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Fresnel diffraction of light beams with a topological charge on a 2D regular
amplitude transparency mask is studied. Numerical predictions show that the
3D optical lattices of optical vortices can be formed using the Talbot effect,
with these predictions confirmed by the experimental reconstruction of all 3D
optical vortex lattices. The periodicity of the 3D optical vortex lattices is
determined by the light wavelength and periodicity of a transparency mask.
Furthermore, it is shown that the optical vortices are created and annihilated
during light propagation behind the mask with the preservation of the total
topological charge. The 3D optical vortex lattices are considered to be tolerant
to the perturbations induced by trapped particles caused by the features of the
Talbot effect. The 3D optical vortex lattices open new possibilities for

multiplexing, which results in the supe-
rior capacity of optical communication
systems.l1%111 Of great interest are the
spatial OV arrays. They are promising for
a wide application range, including mi-
cromachining and structuring, trapping,
sorting, and micromanipulation.'2-1¢]
Single photons prepared in the OV lat-
tice can inspire many fields of quantum
optics.['”] The OV arrays can be created
by multibeam interference,!'81°! diffrac-
tion on Damman gratings,*”! or using
the Talbot effect.?!l Besides, in ref. [22]

light—-matter interactions and the related applications.

1. Introduction

Structured light, that is, the light with the complex intensity,
phase, and polarization distributions, is an exciting object of
study in photonics due to its extraordinary characteristics.[?]
A Dright example of structured light is an optical vortex (OV),
which represents the light with an azimuthal phase dependence
of exp (il¢p), where [ is the topological charge (TC) and ¢ is the
azimuthal angle.’] The light with such phase dependences is
characterized by the phase singularities with zero intensity This
makes the OVs highly desired for optical tweezers*! due to the
high intensity gradient around these singularities and makes it
possible to overcome the diffraction limit and achieve the super-
resolution.l’] The superposition of two OVs can result in the for-

mation of bottle beams,®) which are the light beams with a fi-

nite axial region of the near-zero intensity surrounded by the
high-intensity light in all dimensions.l”! They are promising for
3D optical trapping of absorbing particles, which are trapped at
the center of a bottle beam, where the thermal damage becomes
negligible.l®? In addition, the orbital angular momentum (OAM)
related to the OVs provides an additional degree of freedom for
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it was proposed a method for producing
a close-packed 2D OV lattice with a
controllable structure in the far-field. So
far, the investigations of the OV arrays
have been limited to the cross sections of
the 3D spatial distributions, 223! except for the 3D reconstruction
of a unit cell,["®24] although 3D optical lattices without TCs have
been intensively studied.®»] A spatial array of the OVs regular in
the three dimensions (a 3D lattice) is of particular interest, since
it offers unique possibilities for light-matter interactions, which
cannot be obtained using optical lattices without TCs.

In this paper, Fresnel diffraction of light beams with a TC on
a 2D regular amplitude transparency mask (diffraction grating)
is examined. This approach is shown to be a straightforward and
simple way to produce 3D OV lattices (OVLs).

2. Basic Theory

When a plane wave passes through a periodic grating, the
near-field interference of the diffracted waves leads to the self-
reproduction of the intensity distribution (image) at distances
multiple of the Talbot length Z; = 2A%/A, where A is the grat-
ing period and A is the wavelength of the incident wave. This
effect is well-known as the Talbot effect!?®); it has been shown
that this effect is retained for OVs in the visible?*] and terahertz
ranges.2123] It means that the Talbot effect can be used to create
the 3D OVLs by illuminating a 2D amplitude diffraction grating
with an OV as shown in Figure 1a. The 3D intensity distribution
can be calculated using the approach proposed in ref. [24]. In the
case of a squared regular grating, the light field diffracted behind
the grating can be presented in the form

1 I W2

_ -1
Etpz) =i (_E) Az(1— i)

X Ey exp [ikz + i(k/22) (%" + y*)]

(b2, + b;n)w2
X Ztmn b + lb eXp [—w (1)
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Figure 1. Schematic of the experiment: a) near-field diffraction of a helical
wavefront wave on a 2D regular amplitude diffraction grating, b) measured
profile of the OV beam (I = +1) incident on the grating, and c¢) SEM image
of the grating.

4z 4z;
3z 3z;
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Figure 2. a) Calculated and b) experimental 3D optical vortex lattices with
10 x 10 periods and z € [2Z;, 4Z;] for [ = +1.

Here, b,,, = mG — (k/z)xand b, = nG — (k/2)y, a = kw’ /22, kis
the wavevector, w is the beam spot radius, G = 2z /A is the re-
ciprocal lattice vector, and the subscripts m, n are integers. The
Fourier coefficients of the transmission function of the ampli-

tude transparency grating T(x,, y,) are

AJ2

1 —iG(mxy+n:
by = A2 // T(xO'Yo)e[ Clmot YO)]dxodYo (2)

—-AJ2

3. Results and Discussion

The calculated 3D OVL for 10 X 10 periods of the grating and the
coordinate range z € [2Z, 4Z;] is shown in Figure 2a. To obtain
the best visualization of the 3D intensity distributions, the trans-
parency was tuned such that the patterns were semitransparent
at the intensity level below 0.8. At the Talbot planes (TP), the in-
tensity pattern has good reproducibility and represents a set of
vortices. At small distances (as far as the second Talbot plane),
the intensity distribution is complex, which is quite expected and
related to the diffraction features, since, in this region, the high-
frequency spatial components make fairly a great contribution.
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Starting with the second Talbot plane, the intensity distribution
becomes better ordered. Although the vortices become broader
with increasing distance (during the propagation), they start over-
lapping from a certain point. Since the vortices with the higher
TC are broader, they start overlapping at smaller distances.

In the experiments, a phase mask with the azimuthal phase
modulation generated by a 2D phase-only spatial light modula-
tor (SLM, PLUTO-NIR-011, Holoeye, a pixel pitch of 8 pm) was
imposed on a Gaussian beam of a He—Ne laser (FWHM 546 pm)
to obtain OVs (Figure 1b). The linearly polarized radiation with
a wavelength of 632.8 nm was generated by a laser operated in
a single-mode regime. To obtain the high-quality OVs, a fork-
shaped hologram was loaded into the SLM, which provides the
phase modulation in the form cos(G,x + l¢), where G, is the re-
ciprocal lattice vector. The OV beam was incident onto the struc-
ture in such a way that the OV center coincided with the center of
the grating structure. The grating is a 2D regular array of round
holes formed by ion etching on a Hitachi FB-2100 focused ion
beam system from a transparent quartz plate coated with a silver
film (Figure 1c). The grating periods were 10 pm and the hole di-
ameter was about 5 pm. The overall size was 400 X 400 pm? with
40 periods along each axis. A beam profiler with a 100x objective
was mounted on a translation stage behind the grating. An ob-
jective with the beam profiler moved along the translation stage
with a step of 1 micron. At each step, the intensity profiles were
recorded. A whole set of intensity profiles forms the 3D near-field
intensity distribution. Thus, we obtained the experimental 3D
OVLs for the parameters corresponding to the calculated ones,
as shown in Figure 2b. To obtain the best agreement between the
calculated and experimental 3D OVLs, the experimental inten-
sity level below which the distribution became semitransparent
was taken to 0.75. The discrepancy between this value and the
calculated data is caused by the measurement error. Since the 3D
distributions in Figure 2 are spatially periodic in each dimension,
these 3D distributions can be treated as 3D optical lattices. The
comparison of the calculated and experimental 3D OVLs showed
that the periodicity along all the axes and shapes of individual
beams are in good agreement.

Let us now consider Fresnel diffraction for different TCs
of the incident beam. For more detailed analysis, we limit the
consideration to the two periods of the 3D OVLs along both
the x- and y- axes. It can be seen in Figure 3 that the calculated
and experimental 3D OVLs agree well, especially for low TCs.
According to the rotational symmetry of the investigated con-
figuration, the measurements were performed in the central
low-intensity area of the incident beam, which made the analysis
easier. Thus, it should be noted that the higher the TC, the
broader the incident OV core, and the lower the intensity near
the center. This leads to a decrease in both the signal-to-noise
ratio and the image quality, while the fine structures within a unit
cells become more complex with increasing TC. Unfortunately,
the spatial resolution of the beam profiler was not enough to
resolve fine structures for high TC values. As can be seen in
Figure 3, the intensity maxima for TC | = 0 correspond to the
positions of holes. This is drastically different from the case of
TC 1# 0. In the latter case, there are shadow regions related
to the phase singularities (OVs) in these positions along the
z-axis. As expected, during propagation of the beams along the
z-axis, the intensity distribution became smooth. At the same
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Figure 3. Side and front views of the calculated (the first and second columns) and experimental (the third and fourth columns) optical vortex lattices

taken at z € [1Z, 5Z¢].

time, the vortices start overlapping at a certain point, thereby
leading to the periodicity distortions. In contrast to the case
of 1 =0, the spatial structures of the 3D OVLs corresponding
to TC I # 0 have no discontinuities at the considered intensity
level.

Similar arrays of light, but without TCs, were previously in-
vestigated for optical trapping of particles, in particular, absorb-
ing particles in a gaseous medium,”®! where the photophoretic
forces dominate over the light pressure forces.?”l Thus, regard-
less of the refractive indices of a medium and particles, it is fair
to say that absorbing particles will tend to move away from the
areas with the maximum light intensity. In contrast, weakly ab-
sorbing ones will tend to occupy these areas. It should be noted,
that in the beams with a nonzero TC, the intensity distributions
are ring-like with the low intensity near the center, and in the op-
tical lattices, these dependencies will be retained. In other words,
the unit cells near the z-axis of the optical lattice will have a lower
intensity than the unit cells placed on a high-intensity area of the
incident OV beam. Thus, absorbing particles trapped in unit cells
at the center of an optical lattice will hardly leave it. It is expected
that the 3D optical lattices with nonzero TCs will be tolerant to
the perturbations induced by trapped particles, which rests upon
the features of the Talbot effect.

For the more detailed consideration, Figure 4 shows the ex-
perimental and calculated intensity profiles for different TCs of
the incident beams at the specific Talbot planes together with
the corresponding calculated phase profiles. It can be seen from
these profiles that, when the incident beam passes through grat-
ing holes, pairs of discontinuities arise in its wave front, which
results in the occurrence of singularities at the opposite ends
of these discontinuities. The OVs occur around the phase sin-
gularities; the behavior of such singularities has been studied
since.[?#29] It was found that, in free space, singularities appeared
in such a way that the total TC remained unchanged; that is, in
most cases, this means that the singularities with TCs of the op-
posite signs occur pairwise. In our case, two aspects were found
to take place during propagation of the optical field. First, as the
number of OV pairs decreases, their annihilation prevails over
their creation. Second, as the optical field evolves, the optical sin-
gularities are spatially redistributed such that the OVs of the same
total TC as that corresponding to the incident beam occur in the
vicinity of the high-intensity areas, while the TCs of the opposite
sign pass to the low-intensity area and, then, become indistin-
guishable. This yields a regular OV array in the far-field; each
OV has a TC of the incident beam.
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Figure 4. Calculated phase (left column) and intensity (middle column)
profiles and experimental (right column) intensity profiles for specific sets
{TC, TP} in rows: a) {0, 5}; b) {+1, 4}; ¢) {+2, 3}; d) {+3, 2}. Red and black
circles show positions of the OVs with the positive and negative TCs.

The calculation showed that, at TC I = +2, the phase distri-
bution is more complex, the second ring of the lower-intensity
diffraction maxima appears inside the first one, and there are
three rings for TC I = +3. Unfortunately, we failed experimen-
tally resolve these rings by the reason of insufficient resolution
of the beam profiler. It can be seen from Figure 4 that the vor-
tices have a strongly asymmetric intensity distribution; moreover,
it should be noted that the vortices located at different distances
from the center are significantly different. However, these fea-
tures are related to the incident beam size; in the limit case of a
plane wave and an infinite grating, the individual vortices will not
be different from each other and the radial intensity distribution
will be more uniform.

In most cases, the OV propagating along the incident beam
wavevector at (x = 0,y = 0) has the same TC as the incident
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Figure 5. Trajectories of the OVs with the positive (red) and negative
(blue) TC in the area restricted by the coordinates z € [2.85Z, 2.95Z;] for
the incident beam TC | = +2 (see visualization 1). Yellow and pink mark-
ers indicate the creation and annihilation points of OVs, respectively. Inset:
the top view of OVs trajectories.

beam TC. Surprisingly, as can be seen in Figure 4c, a singularity
with TC | = —2 appeared at the center of the phase profile at
the third Talbot plane for the incident beam with I = +2. By this
reason, the evolution of singularities for the incident beam with
l =42 from z = 2.85Z; to z = 2.95Z; was analyzed as shown in
Figure 5. It was established that the TC of the central OV changes
its sign during propagation. To be exact, the sign changes three
times. First, at z = 2.882Z;, the central vortex with TC | = 42 is
divided into four vortices with TC I = +1 and the central vortex
with TC [ = —2. After that, at z = 2.895Z;, these vortices are
brought back together, which yields a single OV with TC | = +2.
Then, at z=2.903Z, four pairs of vortices with TC I =+1
created at a certain distance from the center and the vortices with
negative TCs move toward the center, while the positive ones
run away from it. At z = 2.906Z;, the trajectories of four vortices
with TC | = —1 intersect with the central vortex with TC | = +2 at
the center; as a result, at the center, a single vortex with TC ] = -2
is formed (see visualization 1). This TC is preserved in the third
Talbot plane. Nevertheless, the total TC across the lattice is kept
the same as the TC of the incident beam during propagation.

4. Conclusion

We numerically predicted that the 3D optical lattices of opti-
cal vortices can be formed using the Talbot effect from Fresnel
diffraction of light beams with a nonzero TC charge on a 2D reg-
ular transparency mask. These predictions were experimentally
confirmed by the 3D optical vortex lattices reconstruction. Un-
fortunately, the spatial resolution of the beam profiler was not
enough to resolve fine structure within the unit cells for high TC
values. It was shown that the TC of the central singularity of the
lattice alternates along the propagation direction. It was estab-
lished that the optical vortices are created and annihilated during
the propagation of light behind the mask in such a way that the
total TC is preserved. The 3D OVLs with a nonzero TC are ex-
pected to be tolerant to the perturbations induced by trapped par-
ticles. 3D optical vortex lattices can ensure new functionalities for
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light-matter interactions, namely for transport and manipulation
of multiple micro-object particles, which are impossible with the
optical lattices without TCs.
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