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Abstract

:

The sample environment is essential to neutron scattering experiments as it induces the sample under study into a phase or state of particular interest. Various sample environments have been developed, yet the high-voltage electric field has rarely been documented. In this study, Bruce electrodes with various sectional geometries and chamber sizes were examined by using simulation modeling based on ANSYS Maxwell. A large uniform field region where samples would sit could be achieved in the planar region for all specifications, but the size of the region and the field strength varied with the gap distance between electrodes. The edging effect was inherently observed even for bare electrodes, about 1.7% higher in the sinusoidal region than the planar region, and was significantly deteriorated when a chamber was applied. This effect, however, presented an exponential decrease as the minimum distance between the electrode edge and the chamber shell increased. A compromise between the spatial confinement and the achievable field (strength and uniform region) could be reached according to the unique applicability of neutron instruments. This research provides a theoretical basis for the subsequent design and manufacturing of high-voltage sample environment devices.
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1. Introduction


The neutron scattering technique has been playing an important role in understanding the changes in nanostructure and dynamics of materials at the atom level correlated to their physicochemical properties. It is particularly powerful in the study of advanced materials under various extreme conditions owing to the high penetration of neutrons, such as low temperature, gas treatment, high pressure, high temperature, and strong magnetic field [1,2,3]. It has been demonstrated that more than 95% of neutron scattering experiments were performed with some kind of sample environments [4]. The development of sample environments in various neutron sources around the world has been reported in review articles [5], the information about the systematical development and application of high-voltage electric field devices for neutron scattering experiments, however, has rarely been mentioned [6]. This is mainly because of the contact issue and breakdown concerns, especially when the electrodes have to be confined within a tiny sample space and/or coupled with other conditions normally required for neutron scattering measurements.



The electric field has been identified as one of the most important external forces for modulating the physicochemical properties of materials [7,8], controlling the structure, anisotropy, and performance of composite materials [9], preparing superconducting materials [10,11,12], exploring the magnetic and electrical properties of materials for various electronic devices [13,14], and developing new hydrogen storage materials [15] and biomedicines [16,17]. It has therefore attracted the interest of scientists in studying the changes in nanostructure and atomic dynamics under a high-voltage electric field by in situ using neutron scattering techniques.



An electric field device using needle-shaped electrodes developed by Lucy K. Saunders et al. [18] required complicated experimental operations and sample installations. The local Joule heat and even breakdown occurred when a high voltage was applied due to the inhomogeneous field strength. The identical problems were also observed in a special electric field device developed by T. Yu. Vergenteva et al. [19] for single-crystal diffraction experiments. A DC electric field from two parallel plates was applied for examining phase transitions in soft matter systems but the field uniformity was not considered at all [20]. Very recently, a temperature-controlled electric field device was developed for small-angle neutron scattering experiments [21]. The device may work well for some materials/measurements but will be significantly limited when a much higher field strength is required due to the thin layer and edging effect.



Field uniformity and strength are crucial to the development of high-voltage electric field devices, particularly for large-scale neutron instruments such as the small-angle neutron scattering (SANS) instrument and neutron reflectometer (NR), which mainly focus on the study of the composition and nanostructure (size and anisotropy) of materials, ranging from one to several hundred nanometers by using either a transmission or a reflection mode. In those cases, the overall goal of an electric field device is to generate an as high and uniform electric field as possible while minimizing local field enhancement effects on any other part of the electrode assembly relative to the central ideal electric field region [22]. The uniformity is critical not only along the gap axis between the electrodes but also along the surface of each electrode plate within a specified area. Theoretically, an ideal uniform field can be produced by two electrodes with parallel planes of infinite size. However, the space required for ongoing SANS/NR experiments is strictly limited, and as a consequence, the size of the device (including electrodes and shielding chamber) will crucially affect field uniformity, thereby limiting its practicability. The edging effect, on the other hand, will significantly limit the achievable field strength and therefore should be strictly avoided or minimized. Previous researchers have developed various electrode profiles to avoid the edging effect, ranging from simple planar to more complex elliptical [23], Rogowski [24], and Bruce [25] profiles, but the applicability of those profiles, particularly the compromise between field uniformity and strength and the spatial confinement for neutron scattering experiments, has not yet been examined.



The finite element method (FEM) has been extensively used in electric field analysis due to its flexibility and simplicity, allowing the estimation of fields on thin and highly curved electrode surfaces using various dielectric materials [26,27,28,29,30]. It calculates the field strength and potential distribution in a high-voltage electric field by discretizing the electrode domain and thereby even solving problems with complex geometries [31]. In this research, a two-dimensional FEM model was developed from the real geometric dimension for the calculation of the field strength and potential distribution of high-voltage electrodes with various geometries and chamber sizes by using ANSYS Maxwell software. The electrode specifications and the corresponding sample chamber size were defined for the further development of the high-voltage sample environment for neutron scattering experiments, providing theoretical guidance for the subsequent manufacture and assembly of high-voltage electric field devices.




2. Electric Field Modeling


The equation satisfied by the curl of the electric field intensity and the scattering of the electric displacement vector is the differential form of the fundamental equation of the electrostatic field [32]:


  ∇ · D = ρ  



(1)




where D is the electric displacement vector and ρ is the bulk density of free charges. In an isotropic dielectric, the auxiliary equation is:


  D = ε · E  



(2)




where ε is the permittivity of the dielectric, also known as permittivity, and E is the electric field. Substituting Equation (2) into (1), one can obtain:


  ∇ D = ∇ ·  (  ε E  )  = ε ∇ · E + E · ∇ ε = ρ  



(3)







In a homogeneous dielectric,   ∇ ε   = 0. In addition, the electric field strength   E = − ∇ φ   can be substituted into Equation (3) to obtain:


  − ε  ∇ 2  φ = ρ  



(4)




where φ is the electric potential. It can be therefore concluded that Equation (4) is the Poisson equation of the electrostatic field. When there is no charge distribution in the field, ρ = 0, then Equation (4) becomes:


  − ε  ∇ 2  φ  = 0   



(5)







In a high-voltage device, the space charge does not exist or is negligible (ρ = 0), so the dielectric equation to be solved is actually Equation (5), where    ∇ 2    is the Laplace operator and in the Cartesian coordinate system it is:


   ∇ 2  φ =    ∂ 2  φ   ∂  x 2    +    ∂ 2  φ   ∂  y 2    +    ∂ 2  φ   ∂  z 2     



(6)







The computer can solve the partial differential equation of Formula (6) and obtain the potential distribution of the conductor in a space or a plane area by using FEM via setting the boundary conditions. Various physical properties of the electrostatic field can also be obtained after post-processing the finite element software. As a consequence, the distribution of potential and field intensity in the solution area can be calculated by using the known free charge distribution if the potential on the boundary is given. This type of problem is usually called the first type of boundary value problem, also known as the Diliheri problem [32], which can be expressed as:


  − ε  ∇ 2  φ  = 0   



(7)






  φ  | Γ  =  φ 0   



(8)








3. Electrode Profile


Based on the previously developed electrode profiles [33], the Bruce electrode composed of three sections produces a uniform field within a large plane area compared to the planar and elliptical profiles and requires relatively smaller space than the Rogowski (90° and 120°) profiles. The first part starts from the linear section with a radius of R0 (Figure 1). The second part is sinusoidal with a radial extension distance of A (distance from the endpoint of the plane area to the center of the circular part), terminated in a circular part with a radius of Re. Each section needs to tangentially merge into the next. The smoothness and specifications of each section, however, need to be further confirmed and improved through simulations. It has to be mentioned that field uniformity also significantly relies on the ratio between the overall diameter (D) and gap distance of electrodes (d) [22].



To guarantee a smooth transition between the numerous components from the Bruce profile, Re and X0 must be defined as follows [33]:


   X 0  =  A  cos α    



(9)






   R e  =  2 π  ·  X 0  · tan α  



(10)




where α is the characteristic angle of the sinusoidal curve. The total radius R and electrode thickness T of the Bruce electrode can be expressed as:


  R =  R 0  + A +  R e  =  R 0  + A +  2 π   A  cos α   tan α  



(11)






  T = A · tan α +  R e  = A · tan α  (  1 +  2 π   1  cos α    )   



(12)







To ensure the sample region where subjects a uniform electric field is big enough, yet still acceptable by the spatial confinement, the radius of plane area (R0) was selected as 40 mm for the subsequent simulations. Previous studies on the surface field distribution of electrodes confirmed that a uniform field intensity distribution could be obtained when the electrode thickness was maintained equal to or more than twice the nominal gap spacing [33]. Therefore, the gap spacing (d) in the simulations is always half of the electrode thickness (T) for saving space. From Equations (11) and (12), one can see that R and T are both highly related to A and α. The smaller the characteristic angle in the sinusoidal region, the smaller the T and R, leading to a smaller interval. Otherwise, a much bigger gap distance between the electrodes will be required when the characteristics angle of the sinusoidal section is increased. The space for integrating other modules or coupling with other conditions will be significantly limited in that case. Five potential electrodes with various geometries were examined with respect to the uniformity and strength of the electric field (Table 1).




4. Electric Field Simulation


ANSYS Maxwell is a high-end interactive tool for electromagnetic simulation using FEM. After obtaining definitive results, Maxwell solves the electromagnetic field problems by applying Maxwell’s equations in a finite region with suitable boundary settings as well as user-specified parameters [27]. All simulations in this study were performed using Maxwell 2D, with the solver classified as an electrical solution type. Precise modeling was performed initially by using SolidWorks to create a 3D model (Figure 2, left) of the simulated electrode according to the functional relationship of the electrode profile, which was then imported into ANSYS Maxwell software to create a 2D electrode model around the z-axis (Figure 2, middle).



The computational domain for the simulation was set to be a 592 × 416 mm box (Figure 2, right). The boundary conditions used for the simulation were as follows: anode   φ   |   Γ A       = 10 kV (targeted value); cathode ground   φ   |   Γ B       = 0 V; and the voltage at infinity was an artificial boundary. The high-voltage electrode composed of a Bruce electrode and electrode support possessed a symmetrical geometry. The anode and cathode were built up from aluminum with a relative permittivity (   ε r   ) of 1 and a bulk conductivity of 38 × 106 Siemens/m due to a much higher breakdown voltage. Polyether ether ketone (PEEK) with an    ε r    of 3.1 and a bulk conductivity of 10 × 107 Siemens/m was applied as the electrode support because of its high temperature resistance and good insulation performance. All parameters of the applied materials in the simulation are listed in Table 2.




5. Results and Discussion


5.1. Electric Field Distribution


The electric field vectors can be clearly outlined to give an insight into the motion of the electric field and then describe the estimated magnitude and strength when a voltage is applied. It can be seen that at any point (Figure 3), the field vector determines the field direction from that point. The movement of the electric field is always from anode to cathode and the field strength varies point by point with the strongest points found between the electrodes in red.




5.2. Effect of Electrode Geometries on Field Intensity and Uniformity


By setting the same voltage excitation value (10 kV), boundary conditions and network division for electrostatic simulations, the field strength distribution varies with the geometry of an electrode imported into ANSYS Maxwell (Figure 4). The highest electric field is undoubtedly found between the electrodes in red, though the strength is highly dependent on the gap spacing. By plotting the field strength along a line shown in Model E for all models (Figure 4f), it can be seen that the maximum field strength generated is 8.84 × 105 V/m (Model A), and as the electrode gap distance increases, the field strength gradually decreases to 2.89 × 105 V/m (Model E). A homogenous field along the line can be achieved within a specified region in each model, but the region size and the achievable strength vary with the geometry.



The uniformity of the field strength along and normal to the electrode gap axis of Model E in various sections/positions was examined to further confirm the region where the sample would sit (Figure 5a). Line 1 is exactly located in the middle of the electrode, lines 2 and 3 are located in the planar area, lines 4 and 5 are placed in the sinusoidal section, and line 6 in the circular section. It can be clearly seen that within the planar region, the field intensity is almost identical from top to bottom (Lines 1, 2, and 3 in Figure 5c,d). In the sinusoidal curve region (Lines 4 and 5), however, the starting point and the end point present a higher field strength than that in the planar region, which is a little bit surprising and further confirms that the edging effect cannot be completely avoided in a non-ideal state. The circular section (Line 6) presents a much smaller field strength than other regions within the electrodes. The field strength along a line exactly on the electrode surface (Line 8 in Figure 5a,b) is plotted, confirming that the field intensity at the top and bottom positions in the sinusoidal region is higher by about 1.7% than in the planar region. This value could not produce a significant edging effect but should be considered carefully to ensure that the electrode could always be operated within a safe value. By examining the field strength along a line in the middle of the electrodes (Line 7), it can be concluded that the uniformity in the planar area could be guaranteed in both directions.



The gap distance is critical not only due to its effect on the field strength and uniformity but also because of the spatial constraint on sample dimensions and the affiliated modules generally required during neutron scattering experiments. In the current design, a movement control module and a heat exchange platform are assembled for accurate position control and temperature variations. Model E is selected for further assessment due to the bigger gap spacing between the electrodes, facilitating sample stage movement and temperature variation tests. If a higher field strength is instead favorable, other models might be good choices as there is always a trade-off problem between the gap spacing and the achievable field strength. Ideally, the electrode assembly should adopt a detachable design which might be convenient for changing over electrodes with different configurations when upgrading and manufacturing are performed in the future.




5.3. Effect of Chamber Size on Field Strength


In the uniform field discharge experiment arrangement, it was demonstrated that the distance between the electrode edge and the shield also affects field strength [22,33]. Five shields with different chamber diameters were examined according to the actual size required for neutron scattering experiments (Figure 6). It has to be mentioned that due to the existence of affiliated modules, the electrodes cannot be placed in the center of the chamber at all. The minimum distance between the electrode edge and the chamber shell is alternatively applied for a direct comparison.



The field intensity along the line between electrodes shown in Figure 4e remains uniform within the specified region when a chamber is applied (Figure 6). The edging effect, however, gets worse when the (upper) electrode edge is placed closer to the chamber shell (Figure 7a). By drawing a line along the upper electrode edge contour shown in Figure 5a, the edging effect can be further quantified, presenting an exponential decrease as a function of the minimum distance between the upper electrode edge and the chamber shell (Figure 7b).





6. Electrode Applications for High-Voltage Sample Environmental Devices


A high-voltage electric field device (Figure 8) was machined and assembled based on the parameters from the simulations. To verify the reliability of the device in terms of the achievable field strength and uniform, power-on tests were performed by adjusting the gap spacing and the power supplied. Detailed information about the design, tests, and scientific applications will be presented separately.




7. Conclusions


The electric field strength and potential distribution of Bruce electrodes with various geometries and chamber diameters were examined based on FEM using ANSYS Maxwell for the development of high-voltage sample environment devices. Three functional sections of the electrode tangentially merge into each other, achieving a large uniform field region where samples will sit along both the electrode surface and the gap axis between the electrodes. The size of the uniform region and field strength highly rely on the gap distance between the electrodes. The edging effect cannot be avoided with the field strength in the sinusoidal region being higher (byabout 1.7%) than that in the uniform plain region, and will be significantly expanded if a chamber is applied. The expansion, however, possesses an exponential decrease as a function of the minimum distance between the electrode edge and the chamber shell, facilitating defining the minimum size of the device if an extremely high voltage is required. The compromise between the edging effect and the chamber size is applicable if the spatial confinement is critical for neutron instruments. This research provides a theoretical basis for the development of high-voltage electric field sample environment devices for in situ SANS or NR measurements.
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Figure 1. Sectional schematic diagram of the Bruce electrode [32]. 
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Figure 2. SolidWorks 3D modeling (Left), ANSYS Maxwell 2D model (Middle), and the calculation domain (Right) for the simulation of electrodes. 
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Figure 3. Electric field vectors between and around the electrodes. 
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Figure 4. Field strength distribution of (a) Model A, (b) Model B, (c) Model C, (d) Model D, and (e) Model E, and (f) the variation in field strength along the black line in Model E for all five models. 
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Figure 5. (a) Selected positions of Model E (39 mm gap spacing) for field strength comparisons; (b) field strength along the surface of the top electrode and the center of the gap between the electrodes, respectively; (c) field strength along the gap axis (from top to bottom) in various sections; and (d) the zoomed version of (c). 
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