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Abstract

:

A model of a magnetically controlled linear polarizer of terahertz (THz) waves based on a cell filled with a magnetic fluid and controlled by an external magnetic field was proposed. The magnetic fluid consisted of a synthetic oil with high transparency in the THz range and ferromagnetic alloy microparticles. Selection of the ferromagnetic particles size and concentration, and also parameters of the external magnetic field was conducted. It was shown that when using ferromagnetic particles of 10–35 μm size, a concentration of 10 wt.%, and a magnetic field with induction of 6.7–57.2 mT, the created construction works as a linear polarizer of the THz wave in the ranged from 0.3 to 1.5 THz, with the degree of polarization of the initially non-polarized THz wave transmitted through the cell being at least of 80%.
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1. Introduction


THz spectroscopy and imaging are widely used for the investigation of biological samples [1,2,3,4,5,6] and medical research [7,8,9,10], environmental monitoring [11,12,13,14,15,16], chemical analysis [17,18,19], communication [20,21,22,23,24], flaw detection [25,26], security applications (detection of explosives, narcotic drugs or dangerous objects under clothing,) [27,28,29], and paintwork studies [30,31,32]. Changing the polarization of initially non-polarized THz waves is a standard task in THz devices.



Many objects, for example biological tissues, are anisotropic because they contain birefringent structures and the ability to control changes in the polarization of THz waves transmitted through them is vital [33,34]. Moreover, the tissue anisotropy is manifested in the scattering coefficient and in the refractive index. Polarizers allow for the analyzing of changes of a THz wave polarization.



Micro-electromechanical systems (MEMS), plasmon, or sub-wavelength resonance based meta-materials are used for THz radiation polarization control [35,36]. MEMS polarizers use spirals with enantiomeric switching [35]. The deformable spiral can be pressed in or squeezed out using the pressure drop between both sides of a film. The THz radiation polarization changing occurs, depending on the direction of the spiral twist.



Measurement of THz radiation polarization can be also conducted by employing various approaches, for example, using a device mechanical rotation [37] or using active (“smart”) materials, liquid crystals, whose optical properties can be changed by a photo-activation [36], an electric field [35] or an external magnetic field application [38]. Chiral meta-materials on a silicon substrate are used as a polarizer controlled by a photo-activation [36]. Here, the chirality is associated with a texture on a meta-material surface, which does not have mirror symmetry lines. These patterns can be produced by the lithography method. This type of device can be configured to convert linear polarization to elliptical polarization [39]. The crystal quartz also converts the THz radiation polarization. The device developed in [37] consists of a set of plane-parallel plates of crystalline quartz with optical birefringence axes orienteered in the plane of the plate. The developed device operates in a wide frequency range.



A mechanically controlled polarizer of THz radiation can be constructed from composite membranes consisting of structured ferromagnetic nanoparticles, when these form spatial structures in a constant magnetic field during the polymerization of a composite membrane [38]. Polarization changing is achieved due to the tilt of the membrane and the change in the angle of incident radiation. When the sample is located in a perpendicular position between the electric vector of the incident THz wave and the direction of the aligned structures, maximum transmission is achieved. The lowest transmission occurs when the membrane is in the parallel position. The degree of THz radiation polarization can be varied by selecting the magnetic material, the size and concentration of particles, as well as the magnitude of the magnetic field used during the stage of composite membrane production.



Magnetic fluids (MFs) can be used for creating controlled THz polarizers. By varying the size and concentration of magnetic particles (MPs), orientation and magnitude of the external magnetic field, it is possible to create functional THz radiation polarizers with necessary spectral properties [40]. This approach enables the creation of cost-effective polarizers compared to photolithography, MEMS, and other methods. Brief information about the ways of changing THz radiation polarization using controlled polarizers, along with their advantages and disadvantages, are presented in Table 1.



The purpose of this paper was to develop a linear polarizer of THz waves based on a magnetic fluid controlled by an external magnetic field.




2. Materials and Methods


2.1. Magnetic Field Generation


Inductors in the form of Helmholtz coils with an external diameter of 70 mm were used as a source of an external magnetic field with high uniformity, as well as with the ability to control the magnitude and direction of the magnetic induction. The dimensions of the coils, the field strength, the number of turns, the diameter of the wire, and the distance between the coils were calculated beforehand. The body of the electromagnets was developed using a software “Autodesk Fusion 360” and printed on a 3D printer (“Picaso 3D. Designer X Pro”, Moscow, Russia) using plastic “PLA” (“BestFilament”, Novosibirsk, Russia) (Figure 1).



The coils were wound with a PETV-2 winding wire with a diameter of 0.5 mm, by hand, strictly turn-by-turn. PETV-2 is a winding heat–resistant wire with a copper core in enamel insulation based on polyesters. The total number of turns in the coils was 1800. The magnetic field was created by applying the external voltage to the inductors using a laboratory power supply unit (“YIHUA-305D-II”, Guangzhou, China) with digital indication and with the ability to adjust the DC voltage and current: the voltage was varied in the 0–30 V interval, the current was limited by 5 A value. To enhance the magnitude of the magnetic field, a pair of ferromagnetic cores with a diameter of 30 mm and a length of 28 mm was used.



The magnetic field characteristics were measured by a magnetometer (“Aktakom ATE–8702”, Moscow, Russia). The magnetometer enables measurements of magnetic fields created by constant (DC) and alternating (AC) currents. The magnetometer measurement ranges were: DC magnetic field—from 0 to 30,000 G (3000 mT); AC magnetic field—from 0 to 15,000 G (1500 mT). The minimum resolution was 0.1 G/0.01 mT. The developed magnetic system generated a stable external magnetic field with the possibility of increasing the magnetic induction up to 57.2 mT. The area of uniformity of the magnetic field had a characteristic size (the shape of a sphere) with a diameter of ≈11 mm, this value exceeded the diameter of the THz spectrometer beam.




2.2. Design of the Linear Polarizer


Magnetic alloy 5BDSR micro-particles (MPs) of 10–50 μm sizes with concentrations of 2.5, 5 and 10 wt.% were used. Nanocrystalline soft magnetic alloy 5BDSR (FeNbCuMoCoBSi) had a rounded hysteresis loop and had a very high magnetic permeability (μ ≥ 40,000). This material was an analog of the alloys “Finemet” (Hitachi Metals, Tokyo, Japan), “Namglass” (Arnold magnetic technologies, New York, USA), “Vitroperm”(Vacuumschmelze, Hanau, Germany) and was produced at the Ashinsky Metallurgical Plant (Asha Russia) in the form of the thinnest tape [41]. The results of the study of the magnetic properties of these particles were described in detail in [42].



MPs ranging in size from 10 to 50 μm were produced by grinding in a high-energy shredder (“LaarMann. Grinder MG100”, Roermond, the Netherlands), a type of mechanical mortar. The MPs had a characteristic shape of “needles”. A synthetic motor oil “Toyota 5w40” with dynamic viscosity of 0.126 Pa·s and density of 810 kg/m3 having a high transparency in the THz range was chosen as the host fluid [43,44]. The concentration of MPs in a MF was estimated using the formula:


   m p  = ω    m o    100 − ω   ,  



(1)




where ω is the required MP concentration (in percent),    m o    is the mass of the host fluid,    m p    is the mass of the MPs. Table 2 shows the parameters of the created MF samples.



The MF was injected into a plastic cell printed on a 3D printer using a plastic “Watson” (“BestFilament”, Novosibirsk, Russia). The cell with MF was placed between the Helmholtz coils with a ferromagnetic core.



The photos of the cell filled with MF with MPs of 20–29 μm size and the 2.5 wt.% concentration under action of the external magnetic field are shown in Figure 2. When the external magnetic field was absent, the MPs were not oriented (Figure 2a). In weak magnetic fields (units of mT), an alignment of MPs along the direction of the magnetic induction lines appeared in a few seconds (Figure 2b–e). Since the magnetic susceptibility of 5BDSR material was very high, even a weak magnetic field caused essential MPs agglomeration into periodic filamentous structures. With a further increase in the magnetic field, the MPs agglomerate length increased and the formation of new structures was observed. For strong magnetic fields, the convergence of neighboring filamentous structures up to their complete alignment took place.



The numerical simulation of the MF dynamics in an external homogeneous magnetic field based on the Navier–Stokes hydrodynamics equations, convective transfer equations, and the Maxwell equations, conducted by us earlier, confirmed the filamentous dynamic structures appearing when an external magnetic field affects the MF [45]. An example of the numerical simulation results of the dynamical spatial structure of a model MF in a magnetic field is shown in Figure 3. Here,   δ   is the relative mass of the MF in a small area of the dynamical structure:


   δ  (  d S  )  =    m p   (  d S  )     m 0   (  d S  )  +  m p   (  d S  )      



(2)




where     m p   (  d S  )     is the mass of the MF in a small area of interest,     m 0   (  d S  )     is the same for a host fluid.




2.3. THz Spectroscopy


Study of the created polarizer was carried out using the THz-TDS spectrometer (“T-Spec 1000 Teravil”, Vilnius, Lithuania) in the transmission mode at a temperature of (21 ± 1) °C. Analysis was implemented in the 0.2–1.5 THz spectral range. The optical scheme of the THz spectrometer is shown in Figure 4. An optical rack with the possibility of changing the position was installed between the focusing mirrors in the spectrometer. The THz wave passed through the center of the cell (Figure 4a). The illustrations of the spectrometer THz source wave beam passing the cell when the magnets were placed vertically and horizontally are shown in Figure 4b,c. The arrows located in a plane perpendicular to the THz wave beam propagation direction show the wave polarization state. Here, we took into consideration that THz wave source in the spectrometer had vertical polarization.





3. Results


A THz wave spectrum passed through the cell filled with pure synthetic oil was used as the reference signal. The examples of the transmission spectra of a THz wave passed through a cell filled with the pure oil and an empty cell are shown in Figure 5.



After that, each cell filled with a MF was installed in the provided compartment and the signal was recorded under the external magnetic field varied in the range from 0 to 57.2 mT. An averaging was carried out over 256 spectra measured for the same conditions. Measurements with each cell were repeated at least 5 times.



The degree of polarization of an initially non-polarized THz wave passed through the cell was calculated using the following formula:


  P =    |   I ⊥  −  I ∥   |     I ⊥  +  I ∥    ,    



(3)




where    I ⊥    is the intensity of the linear polarized THz wave transmitted through the cell with the polarization plane perpendicular to the magnetic induction vector of the external magnetic field,    I ∥    is the intensity of transmitted through the cell linear polarized THz wave with the polarization plane parallel to the magnetic induction vector of the external magnetic field. The orientation of the external magnetic field was changed by mechanical rotation of the inductors.



The degree of polarization of an initially non-polarized THz wave beam passed the cells containing MF with MPs of the 2.5 wt.% concentration is shown in Figure 6. Cells filled with MFs with MPs of 29–35 μm, 20–29 μm, 10–20 μm sizes act as controlled polarizers THz radiation (Figure 6d–f). A decrease in MP size caused an increase in the degree of polarization and a shift in the operating range of the polarizer to a high-frequency area. With an increase in the magnitude of the magnetic field, the operating frequency range of the polarizer extended and the degree of polarization was increased. Samples of cells containing MFs with MPs of 45–50 μm, 40–45 μm, 35–40 μm sizes had a poor response to the external magnetic field value and a low degree of polarization associated with the formation of irregular structures due to low MPs concentration (Figure 6a–c).



The degree of polarization of an initially non-polarized THz wave beam that passed the cells containing MF with MPs of 5 wt.% concentration is shown in Figure 7. The cells containing MFs with MPs of 29–35 μm, 20–29 μm, 10–20 μm sizes demonstrated the best efficiency in the THz radiation polarization. Varying the magnetic field magnitude enabled controlling the polarizer operation spectral range (Figure 7d–f).



The degree of polarization of an initially non-polarized THz wave beam that passed the cells containing MFs with 10 wt.% of MPs is shown in Figure 8. With an increase in the magnetic field value, the degree of polarization of the THz wave that passed the polarizer increased (Figure 8a–c). For the case of MF with MPs of 10–35 μm sizes, a decrease in MPs size no longer significantly shifted the polarizer operation spectral range, and an increase in the magnetic field magnitude caused the polarizer operation spectral range extending and an increase in the degree of polarization of the transmitted THz wave.




4. Discussion


A model of a magnetically controlled linear polarizer of THz waves based on a cell with a MF controlled by an external magnetic field was proposed. The polarizer operation principle is illustrated in Figure 6b. The physical principle of THz wave beam polarization changing can be briefly described as follows. The dynamic filament-like structures of ferromagnetic microparticles appearing under the action of an external magnetic field shown in Figure 2 can be considered as a set of metal wire parallel segments. The reflection coefficient of a similar structure depends on the angle θ between the electro-magnetic wave polarization plane and the metal wires orientation [46]. When θ = 90°, the reflection coefficient is zero and this component of the THz wave is transmitted through the polarizer. When θ = 0, the reflection is high and this component is not transmitted.



The used MF included a synthetic oil and magnetic alloy 5BDSR MPs of 10–50 μm sizes with concentrations of 2.5, 5, and 10 wt.%. For small-size MPs and maximal magnetic field magnitude analyzed by us, the MPs concentration had a weak influence on the degree of polarization of the THz wave passed through the polarizer. In these conditions, the typical degree of polarization was about 90%. For small-size MPs and the maximal magnetic field used by us, the operation spectral range of the polarizer depends on the PMs concentration. For a polarization degree level of not less than 80%, the lower frequency threshold level varied from 0.2 THz to 0.4 THz when the MPs concentration decreases from 10 wt.% to 2.5 wt.%. It should be pointed out that a dynamic equilibrium of MPs spatial structure in the external magnetic field occurs in about 1 s. The operating range of the polarizer and the degree of polarization can be controlled operatively by changing the magnitude of the external magnetic field.



Therefore, changing the degree of polarization of the THz wave can be implemented as follows:




	
To create a horizontally polarized THz wave, we need to use the scheme shown in Figure 9;



	
To create a vertically polarized THz wave, we need to rotate the magnets by 90° in relation to the previous case;



	
Changing the degree of polarization of the transmitted THz wave is carried out by control of the external magnetic field magnitude.









5. Conclusions


A prototype of a magnetically controlled linear polarizer of THz waves based on a cell filled with magnetic fluid controlled by an external magnetic field was created. The magnetic fluid consisted of a synthetic oil with high transparency in the THz range and also ferromagnetic microparticles. Two Helmholtz coils were used as a source of a homogeneous external magnetic field. Under action of an external magnetic field, ferromagnetic microparticles form dynamic filament-like structures, which can be considered as a set of metal wire parallel segments. The reflection of a THz wave by similar structures depends on the angle between the wave polarization plane and the metal wires orientation.



The advantage of the proposed THz wave linear polarizer compared to the set of metal wire parallel segments is that we can vary operatively the degree of polarization of the transmitted THz wave and the polarizer operation spectral range.
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Figure 1. The body of the electromagnets. 
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Figure 2. Formation of MPs structures in a cell with an MF at various values of the magnetic field (MPs concentration is 2.5 wt.%). (a) B = 0 mT, (b) B = 6.7 mT, (c) B = 12.9 mT, (d) B = 18.8 mT, (e) B = 24.7 mT, (f) B = 30.3 mT, (g) B = 37.1 mT, (h) B = 43 mT, (i) B = 49.2 mT, (j) B = 57.2 mT. 
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Figure 3. Results of numerical simulation of a model MF spatial structure formation in an external magnetic field. Parameters of the simulation: magnetic field induction B = 0.1 mT, MF was considered as a liquid with μ = 5000. The arrows show a local direction of the magnetic induction vector. 
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Figure 4. (a) The optical scheme of the THz spectrometer and location of the polarizer, (b) an illustration of the spectrometer THz source wave beam passing the cell when the magnets are placed vertically; (c) the same for the case when the magnets are placed horizontally. 
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Figure 5. An example of a THz wave spectrum passed through an empty cell and the same cell filled with pure oil. 
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Figure 6. The degree of polarization of an initially non-polarized THz wave beam passed the cell containing MFs with 2.5 wt.% of MPs: (a) 45–50 μm, (b) 40–45 μm, (c) 35–40 μm, (d) 29–35 μm, (e) 20–29 μm, (f) 10–20 μm. 
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Figure 7. The degree of polarization of an initially non-polarized THz wave beam passed the cell containing MFs with 5 wt.% of MPs: (a) 45–50 μm, (b) 40–45 μm, (c) 35–40 μm, (d) 29–35 μm, (e) 20–29 μm, (f) 10–20 μm. 
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Figure 8. The degree of polarization of the initially non-polarized THz wave beam passed the cell containing MFs with 10 wt.% of MPs: (a) 45–50 μm, (b) 40–45 μm, (c) 35–40 μm, (d) 29–35 μm, (e) 20–29 μm, (f) 10–20 μm. 
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Figure 9. A way to create a horizontally polarized THz wave from initially non polarized one. 
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Table 1. Characteristics of popular controlled THz radiation polarizers.
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	Type of Polarizer
	Principle of Operation
	Advantages
	Disadvantages





	Chiral metamaterials
	Polarization change by chiral structures through their photoactivation
	Polarization rotation angle can be controlled

Fast response
	Only elliptical polarization is possible at the output



	MEMS spirals
	Change in THz radiation polarization depending on the direction of spiral twisting
	Do not change the intensity of radiation

Enantiomeric switching of spirals
	Dependence of optical activity on the angle of incidence of THz radiation on the polarizer



	Polarizer based on a crystal quartz
	Using natural optical birefringence of the crystal quartz
	Operation in a wide frequency range
	Only mechanical control is possible



	Polarizer based on composite membranes
	Forming spatial structures of Fe3O4 magnetite nanoparticles in a constant magnetic field during the polymerization of a composite membrane
	Simple method of obtaining composite membranes
	Low transmittance of THz radiation in the membrane of a large thicknesses

Mechanical control



	Polarizer based on magnetic fluids
	Forming spatial dynamic structures of Fe3O4 particles in an external magnetic field
	Large variety of MFs

Magnetic field control
	Slow response

Dependence of the degree of polarization on the room temperature
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Table 2. Parameters of the created MF samples.
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	No.
	2.5 wt.%
	5 wt.%
	10 wt.%





	1
	45–50 μm
	45–50 μm
	45–50 μm



	2
	40–45 μm
	40–45 μm
	40–45 μm



	3
	35–40 μm
	35–40 μm
	35–40 μm



	4
	29–35 μm
	29–35 μm
	29–35 μm



	5
	20–29 μm
	20–29 μm
	20–29 μm



	6
	10–20 μm
	10–20 μm
	10–20 μm
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