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Abstract — The energy and therefore the frequency of electromagnetic fieldsiare quantities which
are generally considered to be conserved in free space propagation. However, we observe here a
frequency varying optical wave in free space propagation. The light comes from anyArago spot.
Its frequency changes due to the rotational Doppler effect. More precisely,ithe light diffracted by
a two-dimensional asymmetric object carries orbital angular momentumthat varies with distance.
As the object rotates, the frequency of the diffracted light experienges different rotational Doppler
shifts along propagation. It varies in a discrete quantized way as itypropagates. It can be adjusted,
without violation of the conservation of energy. Since this phenomenon is deeply rooted in the
diffraction process, it shines some new light on this still open issue.

L

Introduction. — The Arago spot is a bright spot
that appears at the center of a circular object’s‘shadow:
It belongs to the Bessel beams category [1]. They are
non-diffracting beams that are solutions of the equation
of propagation [2]. Such Bessel beams are considered as
self-accelerating beams [3—7] and can be designed to devi-
ate from straight-line propagation. They can follow any
trajectory [8]. Moreover, Bessel beams can'carry Orbital
Angular Momentum (OAM) [9]. Whe# the Arago spot
originates from an asymmetric object, it/ecarries OAM
that varies along propagation [10, 11]a.4 On the other
hand, beams carrying OAM experience so=called rota-
tional Doppler shifts when the emitter and the receiver
rotate with respect to each other [12-14]i" Although the
light frequency is usually assumed to be constant in free
space propagation [1,15,16]; the question arises whether
such Arago spots couldexperience frequency variations
along the direction of [propagation, when the diffracting
asymmetric object is rotating. The aim of this letter is
thus to investigaté the frequency changes of the Arago
spot behind a rotating asymmetric object.

Experimental set-up. — The experimental set-up is
displayed in Fig. 1. The eye-safe telecommunication-
wavelengths light frem a laser source (CEFL, Keopsys,
A= 1550 nm, P"="1 W), connected to an optical fiber
(SMF 28)rand. a self-focusing lens (self-foc) is diffracted
by ‘an asymmmetric object. The laser polarization is linear

and it is oriented towards the vertical axis. The outgoing
beam is slightly diverging. A spherical lens (f; = 50 cm)
makes the beam parallel. The beam waist is 2 mm. This
diffracted light interferes constructively or destructively
in the shadow of the object, on the beam axis. When the
object is a regular disk, the diffraction pattern is a small
bright spot called the Arago spot [1]. In the case of an
asymmetric static object, such as a snail-shaped object
(cam), diffraction leads to a tiny dark spot in the middle
of a small bright spot, close to the object and to a small
bright spot with outer rings far from the object. These
spots carry OAM [10].

For OAM beams in general, the equiphase surface is
a spiral sheet with a pitch equal to £ times the wave-
length. The electromagnetic fields have thus a exp(ilp)
azimuthal dependence, where ¢ is known as the “topolog-
ical charge”. The object is printed on a transparency and
fixed on a homemade hollow shaft. Special care is taken
to align the center of the object (center of mass) with the
rotation axis of the shaft. At a given distance d from the
object, the OAM nature of the beam and the value of its
topological charge (including its sign) are investigated by
the double slit experiment [17] or either by the diffraction
triangle method [18]. We image the diffracted spot with
an infrared InGaAs camera (Hamamatsu C12741-03) for
various distances from the object. Alternatively, we use a
laser viewing card (Thorlabs VRC2).
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oscillo.

VW

PD
d=6.4m

Fig. 1: Experimental set-up. The collimated light originating
from a laser (A = 1.55 pm) is diffracted by a rotating cam (ro-
tating frequency v,) printed on a transparency glued on a ro-
tating hollow shaft. It interferes on the optical axis (see inserts
showing the light intensity at different positions). This axis
also corresponds to the rotational axis. The beat frequency
against a reference beam (ref.) is recorded on a photodiode
(PD) and on an oscilloscope (oscillo.). Self-foc and fi: col-
limating lenses. a.o.: acousto-optic modulators. d: distance
between the rotating object and the detection. The spot is
visualized with a laser-viewing card.

Theoretical considerations. — We evaluate the am-
plitude and the phase of the diffracted electric field by the
cam at different positions. We first calculate the propaga-
tion of the electric field from the laser up to the diffracting
object. We then use the Huygens Fresnel formula [1,16,19]
to obtain the diffracted field. This formula states that ev-
ery point on the area surrounding a diffracting objectiis
itself the source of spherical wavelets having the same fre-
quency as the incident wave which alsospropagate. These
secondary wavelets mutually interfere at a given position.
The sum of these spherical wavelets generates aspot that
propagates behind the object. We then compute the am-
plitude and the phase of the spot in a_plane perpendicular
to the direction of propagation, for/various distances from
the object.

The results of these calculations, for the ¢am of Fig. 1,
are shown in Fig. 2. Obviously, the phase varies with
the azimuthal angle. The_diffracted field is then a vor-
tex beam that carries OAM. We evaluate the topological
charge carried by the gentral spot.. The light is decom-
posed into modes with-integer topological charges. These
calculations confirmi the results of Ref. [10]. In regards to
the distribution of| the amplitude of the light spot, it is
in qualitative agreement with the inserts of the pictures
of Fig. 1, that correspond to the experimental intensity
distribution of the fields at various given distances, in the
shadow of«the cam. From the numerical simulations, it
seems that the size of the spot scales as dA\/R, R being
the meanradius of the cam, as one changes the size of the
occulting ‘object« This same kind of dependance can be
found in every interference phenomena.

Results. —

I BB

d=2.5 (=1

d=6.7 (=0
d)

d=1.5"¢=2

Fig. 2: Calculated phase distribution and deduced topological
charge of the diffractedbeamat a distance d from the object a)
d = 6.7 m, the phasefis constant: £ = 0, b) d = 2.5 m, the phase
varies from 0 to —27:.4=~1,¢)d=15m,{=-2,d)d =0.9
m, { = =3, e) d £0.65 m, £ =(—4, respectively. f) Phase color
code and shape of the,absorbing object corresponding to the
experimentalobject.

Static object. ». We have experimentally investigated
the topological charge of the central spot of the diffracted
beam. Please note that the charge is evaluated on a lim-
ited size area*corresponding only to the spot. The results
are displayed in Table 1, for the distances shown in Fig.
2. They<confirm that the diffracted beams indeed carry
OAM. They are in good agreement with the calculated
phase variations in the previous section. For distances d
between 0.9 and 1.5 m, the topological charge cannot be
precisely determined experimentally. It is predominantly
equal to £ = —3 close to d=0.9 m and to ¢ = —2 close to
d=1.5 m, respectively. Inbetween, from the calculations of
the previous section, the spot is actually a superposition
of modes having a topological charge equal to / = —3 and
¢ = —2 (see Fig. 3a for the OAM spectrum decomposi-
tion).

For 1.5m <d<25m, and 25 m < d < 6.7 m, the
spot is a linear superposition of { = —2 and ¢ = —1,
and { = —1 and ¢ = 0, respectively. As the diffract-
ing object is reversed, the sign of the topological charge
changes, both experimentally and theoretically. For dis-
tances d below 0.9 m, the intensity of the spot is too low to
perform any accurate experimental determination of the
topological charge of the beam. Nevertheless, from our
calculations, the absolute value of the topological charge
increases further closer to the cam. We have changed the
laser polarization (linear, vertical or horizontal, or circu-
lar) and we haven’t noticed any change in the experimental
results. They seem to be independent of the polarization.

Rotating cam.  Let us consider a distance where the
topological charge is unambiguously known, for example
d = 2.5 m, where £ = —1. The estimated phase variation
is displayed on Fig. 2b. Let us now rotate the diffracting
object by a given angle #. Then, the phase distribution of
Fig. 2b rotates accordingly. The azimuthal dependence
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Table 1: Experimental values of the topological charge ¢ and
of the rotational Doppler shift Av for different distances d be-
tween the occulting disk and the detection system. They corre-
spond to the calculations of Fig. 2, and to a rotation frequency
of the object of v, = 9.0+0.1 Hz. The main uncertainty of the
results comes from the accurate determination of the rotation
frequency of the object. The results are in agreement with the
formula Av = fu,.

d(m) 0.9 15 2.5 6.7
0 -3 2 1 0
Av(Hz) | 2714203 | 180202 | 90+£02 | 0.0£0.1

now simply writes exp(if(¢ +0)). It is nothing but a shift
of the azimuthal angle origin. As the object is rotated at
a constant angular velocity 27v,., at a given time ¢, the ro-
tation angle equals 8 = 27v,.t. Thus, the electromagnetic
field has an azimuthal dependence exp(if(¢ + 2mv,t)). Let
us now separate this formula into the product of the az-
imuthal variation exp(if¢) due to the OAM nature of the
beam, and a time-dependent term exp(if27v,.t)

exp(il(¢p + 2mv,t)) = exp(ile) exp(il2mv,t) (1)

This last term could be included in the time variation term
of the electromagnetic field exp(—iwt), leading to a time
oscillation exp(—i(wt — £27v,t)). This is nothing but a
shift of the light frequency

Av = —lv, (2)
which is the usual rotational Doppler shift forntula, [14].
Since the integer number ¢ varies along propagation, as
previously discussed, the frequency of the spot must vary
accordingly, in a discrete way, depending on the./ value.

Could it be verified experimentally? To this purpose,
we collect part of the diffracted spot with a self-focusing
lens and inject it into an optical fibre. We take advan-
tages of existing elements such as couplers,}ttenuators
and acousto-optic shifters at telecom wavelengths to per-
form a heterodyne measurement of thefrequency shift.
More precisely, the collected light is coupled to a refer-
ence light coming directly from _the laser source thanks
to a 50/50 coupler. Its intenSity ecould be attenuated to
match the collected light intensity. Besides, this reference
beam is frequency shifted by two acousto-optics modula-
tors by a fixed 70 Hz quantity, Thus, the beat frequency
should equal to the frequengy shift of the diffracted beam
plus 70 Hz. Then, the mixed light is sent to a photodiode
and an oscilloscopé, looking for a beat frequency. We then
perform a Fourier transform of the beat signal to isolate
a single frequency (see Fig. 3b). We finally subtract the
70 Hz offset fo find the rotational Doppler frequency shift
(see Table 1), including its sign.

The results are in/good agreement with the expected
value. By blocking the reference beam, we check on the
detected intensity, that for d > 6.5 m, d =2.5 m, d = 1.5
m and d/= 0.9 m, the residual intensity modulation is

o (=2 =

O Z:—l

composition (%)

g
— | b) 97 Hz
=3
0.9
o s W 15
T L s T T = T - 67 25
70 80n. 90 | 100 < a0 v (Hz)

Fig. 3: Dedomposition of the diffracted beam. a) Calculated
distribution of the amplitude of the different modes in the de-
composgition of the diffracted beam, versus the distance d from
the object.. The dotted vertical lines correspond to positions
where /¢ isfwell-defined. The experimental measurements of Ta-
ble 1 have been performed at these positions. b) Fourier trans-
form of the experimental beat signal between the spot light and
a reference beam at different distances from the rotating disk.
Rotatingyfrequency of the object: 9.0 £0.1 Hz; fixed frequency
shift of the reference beam due to the acousto-optics: 70 Hz.

negligible. Thus, the beat signal cannot be attributed to
an intensity modulation of the collected light. Obviously,
the frequency of the spot changes along propagation in a
discrete way. As the rotation frequency v, is changed, the
shift varies linearly according to Eq. 2 (see also Fig. 4).
Note that the picture of the object corresponds to the ob-
ject used in the experiment. Such behavior can be found
as soon as the diffracting object is asymmetric and gen-
erates fields carrying OAM [11]. As the object is rotated
clockwise (in the other direction), the light frequency de-
creases. The sign of the shifts is changed as the object is
reversed.

Discussion. — Light that changes frequency along
propagation may have several applications. It may be
adapted to any wavelength, including radio waves, and
both the size and the rotation velocity of the object can
be modified to match any situation. Using very narrow
filters, this kind of frequency varying-beam would enable
to address light in very specific and limited places. In
telecommunications, addressing a signal to a given area,
would drastically reduce the energy density that may be
detrimental to human electromagnetic compatibility [20].
Thus, it could significantly reduce electromagnetic pollu-
tion. It may also be a valuable tool in material processing
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Fig. 4: Variation of the measured frequency shift versus the
rotation frequency of the object for different distances between
the detector and the object. A negative rotation frequency
corresponds to a rotation in the other direction (clockwise).
As the object is reversed, the sign of the topological charge of
the diffracted beam is changed, as well as the Doppler shift.

or biomedical imaging to determine a well-defined zone
and to avoid any residual absorption in sensitive, remote
or hidden places [21, 22].

Cases of frequency-change during propagation are rare.
To the best of our knowledge, the gravitational red shift
is the only other one [23]. Nevertheless, this frequency
variation may seem paradoxical here, since, at first sight,
it violates the energy conservation law. The energy per
photon equals hv, h being the so-called Plank constant
and v being the light frequency. This frequency increases
or decreases along propagation, depending on the sense of
rotation and on the orientation of the asymmetry ofithe
cam.

However, regarded to the energy consetvation in the half
space after the cam, one must consider the'whole electro-
magnetic field in a plane perpendicular 46 the,direction
of propagation. The central spot is only part of the,total
electromagnetic field in the shadow of the ecam. For exam-
ple, close to it, apart from the central spobthere are other
components that form much less intense rings around this
spot (see Fig. 2¢, d and e). Part of these components in-
terfere constructively on the axis at a longer distance from
the cam and form the spot_furtherion. ,Their frequencies
are of course different from the ene of the spot close to
the cam. Analogously, at longer distances from the cam,
there are also outer rings. They are formed with several
components that intéerfere constructively close to the cam.
They also have different frequenecies, from the one of the
spot. Actually, all the frequency components are present
in a plane perpendicular to the direction of propagation at
a given distance. Theseé components remain present what-
ever the distance; but with a different repartition distribu-
tion. Thus there isno violation of the energy conservation
law. There is neither a violation of the OAM conservation
law for exactly the same reason. All the components that
lead to a given topological charge at a given position (and
in a limited detection area), are present in the outer rings
of the'eentral beam.

Nevertheless, since the light frequency has changed dur-
ing the interaction with the diffracting object compared
with the incident one, there must havelbeen energy ex-
changes with the diffracting object, duedto the total en-
ergy conservation [24]. Actually, ducingrthe diffraction
process, depending on the orientation of the cam and its
sense of rotation, the cam should gainrenergy and the light
should lose energy or vice vérsa. The ecomponents of the
beam carrying OAM interact with, the rotating diffract-
ing object, leading to a work of the torque of the light
beam [26]. Depending of the relative sign of the topo-
logical charge and the semseyof rotation, the work could
be positive or negative,/independently of the laser polar-
ization. This leads to a small variation of the rotational
kinetic energy of thefobject.nln the experimental situation
depicted in Fig. 1, for.a counter-clockwise rotation, the
object should have lost energy. However, this energy lost
is very small and is,thus,difficult to directly evidence ex-
perimentally. In the case where the object is actuated by
light [11], it'gains energy whereas the light loses energy.

Congcluding remarks. — There is however a kind of
paradox in the experiment described above. According to
the_theory of diffraction, in the frame rotating with the
object, everyspoint on the area surrounding a diffracting
object is itself a source of spherical wavelets [16,25]. Since
wavelets are by definition spherical waves, they must have
the same frequency as the incident beam, in the frame
rotating with the object. In the laboratory frame, there
may be some usual linear Doppler effect. However, since
the rotation axis, the centre of the object and the optical
axis are superimposed, there is no linear Doppler effect for
any spherical wavelet detected on the optical axis. And
yet, as the wavelets interfere on the optical axis form-
ing a spot, the phase distribution of this spot is rotat-
ing as the object rotates. Besides, we have shown that
the beat frequency with a reference beam varies in a dis-
crete way along propagation, reflecting a discrete change
of frequency of the propagating spot, which is obviously
in contradiction with the wavelet propagation. It might
be that the diffracted field in the rotating frame has com-
ponents that carry OAM. These components experience
a rotational Doppler shift in the laboratory frame. How-
ever, this intriguing observation may open some new dis-
cussions on the theory of diffraction, which is still an open
and highly debated issue [27,28], not only in optics [29,30].
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