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Abstract.  We report the results of an experimental study on the 
focusing of broadband terahertz (THz) radiation using lenses and 
Fresnel zone plates. The obtained data are compared with the 
results of numerical simulations. It is shown that the use of lenses 
for focusing THz radiation can lead to the appearance of a ring 
structure in the spatial distributions of its intensity. The use of 
Fresnel zone plates allows the spatial distribution of the THz radia-
tion intensity to be varied at selected frequencies of the spectrum.

Keywords: terahertz radiation, diffraction, electro-optical detec-
tion, Fresnel zone plate.

1. Introduction

Studies in the field of profiling terahertz (THz) radiation 
beams [1, 2] provide information about the physical processes 
that occur during the generation and propagation of electro-
magnetic radiation. In addition, the need to measure the 
beam intensity profile arises in connection with the study of 
nonlinear THz effects, for example, using the z-scanning tech-
nique [3]. Profiling of THz beams, primarily for laser-plasma 
sources, was performed using both electro-optical detection 

[4] and a matrix THz camera [5]. Later, spectrally selective 
profiling of THz beams was demonstrated, in which the THz 
radiation intensity profiles at individual frequency compo-
nents were displayed using a set of bandpass filters [6]. 
Nevertheless, the problem of optimal conditions for focusing 
the pump radiation of two-frequency laser radiation into gas-
eous media remains not fully resolved from the viewpoint of 
the THz radiation directivity [4, 7, 8]. In addition, quite a 
large number of studies have been conducted recently on con-
trolling the spatial distribution of THz radiation [9 – 12]. One 
of the possible methods of spectrally selective control of the 
spatial distribution of its intensity is the use of Fresnel zone 
plates [9, 13, 14].

2. Experiments on measuring  
the THz beam profile 

2.1. Measuring the THz radiation intensity profiles  
by a terahertz camera

In this work, profiling of a THz radiation beam was per-
formed by recording two-dimensional distributions of its 
intensity in various planes using a THz camera [15]. The 
experimental setup is shown in Fig. 1.

For laser plasma generation, radiation from a Ti:sapphire 
laser (centre wavelength of 800 nm, pulse duration of 35 fs, 
pulse energy of 2.7 mJ, and pulse repetition rate of 1 kHz) was 
used, which was passed through a nonlinear BBO crystal (the 
first-type phase-matching, 400-mm-thick crystal, 13 % conver-
sion efficiency), where it was partially converted to the second 
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Figure 1.  Scheme of the experimental setup for profiling THz beams:	
( 1 ) femtosecond laser; ( 2 ) BBO crystal; ( 3 ) compensator plate; ( 4 ) 
phase plate; ( 5 ) parabolic mirror with f = 190 mm; ( 6 ) plasma; ( 7 ) 
polytetrafluoroethylene (PTFE) screen; ( 8 ) lens of Tsurupica material 
with f = 5 or 10 cm; ( 9 ) lens of Tsurupica material with f = 10 cm; ( 10 ) 
bandpass THz filter; ( 11 ) THz camera.
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harmonic. The radiation was then focused in the air by an off-
axis parabolic mirror with a focal length f  = 190 mm. For 
efficient generation of THz radiation, the radiation from a 
Ti : sapphire laser was transmitted to a parabolic mirror 
through a plate of the group velocity dispersion compensator 
and a phase plate (half-wave for the first harmonic and full-
wave for the second). Thus, a two-colour radiation pulse was 
formed at the fundamental wave and at the second harmonic 
of laser radiation, and the pulses at both frequencies coin-
cided in time and in the polarisation direction in the region of 
the beam waist. Then, THz radiation from a plasma source 
was focused using two biconvex lenses made of Tsurupica 
material (a refractive index of 1.52 in the optical and THz 
spectral ranges) with focal lengths of 10 or 5 cm (lens 8 ) and 
10 cm (lens 9 ). The THz camera matrix (an array of 320 ´ 240 
microbolometers, a pixel size of 23.5  ´  23.5 mm [15]) was 
located in the close proximity to the THz beam waist. To pre-
vent optical radiation from entering the matrix, a polytetra-
fluoroethylene (PTFE) screen was placed in front of lens 8, 
which transmitted THz radiation and scattered optical radia-
tion. In various planes perpendicular to the beam axis, in the 
vicinity of its waist, the THz radiation intensity distributions 
were measured with a step of 1 mm. To measure the spatial 
intensity distributions in individual bands of the THz spec-
trum, bandpass filters were installed in front of the camera 
aperture (centre transmission frequencies of 0.6, 0.8, 1.0, 1.3, 
1.6, and 1.9  THz, a bandwidth of ~0.1 THz, transmission 
spectra are presented in [16]).

2.2. Measuring spatial distributions of THz radiation fields 
by an electro-optical technique

The setup for studying the spectrally selective focusing of 
THz radiation is schematically shown in Fig.2. The source of 
optical pumping was a Ti:sapphire laser system (pulse dura-
tion of 40 fs, pulse energy of 2.7 mJ, pulse repetition rate of 1 
kHz, beam diameter of 12 mm at the 1/e2 level). The measure-
ment of the spatial distribution of the electric field intensity of 
a THz pulse is based on the linear electro-optical effect. In the 
experiment, the depolarisation of pulsed probing optical radi-
ation transmitted through a ZnTe crystal was measured. 
Depolarisation occurred due to the Pockels effect in the pres-
ence of a quasi-constant (within the femtosecond pulse dura-
tion) electric field of THz radiation. The laser radiation was 
divided into two parts: the first (main) part was used to gener-
ate THz radiation pulses in the source. To obtain a suffi-
ciently high peak power of this radiation, we used a source 
based on optical rectification of femtosecond radiation pulses 
with a tilted intensity front in a lithium niobate crystal [17]. 
The second part, probing radiation constituting ~1 % of the 
total radiation energy, passed through a variable delay line, 
and then through a polariser, a magnifying telescope and a 
quarter-wave plate. The elliptically polarised radiation beam 
was then combined with a THz beam at the beam splitter. The 
combined beams were directed into an electro-optical ZnTe 
crystal (size of 10 ´ 10 ´ 0.5 mm, á110ñ cut). The crystal sur-
face was mapped by a telescope onto a digital camera matrix 
(Basler acA2040-25gm-NIR, 2048x2048 pixels). An optical 
polariser was positioned in front of the matrix to transmit 
vertically polarised radiation.

During the experiments, images of the crystal were 
recorded in the presence of THz fields, Isign(x, y, t), and, in 
their absence, Iref (x, y, t). This recording was performed at 
various delays between THz and probe pulses. The relation-

ship between the electric field intensity distribution of a THz 
pulse and the measured intensity distributions is given by the 
following expression [13, 18, 19]:
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Processing of the obtained images made it possible to mea-
sure the spatiotemporal dependence of the electric field 
strength ETHz (x, y, t). As a result, we obtained a three-dimen-
sional array of ETHz values with a size of 250 ´ 2048 ´ 2048 
points in the region of 50 ´ 10 ´ 10 ps mm mm. Then, a dis-
crete Fourier transform was applied to this array along the 
time coordinate, resulting in spatial distributions of the spec-
tral components of THz radiation. The thus obtained distri-
butions had a spectral width of 5 THz, while the frequency 
shift between them was 20 GHz.

The THz radiation pulse under study was formed as fol-
lows: the radiation from the lithium niobate generator was 
collimated by lens 13 with f = 6 cm. The beam was then 
focused by lens 14 with f = 15 cm. To provide spatially spec-
tral modulation of radiation, various Fresnel plates were 
placed behind lens 14, made by gluing aluminium foil rings 
onto a polyimide film. The radii of the rings in the zone plates 
were chosen based on the expression [20]

( )r n z1n l= + ,	 (2)

where rn is the radius of the nth Fresnel zone; and z is the focal 
length for radiation at the wavelength l. In our case, we used 
two zone plates with focal lengths of 20 cm for radiation at 
frequencies of 600 and 800 GHz ( lz = 100 and 75 mm2, 
respectively). Photographs of these plates are shown in Fig. 3. 
The location of the zone plate directly behind lens 14 led to a 
reduction in the focal length of the optical system under con-
sideration to 8.6 cm for radiation at the corresponding fre-
quency.

3. Results of experiments

In the experiment described in Section 2.1, the THz radiation 
intensity distributions were measured, some of which are 
shown in Fig. 4. To demonstrate the features of the intensity 
distributions of THz radiation revealed in the course of its 
focusing, numerical simulation was performed in the frame-
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Figure 2.  Scheme of the experimental setup:	
( 1 ) femtosecond laser; ( 2 ) beam splitter; ( 3 ) THz radiation source on a 
lithium niobate crystal; ( 4 ) variable delay line; ( 5 ) polariser; ( 6 ) tele-
scope; ( 7 ) quarter-wave plate; ( 8 ) film beam splitter; ( 9 ) ZnTe crystal; 
( 10 ) polariser; ( 11 ) telescope; ( 12 ) CMOS camera; ( 13 ) PTFE lens 
( f = 6 cm); ( 14 ) PTFE lens ( f = 15 cm); ( 15 ) zone plate.
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work of the propagation equation in the paraxial approxima-
tion, which was solved in Fourier space:

¶
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where ( , , )E k k zx y
t  is the two-dimensional Fourier transform 

of the fields Е(x, y, z); w0 is the original frequency of THz 
radiation; and c is the speed of light. For calculations, a 
Gaussian beam with a radius of 100 mm was chosen as a 
source (this value is comparable to the transverse size of the 
plasma channel itself and the radiation wavelength). The 
original beam propagated from the geometric focus of lens 8 
(see Fig. 1). Then, when passing through both lenses, a para-
bolic phase incursion equivalent to the action of each of the 
lenses was added to the source radiation, and the beam was 
limited by the lens aperture. After that, THz radiation inten-
sity profiles were constructed at selected frequencies in the 
focal plane of lens 9, as well as in front and behind the focal 
plane at a distance of 1.5 cm from it. The distributions shown 
in Fig. 4 are averaged over the frequency w0, with weights cor-
responding to the experimental spectra. To simulate the zone 

plate, the radiation transmitted through lens 9 was modulated 
in amplitude in accordance with the calculated radii of the 
Fresnel zones.

The numerical aperture of the optical elements in the 
experiment was quite large, reaching 0.3 – 0.5. Nevertheless, 
the paraxial approximation can be used to simulate our prob-
lem, which was demonstrated earlier [21]. For this reason, the 
propagation equations (3) were chosen for calculating the 
spatial spectrum of THz radiation. The THz radiation inten-
sity profiles in the planes in which the measurements were 
performed are shown in Fig. 4. From the results of both 
experiments and numerical simulation, it follows that there 
are differences in intensity profiles in the planes located at 
equal distances from the focusing lens waist (in front and 
behind it). Despite the fact that the main part of THz radia-
tion falls into the aperture of lens 8 (which follows from the 
data on the directional patterns of this radiation in the far 
zone [16]) and at the same time has a unimodal structure with 
a maximum on the axis, the rings are still visible in radiation 
propagation, which is a manifestation of its diffraction at the 
lens aperture. This conclusion is confirmed by the fact that 
the profile structure changes depending on the lenses used for 
imaging. Another possible cause of the rings may be spherical 
aberrations in the lenses, which were not considered in the 
simulation.

In the experiment with zone plates described in Section 
2.2, two-dimensional distributions of the electric field inten-
sity of THz pulses were measured, shown in Fig. 5.

When use is made of only lens 14 in the plane z = 15 cm, a 
pronounced maximum is observed for radiation at all fre-
quencies, and with a decrease in the radiation wavelength, the 
beam size decreases, which is consistent with the classical for-
mula from the diffraction theory [20]:

d

f

p
r

l
= ,	 (4)

where r is the beam radius at the waist; and d is the beam 
diameter. In the plane z = 8.6 cm, in the absence of zone 
plates, the beam diameter increases, while the field amplitude 
decreases. The installation of the zone plate leads to a shift in 
the focal plane for THz radiation at the selected frequency, 

1 2

Figure 3.  Zone plates with a focal length of 20 cm for radiation at fre-
quencies of (1) 600 and (2) 800 GHz.
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Figure 4.  Experimentally measured and numerically calculated THz radiation intensity profiles for frequencies of 1.3, 1.6, and 1.9 THz in the focal 
plane of lens 9 (Fig. 1) and in planes located at a distance of 1.5 cm from the focal plane (in front and behind). The upper row of profiles was ob-
tained at f = 10 and 10 cm, the lower one, at f = 5 and 10 cm, respectively.
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which can be observed in distributions 3 and 4 (Fig. 5). In this 
case, it can be seen that for radiation with a frequency other 
than the frequency corresponding to the zone plate with f = 
20 cm, a pronounced maximum does not occur, which allows 
spectral control of the focusing of THz radiation. It is also 
seen that the total amplitude of the radiation field at the 
selected frequency decreases but remains comparable to the 
amplitude in the case of conventional focusing of radiation 
with a lens. The obtained distributions show that the beam 
diameter in the experiment differs slightly from the calculated 
one, which leads to differences between the experimental 
results and the numerical simulation data. These differences 
can also be explained by diffraction distortions due to imper-
fect alignment of the optical system. Nevertheless, the spatial 
distributions 3 and 4 in Fig. 5 clearly demonstrate a qualita-
tive agreement between the experimental and numerical 
results. However, the experimentally obtained distributions 
contain vertical bands that do not change their position and 
structure when the configuration of optical elements changes, 
which may be due to the properties of the THz radiation 
source or the imperfect alignment of the experimental setup.

4. Conclusions

We have performed experimental and numerical studies of 
the spatial distributions of the field amplitudes and intensities 
of THz radiation focused by zone plates and lenses. It is 
shown that the use of zone plates makes it possible to control 
the radiation divergence at selected frequencies. Profiling of 
focused THz beams from a laser-plasma source revealed an 
inhomogeneity in the spatial structure of the THz radiation 
intensity distributions, which is a consequence of diffraction 
effects. This fact may become fundamental in z-scanning 
experiments to study the nonlinear interaction of THz radia-
tion with matter.
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Figure 5.  Experimentally obtained (top) and numerically calculated (bottom) distributions (10 ´ 10 mm) of THz radiation fields at frequencies of 
600 and 800 GHz in planes x, y at (1) z = 15 cm (focal plane of lens 14 without using zone plates); (2) z = 8.6 cm (focal plane of the system consisting 
of lens 14 and a zone plate) in the case of using only lens 14 (diverging THz beam); (3) z = 8.6 cm in the case of using lens 14 and a zone plate with 
f = 20 cm for radiation at a frequency of 600 GHz; (4) z = 8.6 cm in the case of using lens 14 and a zone plate with f = 20 cm for radiation at a fre-
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