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Generation of sub-wavelength beam sizes is a fascinating challenge with several implications. The obser-
vation of a 120 nm laser spot size in the visible part of the spectrum is here reported. It has a size variation
of less than 10 % on a distance of 50 ym along the axis of propagation. This so-called Arago spot results
from the diffraction of the light from a laser diode by the edges of an absorbing disk. Applications are
discussed. Furthermore, hollow beams carrying orbital angular momentum with 400 nm diameter dark
spot in the centre are evidenced. This paves the way towards atom lithography via atom guiding or new
spectroscopy on forbidden transitions. © 2020 Optical Society of America

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

1. INTRODUCTION

On the one hand, an increasing number of experiments and op-
tical devices requires concentrated light beams on scales shorter
than the wavelength A. Prominent examples could be encoun-
tered in optical lithography, confocal microscopy, optical data
storage or particle trapping. Several technics have been devel-
oped to bypass the fundamental diffraction limit [1, 2], that is of
the order of a fraction of A, such as fluorescence nanoscopy [3],
metamaterials [4], near-field and plasmonic [5, 6], two-photon
laser writing [7, 8], or non-diffracting beams [9, 10]. However,
because of fundamental limitations or technical restrictions, the
beam size is usually larger than a few hundred nanometers.

On the other hand, the so-called Arago spot consists of a
bright-diffracted spot at the center of the shadow of a circular
object that is uniformly illuminated [11, 12]. At the beginning of
the 19" century, it played a major role in the demonstration of
the wave nature of light [13, 14]. It is also responsible for dam-
ages in unstable cavities [15], and has been shown to propagate
faster than light [16-19]. This superluminal behavior is due to
the fact that the Arago spot could be considered as an azimuthal
superposition of plane waves of equal inclination in respect to
the optical axis. Then, as for scissor blades, their contact point
can move faster than light [20]. But most of all, it propagates in
a quasi non-diffracting way and its size should decrease while
approaching the disk. One may then wonder whether such a
decrease could be experimentally demonstrated, and what is the
ultimate limit. The aim of this article is thus to investigate the
properties of the Arago spot close to the occulting object.

2. THEORETICAL CONSIDERATIONS

As the central part of a collimated laser beam is occulted by a
disk centered on the beam axis (see figure 1a), a bright Arago
spot appears in the shadow of the disk. Its intensity distribution
can be calculated using the Huygens-Fresnel principle [21]. Ev-
ery unobstructed point of a wavefront becomes the source of a
secondary spherical wavelet and the amplitude of the optical
field at a given point is the superposition of all the secondary
wavelets with their relative phases. Such numerical calculations
have been carried out and appear in red in figure 1c. The radial
intensity distribution I(r) at a distance z from the occulting disk
can also be approximated, in the near field diffraction regime,
by a squared zeroth Bessel function Jy [22].

N z2 5 [ TTF d
0= S )

where d is the disk diameter (see figure 1a), and Ij is the intensity
of the incoming beam, considering the incoming beam as a
plane wave. As z tends towards zero, the Bessel function equals
J3(2mtr/A). 1t doesn’t depend on the disk diameter any more.
Note that, far from the disk, Eq. 1 reduces to the usual formula
[13, 14, 23],

z? 5 7trd
1(1’) — IOZZ T (d/z)z]O( Az )
It has been recently shown that light diffraction from an oc-
culting disk could lead to a dark Arago spot instead of a bright
one. The light beam has to be a vortex beam [24] instead of a
plane wave. Such vortex beams carry orbital angular momen-
tum and have a non-uniform phase distribution. On a plane

(2)
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Fig. 1. Set-up. (a) Light of a red collimated laser diode that
impinges on an occulting disk d = 600 ym. The diffracted light
interferes in the shadow of the disk (at the intersection of the
red lines). The spot is observed with a microscope with a x100
objective and a monochrome gray-scale camera. (b). Picture
of the Arago spot at a distance of 1.4 mm from the disk. Scale:
2 ym. (c). Intensity distribution corresponding to the pixel
intensity, together with a fit according to equation 1 (blue), and
a numerical estimation of the intensity distribution using the
Huygens-Fresnel principle (red). wy: spot waist.

perpendicular to the direction of propagation, the phase varies
uniformly from 0 to 27t¢. ¢ is an integer number called the topo-
logical charge of the beam. When diffracted by a disk centered
on the beam axis, the spot conserves its topological charge, and
its intensity distribution like for Eq. 1 is described by the square
of the ¢! Bessel function J,. It varies as

(3)

N 72 o [ TTI d
I(r) ~ I()Z2 T (d/2)2 It <7 (22 + (d/2)2)1/2)

Like for Eq. 2, far from the disk the ], function could be simpli-
fied to J7 (rrd / (Az)) [25-27].

3. EXPERIMENTAL SET-UP

A collimated laser beam (A=636, 532, 488 and 404 nm, Oxyus
lasers L6Cc) impinges on a dark absorbing object (see figure 1a).
Since light is transported by an optical fiber, it is non-polarized.
In order not to saturate the detection, its power is limited to 2
mW for the red, green and blue lasers and to 6 mW for the violet
laser. An aspheric collimator lens (Thorlabs CFC-2X-A) adjusts
the laser beam size to the the disk size. The dark absorbing disks
(diameter 500 to 900 ym) are made of chromium deposited on
a 2 mm thick BK7 glass. The roughness of the contour of the
chromium disk is less then 0.3 ym. This has been verified with a
microscope. According to Eq. 1, with z = 100 ym, and d = 275
pm, this corresponds to a variation of the spot size of the order
of 0.1 nm, and a phase variation of less than a fraction of 2.
Integrated over the whole disk, this could thus be neglected.
Actually, our chromium deposited disks are "class 4" bought
from Photo Data. The roughness is rather in the 50 nm range.
Special care is taken to align the axis of the beam with the axes

of the disk and the microscope. The chromium deposited side
points towards the objective of the microscope, so that the Arago
spot travels in air only.

The diffracted light interferes in a bright spot in the centre
of the shadow of the disk. It propagates and it is imaged with
a microscope. The microscope is an inverted Leica microscope
(Leica DMi8) with a x100 objective (NA 0.95 in air). The numeri-
cal aperture (NA) is defined as 7 sin 8, nn being the index in the
medium we look at (air in our case), and 6 being the maximal
angle of incidence. The light rays diffracted by the edges of the
disk, impinge with an angle 0 regarded to the vertical axis that
equals 6 = tan~1(d/2z) at the spot location (see figure 1a). It
thus means that we cannot observe a spot at a distance shorter
than 100 ym for a d = 600 ym disk.

The position of the disk can be adjusted thanks to servo-
controlled micro-stages positioners in the XYZ directions, with
sub-micrometer resolution. The position z = 0 corresponds to a
focus of the microscope on the chromium deposited dark disk.
The verification of the z = 0 position is performed every time at
the beginning and at the end of each experiment. The camera is
a monochrome gray-scale Hamamatsu CCD camera (C11440).
We have calibrated the imaging system against a millimeter
sight. One pixel corresponds to 60 nm. The recorded images
are analyzed using Image] software [28]. We first identify the
Arago’s spot at a distance of z = 4 mm as the initial setting
position, before reducing the distance z.

4. RESULTS

An example of an image of a spot is displayed in figure 1b.
It is located at a distance z = 1.40 mm from a d = 600 ym
disk. The bright spot roughly corresponds to 30 pixels (1.8 ym).
The variation with the azimuthal direction is mainly due to
diffuse light from all the collection optics (including the lenses),
and from multiple reflections at interfaces. Figure lc shows
the experimental intensity and a fit using equation 1, together
with a numerical estimation of the intensity according to the
Huygens-Fresnel principle. The agreement is very good. It also
validates the approximations made to evaluate the diffracted
spot of equation 1. Note also that the only adjustable parameter
is the incident light intensity. We characterize the spot by its
waist, as for Gaussian beams [15]. It is defined as the distance
from the spot axis at which the irradiance has fallen to 1/¢* of
its maximum value. It corresponds to the value of the square of
the Bessel function for 1.75. In figure 1, wy equals 0.84 ym.

Although the value wy = 0.84 um is already of the order of
the light wavelength (A = 0.636 ym), one may wonder whether
smaller sizes could be obtained. We have thus varied the dis-
tance z between the observations and the disk. The resulting
spot size variation is shown on figure 2a. As expected from
equation 1, and from numerical estimations, this variation is
linear with z, far from the occulting disk. It then should tends
towards 1.75A /7 = 166 nm, for A = 636 nm. It is difficult to
define a depth of focus of the Arago’s spot, as for focused beams,
since it doesn’t result from a focusing. Nevertheless, the spot
size variation is less than 10% over a 50 ym distance in a region
where the size is in the tenth of micrometer range. The smallest
waist wy we measured, is 220 & 15 nm, at a distance of z = 150
pum from the absorbing disk. This is well below the wavelength.
Since the beam size depends linearly on the wavelength, we then
use several laser beams at A = 532, 488 and 404 nm to decrease
its size further.

As can be seen in figure 2a, the spot size varies linearly with
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Fig. 2. a) Experimental spot size variation versus z for 4 differ-
ent laser wavelengths. Circles: experimental measurements.
The error bars result from the resolution of the microscope and
from uncertainties in the measurements. Solid lines: plots of
equation 1, with no adjustable parameters. Inserts: pictures of
spots for different wavelengths and different spot sizes. The
white scale corresponds to 1 ym and is the same for every pic-
ture. b) Same as a), but the experimental spot size w has been
normalized by A. The experimental measurements for the 4
wavelengths end up on the same theoretical curve correspond-
ing to equation 1.

the wavelength far from the occulting disk, as expected. Close
to the disk its value is finite. The smallest spot we measure has
a waist of wyp = 120 £ 15 nm for the violet light, at a distance
z = 150 ym. The ultimate theoretical value is 110 nm. The
intensity of the bright spot also limits its observation. Accord-
ing to equation 1, the intensity should tend toward zero when
approaching the disk. It is worth noting that one can plot for the
4 wavelengths the spot waist w normalized by A (see 2b). Then,
the experimental points are aligned on the same theoretical curve
corresponding to equation 1.

Besides, according to equation 2, the spot size is proportional
to Az/d whereas the beam size of a Gaussian beam varies as
Az/wq [15]. There is thus a factor corresponding to d/wg be-
tween the divergence of a focused Gaussian beam and the linear
variation of the spot we observed. For a strongly focused beam
(wo ~ 1 um) the ratio is of the order of 10%. The Arago-spot is
not limited by diffraction.

5. DISCUSSION

Alternatively, such spots could also be obtained using axicon
lenses [9, 29]. These elements are of conical shape instead of
spherical one for usual lenses. As a Gaussian beam impinges on
it, Snell’s laws lead to an intensity distribution depending on 7,
that varies as a square Bessel function. In that case, the spot size
is constant and imposed by the lens (angle of the cone «). The
intensity distribution scales with J3(27tr(n — 1) tana/A) [30, 31].
For an optical index n of 1.5, the highest value of « is around
40°, leading to tan @ ~ 0.84, and the Bessel spot holds on a very
small distance. In the case of the Arago spot, the corresponding
quantity goes to 1 and the Arago spot holds on a longer distance.

There are other technics that could also lead to small optical
beam sizes. For example, so-called super oscillations have also
been shown to enable sub-wavelength beam sizes [32]. However

the beam size is of a fraction of the wavelength and holds for a
few micrometers only, whereas Arago spots are in the hundreds
nanometer range and hold for hundred of micrometers. Similar
spot sizes have been also evidenced behind a disk of smaller size
and on much smaller scale [19, 33], leading to a strong phase
anomaly. This kind of spot also appears in photonic nanojets
that originate from diffraction [34].

Apparently there may be a kind of paradox in our experiment:
The spot originates from the diffraction of light by the edge of
a disk. This diffracted light interferes to form a bright spot.
However, its size is not limited by diffraction. This spot could
be smaller then the wavelength and may beat the resolving
power or the Rayleigh criterion of a usual microscope. Actually,
this criterion tells us that a faithful image needs that all the
spectra contribute to the formation of the image [13]. This is
never possible using ordinary lenses. However, in the case of
the Arago spot, all the spectra components are within a cone
which angle is § = tan~!(d/2z). The azimuthal superposition
of these waves leads to the Arago spot. As soon as the numerical
aperture of the microscope is higher than this angle, all the
components enter the microscope. There is no component left.
It could then be that the image reach hundred of nanometer
sizes, well below A. It is very similar, in its principle, to negative
refraction which has the power to focus all Fourier components
of a 2D image making thus a perfect lens [35], also beating the
Rayleigh criterion.

It is worth noting that either equation 1 or the Huygens-
Fresnel principle relies on a scalar theory of diffraction. It be-
comes questionable when the angle between the incident and
the diffracted spot tends toward 90°. A vectorial calculation
could be needed. However, the agreement between calculations
and experimental observations is very good. Probably, the scalar
theory is here valid because the polarization of light is not linear.
Besides, as noted in calculations about photonic nanojets, and
in Bessel beams [33, 34], the diffraction spot, in case of a linear
polarization, would become slightly elliptic. The size of the spot
in the direction perpendicular to the electric field is reduced.
This would marginally affect the spot size. Anyway, we have
added a linear polarizer at the end of the fiber and we didn’t
experimentally notice any difference.

Since this technics only requires a laser and an absorbing disk,
it is easy to implement and it could find straightforward appli-
cations in many domains such as optical lithography, confocal
microscopy or optical data storage. In the first case, a smaller
light spot would lead to a much more defined tool that could
be of valuable help in material processing [36]. Besides, there is
very little constrain on the "depth of focus". In the later case, the
size of the writing or reading beam is the main limitation for an
increase of the storage capacity [37]. A decrease of the size spot
by a factor of ten as shown here, would lead to an increase of
the data storage capacity of one hundred.

Applications in particle trapping could also be considered.
Actually, the intensity gradient in a plane perpendicular to the
direction of propagation can be very steep. It could lead to very
efficient dipole forces and to the trapping of particles. Arago
spots with very small sizes could also be obtained for matter
waves or even in other domains of the electromagnetic spectrum
as for X-rays for example reaching sub-nanometer dimensions.
It may be optimized for applications using X-rays at grazing
incidence.
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6. GENERALIZATION TO LIGHT ORBITAL ANGULAR
MOMENTUM (OAM)

In order to generate spots carrying OAM, we have modified the
experimental setup of figure 1 and replaced the fundamental
beam illuminating the disk by a vortex beam with a topological
charge ¢ = 4 at A = 636 nm. The vortex beams is generated
using a spiral phase plate [38] (RC photonics). Like for the usual
Arago spot, the centre of the vortex beam is aligned with the
centre of the disk and with the axis of the microscope. The fo-
cus of the laser diode is adjusted so that the size of the vortex
beam corresponds to the size of the disk. We can generate vortex
beams with £ = 1 up to £ = 8 at A = 636 nm. The vortex nature
of the beam is probed using a Young double slit experiment tech-
nics [39]. The choice of a ¢ = 4 beam results from a compromise.
The realization of small dark spots needs to decreases £ whereas
sharp edges need higher £.

r(um)

-1 -05 0 05

Fig. 3. Example of a / = 4 diffracted beam. a) Photograph

of the dark spot at a distance of z = 0.57 mm, exemplifying
the hollow in the middle of the light intensity distribution. b)
Intensity distribution (the crosses correspond to the intensity
of the pixels), together with a fit using the equation 3 (blue),
and a numerical estimation of the intensity distribution using
the Huygens-Fresnel principle (red).

An example of a diffracted beam at a distance z = 0.57 mm
from the disk (d = 600 ym) is displayed on figure 3. The light
intensity distribution clearly corresponds to a circular hollow
beam with a dark spot in its centre. The intensity distribution is
well reproduced by numerical estimations using the Huygens-
Fresnel principle (see figure 3b). It also matches a square 4"
order Bessel function (see equation 3). The small discrepancy
between the fit and the experimental value, especially in the
centre of the distribution, which is the most useful part, may
result from the impurity of the beam (residual contribution from
¢ =1and ¢ = 2 modes). This is probably also the reason for
the discrepancy in the wing of the distribution. For the sake of
simplicity, we define the diameter of the dark spot at half width
at half maximum, leading to a value of 0.8 ym.

We have also varied the distance between the disk and the
spot (see figure 4). We find a linear variation of the dark spot
diameter versus z, far from the occulting disk, in good agreement
with equation 3. The smallest dark spot diameter is of the order
of 420 nm at A = 636 nm. The theoretical limit of the dark Arago
spot diameter is 400 nm, according to equation 3.

Such hollow beams could have interesting consequences [40].
For example hollow beams have been proposed to guide atoms
[41, 42]. When the light frequency is adjusted so that the dipole
electric force is repulsive, the atoms are forced to travel in the
central part of the beam. However, getting sizes below the mi-

21 r(um)
A=636nm

—_——
-

_——
—_——

0 0.5 1

Fig. 4. Spot size variation versus z for a £ = 4 diffracted beam.
Circular points: experimental measurements. Error bars re-
sult from the microscope resolution, and for measurements
uncertainties. Red solid line: plot from equation 3, with no
adjustable parameters. The dotted line and the experimental
points correspond to the waist of the / = 0 spot of figure 2,
that have been added here for comparison.

crometer range is one of the present limitation of focused hollow
beams. Of course, Arago spots are less efficient than usual hol-
low beams, or hollow guide fibers [43], to guide atoms on long
distances. In the case of an Arago dark spot, the beam size in-
creases significantly after 100 ym propagation. Nevertheless, it
could act as a funnel at the end of such guiding structures with
extremely small dimensions, below the micrometer range. Those
atoms could then be loaded in atomic traps, or used for lithogra-
phy or to generate well collimated matter waves. Submicrometer
particles could also be trapped in the dark region and rotated
since vortex beams carry OAM [44]. Small size hollow beams
have also been produced using nanophotonics. For example,
shaping an azimuthally polarized wave with a planar binary
phase lens leads to hollow spots with half width at half maxi-
mum of 0.6A [45, 46]. Hollow beams have also been reported
from metamaterial structures [47]. Though, such hollow spots
are either diffraction limited or rather difficult to realize [48].

However, one of the most stunning foreseen issues may be
in a new kind of spectroscopy aimed at investigating forbidden
transitions [49, 50] on atoms or molecules. Indeed, vortex beams
could induce multipolar transitions due to selection rules corre-
sponding to high values of £. There is no limitation to its value.
Nevertheless, the vortex beam must then be of the order of the
atomic size. Interactions with a Bose Einstein condensate [51]
have been proposed in order to increase the spread of the atomic
wave function.

It has also been proposed and demonstrated [52] to observe
quadrupolar transitions using combinations of ¢ = 1 orbital an-
gular momentum and spin angular momentum. Yet, the size of
the optical beam that carries orbital angular momentum is still
one of the main limitations of such beams, as for hollow beams.
Actually, it is difficult to achieve small sizes using conventional
focused vortex beams, because of the diffraction limit. Neverthe-
less, as described here, Arago dark spots could in principle be
in the hundreds of nanometer range, getting closer to the atom
typical size. Multipolar transitions even with £ > 1 may become
possible and be likely observed. This would thus pave the way
to a new spectroscopy.
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7. CONCLUSION

We have thus investigated the properties of the Arago spot close
to an occulting disk. Its intensity distribution is described by a
Bessel function. We have shown that 120 nm size spot could
be obtained at a distance of 150 ym behind the object, in good
agreement with theoretical estimations. However, theoretically,
it tends to a finite value close to our experimental value when
approaching the disk. Nevertheless, such small size spots may
pave the way towards new potentialities of Bessel beams [53]. In
particular, applications in optical lithography or in data storage
capacities have been discussed. Besides, it has been shown
that nanometer size dark vortex beams can be achieved, with
applications including atom guiding or forbidden transition
spectroscopy.
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