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ABSTRACT

We proposed a simple and cost-effective method to manipulate the temporal and spectral properties of pulsed terahertz waves. A deep
modulation of a pulse spectrum was both numerically and experimentally verified using Fresnel apertures with a radius ranging from several
to several tens of the central wavelength of the broadband terahertz radiation. N-fold frequency minima were formed in the spectrum at a
specific axial position behind the filter. Non-paraxial properties of this filter were also analyzed. A significant value (35%) of the ratio of the
longitudinal to the transverse field component at the filter frequency was obtained. The measured results agree well with the simulation and
theoretical predictions. The property of such a diffractive Fresnel notch filter can benefit the generation of longitudinal terahertz fields and

relevant applications.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0024456

I. INTRODUCTION

Control over parameters of pulsed broadband radiation with
an ultra-short duration is an important task for many applications.
A variety of methods and devices have been proposed to control
the spectral composition of ultra-broadband terahertz (THz) pulses,
consisting essentially of a single oscillation of the electromagnetic
field,' for instance, plasmonic metamaterials,” parallel-plate waveg-
uides,” and pulse shapers,* to name a few. To effectively modulate
THz waves, diffraction devices can be used as good tools due to their
simpler fabrication process in the THz range than other frequency
ranges.” As a diffractive device, Fresnel zone plate (FZP) lenses
and lens antennas have been frequently used as radiation, modu-
lation, and imaging devices in THz electronic systems.®* However,
a simple circular aperture has not been discussed as a device or as
a part of a device before. The diffraction phenomenon on a cir-
cular aperture has been well discussed in the paraxial region (the
aperture radius much larger than the wavelength, R > 1), and the

propagation properties of the highly non-paraxial region (R < 1) has
also been introduced for non-paraxial beams.'! However, the inter-
mediate region (the aperture radius is of several wavelengths) has
not been fully investigated so far.

Contrary to previous studies, in this letter, we introduced a
simple and low-cost Fresnel filter (FF) that suppresses a certain
set of spectral components of broadband THz radiation resulting
from destructive interference of even number of Fresnel zones for
the determined axial position. In general, the proposed filter can
be applied not only in the THz frequency range but also in any
range of the electromagnetic spectrum. Particular attention in the
design of the FF in this work is paid to the analysis of spatial and
spectral visibility depending on the ratio of the size of the Gaussian
beam to the size of the aperture. Vectorial characteristics, in par-
ticular, longitudinal electromagnetic field components, were mostly
evinced and studied at the focal waist (see, e.g., Ref. 12), and evanes-
cent waves were analyzed for the broadband THz spectrum after
the FE."”
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Il. RESULTS

Modern pulsed THz sources can generate linearly polarized
waves consisting of one complete field oscillation which can be
modeled in the temporal domain as'*

£ ox+y

;oL
E(x,y,t)=E0;e 2, P , (1)

where E is the electric field, x and y are the Cartesian coordinates
transverse to the beam propagation direction z, Ey characterizes the
amplitude of the electric field, ¢ is the time, 7 is the pulse dura-
tion, and p is the transverse size of the Gaussian beam. Equation (1)
is an approximation of the THz pulse generated through the opti-
cal rectification of femtosecond pulses in crystals,'” or by a photo-
conductive semiconductor emitter,'® or air plasma'’ irradiated by
pulsed femtosecond lasers. The spectral representation of E(x, y,t)
can be obtained by Fourier integral in the time domain with the
analytical solution

G(x,y,v):fE(x,y,t)e_izm'tdt

1(1/')2 x2+y2
e

=Go—e 2\w) e P, )
Yo
where vy = % and Gy = \_/EE30 It characterizes the spectral ampli-

tude of the pulse in Eq. (1), and v, is the frequency correspond-
ing to the maximum of spectral density. The maximum values of
spectral density and electric field strength are Gmax(vo) = @ and

T

Emax = ﬁEo, respectively, while ¢ = =

The FF operation principle is shown in Fig. 1. A Gaussian THz
beam used as an initial input signal described by Eq. (1) is shown
in Fig. 1(a). An opaque mask with a circular aperture of radius R
located at the position z = 0 is used as a filter to modulate the THz
spatial spectrum. At the observation plane z = z,, which corresponds
to the even number N of Fresnel zones (N =2, 4, 6, .. .) for frequen-
cies v, a strong diffraction phenomenon leads to the formation of
spectral minima localized at the optical axis.

The FF properties are defined by the observation distance and
the radius of the aperture. In particular, it means that for a collimated
wavefront, we can estimate the distance z,, at which the aperture
can be considered as N Fresnel zones for the spectral component of
broadband THz radiation with the frequency vy,

2
ZP(N’Af): (RZ*NTA?)/N/\f, Af:C/Vf. (3)

Here, c is the speed of light in vacuum. Thus, by changing the obser-
vation distance, we may adjust the spectral component to be filtered.
Alternatively, rewriting the equation for the radius R as

N
R(N,Af) :N/\f(ZP+Z/\f) (4)
gives us tuning of the filtered spectral component by a simple change

of the aperture radius for a fixed zp. Figure 2(a) explains the abil-
ity of the described FF to vary the filtered frequency v, depending
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FIG. 1. Scheme of the pulsed THz wavefront propagation through the FF. Insets
are the transverse structure of the field with the cross sections marked by blue lines
[(a) and (d)], the corresponding temporal form [(b) and ()], and the modulus of its
spectrum [(c) and (f)] for the initial beam and field at distance z, with diffraction
minima.

on the mentioned parameters: observation distance z, and aperture
radius R.

In this work, we considered a general Gaussian profile beam
with a beam width p and its particular case, namely, an infinite uni-
form plane wave (p tends to infinity). The ratio of the Gaussian beam
width p to the aperture radius is one of the key parameters of the FF.
To demonstrate the tunability of the proposed filter, we first plot
the filter frequency v as a function of the aperture radius R and the
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FIG. 2. Demonstration of the tunability of the proposed FF: (a) the dependence
of operation frequency v for N = 2 as a function of the aperture radius R and
observation distance z,, where both further considered cases are verified and
marked by white dots and the normalized modulus of the temporal spectrum at
2z, = 34 mm for (b) a Gaussian beam with an infinite beam width (p = oo) and (c)
for p = 8 mm.
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observation distance z, based on Eq. (3) in Fig. 2(a). Figures 2(b) and
2(c) illustrate the normalized modulus of the temporal spectrum that
contains explicit minima only for a sufficiently large p/R [Fig. 2(b)],
which means the size of the Gaussian beam is much larger than the
size of the aperture, and therefore, the beam center passing through
the aperture can be considered as a quasi-uniform plane wave. In the
case of a limited beam width [Fig. 2(c), p = 8 mm], low frequencies
will undergo weaker diffraction, which leads to incomplete filtering
of these spectral components.

Usually, the central wavelength A is pre-defined by the source.
Therefore, Ay and 7 can be used to normalize almost all parameters
to generalize the results for more cases independent of the wave-
length: 7= 1,7= 7, %= £,7={, and'z‘iﬁ, where A = ¢/vo, and
only two parameters, namely, p = AL/- and R = % are normalized on
the filtered wavelength as an important one for the filter design.

Further results are obtained for the parameters and summa-
rized in Table 1. We consider two filter designs: when the filtered
frequency v¢(N = 2) coincides with v [Fig. 1(f) and case 1 in Table I,
all in a simulation] and when this condition is not satisfied (case 2 in
Table I, for an experiment and related simulation). Note that in the
general case, one can observe the additional minima when multiple
frequencies vy exist in the broadband spectrum [see, e.g., Figs. 1(f),
2(b), and 2(c)]. Thus, our FF designs correspond to both cases when
an aperture radius corresponds to units and tens of filtered wave-
lengths A and wavelength of the maximum spectral density Ao. In

the first case, R ~ 11 reveals the non-paraxial properties of broad-
band THz radiation characterized by the presence of not only a
transverse but also the longitudinal component of the field.

Experimental measurements and data processing have been
conducted by THz pulse time-domain holography (PTDH). Theo-
retical studies, experimental setup, and validity of experimental and
simulation results were described in other works.'®!” In the main
aspects, the principles of raster scan imaging based on THz time-
domain spectroscopy are used in our experimental setup. The only
main difference of the THz PTDH scheme against TDS is the mea-
surement of the wavefront by a raster-scanning diaphragm instead
of measurement in the focal plane, as explained in detail in Refs. 18
and 19. To analyze the propagation of the wavefront G(x, y,v,z) to
the arbitrary plane, we used the spectral approach described, applied,
and probated in the works.'®** In particular, in Ref. 20, authors
demonstrated its feasibility for paraxial and non-paraxial propaga-
tion of electromagnetic waves in the case of broadband single-cycle
THz radiation.

Figure 3 shows the propagation dynamics of transverse and
longitudinal components for an initially uniform plane wave passing
through the circular aperture. The wave parameters in that experi-
ment correspond to case 1, and are provided in Table I. The lon-
gitudinal field component was calculated from the transverse one
in accordance with analytical equations (see Refs. 20 and 23). The

TABLE I. Parameters used in the given work.

Case 7(ps) w(THz) v,(N=2)(THz) 7% P R
1 0.45 0.5 0.5 56 1-170 10.7
2 0.7 0.33 0.3 22 10.8 6.4
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FIG. 3. Normalized transverse [(a), (c), (¢), and (g)] and longitudinal [(b), (d), (),
and (h)] components of the temporal spectrum [(a) and (b)] and [(e) and (f)] and
electric field amplitudes [(c) and (d)] and [(g) and (h)] at distances z = 1 mm (left
column) and Z = Z, (right column).

results are presented both in spectral and temporal domains at dis-
tances z = 1 mm (immediately after the filter plane, left column in
Fig. 3) and Z, = 56 (right column in Fig. 3). The diffraction resulted
in a broadening of the temporal structure as well as in an addi-
tional pulse oscillation. Comparing Figs. 3(a) and 3(e), one can find
a significant diffraction pattern formed in the spectral domain. In
the plane, corresponding to the second Fresnel zone for frequency
v¢(N =2) = w, a diffraction of the transverse component is imple-
mented in the formation of the spectral minimum localized at the
optical axis. The longitudinal component shows the non-paraxial
character of the THz field behind the aperture [Figs. 3(b) and 3(f)].
Although its electric field is weaker than the transverse component,
its structure can be still recognized from the simulation data.

It was calculated that the ratio of the evanescent wave ampli-
tude to the transverse traveling wave amplitude for R = 10.7 of the

AIP Advances 10, 125104 (2020); doi: 10.1063/5.0024456
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Gaussian beam was about 7%, or equivalently 0.3% of the intensity.
The amplitude of 7% was calculated as the sum of spectral density of
evanescent waves divided by the sum of the spectral density of the
traveling wave. In addition, 0.3% is a result of this ratio attributed to
the squares of these spectral densities.

To estimate the relation between longitudinal and transverse
components whose dynamics are shown in Fig. 3, we can calculate
the integral of the wave intensity ratio with respect to time,

oo
[ E(%7 =50,12) df
Ip e, (87 =50.2) = == -
[ E(Z7=50,52)dF

—oo

(5)

This relation significantly increases with spreading toward the beam
periphery [see Fig. 4(a)]. However, when analyzing this relation
I, /5, vs propagation distance, we pay the attention especially to
the beam center [see Fig. 4(b)]. Quantitatively, it is useful to ana-
lyze the square root of this value. In the initial plane Z =0, the
relation /(Ig,/p,) could achieve about 20% at the optical axis.
It decreases further down to 5% at distance Z =7Z,. This behav-
ior could be explained by analyzing Fig. 3. It can be observed in
Figs. 3(g) and 3(h) that in the peripheral regions, the transverse
field component is much smaller than the longitudinal compo-
nent. On the other hand, the spectral density ratio of the lon-
gitudinal to the transverse components at a fixed frequency is
also informative. Figures 4(d)-4(f) show how |G;/Gx| changes over

30 100 5 ’(,,- 00
» d
15 (@ = 15 - )
=
S
T

[
=3

o
|xn/z9)|

[xo/29]

-30 -15 0 15 30 0 15 30 45 60
z

FIG. 4. Transverse and longitudinal components’ ratios in the integral form
/(e E,) (left column) and in the spectral amplitude form |G, /G| for filter
frequency v (right column): [(a) and (d)] are for the entire considered spatial
domain; [(b) and (e)] are the scaling cases of (a) and (d); [(c) and (f)] are one-
dimensional views of cross and axial sections along the dotted lines in [(b) and (€)]
correspondingly.
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distance for the frequency V(N = 2) = 1. It is worth noting that for
some regions that are either far from the optical axis ([X| > 8) or in
the vicinity after the aperture (Z < 17), this ratio |G;/Gx| becomes
larger than unity, whereas it decreases as the wave propagates to the
rest of the areas.

How the spectral ratio evolves along the beam axis is also of
great interest. Figure 4(f) shows the plot of the spectral ratio on the
central cross-section, where it takes the highest value of 35% at dis-
tance z = z,, revealing a significant non-paraxial effect. Such a high
value is caused by a process of decreasing the transverse component
due to its diffraction in the even Fresnel zone. The consequence of
that process is the increasing of the ratio of the weak longitudinal
component to the minimized transverse one.

Figure 5 illustrates the normalized (in the aperture plane) spa-
tial distribution of the transverse spectral amplitude [(a) and (b)]
in terms of G(X,7,7 = 1,Z =7%,) (a) and the spatio-spectral distribu-
tion [(d) and (e)]. From Figs. 5(a) and 5(d), we observe the spectral
minimum at frequency ¥s(N = 2) =1 in the beam center. Cross-
sections marked by black lines 1 and 2 also illustrate this spectral
gap [Figs. 5(b) and 5(e)]. Here, lines of different colors correspond
to different ratios of p/R.
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FIG. 5. Normalized modulus of the temporal spectrum [(a), (b), (d), and (e)]: spa-
tial |G(X,Y,%,Z =7Z,)/Gy| (a) and spatio-spectral |G(X,Y =Vo,7,Z =Zp)/Go|
(d) distributions; cross-sections through the beam center |G(X,¥ = Yo,V = Vo,
7=7,)/Go| (b)and |G(X =%0,Y =¥0,7,Z =Zp)/Go| (e) according to lines 1 and
2, respectively; lines of different colors correspond to different ratios p/R; and
spatial (c) and spectral (f) visibility graphs V, and V.
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Note that these results could be interpreted from a general
point of view: each frequency ¥ corresponds to its own character-
istic distance Z,. On the other hand, for radiation at the frequency
2V(N = 2), the aperture is already visible as four Fresnel zones.
Figure 5(e) clearly illustrates that there is a spectral minimum for
the frequency 2v;(N =2) =7;(N = 4) =2 at a given distance on
the beam axis. A deep and near-zero spectral notch shows the high
efficiency of the proposed filter. Due to its diffraction nature, the
depth of the frequency notches becomes smaller as the strengths of
apodization increases.

Furthermore, the spectrum amplitude at the beam center
G(X7 =%,%,Z=%,) as a function of p/R is specified. The spec-
tral distribution is changing with Gaussian width: as 5/R decreases,
the profile of the Gaussian beam gets narrower, and at the same
time, the spectral gap becomes flatter. The dependency of the nor-
malized modulus of the temporal spectrum in the beam center for
several Gaussian parameters 5/R is shown in Figs. 5(b) and 5(e).
It is worth noting that when the beam is smaller than the aperture
size (B/R < 1), the spectral gap could not be achieved [5/R = 0.31 in
Fig. 5(b)].

To evaluate the filtering performance and estimate how deep
a frequency gap can be formed both in space and spectrum, we
introduce the spatial visibility V. = V(X7 = y0,V = 77,2 =7%,) and
spectral visibility V, = V(X =%, ¥ = 70, %, 2 = Zp),

_ |Gmax| - |Gmin|

V_ >
|Gmax| + |Gmin|

(6)

where Gmax and Gmin are the local neighboring maximum and min-
imum of the spectral amplitude, as shown in Figs. 5(b) and 5(e).
The dynamics of these two visibilities are similar and tends to unity
as long as the wave front field intensity of the incident THz beam
becomes uniform enough, ie., 7/R tends to unity, as shown in
Figs. 5(c) and 5(f).

It can be seen that the visibility grows almost linearly before
P/R increases to 1.5, after which the visibility grows slowly and starts
to saturate. A visibility of 70% is obtained at p/R = 1.7, which is
sufficient for the operation with a spectral filter.

Special attention should be paid to the fact that in the definition
of visibility, the spectral density rather than its squared value was
used, which we thought would be more convenient in the THz range.
In our opinion, it is more convenient for the THz spectral range.
This is due to the fact that in the spectroscopy of the pulsed THz
radiation, the wave field is directly measured, and its spectrum is cal-
culated. This is different from the measurement of the pulse intensity
(square of a field) usually taking place in the interference technique
of the visible and IR spectral range.

Figure 6 shows a scheme of the experimental setup, which is
in line with the concept of terahertz pulse time-domain hologra-
phy (THz PTDH). The InAs crystal located in a strong magnetic
field pumped by fs laser (FL) generated THz radiation. The electro-
optical sampling method was employed with the CdTe crystal. The
iris diaphragm with a thickness of 1.2 mm was used as an aperture.
A THz 2-D wavefront modulated by the aperture has been recorded
by a scanning pinhole located at a distance z,, = 34 mm, which
corresponds to the working distance Zp, = 56 of the FF for the fre-
quency v¢(N = 2) = 0.5 THz. However, the THz pulses in our exper-
imental setup possessed a longer duration than pulses considered
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FIG. 6. Experimental setup. FL is the femtosecond laser system, BS is the beam
splitter, C is the mechanical chopper, M1-Ms are the mirrors, DL is the delay line,
A'is the circle aperture, InAs is the THz generator, XY is the 2-D raster scanning
stage, PH is the scanning pinhole, G is the Glan prism, HWP is the half-wave plate,
F is the filter, QWP is the quarter wave plate, W is the Wollaston prism, BD is the
balanced detectors, LIA is the lock-in-amplifier, ADC is the digitizer, and PC is the
personal computer.

in case 1 in Table I and therefore had a narrower spectrum with a
strongly decreasing amplitude at frequency v(N = 2) = 0.5, which
prevented the demonstration of a pronounced minimum. However,
it is possible to select any other frequency from the temporal spec-
trum and using Eq. (3) to determine another distance corresponding
to an odd number of Fresnel zones for a point on the optical axis.

simulation experiment
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FIG. 7. Results of experimental validation of the proposed FF: spatio-spectral [(a)
and (b)] and spatio-temporal [(c) and (d)] distributions of the transverse component
for the computer-synthesized [(a) and (c)] and experimentally measured [(b) and
(d)] data at distance Z,, = 22.
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FIG. 8. Results of experimental validation of the proposed FF: spatio-spectral
(@) and spatio-temporal (b) distributions of the transverse component for the
computer-synthesized (blue line) and experimentally measured (red line) data
corresponding to the axial cross-sections of Fig. 7 at distance Z,, = 22.

Thus, we defined parameters of case 2 in Table I: THz pulse duration
7 = 0.7 ps with the corresponding spectrum interval approximately
from 0.1 THz to 1.5 THz. Thus, the central frequency vy which cor-
responds to the maximum of the spectral amplitude was equal to
0.33 THz. For the aperture radius R = 6.4 used in our calculations,
the corresponding characteristic distance is Zp, = 22 [z, = 20 mm
as shown on Fig. 2(a)]. For these parameters, the corresponding
spatio-spectral [Figs. 7(a) and 7(b)] and spatio-temporal [Figs. 7(c)
and 7(d)] distributions were calculated from computer-synthesized
and experimentally measured data. The cross-section view of both
spatio-spectral and spatio-temporal distributions has been com-
pared in Fig. 8. Note that experimental temporal and spectral data
were processed by block-matching 3D protocol (BM3D) adapted for
pulsed THz fields in Ref. 19.

11l. CONCLUSION

In summary, a tunable Fresnel notch filter for N-fold frequen-
cies of a broadband single-cycle THz wavefront has been proposed,
investigated, and experimentally verified. According to the proposed
design, these frequencies arrive at the axial position from an even
number of Fresnel zones and may be adjusted by varying the obser-
vation distance and the aperture radius. The size of the filtering aper-
ture in our calculations and experiments was chosen from several
to several ten times larger than the central wavelength of radiation.
Due to the wide spectrum of the THz pulse, diffraction was gen-
erally non-paraxial. The condition for both spatially-homogeneous
and Gaussian waves has been considered as the initial conditions.
For case 1, when R = 10.7 and ﬁ/ﬁ = 1.7, it has been demonstrated
that the visibility V of the spectral notch of the single-cycle THz
pulse after passing the aperture is 70%, which is sufficient for practi-
cal operation. It was also shown that the portion of evanescent waves
is about 7% in a Gaussian beam passing through the aperture. How-
ever, with rather a small number of evanescent waves, the ratio of
the longitudinal and transverse components can be significant and
in some regions reach 35%.

A possible practical implementation of the proposed filter may
be a rigidly coupled configuration of two diaphragms: the first ini-
tializes the spectral modulation phenomenon carefully studied in the
given work, whereas the second one, located exactly at a distance z),,
blocks the THz field on the periphery, where the desired modula-
tion is absent. The measured results agree well with the simulation
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and theory. We believe that the proposed filter may contribute to
the tasks of the generation of structured longitudinal THz fields and
relevant applications. Strong diffraction effects are important to be
taken into account in pulse THz spectroscopy. Thus, the presence of
an aperture on the measured sample can give a dip in the spectrum
of the transmitted radiation of a diffraction nature when measuring
the sample transmission, which can be interpreted as the absorption
line of the material.
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