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Abstract: We propose a radial polarizer based on light refraction on a
transparent  isotropic sphere. We demonstrate theoretically and
experimentally that the circularly polarized light impinging on the sphere
produces double charged optical vortex. The method is applied to generate
optical vortices on a small scale using hollow micro-spheres produced by
femtosecond laser in fused silica.
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1. Introduction

A property of light beams to carry angular momentum has attracted considerable attention due
to numerous applications ranging from quantum optics [1-3] to microscopy [4] and
micromanipulation [5, 6]. Orbital angular momentum (OAM) is found in light beams with
phase singularities which possess a nonzero azimuthal energy flow. Commonly used methods
for generating beams with OAM are based on the exchange of orbital angular momentum
with matter [7-9]. Recently an efficient coupling of angular momentum carried by circularly
polarized light with OAM was demonstrated in systems with the radial symmetry: second
harmonic generation in laser induced plasma [10], liquid crystal droplets [11] and radially
variant birefringent waveplates [12-14]. Additionally, it was shown that radial polarizer can
introduce orbital angular momentum into the beam [15]. The advantage of this type process is
that the helicity of the output wave front can be controlled by the handedness of incident light
polarization. However, such systems could not be straightforwardly downsized, preventing
from widespread application in integrated optics. A system which could provide desirable
compact form and possess radial symmetry is a bubble or a void (we distinguish these two
structures by the presence or absence of a filler gas respectively). If voids or bubbles
embedded in glass have a relatively high refractive index contrast, they exhibit edge
birefringence [16] related to differential transmission of s and p-polarizations.

In this paper, we propose and demonstrate a radial polarizer based on an isotropic
transparent sphere. As a result of angular momentum conservation, spherical interface leads to
optical vortex generation which is directly observed on microscopic spherical voids produced
inside the glass by femtosecond laser. A fundamental explanation for controllable laser-
induced formation of such voids with reduced refractive index is also provided. We anticipate
that the observed type of angular momentum interaction localized in several microns and
sensitive to the handedness of circular polarization will open new opportunities in quantum
optics, optical trapping, and manipulation.

2. Theory

Let us consider a circularly polarized light incident on an interface of two media with
different refractive indices n; and n,. As a result of differential transmission, transmitted light
is elliptically polarized with major axis directed perpendicular to the interface and can be
analyzed as superposition of linear Ej;neqr and circular Egryiar polarizations (Fig. 1):

Eref = (tp (9) _ts (9)) : Elinear +ts (0) : Ecircular' (1)
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where t,, t; are the Fresnel transmission coefficients for p and s polarized light and & is the
angle of incidence. In the explicit form one can write:

t, (0)-t,(0)= 2(21;—1]3(9)0059 , O]

n 2 2 n
—+ 0 0 —+1|a(é 0
, (cos +a’( ))+[n22+ ja( )cos

where

2
a(0)= 1—[&sin QJ .
nZ
Due to a high degree of symmetry, a sphere adds an azimuthal angle as an additional
degree of freedom. Thus, for interfaces of spherical shape the transmitted and reflected light
will be partially polarized (see Eq. (1) correspondingly in radial and azimuthal directions.
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Fig. 1. (Left) Schematic representation of light ray impinging a void embedded in glass.
(Right) Transmission at the glass/air interface for s and p polarized light versus angle of

incidence 6. The black curve represents differential transmission, which in the case of incident
circular polarization produces partially linear (p) polarization.

As in the Rayleigh range the light wave front is flat, the polarizing effect of the spherical
shape can be approximated as a radial polarizer and described by the following Jones matrix:

) .
M = cos _¢ cos_¢zsm¢ ’ 3)
cosgsing  sin“ ¢
where ¢ is the polar angle. After refraction Ej;.e.r (the incident field is left circularly polarized,

Ein = EgX[1,i]) can be written as:

B 1 (1Y) 1 (1
Ellnear M Eln 2 EOe [_i]+ 2 EO [l) (4)

Hence, the incident beam after passing the radial polarizer splits into two circularly
polarized waves of opposite handedness. The wave, which retains incident polarization state,
has a plane wave front. However, the other one acquires an explicit exp(i2¢) phase factor,
indicating the presence of a phase singularity and associated OAM | = 24. As a result, the
beam transforms into a circularly polarized optical vortex as it is confirmed by our modeling
based on the Jones matrix formalism (Fig. 2). Right-hand circularly polarized beam after
passing through the sphere will acquire OAM | = —24. Therefore, the input polarization
determines the sign of the output OAM. Superposition of two circularly polarized waves, to
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which the incident beam splits, yields a vortex with radial distribution of electrical field
polarization and non-zero intensity in the center. The optical vortex and plane wave can be
separated by a combination a quarter-wave plate and linear polarizer, which serve as a circular
polarizer.

(a) (b)

Fig. 2. (a) Optical vortex generation on an isotropic sphere. Incident circularly polarized light
with plane front (I = 0) after refraction on a spherical surface is partially converted into an
optical vortex with the orbital angular momentum I = 2h. (b, c) Wave-front profiles of incident
and transmitted electric field modelled using the Jones matrix formalism.

3. Experiment details

To demonstrate this optical phenomenon, we created localized structural changes in silica
glass using a tightly focused femtosecond laser beam. The experiments were carried out with
a regeneratively amplified mode-locked Yb:KGW (Yb-doped potassium gadolinium
tungstate) laser delivering 270 fs pulses with 200 kHz repetition rate and 6 W average power
at 1030 nm wavelength. The energy of the pulse could be varied by a combination of an
achromatic half-wave plate and a Glan polarizer.

. iy 2 4 10 50 100 1000 10000

.
:‘.

B

Fig. 3. (Left) Glass modification after single pulses (enhanced contrast). (Right) Cross-sections
of femtosecond laser-induced structures. The number of pulses is indicated above. The laser
beam is entering from the top.

The average laser power used in the experiments was 325 mW. The laser beam was
focused about 60 pm below the surface of silica glass plate via a 100x (NA = 0.7) microscope
objective. The sample was mounted on three-axial air-bearing motorized stages. Polarization
state was controlled with achromatic quarter-wave plates inserted before the objective to
avoid a potential polarization distortion due to reflection from the mirrors.

A series of dots was written by electronically controlling the laser output via a built-in
pulse picker, while laterally translating the sample (Fig. 3). The exposure time per single dot
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was in the range from 4 ps to 20 s. In order to avoid form birefringence induced by linear
polarization, we used circular polarization.

Fig. 4. a) Abrio image represented in pseudo colour showing direction of the slow axis (see
inset), of the structure formed by femtosecond laser in silica glass (exposition 0.01 s). b)
Corresponding schematic of the heat-affected regions created by single (left) and multi-pulse
(right) irradiation. Red arrows indicate stress directions and blue ones show stressed material
flow inducing compaction. Note that for single pulses the temperature is nearly-uniform along
the quasi-cylindrical region axis while the stress distribution is dumbbell shaped (shown in
grey). Tensile failure at the hot region ends leads to the consecutive chain rupture between the
points 1 and 2 with creation of one or several voids 3. ¢) Top view of the same structure (a)
with corresponding Abrio image (d).

After laser writing, the cross-sections of laser induced structures were investigated with a
transmission optical microscope and a quantitative birefringence measurement system Abrio
(CRi Inc.). Under our experimental conditions, we observed the formation of self-aligned
spherical voids (Fig. 3) whose origin is still under discussion [17-19]. In contrast with
previous results [18] we observed void formation even after single pulse irradiation (Fig. 3,
left). In dots written with only several pulses, the voids were evenly distributed along the light
propagation direction. At longer expositions (=50 pulses per dot) smaller voids were erased
leaving only single voids in the head and central part of the structures. The diameter of the
induced voids varied from 600 nm to 2 um depending on the exposure time. The analysis of
birefringence revealed relatively strong anisotropy induced in the structure tail (Fig. 4a) while
from the top of the structure radially symmetric stress could be observed (Fig. 4d).
Additionally, “scissors effect” [20] could be observed outside the irradiated volume. In the
front and central parts, where material was softer and, as a result, evenly distributed, no stress
related birefringence was observed under all examined writing conditions.

4. Void formation dynamics

In fact, internal cavity (a bubble or a void) formation in transparent materials at ultrashort
irradiation regimes is a complicated multiphysics phenomenon resulting from generation of
localized dense plasmas whose recombination brings matter into a highly stressed state. The
geometry of the heat-affected region and the matter state in this region (softened, molten, or
ionized vapor) depend on the irradiation parameters among which the focusing geometry
plays an important role. A lot of efforts have been made for understanding formation of
internal cavities in glass materials (see, e.g., [21-25]). Depending on the irradiation
conditions, the formation of cavities is attributed to different scenarios from spontaneous
bubble nucleation in the molten phase [25] to the 10 TPa pressures induced by tight focusing
of laser beams [23]. A detailed description of the void formation dynamics in our particular
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experiments is now under progress, which includes the Maxwell equations for modeling the
laser energy absorption with determining the heat-affected region and the thermoelastoplastic
model based on the finite element method to follow the evolution of stress fields within
irradiated matter. Here we shortly outline how the void formation dynamics emerges from the
preliminary theoretical analysis, thus pointing up an intermediate scenario between those
reported in [23] and [25].

During a single laser pulse, dense electron plasma is generated via the multi-photon
ionization and avalanche processes in an elongated prefocal region of a quasi-cylindrical
shape with rounded bases (Fig. 4b). Typical sizes of the laser-heated regions are >10 pm in
length and <1 um in diameter. As electron recombination in fused silica occurs via a trapping-
like process with characteristic time of ~150 fs, in 1 ps after pulse action the excited region is
heated to the temperatures >2000 K and brought to a highly stressed state. The stress maxima
(stress concentrators) in excess of 10 GPa are located at the butt-ends of the long narrow
laser-heated zone where material is melted/softened. These stress maxima are conditioned by
the hot material expansion facilitated along the softened “channel”. As the stress level is more
than two orders of magnitude greater as compared to the tensile strength (~50 MPa) and
exceeds the yield stress (~4.5 GPa) of cold fused silica (note that with heating these
mechanical parameters considerably decrease), material rupture happens in the stress maxima
locations with creation of void structures. Sudden material rupture with creation of voids at
the hot region ends generates emission of the unloading waves and relocation of the
maximum stress sites toward the center of the hot structure where again the tensile strength
can be exceeded. Depending on the temperature (and, hence, stress) level, a third void can be
created in app. a half-way between the voids 1 and 2 (Fig. 4 b) or a chain rupture occurs with
formation of several successive voids along the laser-excited region. However, even slight
variations of the temperature along the hot region axis and associated variations of material
strength can influence locations and sizes of interstitial voids.

Due to defect creation upon electron recombining (self-trapped excitons and E’ centers
with lifetime up to ~1 ms [26-28]) and their preferential re-excitation, compared to the
valence electrons, upon irradiation [27], each subsequent pulse generates a denser plasma
(and, hence, higher temperature) in the front part of the structure around the void 1 (Fig. 4b)
while a smaller portion of the laser energy is transferred to the structure tail. As a result, the
heat-affected region transforms from a quasi-cylinder to a teardrop shape under multi-pulse
irradiation. The hot matter is pressed out preferably to the structure tail (blue arrows) penning
the voids located there and creating material compaction. On the contrary, the front void
(indicated as ‘1’ on the right-hand side in Fig. 4b) increases due to heat accumulation in the
surrounding zone and migrates in the direction to the laser driven by difference in surface
tension, developed by the temperature gradient between the front and back poles of the void
[29,30].

5. Polarization conversion measurements

For the observation of optical vortex formation, a light emerging from a halogen lamp was
circularly polarized and filtered with the bandpass filter (a central wavelength of 531 nm and
a bandwidth of 30 nm) (Fig. 5). The sample was illuminated with a long working distance
condenser set to 0.1 NA to ensure diffraction of the beam on the void. The light, transmitted
through the sample, was collected with high NA objectives (0.9 and 0.6), passed through a
quarter-wave plate and a linear polarizer filtering out background light, and projected on a
digital CCD camera.
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Fig. 5. Optical setups for optical vortex observation. P — polarizer, C — condenser, S — sample,
O — objective. Vortex patterns (measured and modeled), observed under left and right handed
polarizations, show mirror symmetry indicating reverse of orbital momentum sign.

When the void observed in circularly polarized light was slightly defocused (~10-20 pm),
a distinctive two-branched spiral feature appeared which grew in size with increasing defocus
(Fig. 5). Depending on positive or negative defocus was added, spiral changed its handedness.
The spirals could be better seen in the focal plane located after the void. This asymmetry can
be related to residual spherical aberrations which arise due to the mismatch of refractive
indices at the void interior/fused silica interface. If the handedness of incident circular
polarization was reversed by adding a half-wave plate, the spiral also changed its direction
(Fig. 5). This clearly demonstrates that the spiral direction is defined by the incident circular
polarization, as predicted by the modeling of the described optical system assuming a radial
polarizer instead of a void. For comparison, using the Jones matrix formalism, we modeled
the described optical system. The modeled patterns (see Fig. 5) are in good agreement with
the measurements, confirming validity of the model and explanation of the phenomena given
above. Identical chiral features were found in the structures produced under the same
experimental conditions with a Ti:Sapphire laser (A = 800 nm, zp,e = 150 fs) confirming that
the observed spirals are the result of geometry of the modification.

In order to distinguish between stress and boundary related anisotropies, we inspected the
bubble defects formed during glass preparation which presumably do not possess any stress
birefringence. Similar two-branched spirals were observed for bubbles with diameter of 2-3
pm. Larger bubbles, however, did not produce such patterns. Such size dependence suggests
that conversion efficiency is related to the ratio between the incident light beam spot size and
the bubble diameter. Similar spiral shapes were predicted theoretically by modelling the
behaviour of a Rayleigh scatterer in polarization microscope [31]. However, their origin was
not clearly explained. We suppose that the spiral pattern is formed due to the superposition of
left and right handed circular polarizations emerging when light couples with the bubble [32].
The presence of two branches clearly indicates that the OAM of the transmitted beam is | =
+2/4. This interference is also observed with the Abrio system and can be mistaken for a
birefringent structure having whirlpool shape anisotropy. This ambiguity can be resolved by
comparing images taken with left and right handed circular polarizations. The real
birefringence, in contrast to the observed effect, is independent on the handedness of the
circular polarization. Additionally, this suggests that the used microscope system can be
effectively applied for characterizing phase singularities created by scattering or refraction on
small particles.

In contrast to a conventional radial polarizer, the polarization efficiency of a void depends
on the position (and, hence, angle) on the surface where light ray crosses the interface (see Eq.
(1). The strongest effect is expected where the surface normal constitutes the Brewster angle
with incident light (Fig. 1), i.e. where the differential transmission is the strongest. The total
polarization conversion efficiency can be estimated by integrating (t,(6)-ts(6)) through all 8
values, i.e. from 0 to 90 degree. Assuming that the refractive indices of the glass sample and a
void are respectively 1.5 and 1, the conversion efficiency of circular polarization into optical
vortex is about 2% and it largely depends on the refractive index contrast and angle of
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incidence. One can expect that, for a ring-shaped incident beam (e.g. formed using axicon)
impinging on the ring shaped area on the sphere, where the rays of light impinge at the
Brewster angle and, hence, polarization effect is strongest, the conversion efficiency will
increase to ~15%. Higher refractive index contrast would allow achieving efficiencies up to
40%. Alternatively, optical vortex can be generated in reflection. However, management of
diverging light in reflection is challenging and requires a more complicated setup. Despite the
low conversion efficiencies, the proposed optical vortex formation scheme is extremely
simple and compact as opposed to conventional methods. Additionally, as it is related only to
the geometry of voids, the described properties are universal and can be expected in countless
situations.

Formation of optical vortices during femtosecond laser irradiation implies that, for circular
polarization, partial angular orbital momentum interaction can occur in a multi-shot regime.
The OAM acquired by the beam can interact with free electrons creating plasma whirlpools
and lead to a new kind of laser-matter interaction. The flexibility of ultrafast laser direct
writing also allows producing arrays of voids, which could be integrated in microfluidics
systems for the handling of micro-objects (Fig. 6). Additionally, the resolution beyond the
diffraction limit can be achieved with a circularly polarized vortex.

Fig. 6. Multiple vortex conversion with an array of micro-voids (period 10 pm).
6. Conclusions

In conclusion, we have proposed a radial polarizer based on an isotropic transparent sphere.
We have identified and experimentally demonstrated the orbital angular momentum formation
on isotropic micro-voids embedded in isotropic medium; the magnitude of OAM is
determined by radial geometry of voids. The effect was successfully demonstrated on self-
organized void arrays induced by tightly focused ultrashort pulses. This technique offers a
practical alternative to conventional radial polarizers and a flexible way to produce dense
arrays of optical vortex generators which could be used for integrated quantum optics and
optofluidics.
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