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Abstract: In this paper, using the frequency-dependent finite-difference time-domain method, a
femtosecond cylindrical vector beam of second-order focusing binary zone plates (BZP) is investigated.
It is shown that the relief material has a significant effect on the electromagnetic field formed in
the focal plane. It is also shown that, in the case of tight focusing of a second-order cylindrically
polarized laser pulse, a reverse energy flux is formed in the focus near the optical axis. For the quartz
BZP, the energy backflow is maximum. For aluminum and chromium BZPs, the reverse energy flux
is approximately two times less, and there is no energy backflow in the focus formed by the gold
BZP. This study will be useful for surface nanostructuring applications where a focused short pulse
is applied.

Keywords: femtosecond pulse; cylindrical vector beam; binary zone plate; focusing; reverse energy
flow

1. Introduction

Light focusing has been widely investigated for several decades [1-5]. Scientists have
shown high interest in the focusing of optical vortices and in the study of polarization
effects in the sharp focus of the beam [6-10]. For example, effects of energy backflow in the
strong focus of vector beams are investigated in [4,5,8]. In [6], the authors find a mechanism
to affect the depth of focus (DOF) and beam width of the tightly focused circular Airy
Gaussian vortex beam by using a distribution factor. In [11], authors theoretically proved
that the orbital angular momentum (OAM) can impel a localized spin angular momentum
(SAM) in a tightly focused spin-free azimuthally polarized optical vortex. This interest
could be justified by the broad range of applications such as nanostructuring [12-15],
optical signals processing [16,17], optical data storage [18], optical manipulation [19-21],
and spectroscopy with nano-resolution [22,23].

The most classic optical appliance for laser beam focusing is a binary zone plate
(BZP). There are many studies devoted to its properties and manufacture [5,24-33]. For
example, a theoretical investigation of high numerical aperture Fresnel zone plates using
the vectorial angular spectrum theory and vectorial Debye-Wolf diffraction integral is
presented in [24]. In [27], the authors experimentally investigate a multifocal amplitude
BZP which focuses laser light of 650 nm. The focuses are formed at 0.01 mm, 0.015 mm
and 0.02 mm. A plasmonic aluminum BZP with a variable relief depth was numerically
studied in [29]. The BZP with fractional order is presented in [30]. In [31], the authors
investigated the silver BZP with the height of the relief equal to 405 nm. The depth of the
relief grooves was different, which also alters the focal length. In our previous paper [32],
we presented aluminum BZP, which was manufactured by lithography, chemical etching,
and a lift-off process.
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Another actively developing field of optics is the investigation of ultrashort pulses [34,
35]. Ultrashort pulses have found their application in material processing [36,37] and opti-
cal device manufacturing [38,39], biology and medicine [40]. Recently, ultrashort optical
vortices [41,42] as well as ultrashort cylindrical vector beams (CVB) [43,44] have been ac-
tively studied, whose special properties at the focus: high intensity, low exposure duration
and orbital angular momentum, open up new possibilities in various scientific and technical
applications [45-47]. For example, the formation of tubular structures and microneedles
on the surface of monocrystalline silicon using ultrashort CVBs with a duration of 70 fs
is presented in [46]. In [47], the authors demonstrate a simple direct maskless laser-based
approach for manufacturing back-reflector-coupled plasmonic nanorings arrays. The tech-
nique used delicate ablation of an upper metal film of a metal-insulator-metal sandwich by
ultrashort CVB, followed by argon ion-beam polishing.

It should be noted that the investigation into the focusing of ultrashort pulses, es-
pecially ultrashort vortex beams, is at the peak of interest from scientists around the
world [48-53]. This is due to the fact that various effects caused by short duration and the
high power of radiation can occur that cannot be observed for continuous light. The authors
in [50] showed that using ultrashort pulses instead of continuous light for the formation
of a vortex using spiral phase plate significantly changed the structure of the intensity
distribution, both in the transverse and longitudinal planes. The changes in the intensity
distribution with the decrease in pulse duration are associated with the broadening of
the frequency spectrum. Focusing the Poisson-spectrum ultrashort pulses of different
polarizations with and without a first-order vortex is theoretically studied in [51]. It was
demonstrated that upon pulse shortening, different focused beam vector components
associated with different Bessel functions J0 and 1 undergo a change in the relative weight
of their respective contribution to the focal spot size. A new type of spin—orbital coupling
between the longitudinal SAM and the transverse OAM carried by a spatiotemporal optical
vortex wavepacket upon tight focusing is investigated in [52]. It was shown that complex
spatiotemporal phase singularity distributions are produced, while a circularly polarized
spatiotemporal optical vortex wavepacket is focused by a lens with high numerical aperture.
For the transversely polarized components, phase singularity orientation can be tilted away
from the transverse direction toward the optical axis due to the binding of the longitudinal
SAM to the transverse OAM. The relationship between the number of rotations and the
pulse width of the wavepacket is presented. Spatiotemporal phase singularity distribu-
tion with a continuous evolution from longitudinal to transverse orientation through the
wavepacket is observed for the longitudinally polarized component. In [53], the authors
theoretically and experimentally investigated the interaction of high-quality ultrashort
vector vortex beams with titanium alloy Ti-6Al-4V.

In this paper, using the frequency-dependent finite-difference time-domain method
((FD)>’TD-method), we studied the focusing of an ultrashort second-order CVB by Fresnel
BZPs, the relief of which is made of different materials. The influence of the relief material
on the field characteristics such as its intensity and the longitudinal component of the
Pointing vector in the focus was investigated. It is shown that the characteristics of the
BZPs can have a significant impact on the result of focusing.

2. Materials and Methods

The BZP’s binary relief can be described by zones in which the radii are derived from
the Fresnel diffraction theory and determined by the following formula [32]:

rm = \/MAf +m?A2 /4, (1)

where 1y, are the radii of the mth zones, A is wavelength of launch beam, f is focal length. To
design BZP, the following parameters were used: A = 0.532 um, f = A, m = 27 (total number
of zones which equivalents to 13 metal rings). The numerical aperture (NA) of this BZP is
almost 1. The radii of BZP’s zones are in Table 1. The template of BZP is shown on Figure 1.
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Table 1. Radii of BZP’s zones.

m 1 2 3 4 5 6 7 8 9
T, M 0.595 0.921 1.219 1.505 1.784 2.060 2.334 2.606 2.877
m 10 11 12 13 14 15 16 17 18
T, LM 3.147 3.417 3.686 3.954 4.223 4.491 4.758 5.026 5.293
m 19 20 21 22 23 24 25 26 27
Ty, LM 5.561 5.828 6.095 6.362 6.629 6.896 7.162 7.429 7.696
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Figure 1. The template of BZP in transverse (a), longitudinal (b) planes and in 3D projection (c)
illuminated by incident light (schematic representation).

Aluminum, gold, chromium and quartz relief were proposed. The special permittivity
were used to describe the materials during simulations. The permittivity model of Sellmeier
is applied for quartz [54]:

AgiA?
—_ ]
fMN) = ot LTy @)
] ]

where A is a wavelength; e« (x,z) is the permittivity in the limit of infinite frequency; Ag; is
the resonance strength; A; is the resonant wavelength; 7; is the Sellmeier damping factor.
The parameters for quartz are calculated using experimental results from [54] and presented
in Table 2.

Table 2. Parameters for the Sellmeier ‘s permittivity model of quartz calculated using experimental
results in [54].

j Aé‘j /\]' 1;

1 0.69616630 0.06840430 0

2 0.40794260 0.11624140 0

3 0.89747928 9.88961612 0
€0 =1

The dielectric permittivities of aluminum, gold, and chromium are described by the
Drude-Lorentz model [55,56]:

a)f, Amw% 3
em(w) = eeo(2) + - ; —w? = 2iwdy + w2, ®

where w is a frequency; w) is the plasma frequency; v. is the collision frequency; 4; is the
resonance strength; J; is the damping factor; w; is the resonant frequency. The parameters
for aluminum, gold and chromium are calculated using experimental results from [55,56]
and presented in Tables 3-5.
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Table 3. Parameters for the Drude-Lorentz’s permittivity model of aluminum calculated using

experimental results in [55,56].

1 1940.97224801 0.82045170 0.84324200
2 4.70650987 7.81961316 0.79006450
3 11.39553922 9.15664513 3.42108050
4 0.55813006 17.58906478 8.56409500

€o=1

wp = 54.86566321
ve = 0.11901600

Table 4. Parameters for the Drude-Lorentz’s permittivity model of gold calculated using experimental

results in [55,56].
1 11.36293409 2.10177425 0.61027400
2 1.18363911 4.20354850 0.87362900
3 0.65677021 15.03654881 2.20306450
4 2.64548647 21.79767648 6.31500000
5 2.01482608 67.45935814 5.60642000

€0 =1

wp = 39.86873462
ve = 0.13420950

Table 5. Parameters for the Drude-Lorentz’s permittivity model of chromium calculated using

experimental results in [55,56].

1 1191.85342394 0.61280666 8.03992000
2 58.79069012 2.75003218 3.30459700
3 34.21405298 9.97709677 6.77632500
4 1.23815932 44.44112960 3.38056450

o =1

wp =22.31521454
ve = 0.11901600

The permittivities and complex refractive indices n of the proposed materials at
wavelengths of visible light are presented in Figures 2 and 3. Figure 3 shows that aluminum
and gold have quite a low refractive index (the real part of the complex refractive index n) at
an incident wavelength of 532 nm, while chromium and gold have a fairly low absorption
coefficient (the imaginary part of the complex refractive index #). From these Figures, it
can be assumed that gold should become the most optimal material for the manufacture
of an amplitude BZP. However, aluminum and chromium have a higher adhesion, which
means that it will be easier to fabricate a BZP from these materials. In view of this, all three
metals were analyzed, and quartz was taken as a standard for comparison.



Photonics 2022, 9, 662

50f 15

-20
=30

~40 -

Re(e)
(G
Re(e)

[E3 10|

-50 ]

—60

- ] -20- N>
0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8
2 [pm] Z [um]

=70

cr /= " sio;

5%
ey
(ury
(g

Re(a)
.

9
=10

0.4 0.5 0.6 0.7 0.8 04 0.5 0.6 0.7 0.8
2 [pm] Z [um]

Figure 2. The permittivities of proposed materials plotted by using models (2)—(3) and parameters
from Tables 2-5. Real part is presented by blue solid line, image part is presented by green dashed line.
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Figure 3. The refractive indices of proposed materials plotted by using models (2)-(3) and parameters
from Tables 2-5. Real part is presented by blue solid line, image part is presented by green dashed line.

A femtosecond CVB of second order were considered as incident light. The Jones
—sin(2¢)
cos(2¢)
cylindrical system of the coordinate chosen so that the z-axis concurs with the beam
spreading route. The wavelength was equal to A = 532 nm, the beam wavefront was
considered to be flat (the phase and the amplitude pattern of the input light beam was
similar to the amplitude and the phase pattern of the field in [57,58]). The electric field

components Ey and Ey of the incident CVB are depicted in Figure 4.

vector for the CVB can be written as ( ), where ¢ is the azimuth angle in a
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Figure 4. The electric field components Ex (a) and Ey (b) of the incident CVB.

The time dependence of the incident field can be described as follows:

#030) = o5 () - gup0) - aoun (1) - sin(cot), @
_ J sin(55t), t€[0t);
Qup(t) { 1 <t ‘ gtu,T]; ®)

o 1, tG[O/ts*td); 6
gdown( ) = Sin(n[ésfd_t])/ te (fs —td/ts]/' (6)

where ¢,(t) and g, (t) are signal entry and decay functions, t, is the rise time of the
signal amplitude; t; is the decay time of the signal amplitude; ¢; is the time of the signal;
wy is the central frequency of light.

We simulated the focusing of the ultrashort CVB (2)—(4) with a duration of 5 periods,
which is equivalent to 88.73 fs (ts = 2.66 pm, t, = t; = 0.532 um) by the proposed BZPs.
The spatial distribution of the incident field for CVB was obtained by the author’s script
performed in MATLAB, while temporal distribution was launched by a special tool in the
FullWAVE package. The instantaneous longitudinal distribution of the incident beam at
different times is presented in Figure 5.
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Figure 5. The instantaneous longitudinal pattern of the intensity of the second-order CVB propagating
in free space at time of 22.01 fs (a),65.05 fs (b), 97.06 fs (c), and 120.08 fs (d).
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Numerical modelling was performed by applying the FullWAVE package, which
applied (FD)?’TD-method [59-61]. Next, the grid parameters for calculation were taken:
spatial grid size was 15 nm, pseudo-time step (7 = ct, c is the speed of light, ¢ is time) was
7.5 nm (to match the Courant condition).

3. Results and Discussion
3.1. Instantaneous Distributions of Light Field in the Focus

In this study, the intensity I = |Ey \2 + |Ey ’2 + |E; |2 and the longitudinal component
of the Pointing vector S, = Re (E;Hy — E; Hx), where Re means real part of a complex

number, Ey, E,, Hy, H, are projections of electric and magnetic vectors, * is the complex
conjugate operator, in the focus area were investigated. This section presents the simulation
results for the instantaneous distributions of these field characteristics. Their distributions
in the focus of the four BZPs under consideration are shown in Figures 6 and 7 at the time:
t =100.07 fs for aluminum BZP, t = 114.08 fs for gold BZP, t = 100.07 fs for chromium BZP,
t =134.09 fs for quartz BZP. The time of the shots was chosen according to the moment of
the maximum intensity in the focused field distribution.

5

(a)

(b) {3.5

-

¥ [um]
i

v [pum]

—_— b LY

o
(S8}
[39]

0 0
X [um] X [um]

o

v [um]

q

0 2 2
¢ [um] - X Fum] -

o

Figure 6. The instantaneous pattern of the intensity of the second-order CVB in the focus of the BZP
with relief from: aluminum with height of 50 nm (a), gold with height of 140 nm (b), chrome with
height of 70 nm (c), and quartz with height of 532 nm (d).

Figure 6 demonstrates that the BZP from quartz formed the focal spot with the maxi-
mum intensity equal to I = 10 a.u. However, the maximum intensity in the focus of the
aluminum BZP is only 24% lower (I;4x = 7.62 a.u.). Chromium BZP gives the maximum
intensity, which is 40% lower than that formed by phase BZP. The worst performing BZP is
the gold one, the maximum intensity in the focus of which is almost 3 times lower than
that in the focus of the phase BZP. It should be noted that the shape of the focal spot for
the three BZPs is the same, while the gold BZP forms instead of 2 peaks a kind of ring that
connects these peaks.

Figure 7 reveals that three amplitude BZPs have a weakly expressed reverse energy
flux on the z-axis in the focus (negative value of the instantaneous Pointing vector lon-
gitudinal component), while the instantaneous Pointing vector longitudinal component
of the electromagnetic light field in the focus of phase BZP is positive in each point. The
maximum value of the backflow is formed by the aluminum BZP. At the same time, the
distribution of the instantaneous Ponting vector longitudinal component is different for
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all BZP. Only the aluminum BZP has a circular region of inverse energy flow on the z-axis.
The chromium BZP has a positive value of the instantaneous Pointing vector longitudinal
component in the center. The area of the energy backflow is formed in a ring that will frame
the intensity peaks (Figure 6c). The gold BZP has two oval reverse energy flow regions
located along the x-axis. In the center, it also has a positive value of the instantaneous
Pointing vector longitudinal component.
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Figure 7. The instantaneous pattern of the longitudinal component of the Poynting vector S, of the
second-order CVB in the focus of the BZP with relief from: aluminum with height of 50 nm (a), gold
with height of 140 nm (b), chrome with height of 70 nm (c), and quartz with height of 532 nm (d).

For a more detailed study of the pulse focusing process, longitudinal sections of the
intensity were plotted at different times: for 14.01 fs before the moment of focusing, at the
moment of focusing (maximum intensity in focus) and after 74.05 fs from the moment of
focusing. These distributions for the proposed BZP are presented in Figures 8-11.
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Figure 8. The instantaneous longitudinal of the intensity of the second-order CVB focused by
aluminum BZP pattern in XZ-plane (a-c) and YZ-plane (d—f) at the time moment of 100.07 fs (a,d),
114.08 fs (b,e), and 188.13 fs (c,f).
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Figure 9. The instantaneous longitudinal of the intensity of the second-order CVB focused by gold
BZP pattern in XZ-plane (a—c) and YZ-plane (d-f) at the time moment of 95.06 fs (a,d), 109.08 fs (b,e),

and 183.13 fs (¢ f).
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Figure 10. The instantaneous longitudinal of the intensity of the second-order CVB focused by
chromium BZP pattern in XZ-plane (a—c) and YZ-plane (d—f) at the time moment of 100.07 fs (a,d),

114.08 fs (b,e), and 188.13 fs (c,f).
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Figure 11. The instantaneous longitudinal of the intensity of the second-order CVB focused by quartz
BZP pattern in XZ-plane (a—c) and YZ-plane (d—f) at the time moment of 120.08 fs (a,d), 134.09 fs
(b,e), and 208.14 fs (c,f).
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Figures 8-11 demonstrate that the maximum intensity in the focus is formed in the
section along the y-axis. Additionally, in the section along the x-axis, the focus is formed
with a delay and with a lower intensity. It can be seen from Figures 8-11 that the aluminum
BZP operates similarly to the phase BZP, only slightly inferior to it in efficiency (the
maximum intensity in the focused beam for the aluminum BZP is approximately 30%
lower). The gold BZP forms beams with an annular structure, in the center of which
another peak propagates. For the chromium BZP, a similar destruction of the hollow ring
structure is observed after 74.05 fs after the moment of focusing.

3.2. Averaged Distributions of Light Field in the Focus

This section presents the modeling patterns for the averaged distributions of the field
intensity I and the longitudinal component of the Pointing vector S, in the focal plane. Their
distributions in the focus of the four BZPs under consideration are shown in Figures 12
and 13.

2 3
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2
2 0 2 2 0

X [um] X [um]

2
(©) .
1.5
0 -
= - l
0.5
S
=) 0 2 2 0 2
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0.8

pum

(8]
39}

N

v [um

Figure 12. The averaged pattern of the intensity of the second-order CVB in the focus of the BZP with
relief from: aluminum with height of 50 nm (a), gold with height of 140 nm (b), chrome with height
of 70 nm (c), and quartz with height of 532 nm (d).

Figure 12 demonstrates that the phase and gold BZPs form a ring with two peaks
in the focus, while the aluminum and chromium BZPs form two peaks. The maximum
averaged intensity is given by the BZP from quartz. The maximum averaged intensity
in the focus of the aluminum BZP (I, = 3 a.u.) is 1.4 times lower than the maximum
averaged intensity in the focus of the phase BZP (I, = 4.3 a.u.). From a comparison of
the instantaneous (Figure 6) and averaged (Figure 12) intensity distributions, it can be seen
that they are largely similar and in all cases two focal spots are formed in the focus.
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Figure 13. The averaged pattern of the longitudinal component of the Poynting vector S, of the
second-order CVB in the focus of the BZP with relief from: aluminum with height of 50 nm (a), gold
with height of 140 nm (b), chrome with height of 70 nm (c), and quartz with height of 532 nm (d).

Figure 13 reveals that in the focus, the phase BZP gives an area of negative energy flow
in the center surrounded by a ring of positive energy flow. The aluminum and chromium
BZPs form an analogous distribution, but the ring is transformed to an oval elongated along
the y-axis. The gold BZP forms an oval with a peak in the center. There is no inverse energy
flow in the case of the golden relief of the BZP. The maximum energy backflow is formed
by the phase BZP. Comparing the intensity (Figure 12) and the energy flux (Figure 13)
distributions in the focus, it can be seen that the intensity has two spots, and the energy flux
forms an ellipse or circle. Moreover, only the energy flow in the focus of the quartz BZP has
circular symmetry. From the comparison of Figures 7 and 13, it can be seen that although
the instantaneous reverse energy flux in the focus of the quartz BZP was equal to zero
(Figure 7d), the averaged reverse energy flux in the focus of the quartz BZP is maximum
(Figure 13d).

3.3. Dynamics of Intensity and Longitudinal Component of Poynting Vector in the Focus

This section presents the results of studying the time dependences of the intensity
and the longitudinal component of the pointing vector at the focus. Figure 14 depicts the
dynamics of these values in the focal plane. In view of the fact that for different BZPs, the
region of the minimum value of the Pointing vector longitudinal component is not formed
on the axis, as in the case of continuous wave and phase BZP [7,10], we present two graphs
for this characteristic of the electromagnetic field: on the axis and the minimum value in
the focal plane.
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Figure 14. The time dynamics of the intensity I (black line), the longitudinal component of the
Poynting on the optical axis S, (red line), and minimum of the longitudinal component of the
Poynting vector S, (blue line) of the second-order CVB in the focus of the BZP with relief from:
aluminum with height of 50 nm (a), gold with height of 140 nm (b), chrome with height of 70 nm (c),
and silica glass with height of 532 nm (d).

It can be seen from Figure 14 that only for the phase BZP the minimum value of the
Poynting vector longitudinal component is formed directly on the optical axis. However,
if we look at the nature of the time dependence of the maximum intensity value and the
minimum value of the Pointing vector, we can also notice that only for the phase BZP
the oscillations of these values are in the same phase. For all other BZPs, the graphs of
fluctuation are shifted.

4. Conclusions

In this research, the focusing of an ultrashort second-order CVB by BZPs from different
materials (quartz, aluminum, gold, chromium) is considered by using the (FD)?>TD method.
It is shown that the relief material has a significant effect on the shape and maximum
values of both the instantaneous and averaged intensity, as well as the maximum inverse
energy flow. The formation of a reverse energy flow is possible only for the BZPs of
quartz, aluminum and chromium. It is shown that the maximum intensity as the maximum
energy backflow is given by the phase BZP. Field distributions close in all parameters to
the field distributions formed in the focus area of phase BZP are obtained for aluminum
BZP with a height of relief equal to 50 nm. The gold BZP with a height of relief equal to 140
nm seems unsuitable for focusing ultrashort second-order CVB. The carried out research
will be useful in surface nanostructuring applications using tightly focused femtosecond
pulses [36,37,45-48].
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