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We demonstrate results of studies of a silicon binary diffractive optical element (DOE) focusing a
terahertz laser Gaussian beam into a paraxial segment. The characteristics of the DOE were examined
on a Novosibirsk Free Electron Laser beam of 141-μm wavelength.
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1. Introduction
Diffractive optical elements (DOEs) are widely applied in
the production of optical devices for ultraviolet, visible,
and infrared ranges [1]. The DOE application enables fabrication of wide-functionality optical devices of reduced
mass and overall dimensions [1]. The use of DOEs for
control of terahertz radiation was considered in [2–7].
Some results of studies of a silicon binary diffraction lens
and a beam splitter [7] used for control of a high-power
monochromatic beam of THz-free electron laser (FEL)
[8]. Findings on the DOE focusing a Gaussian beam of
a THz-FEL into a square focal area are presented in [9].
Practical applications, such as terahertz imaging
(including elongated objects), ablation, and optical discharge generation, etc., require focusing of terahertz radiation frequently with a large focal depth. Results of studies
of optical elements for visible and infrared ranges intended
for focusing a laser beam into a paraxial segment (large
focal depth) are given in [1,10,11].
In the present paper, we show the results of studies of a
silicon binary diffractive focusator. This element is ionochromatic beam of THz-free electron ntended for focusing of
the Gaussian beam of a THz-FEL into a paraxial segment.
The element was produced via reactive-ion etching (RIE) of
the surface of a high-resistance silicon plate and subsequent
application of an antireflection coating. The characteristics of the element were examined at a workstation of the
Novosibirsk Free Electron Laser (NovoFEL) [8].
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2. Synthesis of DOE for focusing of a laser
radiation beam into paraxial segment
For production of THz DOEs working with high-power
radiation beams (for example with FEL beams), it is necessary to use undoped high-resistance silicon as the basic
material [7]. In the present work, we used optical-quality double-sided polished HRFZ-Si wafers (http://www.
tydexoptics.com/pdf/Si.pdf) of 38-mm diameter and
1-mm thickness. A binary microrelief 29.1 μm high was
fabricated on a wafer surface via RIE of silicon [12] by a
technology that was used previously for the production
of THz binary diffractive lenses and a beam splitter [7,9].
A double-sided antireflection coating of Parilene C was
applied for decreasing the Fresnel reflection losses in the
element. Parilene C was used earlier as an antireflection
coating material [7,9,13,14]. The parilene layer thickness
was about 21 μm on both sides.
The binary microrelief was calculated by a stochastic
procedure [11] modification based on a genetic algorithm.
The calculation was performed with the following parameters: a 30-mm aperture diameter, a 141-μm working wavelength, a 110-mm distance between the plane of element
placement and the beginning of the paraxial segment
point, a 9-mm radius of the Gaussian illuminating beam;
the number of phase function counts along the radius was
200; the paraxial segment length was 30 mm.
The calculated microrelief height of a radially symmetric DOE is defined by the formula (see [1]).
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h(r) = 𝜆𝜑(r) ∕ 2𝜋(n − 1)

(1)

where n is the refractive index of the wafer material
and φ(r) is the phase function of the DOE [1]. Figure
1 shows the phase function φ(r) calculated for a binary
(double-level) focusator.
The silicon refractive index is n = 3.42, and therefore
the calculated binary microrelief height is h = 29.1 μm for
a 141-μm wavelength. The calculated value of the focusator energy efficiency varied in narrow boundaries for different paraxial segment cross-sections, making e = 19.27%
on the average. Figure 2 shows the element fabricated.

Downloaded by [94.19.100.47] at 11:53 21 December 2015

3. Control of geometric parameters of
microrelief

Figure 1. Calculated phase function of focusator (white color:
phase value of π; black color: phase value of 0).

The geometric parameters of the DOEs fabricated were
controlled by the methods of white light interferometry
with the use of WLI-DMR interferometer (production
of Fraunhofer Institute, Jena, Germany) and raster electronic microscopy with the use of Quanta-200 (FEI)
microscope (see Figure 3). The interferometry method
was applied as a tool to expres-control the etching
depth and the bottom quality. The formed microrelief
height deviated from the calculated value by 10% at
most. An electronic microscope was used for estimation of the wall and bottom quality and determination
of the microrelief element size.

4. Studies of elements using NovoFEL

Figure 2. Photo of fabricated element.

The optical characteristics of the fabricated DOEs were
examined at one of the workstations of NovoFEL. The
optical scheme of the experiment is shown in Figure 4.
The laser generated a monochromatic radiation with a
100-ps pulse duration at a 5.6-MHz repetition frequency.
The laser beam had a Gaussian-type intensity distribution. During the experiments, the average radiation
power was tens of watts. The laser wavelength was tuned
to λ = 141 μm at which all experiments were carried out.
The radiation transmitted through the element was registered with the aid of a 320 × 240-microbolometer array
detector [15].

5. Experimental results

Figure 3. Photo of central fragment of microrelief produced.

Figure 5 shows the results of the measurements of the THz
radiation intensity distribution in planes at different distances from the focusator. Note that the intensity distribution of the focused beam is still close to the Gaussian type.
It was noted [11] that the elements used for the formation of a paraxial segment from the Gaussian beam and
calculated by an iteration procedure had optical power.
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Figure 4. Optical scheme of experiment with FEL.

This fact explains the “self-reproduction” of the Gaussian
beam during its propagation along the focusing segment
(see Figure 5).
The energy efficiency values measured in different
planes during the experiment are in good agreement with
the calculated values (see Table 1).
Figure 6 shows the intensity distribution along the
optical axis obtained experimentally and in the numerical simulation.
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The application of the fabricated optical element enabled the formation of paraxial intensity distribution in the
given space boundaries of 110–140 mm (see Figure 6).
It was shown [16] that in the case of the Gaussian
beam focused by a spherical lens, the beam width would
be ω2 = ω20 + (z/kω0)2, where ω = σ/√2; z is the distance
from focal plane; ω0 is the beam width in the focal plane;
k is the wavenumber; and σ is the beam mode radius. It
can be shown also that for a lens with a focal distance of
f = 125 mm and the experimental parameters used, the
intensity on the optical axis will fall down 7.7-fold at a
distance of 15 mm from the focal plane. A comparison of
the results shown in Figure 6 with the estimation of the
spherical lens focal depth shows that the application of the
fabricated element makes it possible to increase the focal
depth significantly. It is very important, for example, for
the development of THz scanning systems.

Figure 5. THz beam intensity distribution in planes at different distances z from element positioning plane, (a) z = 110 mm, (b) z = 125 mm,
and (c) z = 140 mm.

Table 1. Measured energy efficiency of fabricated focusator.
Distance between DOE plane and registration plane, mm

110

125

140

Energy efficiency e, %

18.6

18.2

17.4
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Figure 6. Intensity distribution along the optical axis formed by
element fabricated.
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6. Conclusion
The experiments have shown the possibility of the application of binary DOEs for the formation of paraxial intensity distribution of THz radiation. Improvement in the
technology of silicon microrelief formation, in particular,
increase in the number of levels of microrelief quantization, in future will enable increasing the energy efficiency
of silicon elements intended for THz beam focusing into
paraxial focal areas.
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