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MANIPULATION OF THE VORTEX CHARGE IN A CASCADE SYSTEM
OF GLASSES SUBJECTED TO BENDING STRESS
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Abstract. It has been experimentally shown for the first time that orbital angular momentum can be
manipulated using a two-cascade system of glass plates subjected to bending stress. We have demonstrated
that doubling the vortex charge is possible when the incident optical beams on each cascade have the same
sign of circular polarization. Otherwise, when the signs of these polarizations are opposite, the outgoing beam
is a Gaussian, vortex-free beam; i.e., the OAM of the generated vortices is opposite, leading to annihilation of
the OVs. It has been shown that the proposed method for multiplying the OAM can be used in optical
communication.
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1. Introduction
Optical vortices (OV) carrying orbital angular momentum (OAM) have attracted researchers’

attention for more than 30 years [1]. These physical objects are of interest for their
applications in emerging areas of optics, such as microparticle manipulation [2], quantum
information processing [3], optical microscopy beyond the diffraction limit [4], etc. To date,
methods for generating OVs are well developed and include: spiral phase plates [5], g-plates
[6], computer-synthesized holograms [7], spatial light modulators or metasurfaces [8-11],
OV lasers [12], anisotropic crystals [13], and other methods not listed here. Recently, we
have shown that OV generation can be achieved using parametric optical effects, i.e., electro-
and piezo-optics, which allow one to operate the efficiency of spin-to-orbit conversion at the
working element by applying a non-homogeneous field of a certain configuration [14-17].
From the perspective of materials optical science, operation via the piezo-optic effect is
particularly attractive because it does not require crystalline materials and can generate OVs
even in isotropic glasses by applying bending stress [18,19].

Branches such as quantum information processing and singular optics
telecommunications encourage the use of vortex beams with different OAM, which allow
encoding a certain amount of information in each beam with a defined OAM. These lead to an
increase in data transmission capacity [20]. Vortex charge multiplication can be achieved
using cascade systems of spiral phase plates [21,22], gq-plates [23-25], and metasurfaces [26].
The spiral phase plates are rigid elements that cannot be operated. Q-plates can be tuned in a
small range by an electric field [27]. Liquid crystal metasurfaces, or spatial light modulators,
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are programmable, high-tech devices. Recently, we have theoretically shown that a
multistage system of crystalline elements subjected to torsion stresses can multiply the OV
charge and control it with applied bending stress [28]. The bending-stressed elements must
produce the same OV charge multiplication as the multistage system of elements subjected to
torsion stress, since torsion and bending stresses generate single-charged OVs. The
experimental verification of the single-stage bending system has also been demonstrated,
which produced an almost canonical single-charged vortex [29]. Therefore, the present work
is aimed at the experimental verification of the possibility of multiplication of OAM using
multistage bent glass elements.

2. Experimental method and results
To demonstrate vortex charge multiplication or compensation, we carried out our experiment

with a Mach-Zehnder interferometer. The He-Ne laser (A = 632.8 nm) served as the light
source. In our experiment, we used a two-cascade system of bent glass plates. A long-focal-
length lens is placed in the reference arm to create a beam with a spherical wavefront.
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Fig. 1. Scheme of application of load P distributed over the rectangular region 2bxd on the upper surface of
the glass element in the shape of a rectangular parallelepiped: 1 - sample; 2 - punch; 3 - support; the X3 axis
of the rectangular coordinate system (X1, X2, X3) indicates the direction of light propagation.

For our experimental studies, the bending-stressed glass elements with geometric
parameters d =41 mm, 2h=5mm, 2b=5mm and 2/=36 mm, made of flint F2 glass (in
SCHOTT classification), were used (Fig.1). For this glass, the refractive index in the
unstressed state ny=1.6169 and the stress optical coefficient
K =0.5n3(7y; —m15)=2.95x10-12m2 /N (7, 7y, are the components of the piezo-optical
tensor) at the wavelength A = 550 nm [30]. For this aim, we designed and fabricated a special
setup for applying bending stress. The working area of the bending-stressed glass elements
was limited to the load-application region.

The bending-stressed glass element (BSGE) is described by a Jones matrix Js of the
linear phase retarder [31]

Jo= cos(wdAn / A)+isin(zdAn / 1)cos(20) isin(zdAn / 1)sin(26) 0

S isin(zdAn / 2)sin(20) cos(wdAn/ A)—isin(zdAn / A)cos(26) |’
where An=K(c%, +40%,)1/2 is the birefringence; 6 is the angle of rotation of the optical
3PX,(h2 - X?) _ 3PX;(2Ib—b2 - X2)

8bdh3 8bdh3

shear stress and normal stress, respectively, within the working area of the BSGE.
Let a light beam of radius R pass through the BSGE along the X3 axis within the working

indicatrix about the X3 axis; oy, =- and o,, are the

area. If polar coordinates r and ¢ within the cross-section of this light beam are
used, X; =rcosp and X, =rsing. Then, given values of [, h, b, and R for which the equality

6 =qp (where q = 1/2) holds fairly accurately, the Jones matrix of the BSGE is expressed as
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~ {cos[APr) +isin(APr)cos(2q¢) isin(APr)sin(2q¢) } @
§=

isin(APr)sin(2q¢) cos(APr)—isin(APr)cos(2q¢) |
where the quantity 4 is a design parameter of the BSGE — that is, it is determined by the set of its

geometric and physical parameters:

5 5 2 1/2
37K ( Ib— bz_Rj (hz_Rj _ 3)
" 8AbK3 6 6

For our experimental studies, we used the one-cascade system to generate a single-
charged optical vortex, the two-cascade system to generate a double-charged optical vortex,
and the two-cascade system for optical vortex charge compensation. The optical schemes of

these systems are presented in Fig. 2.
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Fig. 2. The optlcal schemes of one-cascade system for generating a single-charged optical vortex (a),
two-cascade system for generating a double-charged optical vortex (b) and two-cascade system for
optical vortex charge compensation (c): QWP+ and QWP- are the quarter-wave plates, the fast axes (FA)
of which, respectively, form angles of +m/4, -n/4 with the X1 axis; LPV is the linear polarizer, the
transmission axis (TA) of which is parallel to the X1 axis; LPH is the linear polarizer, the transmission
axis (TA) of which is parallel to the Xz axis; E. and Er are the Jones vectors of the electric field of the left

/W* 4_5* 5

(incident) and right circularly polarized optical waves, respectively; Ef~ and Ej* are the Jones
vectors of the electric field of the optical waves at the output of the elementary (single) cascades Bjf;

and B}, respectively [32]; E,, E,, E, are the Jones vectors of the electric field of the outgoing

optical waves for the one-cascade system for generating a single-charged optical vortex, two-cascade
system for generating a double-charged optical vortex and two-cascade system for optical vortex
charge compensation, respectively.

The Jones vector E;, Er and the Jones matrices Jowp., Jowr-, Jipv, Jipn of the optical
elements QWP+, QWP-, LPV, LPH are defined by the following relations:

E, =%H ' Er =%Ez]; Tawe. =%E ﬂ

(M1 - 10 00
Jawr- =55 i [P lwev=lg o en =g | (4)

As a result of the calculations, the following values for the Jones vectors E,, Ej~, Ep,

Eft and E,. were obtained:
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a) one-cascade system for generating a single-charged optical vortex:

. . 0
Eq=TJipulowp JsEL = sm[APr)exp[l(quo))L} : (5)
b) two-cascade system for generating a double-charged optical vortex:
Ef~ = Jowp JipuJowp JsEL =sin(APr)exp(i(2qp — = / 2))E, (6)
. . 1
Ep=JipvJowp JsEf~ =sin2(APr)exp(i(4qp—7 / 2)){0} . (7)
c) two-cascade system for optical vortex charge compensation:
EF = Jowp-JpuJowp-JsEL, =sin(APr)exp(i(2qp + = / 2))ER, (8)
. . 1
E.=Jpv]owp JsEET = smz[APr)exp(l(—;z/Z)){O} . 9

The interference patterns obtained for the above-mentioned systems are shown in Fig. 3.

v (b)
Fig. 3. Spiral interference patterns that
appear at the bend stress application
to a glass plate loaded by 5Kkg
(P=111.5N at a value of leverage ratio
equal to 2.274): (a) - the one-cascade
system for generating a single-charged
optical vortex; (b) - the two-cascade
system for generating a double-
charged optical vortex (b); (c) - the
two-cascade system for optical vortex
charge compensation.

As one can see (Fig. 3a), when using a one-cascade system, clear one-arm interference spiral
patterns are formed that suggest the appearance of the single-charged OV in the object beam of
the interferometer. Adding a second cascade and aligning its incident circular polarization to the
first cascade's incident wave in the same sign produces two-arm spiral interference patterns
(Fig. 3b). This unambiguously indicates that one observes double-charged OV in the
interferometer’s outgoing beam. The third experiment concerns a two-cascade system in which
the incident optical beams on each cascade possess opposite signs of circular polarization. As
shown in Fig. 3¢, the Gaussian, vortex-free beam emerges from the interferometer, indicating that
the vortex charges are compensated.

Consider the experimental scheme in which, after the first BSGE, the QWP-, LPH, and QWP+
are removed (Fig. 2b). Instead of these elements, we will introduce the half-wave plate (HVP), the
function of which is to invert two circularly polarized modes (Gaussian and doughnut) that
emerge from the first BSGE into modes with opposite circular polarization. The second BSGE then
converts these modes into a coaxial multiple-vortex beam, as shown in Fig. 4.
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Fig. 4. Scheme for creating the coaxial multiple-vortex beam using a two-cascade BSGE. |0',I> is the

photon quantum state where o and I correspond to the spin and orbital momentum, respectively.

As one can see (Fig. 4), using such a simple system configuration, which can be changed
depending on needs, one can realize the conversion of a circularly polarized beam with the

photon's state |~1,0) into multiple vortex beams with three states |-1,+1), |+1,-2), and

|—1,—1>. This method can be used in optical communication, i.e, in OAM mode-division

multiplexing.

3. Conclusions
In this work, we experimentally demonstrate, for the first time, the feasibility of operating

the OAM using a two-cascade system of glass plates subjected to bending stress. We show
that multiplication (doubling) of the vortex charge is possible when the incident optical
beams on each cascade have the same sign of circular polarization. When the signs of these
polarizations are opposite, the outgoing beam is a Gaussian, vortex-free beam; i.e., the 0AM
of the generated vortices is opposite, leading to annihilation of the OVs. In the example of a
simple optical scheme, it has been shown that the proposed method for multiplying the OAM
can be used in optical communication.
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AHomayis. ExchepumeHma/ibHO NOKA3AHO, WO Op6IMAAbHUM KYMOBUM MOMEHMOM MOMCHA
Kepysamu 3a 0onomoz2or 080KACKAOHOI cucmemu CKASHUX NJAACMUH, SIKI 30d3Harwmo
depopmayii  32uHy. Mu npodemoHcmpysaau, WO NOJBOEHHS 3apsidy BUXOPY MOMCHA
ompumamu, IKWo OnNMu4Hi ny4Ku, wo nadarwms Ha KoXceH i3 Kackadis, Maroms odHakosull
3HAK Kpyeosoi nossipudayii. B iHwomy sunadky — ko/au 3HaKu no/sipuzayii npomuiexcHi —
BUXiJHUll ny4ok cmae zayccogum 1 He Micmumb BUXOpi8;, Ue NOSICHIEMbCS MUuM, WO
op6imasvHi kymosi momenmu (OKM) ymeopeHux euxopie mMaromb npomusexcHi 3HAKU, Wo
npuszeodums do aHiziasayii onmu4Hux suxopise.

Kawuoei cnoea: n'ezoonmuuHuii egpexkm, depopmayis 32uHy, 6aeamokackadHa cucmema,
onmu4Hutl 8UX0p, Op6IMANbHUT KymOo8Ull MOMEHM, MHOXCEHHS 8UXPOB020 3apsidy
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