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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 rotating bodies. It potentially shares the same applications for the rotational movement as the linear Doppler effect for the transverse displacement. However, there are two main drawbacks that have, up to now, strongly limited 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 carrying either Spin Angular Momentum (SAM) or Orbital 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 momentum (SAM+OAM) of the wave has also to change during wave and rotating body interaction [2,[START_REF] Mansuripur | Optical Trapping and Optical Micromanipulation IX[END_REF] 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 [START_REF] Courtial | [END_REF]5], or ii) to the scattering by rough surfaces [6][7][8] or from ion-acoustic vortices in laser plasma [9], or iii) to the reflection on phase cona emile@univ-rennes1.fr jugated mirrors [10,11], metasurfaces and helicoidal reflectors [12][13][14] or prisms [15].

Very recently, a rotational Doppler effect has been experimentally reported in the decomposition into Laguerre Gaussian (LG) modes of the transmitted light from a fundamental beam through a specific object with π rotational symmetry, more precisely, a rotating rod [16]. Then the question arises whether i) identification of object and ii) rotational Doppler effect could be theoretically predicted and experimentally observed for other kind of objects, whatever their rotational symmetry. 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 introduction, we briefly present the experimental set-up used to observe the rotational Doppler effect (section 2). We then calculate the decomposition of the transmitted light on a LG basis after a modelled propeller (section 3). The experimental results concerning the decomposition of the transmitted light and on the rotational Doppler effect are presented in section 4. We finally discuss these results in the last section (section 5), together with potential applications, before reaching a conclusion.

Experimental set-up

The experimental set-up has been described previously [16]. Nevertheless we here recall its main characteristics. It is displayed in figure 1. The fundamental beam of an infrared laser (CEFL, Keopsys, λ = 1.55 µm, connected 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 unitary spatial transform can be implemented by a succession 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 optical transforms, to realize a given unitary spatial transform, with low optical losses and high modal selectivity. The 400 µm-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 π/2 converter based on cylindrical lenses before the MPLC unit, to convert LG beams into HG beams [19][20][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 modematching lens (see Fig. 1). It is a drawing of one or LG -2 0 PD

LG -1 0

LG 0 0

LG several regularly spaced angular areas that mimic a propeller 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 experimental device.

As the rotating object is interposed, the light transmission is not mode matched to the fundamental beam anymore. We decompose it into LG modes with the help of the MPLC and the π/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

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 LG p , where p is the radial order and is the azimuthal order or topological charge [23]. The rotating objects are displayed in Fig. 2. They mimic propellers with one, two, or three blades. Their diameter is 1.5 cm. Such objects have 2π/n symmetry, with n = 1, 2, 3 respectively, depending on the number of blades. The light transmission f (θ), θ being the azimuthal angle (with counter clockwise positive convention), behind such objects can be written as

f (θ) = 1 for θ 0 + 2πm n ≤ θ ≤ -θ 0 + 2π(m+1) n f (θ) = 0 otherwise (1)
m being an integer varying between 0 and n -1, and θ 0 being half of the dark opening angle (θ 0 = π/12 in our situation). We here omit diffraction phenomena. The electric field of the LG p modes can be written as [23][24][25] E p (r, θ, z) = A p (r, z)e i kr 2 2R(z) e i θ e -iϕ p (z) e i(kz-ωt)

with

A p (r, z) = (2p)! π(p + | |)! √ P 0 w(z) ( r √ 2 w(z) ) | | L | | p ( 2r 2 w 2 (z) )e -r 2 w 2 (z)
(r, θ, z) are the cylindrical coordinates, ω is the pulsation of the electromagnetic wave and k is its wavevector. P 0 is the optical power, w(z) is the waist of the beam at the z position, R(z) is its radius of curvature.

ϕ p (z) = (2p + | | + 1) arctan( z z R
) is the Gouy phase and z R is the Rayleigh zone [START_REF] Siegman | Lasers[END_REF]. We assume here that we are far from the Rayleigh zone and we thus neglect this Gouy phase.

L | |
p is the Laguerre polynomial of order n. It equals to

L | | p (x) = x -| | e x p! d p dx p (e -x x p+| | ) (3) 
Let us have a look to the first three polynomials.

-

For p = 0, L | | 0 (x) = 1 -For p = 1, L | | p (x) = -x + (| | + 1) -For p = 2, L | | 2 (x) = 1 2 x 2 -(| |+2)x+ 1 2 (| |+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 LG p modes. It writes

I p (z) = ∞ 0 rdr 2π 0 E p (r, θ, z) * E 1 (r, θ, z)dθ (4) 
where ( * ) denotes the complex conjugate of the LG mode and E 1 (r, θ, z) is the transmitted field at position z . It is the fundamental mode times the transfer function f (θ) of the occulting object. It equals

E 1 (r, θ, z) = 2 π 1 w e -r 2 w 2 f (θ)e i kr 2 2R(z) e i(kz-ωt) (5) 
where we have normalized the incident power to unity (P 0 = 1). Since without the rotating object, the incident beam is mode matched to the fundamental beam, the two fields in Eq. 4 are evaluated at the same z position. 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 radial part

K p = 1 π √ 2 (2p)! (p + | |)! ∞ 0 u | | L | | p (u)e -u 2 udu ( 6 
)
where u = 2r 2 w 2 , and an angular part that doesn't depend on p

I = 2π 0 f (θ)e -i θ dθ = n-1 m=0 -θ0+ 2π(m+1) n θ0+ 2πm n e -i θ dθ (7)
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

I 0 = n-1 m=0 (-θ 0 + 2π(m + 1) n -θ 0 - 2πm n ) = 2π-2nθ 0 (8)
It equals 2π when n = 0, i.e. when there is no occulting object. Second, for = 0, the integral equals

I = 2 sin(-(-θ 0 + π n ))e -i π n n-1 m=0 e -2im π n (9) 
-If is a multiple of n ( = n × q), then

I = 2n sin( θ 0 ) (10) 
-I = 0 otherwise.

It means that if the topological charge is not a multiple of n, there is no component of the transmitted beam on the LG p mode, whatever the value of p. This result could also have been found using symmetry arguments. If the object (and also the transmitted light) and the LG p beam have not the same rotational symmetry, then, the overlap between the transmitted beam and the LG p beam is zero.

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

K 0 0 = 1 π ∞ 0 e -u 2 udu = 1 2π (11) 
Thus K 0 0 I 0 = 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 modulus of I ) for different values of . Note that the scale is different for the LG 0 0 mode and the other modes, in order to exemplify their contribution. We have chosen an arbitrary value of 8 for the vertical scale that corresponds to the absence of any occulting object for the LG 0 0 mode, in order to compare it with the experimental data (8 mW for the mode matching condition for the LG 0 0 mode). Fig. 2 evidences that the LG 0 and the LG - 0 have exactly the same contribution as expected from Eq. 10, since only the absolute value of is taken into account. Besides, apart from the fundamental mode, the dominant modes are the LG | | 0 modes where | | corresponds to the rotational symmetry of the occulting object. 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 LG 0 0 mode. As the occulting area increases (θ 0 increases), the contribution of the fundamental mode decreases regularly (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).

Rotational Doppler shift

The occulting object is now rotated. Let us first consider a given static rotation of an angle θ r 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 i θr appears in the sum of Eq. 2. It could be factorized. There is thus a phase shift that equals θ r , in the expression of the field of the LG p . This phase shift depends on the topological charge and on the angle θ r . There is no change in the decomposition in the LG basis since Eq. 7 becomes

I = e -i θr n-1 m=0 -θ0+ 2π(m+1) n θ0+ 2πm n e -i θ dθ (12) 
The square of I is unchanged.

As the object is now rotating at a constant angular velocity Ω r , θ r can written θ r = Ω r t. Then, the phase shift Ω r t could be included in the time dependence (e -iωt ) of the electric field in Eq. 2. It is equivalent to a frequency shift -ν r with ν r = Ω r /(2π). This is nothing but a Doppler rotational frequency shift [1,2] proportional to the topological charge times the rotation frequency. The calculations have been carried out with a LG 0 0 incoming mode. Nevertheless the conclusions are still valid with a LG 0 mode. The LG 0 mode in the decomposition would then be shifted by a ( -)ν r value. It is worth noting that for a positive topological charge of the LG mode, as the object rotates counterclockwise, 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 topological charge of the LG mode, the frequency is blue shifted (its frequency increases) also for a counterclockwise 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 frequency is blue shifted as the source moves away from the detector.

Experimental results

Static occulting object

We have first connected the various outputs of the MPLC unit corresponding to LG 0 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 correspond 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 fundamental one. The source and the detector are correctly mode-matched. Fig. 2b,c, d display the experimental intensities of the LG 0 modes for n = 1, 2, 3 respectively, i.e. when the object has a 2π, π, or 2π/3 symmetry respectively. It can be noted that the intensities of the peaks with opposite topological charges are almost the same, as expected from the theoretical considerations. In the case of n = 1 (2π 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 rotating 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 topological charge in the absence of any object (mode matching condition) is not negligible compared with the expected signal for a n = 1 object.

For a n = 2 or n = 3 symmetry (Fig. 2c and2d), only the experimental peaks corresponding to LG beams having the same rotational symmetry as the object have a significant contribution, as expected. The magnitude of the peaks is in good agreement with the expected theoretical values of Fig. 2c and2d. This shows that the MPLC unit decomposes the light behind the static occulting object having a given symmetry, into LG modes with a high quality. Besides, the dominant modes in the decomposition (apart the contribution of the fundamental mode) determine the symmetry of the object. 

Rotating object

Let us now rotate the absorbing object at a given frequency ν r . 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 misalignment 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 ν b for a rotation frequency of the object ν r = 10 Hz, for an object with a 2π 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 LG 0 , 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 ν b = 10 Hz= | |ν r . For a = ±2 topological charge (see Fig. 3c), the beat frequency equals 20 Hz, and for a = ±3 (see Fig. 3d) the beat frequency equals 30 Hz, in agreement with the | |ν r 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 [START_REF] Zhang | [END_REF]. These results are consistent with a shift of the LG beam corresponding to the rotational Doppler shift formula. This modulation of the beat signal cannot be attributed 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 between the reference signal and the LG beams LG 0 with a topological charge = ±n. The beat frequency equals ν b = | | × 10 Hz= | |ν r (see Fig. 4a andb). 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 0 0 is mixed with the reference signal there is no modulation. Obviously the LG 0 0 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 ν b = | | × 2 × 10 Hz= 2| |ν r . (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 andare shifted by opposite frequencies: ν r and -ν r .

Discussion

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 2π/n rotational symmetry are the modes corresponding to LG beams having a topological charge that is a multiple of the order of the symmetry of the object ( = q×n where q is an integer). 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 maximize the signal. In particular, this method has been shown to enhance the sensitivity to phase and amplitude 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 ordinary 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.

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 decomposition in a LG basis of the transmission of a usual beam behind a simple rotating object, similar to a propeller, 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 using 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 decomposition of the transmitted light on the LG mode basis. Only the modes with non-zero topological charges are This frequency shift can be observed for various rotation 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 independent 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 discriminate 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 detection with a heterodyne detection. With two acoustooptic modulators that are fibre connected, we shift the frequency of the reference beam by 70 Hz. We then investigate 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 object 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.

Potential applications

As in every light/matter interaction, due to the optical radiation pressure effect, the linear velocity of the moving 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 object. The rotational Doppler shift can thus be measured 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 effect 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 energy balance between them has changed. However, the frequency shift of the LG 0 mode is annihilated by a shift of the frequency of the LG - 0 mode with an opposite sign. There is thus no change of energy of the rotating object.

The experiment has been here performed at the infrared wavelength of λ = 1.55 µm. It could be generalized to any electromagnetic waves depending on the desired applications. In the visible range of the spectrum, for example, OAM waves have been used in underwater 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 [START_REF] Doviak | Doppler radar and weather observations[END_REF] to target localization [START_REF] Shames | [END_REF], 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 applications of the linear Doppler radar for linear veloc-ity detection could be directly transposed to rotational Doppler radar for rotating objects. It could be important 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 observation 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 evidenced. In particular, Doppler radar effects have found a wide range of applications in the acoustic domain. Besides, acoustic rotational effect has been already reported [41,[START_REF] Gibson | Proc. Natl. Acad. Sci[END_REF]. Doppler acoustic imaging and identification could be enriched with rotational frequency information such as the one detailed in this article.

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 decomposition 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 unknown rotational symmetry using a fundamental mode. Besides, when the object rotates, we have isolated a rotational Doppler shift on each LG mode that contributes 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 [START_REF] Wu | [END_REF]. 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 further, in particular towards proteins and viruses recognition, and their rotational power which is a key issue [START_REF] Karlen | Proc. Nat. Acad. Sci[END_REF][START_REF] Sinclair | [END_REF], using OAM and electron microscopes.
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 2 Fig. 2 Shape of the object, theoretical decomposition of the transmitted beam (square of the I integral) and experimendecomposition for a 2π/n symmetry of the rotating object for a) n = 0, b) n = 1, c) n = 2 and d) n = 3. Note that the scale is different for the LG 0 0 and the other LG p modes. The scale of the theoretical curves has been adapted to the experimental ones.
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 3 Fig. 3 Beat frequencies for a ν r = 10 Hz rotation frequency of the object that has a 2π rotational symmetry (n = 1), between a) The LG 1 0 mode and the reference signal, b) The LG 1 0

Fig. 4

 4 Fig. 4 Beat frequencies for a ν r = 10 rotation frequency of the object between a) The LG 2 0 mode and the reference signal, b) The LG 2 0 and LG -2 0 modes, for an object having a π rotational symmetry (n = 2) and c) The LG 3 0 mode with the reference signal, d) The LG 3 0 and LG -3 0 modes, for an object having a 2π/3 rotational symmetry (n = 3).

Fig. 5

 5 Fig.5Experimentally measured rotational Doppler frequency shifts of the LG 0 modes, with = -3, -2, -1, 1, 2, 3 versus the rotation frequency of the object ν r , for an object having a 2π (n = 1) rotational symmetry (cross), a π (n = 2) rotational frequency (circle), a 2π/3 rotational symmetry (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 vertical.
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