beam equals
the topological charge of the beam. We could verify that these
modes actually correspond to LG modes.

A 1 mm-diameter copper rod is rotated perpendicular to
its axis (see Fig. 1) at an adjustable frequency v;o; thanks to
a homemade hollow shaft supporting the rod and driven by
a belt and a motor. The middle of the rod corresponds to the
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Fig. 1. Experimental set-up. CW laser source: A = 1550

nm. CL: Collimating lens at the output of the fiber. f{=50 cm

: mode matching lens. £,=30 cm: focusing lenses; distance be-
tween them 60 cm. f3=1 cm: cylindrical lenses acting as a 77/2
converter; distance between them 1.41 cm. Proteus: space di-
vision multiplexer generating Hermite-Gaussian modes. PD:
photodiode. 50/50: coupler with a 50/50 intensity repartition.
Inset: Photograph of the beam profile a) before the rod, b) after
the rod.

rotation axis of the shaft and also to the optical axis of the whole
experiment. The intensity of each LG mode is monitored on
a photodiode. An example of the decomposition of the light
transmitted through the experimental set up is displayed in Fig.
2, without (Fig. 2a) and with (Fig. 2b) the rod. In Fig. 2b, the rod
is not rotating and is set vertically.
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Fig. 2. Intensity decomposition of the free space laser propa-
gation in LG modes, a) without, b) with the non-rotating rod.
The first seven modes correspond to a radial number n = 0,
the next three modes correspond ton = 1.

One can first note that without the rod the mode matching
condition between the fiber laser output and the spatial multi-
plexer is properly fulfilled (see Fig.2a). There is nearly 95% of the
incoming light that is injected in the fundamental mode (LG8)
of the spatial multiplexer. As the rod is inserted, the intensity in
the fundamental mode decreases, and the intensity of the other
modes increases (see Fig.2b). At first sight, it could be strange
that the contributions of the LG ! and the LG(l) modes to the
decomposition are very low. Indeed, the transmitted light shape
intensity shown in Fig.1 is similar to a HG(l) that is a linear combi-
nation of the LG Land the LG(l). One could expect these modes
to dominate. However, in a HG(l) mode, the two intensity lobes
are out of phase [18] whereas in our experiment, the intensity
lobes of the transmitted light have the same phase. They thus
play no role in the decomposition.

4

n

This can be demonstrated more rigorously using symme-
try arguments. The occulting rod has a 7t rotation symmetry,
whereas the LG, ! and the Lth) modes have a 27t rotation sym-
metry only. They thus logically do not contribute into the decom-
position of the transmitted light. Besides, the same argument
also holds for LG, ! and the LGg modes for odd values of /.

On the contrary, LG,y 2 and the LG'(Z) modes have the same 7
rotational symmetry as the rod. They thus mainly contribute
to the decomposition of the transmitted light. This is in very
good agreement with the experimental observations of Fig. 2b.
This clearly demonstrates that a decomposition in LG modes
enables to identify the rotational symmetry of the object. It is
worth noting that such a modal decomposition has also been
used to identify the opening angle of objects [21].

This first part of the experiment was dedicated to the identifi-
cation of the symmetries which is a prerequisite when the sym-
metries are unknown. Once we have identified them, we concen-
trate on the dominant modes of the decomposition only. Among
them, the LG} mode has no azimuthal dependence whereas
LG, ? and LG} vary as exp(—i20) and exp(i20) respectively. As
the rod is rotated by an angle 6y, the pattern of the transmitted
light is also rotated by an angle 6. This is equivalent to a change
of the azimuthal angle’s origin. It then leaves the phase of the
LG} mode unchanged, whereas the azimuthal dependence of

the phase of the LGE 2 and LG% modes now writes
exp(—i2(0 —6p)) and exp(i2(6 —6p)) )

respectively. As the rod is rotated at a constant frequency vy, the
angle 0y varies with time t and equals 6y = 27tv;0t. According
to equation 1, this is equivalent to a frequency shift Av, of the
light frequency of the LGS

AV[ = vat (2)

with ¢ = £2 here. This is nothing but the rotational Doppler
effect formula [6]. Noteworthy, in stimulated Brillouin scattering
the change of OAM is 2/i¢ per photon. In this case, rotational
Doppler shift is doubled due to backscattering on rotating acous-
tical helices [22]. The frequency shift is equal to the product of
the rotation frequency of the object times the change of OAM of
light. The frequency of the mode having the same direction of
rotation of the phase as the direction of rotation of the object is
decreased while the frequency of the other mode is increased.

Fig. 3 shows the de-multiplexed intensities of the LG 2, LG}
and LGg modes recorded on the photodiodes, while the rod is
rotating at a constant frequency v,,; = 2 Hz. It is worth noting
that, on Fig. 3b, c and d, the intensities of these three modes
are nearly constant. The residual modulation probably corre-
sponds to a slight misalignment of the axis of the shaft and
of the rod, in relation to the optical axis. Let us now mix the
different de-multiplexed modes together or with a reference
signal originating from the laser source. The mixing of light
with different topological charges has been widely used in ro-
tational Doppler measurement [23]. However, here, each mode
with a given topological charge is isolated. This enables the
mixing with a reference or the mixing with other modes in a
very versatile way. It can thus discriminate between intensity
modulations and beat frequencies. Moreover, this mixing can
be easily performed since the light output of each multiplexed
channel is coupled into fibers, taking advantage of commercially
available fiber attenuators and couplers at telecommunication
wavelengths.
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Fig. 3. a) Picture of the transmitted light. Picture and intensity
at the output of the MPLC of the b) LG, 2.0) LG% and d) LGg.
Beat frequency between e) the laser source and the output
corresponding to the LG% mode, f) the output corresponding
to the LG% and LG8 modes, g) the output corresponding to the
LG, 2 and LG% modes.

Fig. 3e shows the intensity of the coupling between a refer-
ence signal from the laser source and the output of the spatial
multiplexer corresponding to the de-multiplexed LG} mode.
There is clearly a strong modulation corresponding to a beat
frequency vy,,; between the two signals. It is equal to twice
the rotation frequency of the rod vy,;. The same conclusion also
holds for the beat frequency between the LG8 and the LG% modes
(see Fig. 3f). It is also true for the coupling between the reference
and the LGy 2 mode, and for the coupling between the LG, 2
and the LG8 modes. This modulation couldn’t be attributed to a
modulation of the intensity of the mode, as it would be the case,
for example, for a point like detector, since the intensity of each
mode is constant (see Fig. 3b, ¢, d). It clearly evidences that the
frequencies of the LG, 2 and LG3 modes are shifted by a 4 Hz
frequency regarded to the incident beam. Besides, the signal
corresponding to the coupling of the LG, 2 and LG% modes is
modulated at a frequency of 8 Hz (see Fig. 3g), corresponding to
a beat frequency of 8 Hz. One mode is shifted by 4 Hz, whereas
the other is shifted by a -4 Hz.

As the rotation frequency of the rod vy, is varied, the beat
frequencies vy,,; must change accordingly. Fig. 4 displays the
measured beat frequencies vy,,; versus v,. It is worth noting
that the beat frequency between (i) the reference and the LG%

or the LG, 2 modes, and (ii) the LG8 and the LG% or the LG, 2
varies linearly with v;o;. The slope & equals 2. The beat frequency
between the LG, 2 and LG% modes is also linear with a slope
« equal to 4. Obviously and unambiguously, the frequency of
the two LGS modes, with ¢ = +£2 are shifted by v = 2v,,; which
is in agreement with Eq. 2 and with the expected rotational
Doppler shift. One mode is shifted by 2vy,;, and the other mode
is shifted by —2vy,;. The main uncertainty of our measurements
relies on the determination of v,,; which has been calibrated
versus the supplied current. It is estimated to 0.1 Hz. It induces
a uncertainty of 0.2 Hz on the beat frequency with the reference
beam and a uncertainty of 0.4 Hz on the beat frequency between

the two LG modes (see Fig. 4). It is higher than the 0.02 Hz
uncertainty linked to the acquisition time (50 s).

\
12 Vheat(HZ)
10 "ot
F LGALG?
8 - 0 0
o=2
6 . 2
™ ref+LG0
4 : ® ref+LG;’
2- RIS P8 ¥ e
0 T T T T T T
0 1 2 3 mt<HZ)

Fig. 4. Variation of the beat frequency Avy,,; between the
modes versus the rotation frequency v, of the rod. « is the
is the proportionality factor between the beat frequency and
the rotation frequency. The size of the points corresponds to
the error bars.

The rotational Doppler effect has been evidenced here on
the transmission of a fundamental Gaussian beam, in the most
general configuration. There is no need to know the rotational
symmetry of the object beforehand. It could have also been
observed in reflection. For example, let us imagine to replace the
rod by a dielectric reflecting object with the same dimensions.
The transmission after such a mirror would be the same as the
transmission after the rod in our experimental configuration.
The reflected light on the mirror, neglecting diffraction, would
be the complementary of the transmitted light regarded to the
fundamental beam. Then the |¢| = 2 modes would have non-
zero contribution to the reflected signal as well. As the mirror is
set into rotation, the |¢| = 2 reflected modes would experience
a rotational Doppler shift, just like the transmitted ones. This
rotational Doppler shift in rotation could also be easily detected.

The observation of a rotational Doppler shift in our configu-
ration is not limited to a 77 rotational symmetry, but it can be gen-
eralized to any object having a 271/¢ rotational symmetry and
to backscattering from rotating helical entities having (271)/(2¢)
rotational symmetry alike proteins and spiral index gratings
[24]. It can be performed either in transmission or in reflection.
The main dominant LG modes in the de-multiplexed intensity
signals should then correspond to the rotational symmetry of
the object and carry a topological charge equal to £¢. On the
one hand, it will enable clear identification of the rotational
symmetry of the object. On the other hand, the associated rota-
tional Doppler shift would be equal to the rotational frequency
times the topological charge of the mode (doubled topological
charge for backscattering) and will provide information on its
dynamical behaviour. As the linear Doppler shift leads to a
change of the linear velocity, a single rotational Doppler shift
also leads to a change of the rotational velocity. The shift can
thus be measured in a dual way, i.e. on the rotating velocity itself.
Indeed, as pointed out by Padgett [25], the rotational Doppler
effect is linked to the power of the associated torque. It results
in a change of the frequency and thus in a change of the total
energy of the field. Due to energy conservation [26], this change
of energy of light must be compensated for a change of kinetic
energy of the object. Unfortunately in our case, the frequency of
the LG% mode experiences a 2vy,; that is annihilated by a shift
of the frequency of the LG, 2 mode by —2vy. There is thus no
change of energy of the rotating object.



This kind of experiment, dedicated to the observation of the
rotational Doppler shift, is not limited to optics but could be gen-
eralized to any electromagnetic wave carrying OAM, ranging
from radio waves [27] to X-ray waves [28], and to any wave in
general such as electrons [29], neutrons [30] or acoustic waves
[31]. Among the various applications, special care should be
given to the radio waves. Radar imaging and object identifi-
cation in transmission (bistatic configuration) or in reflexion
(monostatic radar) could be enriched with rotational frequency
information such as the one obtained by the method described
in this letter. This could be especially important for example
in the identification, classification and rotation measurements,
either in propellers or reactors in aeronautics, or in ships and
submarines in sea transport.

To conclude, we have evidenced a rotational Doppler fre-
quency shift from a fundamental mode transmitted behind a
partially occulting rotating rod. The transmitted beam has been
decomposed on a Laguerre-Gaussian basis. The predominant
modes in the decomposition bear the same rotational symme-
try as the rotating object, enabling its identification. The beat
frequencies between the modes give unambiguously access the
rotation frequency of the object, via the frequency shifts of the
Laguerre-Gaussian modes. The method is valid for any object
having a rotational symmetry which does not need to be known
a priori.

This kind of rotation identification that could be generalized
to any rotating system could also find applications in biology
and medicine. Actually, there is an increasing need to find meth-
ods to pump or mix tiny amounts of analytes in biofluid media
and microfluidics [32], via micro motors. A MPLC-based spatial
multiplexer could be coupled to the output of a microscope to
demultiplex the transmitted or reflected light in OAM modes,
in order to identify symmetries and fully characterize the micro
motor rotation. Such rotation identification could be generalized
to the nano-world, in particular towards proteins and viruses
recognition, and their rotational power [33], using OAM and
electron microscopes.
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