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Abstract We investigate both theoretically and experimentally the decomposition of a fundamental Gaussian
beam transmitted behind an absorbing propeller-like object. We use a Laguerre Gaussian basis which modes carry
orbital angular momentum. The main contributing components correspond to modes having the same rotational
symmetry as the object, thus enabling pattern recognition. When the object is rotated, the frequency of the
modes of the basis experiences a rotational Doppler shift characterizing the movement, that can be easily detected.
Potential applications in target recognition and rotation identification are then considered, including rotational

Doppler shifts using microwaves.

1 Introduction

The rotational Doppler effect is rooted in the rotational
motion between the source and the observer [1,2]. It is
the counter part of the linear Doppler effect for rotat-
ing bodies. It potentially shares the same applications
for the rotational movement as the linear Doppler ef-
fect for the transverse displacement. However, there are
two main drawbacks that have, up to now, strongly lim-
ited its practical use. First, whereas the linear Doppler
can be observed with any kind of beam, the rotational
Doppler effect requires the use of special beams car-
rying either Spin Angular Momentum (SAM) or Or-
bital Angular Momentum (OAM). Second, and most
of all, just as the linear momentum of the wave has
to change during wave and object interaction in the
case of the linear Doppler effect, the total angular mo-
mentum (SAM+OAM) of the wave has also to change
during wave and rotating body interaction [2,3] for the
rotational Doppler effect. In optics, its implementation
has thus been restricted either i) to the transmission
through specific rotating elements such as spiral wave
plates or dove prisms [4,5], or ii) to the scattering by
rough surfaces [6-8] or from ion-acoustic vortices in
laser plasma [9], or iii) to the reflection on phase con-
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jugated mirrors [10,11], metasurfaces and helicoidal re-
flectors [12-14] or prisms [15].

Very recently, a rotational Doppler effect has been
experimentally reported in the decomposition into La-
guerre Gaussian (LG) modes of the transmitted light
from a fundamental beam through a specific object
with 7 rotational symmetry, more precisely, a rotating
rod [16]. Then the question arises whether i) identifica-
tion of object and ii) rotational Doppler effect could be
theoretically predicted and experimentally observed for
other kind of objects, whatever their rotational symme-
try. The aim of this article is thus to deeply investigate
both theoretically and experimentally the transmitted
light through a modeled propeller with several blades
and look for frequency shifts in the light decomposition
in LG modes as the object is rotated.

The article is organized as followed. After this in-
troduction, we briefly present the experimental set-up
used to observe the rotational Doppler effect (section
2). We then calculate the decomposition of the trans-
mitted light on a LG basis after a modelled propeller
(section 3). The experimental results concerning the de-
composition of the transmitted light and on the rota-
tional Doppler effect are presented in section 4. We fi-
nally discuss these results in the last section (section 5),



together with potential applications, before reaching a
conclusion.

2 Experimental set-up

The experimental set-up has been described previously
[16]. Nevertheless we here recall its main characteris-
tics. It is displayed in figure 1. The fundamental beam
of an infrared laser (CEFL, Keopsys, A = 1.55 um, con-
nected to a single mode fibre SMF-28 and a collimating
lens) is mode-matched to the fundamental mode of a
commercially available space division multiplexing unit
based on Multi-Plane Light Conversion (MPLC) [17
18]. Briefly, on a theoretical point of view, any uni-
tary spatial transform can be implemented by a succes-
sion of transverse phase profiles separated by free space
propagation for optical Fourier transforms. The MPLC
cavity is formed by one mirror and one reflective phase
plate, performing the successive phase profiles and opti-
cal transforms, to realize a given unitary spatial trans-
form, with low optical losses and high modal selectivity.
The 400 pm-waist of the MPLC is located 3 mm after
the entrance window. Although the MPLC has been
here configured to multiplex or demultiplex Hermite-
Gaussian modes (HG), it can address any spatial mode
profile, in particular LG beams, with high reliability.

Note that we are working with an infrared radiation
that is eye-safe. There is thus no risk in using it in free
space propagation, especially in public areas. Besides,
there is a lot of commercially available fibre connected
elements originating from telecommunications systems
that could be used to either couple, modulate, analyze
or attenuate signals at this wavelength. Nevertheless,
the optics of the MPLC can be adapted whatever the
wavelength.

Since the multiplex/demultiplex operation of the
MPLC corresponds to HG modes that have cartesian
symmetry, we insert a m/2 converter based on cylindri-
cal lenses before the MPLC unit, to convert LG beams
into HG beams [19-21]. Then, the association of a mode
converter and the spatial multiplexer demultiplexes into
LG beams that have cylindrical symmetry. We have
checked by sending light backward in each output of
the MPLC that the emerging light indeed corresponds
to LG beams. For this purpose, we used the double slit
experiment. Briefly, compared with the usual straight
line of the interference fringes of the Young double slit
experiment for a plane wave, the interference pattern
for OAM beams is twisted by an integer number order
corresponding to the topological charge of the beam
[22].

We insert the rotating object just before the mode-
matching lens (see Fig. 1). It is a drawing of one or
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Fig. 1 Experimental set-up. Continuous wave laser source:
A = 1.55 pm. CL: collimating lens at the output of the fibre
to collimate the laser. L: f; = 50 cm : mode matching lens.
fs = 30 cm: focussing lenses; distance between them 60 cm.
fs = 1 cm: cylindrical lenses acting as a 7/2 converter; dis-
tance between them 1.41 cm. MPLC: spatial multiplexer. PD:
photodiode. 50/50: coupler with a 50/50 intensity repartition.
Oscillo: oscilloscope.

several regularly spaced angular areas that mimic a pro-
peller which have been printed on a transparency (see
Fig. 2). It is fixed on a homemade hollow shaft driven
by a belt and a motor. We take great care to align the
centre of symmetry of the inserted object both with
the rotation axis and with the optical axis of the exper-
imental device.

As the rotating object is interposed, the light trans-
mission is not mode matched to the fundamental beam
anymore. We decompose it into LG modes with the
help of the MPLC and the /2 converter. The output of
each demultiplexed mode is coupled to an optical fibre.
It can then be plugged to a photodiode to register the
intensity in order to investigate the decomposition of
the transmitted beam in LG modes. Alternatively, the
fibres could be coupled to one another or to a reference
beam (called hereafter the reference signal) originating
from the laser source, thanks to optical fibre couplers.
We can then study the beat frequencies between the
modes and thus look for frequency shifts.

3 Theoretical considerations
3.1 Light decomposition in the LG basis

Let us first investigate, from a theoretical point of view,
the decomposition of the transmitted light behind an
object in the LG basis. We denote the LG beams LGf,,
where p is the radial order and ¢ is the azimuthal order
or topological charge [23]. The rotating objects are dis-
played in Fig. 2. They mimic propellers with one, two,
or three blades. Their diameter is 1.5 cm. Such objects
have 27 /n symmetry, with n = 1,2, 3 respectively, de-
pending on the number of blades. The light transmis-
sion f(#), 6 being the azimuthal angle (with counter



clockwise positive convention), behind such objects can
be written as

f(&)=1  for
f(6) = 0 otherwise

Oo + 22 < < —f + 2Tt

(1)

m being an integer varying between 0 and n — 1, and

6o being half of the dark opening angle (§y = 7/12 in

our situation). We here omit diffraction phenomena.
The electric field of the LG;; modes can be written

as [23-25]
. ’[‘2 . . .
Ef;(r, 0,2) = Af)(r, z)e”é’kRi(z) €0 gy (2) pilkz—wt) (2)
with
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(r,0,z) are the cylindrical coordinates, w is the pulsa-
tion of the electromagnetic wave and k is its wavevec-
tor. Py is the optical power, w(z) is the waist of the
beam at the z position, R(z) is its radius of curvature.
gof;(z) = (2p+|¢|+1) arctan(
zg is the Rayleigh zone [26]. We assume here that we
are far from the Rayleigh zone and we thus neglect this

Gouy phase. Llf | is the Laguerre polynomial of order n.
It equals to

i) is the Gouy phase and
%R
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p! dxP
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Let us have a look to the first three polynomials.

— Forp=0, Lfl(z) =1
— Forp=1, L () = —z + (|f| + 1)
— Forp =2, LY(2) = La2—(|¢|+2)z+1(|¢|+2)(|¢|+1)

In order to decompose the transmitted field in a
LG basis, one has to calculate the overlap between this
transmitted field and the LGf, modes. It writes

o) 27
_ /0 rdr /0 EX(r,0,2)" Ey(r, 0, 2)d0 (4)

where (*) denotes the complex conjugate of the LG
mode and Fj(r,0,z) is the transmitted field at posi-
tion z . It is the fundamental mode times the transfer
function f(6) of the occulting object. It equals

21 2 2.
El(r,g,z) = \/761;:2]‘( )elsz(z)ez(kz—wt) (5)
s

w

where we have normalized the incident power to unity
(Py = 1). Since without the rotating object, the inci-
dent beam is mode matched to the fundamental beam,
the two fields in Eq. 4 are evaluated at the same z po-
sition. They have the same waist and the same phase

factor due to propagation and time dependence. These
phase terms thus cancel in the integral calculus. There
is thus no dependence on the position of Eq. 4.

The integral in Eq. 4 could be decomposed in a ra-
dial part

@) % 1] (a
K, = W\f (p+1€])! / Ly udu ©)

where u = —2, and an angular part that doesn’t de-
pend on p
Oo+ 2=lmtD) 27"(m+1)
IZ — f 7120d0 Z / 7i29d9 (7)
0 00+ 27r7rL

Let us first focus on this angular part. There are two
very different cases. First, for ¢ = 0, i.e. for the case
corresponding to the fundamental mode, the integral
writes

n—1

2r(m+ 1 2mm
I° = Z(_90+ ( " )—90— ) = 2w —2nby (8)

n

m=0

It equals 27 when n = 0, i.e. when there is no occulting
object. Second, for ¢ # 0, the integral equals

n—1

2 - o
I = 5 sin(—0(=f + 2))e ™ Y7 e 9)

m=0
— If £ is a multiple of n (¢ = n X g), then

2n

It = i sin(46y) (10)

— I = 0 otherwise.

It means that if the topological charge ¢ is not a mul-
tiple of n, there is no component of the transmitted
beam on the LG]‘; mode, whatever the value of p. This
result could also have been found using symmetry ar-
guments. If the object (and also the transmitted light)
and the LG]‘; beam have not the same rotational sym-
metry, then, the overlap between the transmitted beam
and the LGfJ beam is zero.

Concerning the radial part (Eq. 6), one can find an
analytical expression and then evaluate it. For example

1 [ 1
KSz—/ e udu = —
0

s 2T (11)

Thus K§I° = 1 for n = 0, which corresponds to the
mode matching condition with the fundamental mode
in the absence of any occulting object. The result of
the theoretical decomposition of the transmitted beam
on the LG basis is displayed in Fig. 2, where we have
plotted the intensity of the mode (square of the mod-
ulus of I*) for different values of £. Note that the scale



is different for the LG mode and the other modes, in
order to exemplify their contribution. We have chosen
an arbitrary value of 8 for the vertical scale that cor-
responds to the absence of any occulting object for the
LG§ mode, in order to compare it with the experimen-
tal data (8 mW for the mode matching condition for
the LG mode).

Fig. 2 evidences that the LG and the LGy * have
exactly the same contribution as expected from Eq.
10, since only the absolute value of ¢ is taken into ac-
count. Besides, apart from the fundamental mode, the
dominant modes are the LGK| modes where |¢| corre-
sponds to the rotational symmetry of the occulting ob-
ject. Since the angular area of the occulting object is
small compared with the rest of the object, the main
contribution of the transmitted signal remains the LGY
mode. As the occulting area increases (6 increases), the
contribution of the fundamental mode decreases regu-
larly (see Eq. 8). The contribution of the other leading
modes increases until the dark sector occupies half of
the surface and then deceases (see Eq. 10).

3.2 Rotational Doppler shift

The occulting object is now rotated. Let us first con-
sider a given static rotation of an angle 6, of the object
compared with the previous reference situation. The
shadow of the transmitted beam is rotated by the same
value. This rotation is nothing but a translation of the
origin of the angles. Consequently, for a LG beam with a
topological charge £ that has an azimuthal variation, an
extra term e*“?r appears in the sum of Eq. 2. It could be
factorized. There is thus a phase shift that equals £0,,
in the expression of the field of the LGf,. This phase
shift depends on the topological charge ¢ and on the
angle 6,.. There is no change in the decomposition in
the LG basis since Eq. 7 becomes

27 (m41)
—o+ 2t

n—1
Ié _ e—ilér § /
0o+ 2Zm

m=0

e 0dp (12)

The square of I is unchanged.

As the object is now rotating at a constant angular
velocity (2., 0, can written 0, = §2,t. Then, the phase
shift (2.t could be included in the time dependence
(e~™?) of the electric field in Eq. 2. It is equivalent to a
frequency shift —fv, with v, = §2,./(2x). This is noth-
ing but a Doppler rotational frequency shift [1,2] pro-
portional to the topological charge times the rotation
frequency. The calculations have been carried out with
a LG incoming mode. Nevertheless the conclusions are
still valid with a LGS mode. The LGS mode in the de-
composition would then be shifted by a (¢ —£)v,. value.

object theory experiment
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Fig. 2 Shape of the object, theoretical decomposition of the
transmitted beam (square of the I integral) and experimen-
tal decomposition for a 27 /n symmetry of the rotating object
fora) n =0,b) n =1, c) n =2 and d) n = 3. Note that
the scale is different for the LG and the other LGf; modes.
The scale of the theoretical curves has been adapted to the
experimental ones.

It is worth noting that for a positive topological
charge of the LG mode, as the object rotates counter-
clockwise, i.e. in the same sense as the phase rotation
of the mode, the frequency of the mode is red shifted
(its frequency decreases), whereas for a negative topo-
logical charge of the LG mode, the frequency is blue
shifted (its frequency increases) also for a counterclock-
wise rotation. The conclusions are of course reversed
for a clockwise rotation. It is analogous to the usual
Doppler shift where the frequency is red shifted as the
source is moving closer to the detector, and the fre-
quency is blue shifted as the source moves away from
the detector.



4 Experimental results

4.1 Static occulting object

We have first connected the various outputs of the MPLC
unit corresponding to LG§ with topological charges £ =
0,1,2, 3 to a power meter and registered the light power,
with or without static objects. This is displayed in Fig.
2. As already mentioned for the theoretical curves, the
scale, is different for the central peak (¢ = 0), and
the other peaks (¢ # 0). The scales of the theoretical
and experimental curves have been adapted to corre-
spond to one another. Fig. 2a shows the intensities for
n = 0, i.e. when there is no occulting object. It thus
corresponds to the injection of the mode from the laser
source into the fundamental mode of the MPLC. This
injection is rather good with less then 1% of the initial
intensity appearing in the other modes than the funda-
mental one. The source and the detector are correctly
mode-matched.

Fig. 2b, c, d display the experimental intensities of
the LG§ modes for n = 1,2, 3 respectively, i.e. when
the object has a 27, w, or 27 /3 symmetry respectively.
It can be noted that the intensities of the peaks with
opposite topological charges are almost the same, as ex-
pected from the theoretical considerations. In the case
of n = 1 (27 symmetry, see Fig. 2b) apart from the
¢ = 0 peak, the dominant peaks correspond to ¢ = +1
i.e. to the mode having the same symmetry as the rotat-
ing object. However the peaks corresponding to £ = +2
and ¢ = +3 are although present, as expected. The
agreement with the theoretical values is rather good.
Nevertheless we note that the intensity of the side peaks
is little more than expected. It is probably due to that
the residual signal on the peaks with non zero topologi-
cal charge in the absence of any object (mode matching
condition) is not negligible compared with the expected
signal for a n = 1 object.

For an = 2 or n = 3 symmetry (Fig. 2c and
2d), only the experimental peaks corresponding to LG
beams having the same rotational symmetry as the ob-
ject have a significant contribution, as expected. The
magnitude of the peaks is in good agreement with the
expected theoretical values of Fig. 2c and 2d. This shows
that the MPLC unit decomposes the transmitted light
behind the static occulting object having a given sym-
metry, into LG modes with a high quality. Besides, the
dominant modes in the decomposition (apart the con-
tribution of the fundamental mode) determine the sym-
metry of the object.
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Fig. 3 Beat frequencies for a v,, = 10 Hz rotation frequency
of the object that has a 27 rotational symmetry (n = 1), be-
tween a) The LG} mode and the reference signal, b) The LG}
and LGO_1 modes, ¢) The LGZ mode with the reference sig-
nal, d) The LG3 mode with the reference signal. The number
circled in red corresponds to the beat frequency.

4.2 Rotating object

Let us now rotate the absorbing object at a given fre-
quency v,.. We have first checked on a photodiode that
there is only a little residual modulation of the intensity
of each mode when detected separately. It corresponds
to less than 5 % of the total intensity. This residual
modulation results probably from a very slight mis-
alignment of the rotation axis with the optical axis. In
order to investigate on frequency shifts, we have mixed
the output of the MPLC corresponding to a given ¢
value to light originating directly from the laser source,
i.e. the reference signal. We have also mixed the outputs
of the MPLC with one another.

We show on Fig. 3 the various beat frequencies v
for a rotation frequency of the object v,. = 10 Hz, for an
object with a 27 rotational frequency (n = 1). There is
obviously a strong modulation of the intensity of the
coupled outputs, that is due to different frequencies
of the mixed beams. Although the experimental data
for LGS, with £ = —1, -2, —3 are not shown on Fig.
3, we observe the same modulation signal as for the
beat frequency between the reference signal and the
£ = 1,2,3 modes. For a LG beam with a topological
charge ¢ = +1 (see Fig. 3a), the beat frequency with
the reference signal equals v, = 10 Hz= |{|v,. For a
¢ = +£2 topological charge (see Fig. 3c¢), the beat fre-
quency equals 20 Hz, and for a £ = £3 (see Fig. 3d)
the beat frequency equals 30 Hz, in agreement with the
|¢|v,- frequency shift. These results are similar to those
that have been obtained recently using a spatial light
modulator to mimic the image of rotating objects that
have n = 3 and n = 5 rotational symmetry [27].
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Fig. 4 Beat frequencies for a v, = 10 Hz rotation frequency
of the object between a) The LG2 mode and the reference

signal, b) The LG2 and LGO_2 modes, for an object having a
7 rotational symmetry (n = 2) and ¢) The LG3 mode with
the reference signal, d) The LG% and LGO_3 modes, for an
object having a 27/3 rotational symmetry (n = 3).

These results are consistent with a shift of the LG
beam corresponding to the rotational Doppler shift for-
mula. This modulation of the beat signal cannot be at-
tributed to a modulation of the signal of the different
outputs alone, since there is only a very small residual
modulation on a single output intensity of the MPLC.

For a higher rotational symmetry of the object (n =
2, 3), we have also investigated the beat frequencies be-
tween the reference signal and the LG beams LG{ with
a topological charge £ = £n. The beat frequency equals
vy = €] x 10 Hz= |f|v, (see Fig. 4a and b). The beat
frequencies with the other LG beams with topological
charges that are not multiple of n are negligible. This
is consistent with the results found in Fig. 2.

We also observe the same beat frequency when the
reference signal is replaced by the output of the MPLC
corresponding to the fundamental beam. Besides, when
the LG is mixed with the reference signal there is no
modulation. Obviously the LG mode is not shifted and
keeps the same frequency. When we couple the output
of the MPLC corresponding to LG beams with opposite
topological charges, we observe a beat frequency that
equals vy = 4] x 2 x 10 Hz= 2|¢|v,. (see Figs. 3b, 4b,
4d). This is also consistent with a shift of the LG beam
corresponding to the rotational Doppler shift formula.
Moreover, this implies that the outputs of the MPLC
corresponding to opposite topological charges ¢ and —/
are shifted by opposite frequencies: fv,. and —{v,..

5 Discussion
5.1 Pattern recognition

We have shown in section 4.1 that the only non-zero
components in the decomposition of the transmitted
light behind an object having a 27/n rotational sym-
metry are the modes corresponding to LG beams having
a topological charge ¢ that is a multiple of the order of
the symmetry of the object (¢ = gxn where ¢ is an inte-
ger). Usually, in pattern recognition experiments using
OAM, the incident beam carries OAM. One must then
choose the incident beam that has the same rotational
symmetry as the investigated objet, in order to max-
imize the signal. In particular, this method has been
shown to enhance the sensitivity to phase and ampli-
tude variations [28]. Moreover, correlated OAM states
allow the recognition of specific spatial signatures [29].
It is worth noting that such a modal decomposition has
also been used to identify the parameters of objects and
especially its opening angle [30].

On the contrary here, the incident beam is an or-
dinary beam. It corresponds to the fundamental mode.
It doesn’t carry any OAM. We have decomposed the
transmitted beam behind an occulting object that has
to be identified, on a LG basis. In principle, since the set
of the LG modes forms a basis, the transmitted image
can thus be precisely and unambiguously reconstructed.
Besides, we have shown that for a simple object, the use
of only a limited number of LG modes (seven modes in
our case) enables to accurately determine the rotational
symmetries of the object.

5.2 Rotation detection

However, the most important part of the work reported
here is probably about the rotational Doppler effect.
Actually, we have measured frequency shifts on the de-
composition in a LG basis of the transmission of a usual
beam behind a simple rotating object, similar to a pro-
peller, in a bistatic radar configuration. It could also
have been observed in reflection, on a simple object,
in a monostatic radar configuration. Whereas in nearly
all the experiments on the rotational Doppler effect us-
ing OAM, the probe beam carries OAM as for pattern
recognition experiments, the probe beam is here again
the fundamental mode of the laser. There is absolutely
nothing special about the incident beam. The variation
of the topological charge that is associated with the
rotational Doppler effect is observed on the decompo-
sition of the transmitted light on the LG mode basis.
Only the modes with non-zero topological charges are
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Fig. 5 Experimentally measured rotational Doppler fre-
quency shifts of the LGS modes, with { = —3,—-2,—-1,1,2,3
versus the rotation frequency of the object v,, for an ob-
ject having a 27 (n = 1) rotational symmetry (cross), a «
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metry (n = 3). The solid lines correspond to the theoretical
expected values. The size of the experimental crosses, squares,
circles corresponds to the error bars, either horizontal or ver-
tical.

frequency shifted. This shift equals v, = |¢|v;.. There is
no frequency shift of the fundamental mode.

This frequency shift can be observed for various ro-
tation frequencies of the object (see Fig. 5). For each
mode, it varies linearly, as expected from the Doppler
shift formula and from the discussion of section 3.2. It
is worth noting that the shift for a given mode is in-
dependent of the rotational symmetry of the rotating
object, as soon as the mode contribution is different
from zero. Only the magnitude of the signal is related
to the rotational symmetry. This shift only depends on
the topological charge of the demultiplexed beam.

Besides, we have shown experimentally that the beat
frequency between opposite topological modes is twice
the rotation frequency times the absolute value of the
topological charge. It shows that the two modes have
opposite frequency shifts. Would it be possible to dis-
criminate which mode has the highest frequency and
which one has the lowest frequency?

In order to investigate the sign of the rotational
Doppler shift, we replace the previous homodyne de-
tection with a heterodyne detection. With two acousto-
optic modulators that are fibre connected, we shift the
frequency of the reference beam by 70 Hz. We then in-
vestigate the beat frequencies with the various modes
for different rotation frequencies of the object. We choose
the positive sense of rotation of the object as the ob-
ject rotates clockwise when looking at the object from

the detector. We also choose the same convention for
the sense of rotation of the phase of the LG beam. We
then evidence a beat frequency that is higher when the
object and the phase of the mode rotate in opposite
direction. The frequency of the mode is blue shifted (it
increases), whereas the beat frequency is red shifted (it
decreases) when the object and the phase of the mode
rotate in the same direction (see Fig. 5). This is in total
agreement with the conclusions of section 3.2.

5.3 Potential applications

As in every light /matter interaction, due to the optical
radiation pressure effect, the linear velocity of the mov-
ing object changes (slightly) during interaction with
light, in the case of a linear Doppler shift. Similarly,
in the case of a rotational Doppler shift there is also
a (slight) change of the rotational velocity of the ob-
ject. The rotational Doppler shift can thus be mea-
sured indirectly, in a dual way. One has to investigate
the variation of the rotating velocity itself. Indeed, as
pointed out by Padgett [31], the rotational Doppler ef-
fect is associated with the power of the applied torque.
It must result in a frequency shift and consequently, in
a change of the total energy of the field. Due to energy
conservation [32], this energy change of the field must
be compensated for a change of energy of the object.
Unfortunately, in our case, the LG beams with opposite
charges have the same weight. After interaction, the en-
ergy balance between them has changed. However, the
frequency shift of the LGg mode is annihilated by a
shift of the frequency of the LG “ mode with an op-
posite sign. There is thus no change of energy of the
rotating object.

The experiment has been here performed at the in-
frared wavelength of A = 1.55 um. It could be general-
ized to any electromagnetic waves depending on the de-
sired applications. In the visible range of the spectrum,
for example, OAM waves have been used in underwa-
ter ranging [33]. Rotational Doppler experiments such
as the ones described here could permit to determine
the specificity of underwater rotating objects such as
ships or submarines propellers.

However, the most promising part of the rotational
Doppler effect seems probably to be in the microwave
range of the electromagnetic spectrum. Indeed, on the
one hand, radar signals have been used for a long time
for a lot of different applications ranging from weather
observations [34] to target localization [35], to name a
few. On the other hand, OAM radio waves have been
demonstrated some years ago [36,37] and are now an
exponentially growing area of research. All the appli-
cations of the linear Doppler radar for linear veloc-



ity detection could be directly transposed to rotational
Doppler radar for rotating objects. It could be impor-
tant for example in the identification, classification and
rotation measurements, either in propellers or reactors
for civil or military applications.

This kind of experiment, dedicated to the observa-
tion of the rotational Doppler shift, is not limited to
optics and radio wave but could be generalized to the
whole electromagnetic spectrum such as X-ray waves
[38], and to any wave in general such as electron [39] or
acoustic waves [40] where OAM waves have been evi-
denced. In particular, Doppler radar effects have found
a wide range of applications in the acoustic domain.
Besides, acoustic rotational effect has been already re-
ported [41,42]. Doppler acoustic imaging and identifi-
cation could be enriched with rotational frequency in-
formation such as the one detailed in this article.

6 Conclusion

To conclude, we have investigated the transmitted light
behind an occulting object having a given rotational
symmetry. When the object is static, we have evidence,
both theoretically and experimentally, that in the de-
composition of the transmitted light in a LG basis, only
the mode having the same rotational symmetry as the
object has a significant contribution. This could easily
enable target identification of object with a priori un-
known rotational symmetry using a fundamental mode.
Besides, when the object rotates, we have isolated a
rotational Doppler shift on each LG mode that con-
tributes to the signal. This shift equals the topological
charge times the rotational frequency of the object. The
modes having the phase rotating in the same sense as
the object are red shifted, whereas the other modes are
blue shifted.

This work may also find applications in the micro
and the nano-world with possible developments towards
biology and medicine. Up to now, several experiments
have used micro motors to pump or mix tiny amounts of
analytes in biofluid media and microfluidics [43]. There
is an increasing need to fully characterize such micro
motors rotations. A MPLC spatial multiplexer could be
coupled to a microscope in order to identify symmetries
and follow the micro motor rotation. Analogously, it
could also be used to study microswimmer rotation [44].
Such rotation identification could be even pushed fur-
ther, in particular towards proteins and viruses recog-
nition, and their rotational power which is a key issue
[45,46], using OAM and electron microscopes.
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