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Abstract. We investigate optical properties of the Kretschmann setup, which contains a dielectric
prism and a metal layer and may also contain an additional dielectric layer. We show that the
investigated structure allows one to generate a transverse-magnetic- (TM-) polarized spatiotemporal
optical pulse comprising an optical vortex using the “conventional” Kretschmann configuration
without an additional layer. We also demonstrate that in the case of transverse electric (TE)
polarization, the additional dielectric layer is necessary for satisfying the optical vortex generation
condition. The results of rigorous numerical simulations demonstrate the possibility of generating
spatiotemporal optical vortices with high quality for both TM- and TE-polarizations.
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Annoranusa. B paGore uccienylorcs ONTUYECKUE CBOMCTBAa cxeMbl KpeumaHa, KoTopas
COAEPXUT AUBIIEKTPUYECKYIO MPU3MY U METAJUIMYECKU CIION, HO TaKXKe MOXKET COIAepXaTh
JOTIOJIHUTEbHbIN AMAIEKTpUUecKuil cioil. [TokazaHo, yTo ucciieayemasi CTpyKTypa Mo3BOJISIET
¢dopMUpOBaTH MPOCTPAHCTBEHHO-BPEMEHHON OMTUIECKUI UMITYJIBC C TIOTTEPEYHON MAaTHUTHOU
(TM-) mnonsipuzanuei, coaepxaiieil ONTUYECKUIN BUXPb, UCMOAb3Ys <«KJIACCUUYECKYIO»
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cxemy KpeumaHa 6e3 JOMOJHUTEIBLHOrO CI0si. Takxke MMOKa3aHO, YTO B Clydae IOMEpPEeYHOM
anekTpudeckoii (TE) nmoasipusanuu 1OMOJIHUTEIbHBIN TU3JEKTPUUECKUN CI0H HEOOXOIUM IS
BBITMOJIHEHMST YCJIOBMS (POPMUPOBAHUS ONTUYECKOTO BUXPsI. Pe3ybTaThl CTPOroro 4ucJIeHHOro
MOIEJIMPOBAHUS  ITEMOHCTPUPYIOT  BO3MOXKHOCTb  (POPMHUPOBAHMSI  TPOCTPAHCTBEHHO-
BpPEMEHHBIX ONITHYECKUX BUXpPEi ¢ BRICOKMM KadecTBoM 1t TM- u TE-monsipuzarimii.

Kmouesbie cioBa: reomeTpusi KpeumaHa, onTMYeCcKUil BUXPb, ONTUYECKUE BBIUMCACHUS
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MPOCTPAHCTBEHHO-BPEMEHHBIX ONTUYECKUX BUXPEil) U B pamkax ['ocynapcTBeHHOTO 3aJaHus
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Introduction

Spatiotemporal optical vortex pulses (STOV pulses) are a special type of optical signals that
have unique properties and are promising for applications in various fields of science and tech-
nology. These pulses are defined by the presence of a zero in the amplitude and a discontinuity in
the phase in the spatiotemporal domain, which results in an unusual ‘doughnut-shaped’ spatio-
temporal field distribution. Prospective applications of STOV pulses are in such fields as optical
communications, optical trapping, and micromanipulation [1—3]. In this regard, active research
and development of new methods for STOV generation are ongoing [4—5]. In the present work,
the possibility of generating TE- and TM-polarized STOVs using a simple differentiating structure
corresponding to the Kretschmann setup is investigated.

Materials and Methods

The method of generating an STOV using a photonic structure performing analog optical dif-
ferentiation (see the inset in Fig. 1) has been previously studied in [5—7], including the previous
works of the present authors [6, 7]. The key issue in generating an STOV with a differentiating
structure is the proper selection of the parameters of such a structure. As it was shown in [6, 7],
the structures generating STOVs are a subset of differentiating structures having a transfer function
(TF) H_ (which describes the transformation of a spatiotemporal optical pulse by the diffractive
structure) of a special form. Namely, in the vicinity of the operating spatial (k_, = k nsinf) and
angular ((n ) frequencies, the TF has to be proportional to their welghted sum Wlth coefﬁ01ents c,
and c; (k s lnC) = ek . T o, Wwhere o, =0 — o), k= knsing, , and 0, is the ‘local’
angle 'of incidence in the coordinate system associated Wlth the 1n01dent optical pulse. It is worth
noting that the differentiating structure possesses a reflection zero at k = k 0 and o = o, (i.e., at
k.. =0and o._ = 0). In [6], the following condition for the STOV generatlon by dlfferentlatmg

x,inc ¢

structures was obtained:
argc, —argc, =+m/2. (1)

The structure studied in this work for generating TE- and TM-polarized STOVs is a structure
corresponding to the Kretschmann configuration, but optionally possessing an additional dielec-
tric layer, hereafter referred to as the generalized Kretschmann setup (see the inset in Fig. 1). The
parameters of the investigated structure, such as the thickness of the metal (4 _,) and dielectric (4,
layers, can be calculated for each pair of the wavelength A (or the angular frequency o ) and the angle
of incidence 0 (or the in-plane wave vector component kx,O) using the algorithm described in [7].

© Kamamnos A.U., besyc E.A., beixkoB [I.A., Jockonosuy JI.JI., 2023. U3natens: CaHkT-IleTepOyprckuii moJUTeXHUUECKUT
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The materials used in the studied structure are SF11 glass (prism), gold (Au) (metal layer), and
silicon dioxide (SiO,) (dielectric coating). The structure is located in air (free space) with refrac-
tive index n_ = 1. It is also important to note that the dispersion of the listed materials was taken
into account in the numerical simulations. The dispersion data were taken from [8].

Results and Discussion

First, let us consider the generation of a TM-polarized STOV. As it was previously noted, the
layer thicknesses 4_. and #&_ (see the structure in the inset in Fig. 1) are determined from the
condition of obtaining a reflection zero at the central wavelength A and the angle of incidence 6.
The structure found in this way provides optical computation of the temporal derivative of the
envelope of an incident pulse or of the spatial derivative of the profile of an incident beam (or
works as a frequency or a spatial optical filter). It is convenient to find a structure that satisfies the
condition of STOV generation (1) by considering the dependence of the difference of arguments
of the coefficients ¢_and ¢, on wavelength and angle of incidence. Fig. 1,c shows this dependence
for the case of TM-polarization, and Fig. 1,a and 1,b show the corresponding layer thicknesses
h_. and h_of such structures. Let us note that the angle of incidence and wavelength ranges are
chosen in such a way that the area, in which the STOV generation condition is fulfilled, is clearly
visible. The solid white line in Fig. 1,b indicates the condition 4, = 0, i.e., shows the structures
corresponding to the conventional Kretschmann setup without an additional layer. It is important
to note that the crosshatched area denotes the region, in which the calculated thicknesses of the
dielectric coating are negative. In this case, according to the formulas presented in [7], the value
n/k, can be added to the dielectric layer thickness to make it positive, where k_ is the z-component
of the wave vector in the dielectric layer. The dotted black line in Fig. 1,c shows, where the STOV
generation condition is met, and the solid black line repeats the line in Fig. 1,5, where A = 0.
Therefore, we can see from Fig. 1 that there exist structures in the conventional Kretschmann
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Fig. 1. Thicknesses of the metal and the dielectric layers of the studied structure,
and the quantity arg (c /c), considered as functions of wavelength and angle of incidence,
at which zero reflection is obtained (a, b, ¢ and d, e, ffor TM- and TE-polarizations, respectively);
dotted lines in (c), (f) show, where the STOV generation condition is met;
solid lines in (b), (c¢) show the structures in the conventional Kretschmann configuration
(h, = 0); black dots indicate the parameters of the structures considered in the examples.
The inset shows the geometry of the structure
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configuration that enable the STOV generation in reflection. Further, we will consider the example
of the structure marked by the black dot in Fig. 1, a, b, ¢ (A = 407 nm, 6 = 44°, h = 22.4 nm).

Next, we will carry out a similar study for the case of TE-polarization. In order to do this, the
structures in the generalized Kretschmann configuration were also calculated as shown in Fig. 1,
d, e, f. However, it should be noted that in this case, the condition of STOV generation is achiev-
able only in the presence of an additional dielectric coating (see Fig. 1,e), in contrast to the case
of TM-polarization. Let us also note that during the process of material selection for the studied
structures in the generalized Kretschmann configuration, other common materials (e.g., BK7 and
BAF10 glasses for the prism, Ag and Cu for the metal layer, and Al,O, for the dielectric coating)
were considered. However, a combination of materials providing the STOV generation in the case
of TE-polarization at zero thickness of the dielectric coating could not be found. Indeed, in the
case of TM-polarization, the effect of zero reflectance at zero thickness of the dielectric coating is
caused by the excitation of a surface plasmon polariton at the so-called critical coupling condition
[9], which, obviously, cannot be achieved in the case of TE-polarization without an additional
dielectric layer. For the example considered below, the structure marked with the black dot in
Fig. 1, d, e, f (A =407 nm, 6 = 34°, h_ = 15.9 nm, A, = 54.3 nm) was chosen.

Consider an example of the structure indicated by the black dots in Fig. 1, a, b, ¢, which
generates a TM-polarized STOV. Fig. 2, a, d show the amplitude and phase of the TF of the
investigated structure, from which it is clear that the TF can be well approximated by the TF of
an ‘ideal’ differentiating filter H (k_ ,o ) =ck , + cwo,  , and the condition (1) is fulfilled with
a high accuracy. This is confirmed by Fig. 2, b, ¢ and Fig. 2, e, . which show the amplitude and
phase of the reflected pulse envelope calculated numerically using the method [10], and the cor-
responding ‘model’ (analytically calculated) function [6, 7]. The root-mean-square error (RMSE)
of the above mentioned magnitudes, normalized by the maximum amplitude of the reflected
pulse, is only 0.17%.
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Fig. 2. Amplitudes (a) of the transfer function of the structure in the conventional
Kretschmann configuration generating a TM-polarized STOV, (b) of the envelope
of the reflected spatiotemporal optical pulse calculated numerically, (c¢) of the model
function [6, 7], and their arguments (d), (e), (f), respectively

Next, we consider an example of the generalized Kretschmann setup generating a TE-polarized
STOV. The parameters of the structure were previously shown in Fig. 1, d, e, f by black dots.
The TF of this structure is visually very similar to the TF of the structure considered in the pre-
vious example, so, for the sake of brevity, we do not show it in Fig. 3. At the same time, it is
worth mentioning that the TF of this structure is also well approximated by the TF of an ideal
differentiating filter. Fig. 3 shows the amplitude (Fig. 3,a) and phase (Fig. 3,b) of the reflected
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TE-polarized spatiotemporal optical pulse envelope. Comparing the results of the numerical
simulation with the model function in the same way as in the example above, we obtained that
the normalized RMSE of the amplitude of the numerically calculated reflected pulse envelope
from the model function amounts to 0.4%.
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Fig. 3. Amplitude (a) and phase (b) of the reflected
TE-polarized spatiotemporal optical pulse envelope

Conclusion

In this work, we investigated the Kretschmann configuration with an additional dielectric layer
(generalized Kretschmann setup) enabling the generation of TM- and TE-polarized spatiotem-
poral optical vortex pulses. It was obtained that in the case of TM-polarization, it is sufficient to
use the structure in the conventional Kretschmann geometry without an additional layer, whereas
in the case of TE-polarization, the condition of optical vortex generation can be achieved only
when an extra dielectric layer is added. The results of numerical simulations demonstrated a
high quality of optical vortex generation by the investigated structure: in both cases (TM- and
TE-polarizations), the values of the normalized root-mean-square error do not exceed 0.5%.
The obtained results are promising for application in new optical communication and optical
computing systems.
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