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Vector Potential Coil and Transformer Masahiro Daibo, Shuzo Oshima, Yoichi Sasaki, and Kento Sugiyama Faculty of Engineering, Iwate University, Morioka 020-8551, Japan We demonstrate a vector-potential coil and a vector-potential transformer that each use a long flexible solenoid wound around a hollow cylinder. The long flexible solenoid has a current-return wire that runs through the core of the solenoid itself. These devices generate a curl-free vector potential in the hollow cylinder without a magnetic field. In the space within the cylinder where no magnetic field exists, the vector potential is detected by observing a voltage across a secondary conductor that is proportional to the time rate of change of the primary current. We also present the transparency properties of the vector potential through a thick metal whose thickness is larger than the skin depth at the test frequency. Index Terms— Coil, nondestructive testing, transformer, vector potential.



I. I NTRODUCTION



V



ECTOR potential is a source of the more familiar electric and magnetic fields because the latter can be derived from the former. For quantum systems, vector potential plays a very important role, but for classical systems, it does not seem to play a very significant role. Therefore, vector potential has generally not been considered when studying macroscopic systems. In fact, we have examined such systems by considering only the electric and magnetic fields. The vector potential was initially considered as an artificial entity that was only useful as a mathematical tool. However, Aharonov and Bohm [1] changed this view when they predicted that the vector potential could cause a phase shift for electrons in regions where no magnetic field exists, which is also called as the Aharonov–Bohm (AB) effect. A static vector potential can also modulate a supercurrent [2]. Konopinski [3] interpreted the vector potential as a de Broglie wave phase shifter. The first experimental confirmation of the AB effect used a long solenoid coil [4]. However, these results were attributed to the magnetic field leaking into the solenoid core at the ends of a finite solenoid coil. The AB effect was definitively confirmed by Tonomura et al. [5]. They detected electron-beam interference fringes at slices passing through a superconducting toroidal flux ring. In this device, the Meissner effect provides complete magnetic shielding. This paper demonstrated that the vector potential is a fundamental physical entity. A good review of the AB effect is provided in [6]. Several theoretical and experimental studies have attempted to clarify the role of the vector potential in regions with nonzero magnetic field [7]–[12]. Moreover, the vector potential has recently been treated as a superfluid [13]. Martins [13] explained that the vector potential can be considered as a physical field on physical space endowed with the physical property of the velocity of a kind of fluid. To assess the physical nature of vector potentials, we created in this paper, a complicated coil to generate a vector potential.
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Fig. 1.



VPT with various secondary coil configurations.



The device comprises a long flexible solenoid wound around a hollow cylinder, which gives the entire coil a coiled-coil structure (Fig. 1). We call such a coiled coil a vector-potential coil (VPC), and when the VPC is connected to a current source, a curl-free vector potential oriented parallel to the cylinder axis is created in the hollow of the cylinder. Placing a secondary coil, which is only a straight wire, into the hollow of the cylinder and driving the VPC with alternating current (ac) caused a voltage difference across the secondary coil, even though the secondary coil was not exposed to any magnetic fields. The aim of this paper is to generate a curl-free vector potential without magnetic fields and to use the vector potential to induce a voltage. In what follows, we describe the structure of the VPC and then the present experimental results for the vector-potential transformer (VPT). II. T HEORY A. VPC The magnetic field of an infinitely long solenoid is nonzero only inside the solenoid; however, outside an infinitely long solenoid, the magnetic field is zero. In contrast, because vector potential is present everywhere around a current-carrying conductor and is parallel to the current, it can exist both inside and outside an infinitely long solenoid. Despite no magnetic field existing outside an infinitely long straight solenoid, a secondary voltage appears across a loop secondary coil
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placed around the outside of the solenoid. This phenomenon is known as the Maxwell–Lodge effect and is discussed in detail in [9]. In this configuration, the output voltage depends on the path of the lead wire connected to the secondary loop coil because the vector potential also interacts with this lead wire. In a simple solenoid coil, current flow through the coil wire causes a vector potential and a magnetic field around the wire. To disentangle the space to be used where the vector potential and the magnetic field are superimposed, we consider the nested structure comprising a coiled coil (Fig. 1). To eliminate the magnetic field and generate a pure vector potential, we created a very long flexible solenoid whose current-return wire runs through the core of the solenoid itself. Note that the current-return wire was oriented coaxially within the flexible solenoid. Starting from a normal finite-length solenoid (i.e., not a coiled coil), the magnetic field H inside the solenoid is given by the following: H=



n 1 I1 (cos θ2 − cos θ1 ) 2



(1)



where cos θ1 = (z − L/2)(a 2 + (z − L/2)2 )1/2 , cos θ2 = (z + L/2)(a 2 + (z + L/2)2 )1/2 , n 1 is the number of turns per unit length, I1 is the electric current, L is the length of the solenoid coil, a is the radius of the solenoid, and z is the distance along the central axis of the solenoid from the midpoint to the measured point. The magnetic flux Φ inside an infinitely long solenoid driven by ac is given by Φ = μ0 n 0 S Im sin(ωt)



(2)



where μ0 is the magnetic permeability of free space, n 0 is the number of turns per unit length, S is the cross-sectional area of the long solenoid, Im is the current amplitude, ω is the angular frequency, and t is the time. Based on the mathematical equivalence of the two similar equations, B = rot A and J = rot H, and H and J must correspond to A and B, respectively. First, the magnetic flux Φ of the long flexible solenoid is calculated based on the driving current. Next, the current I of the finite-length solenoid coil in (1) is replaced by Φ. If we assume that the magnetic-field density in the long flexible solenoid and the current density in the finite-length solenoid are spatially uniform, then we can consider H as A by replacing these variables; thus, we obtain the following equation: A=



μ0 n 0 n 1 S (cos θ2 − cos θ1 )Im sin(ωt). 2



(3)



A straight vector potential is generated along the central axis of the cylinder. Finally, an electric field E is generated that is proportional to the time rate of change of the current and that is also parallel to the VPC axis E=−



μ0 n 0 n 1 Sω ∂A =− (cos θ2 − cos θ1 )Im cos(ωt). (4) ∂t 2



Fig. 2.



Shielded secondary coil with thick brass cylinder.



B. VPT When the VPC is driven by ac, a secondary voltage V1 appears across the secondary coil (comprising a straight wire) placed in the hollow core of the VPC. This configuration, with a single-turn secondary coil, is referred to as the VPT  L/2   ∂A V1 = · d z = μ0 n 0 n 1 Sω a 2 + L 2 −a Im cos(ωt) −L/2 ∂t (5) where d z is the line element along the hollow core VPC. If L  a, (5) is simplified as



axis



V1 = μ0 n 0 n 1 SωL Im cos(ωt).



of (6)



III. E XPERIMENTAL R ESULTS AND D ISCUSSION The VPT parameters are as follows: n 0 = 710 turn/m, n 1 = 227 turn/m, S = 7.07 × 10−6 m2 , a = 0.021 m, and L = 0.16 m. The inductance of the primary coil was 58 μH and the resistance was 9.4  at 10 kHz. Fig. 2 shows the picture of shielded secondary coil VPT. The secondary coil is shielded by a 10.5 mm thick brass cylinder. The shield cylinder is thicker than the skin depth for the test frequency range. When the primary coil of the VPT without shield was driven by ac (ω = 6.283 × 104 rad/s and Im = 810 mAPP ), we detect an open-circuit voltage V1 = 13 mVPP across the secondary coil (i.e., between the ends of the straight wire), which agrees with the theoretically estimated value of 11.7 mVPP . Fig. 3 shows the response waveforms of the VPT for various secondary coil configurations. The top waveform of Fig. 3(a) shows the voltage across a 2.2  resistor connected in series with the primary coil. This voltage is proportional to the primary current. The lower waveform is the open-circuit voltage of the secondary coil amplified with a gain of −20. We tested VPT with various n 1 , a, and L. Unlike a finite length magnetic solenoid coil, no edge effect was observed. This result is attributed to div A = 0. Equation (6) is applicable to short length VPT even n 1 = 1. Moreover, the secondary open-circuit voltage was proportional to the time derivative of the current, and its polarity



DAIBO et al.: VPC AND VPT



1000604



Fig. 4.



Three components in the VPC.



Fig. 3. Time response of the VPT. (a) Linear (V1 ). (b) Solenoid (V2 ). (c) Shielded linear.



was oriented to counteract any changes in the vector potential. This is the vector-potential version of Lenz’s law. In a typical coil, an eddy current is induced that prevents the penetration of the magnetic flux; however, in the VPT, a linearly aligned voltage is induced because there is no vortex. Thus, despite the absence of magnetic fields, a voltage is induced in the secondary coil. This result indicates that the vector potential is locally affected and is the direct source of the secondary voltage. Note that we used a 10 m long flexible solenoid; thus, the distance between the ends of the long solenoid and the secondary conductor was >1 m. To verify the effect of any stray magnetic fields leaking in at the ends of the finite solenoid, we moved the ends of the primary coil to different positions. However, this caused no change in the signal; thus, we concluded that any magnetic field leaking in at the ends of the finite solenoid had no practical impact. To perform this experiment, using a current-return wire is very important to cancel undesired parasitic fields. Fig. 4 shows an effect of parasitic vector potential depending on winding direction. There are longitudinal (A2 ) and azimuthal vector potential components (A3) as well as a complicated coiled-coil component (A1 ). A2 and A3 components generate unwanted magnetic fields and vector potential. Accordingly, without the current-return wire, the open-circuit voltage across the secondary coil contains one component due to the vector potential and another component due to the parasitic magnetic field. In the case of Fig. 4(a), global winding direction on hollow cylinder is counterclockwise (CCW). The orientation of vector potential of A1 and A2 in hollow cylinder is same, i.e., right



Fig. 5. Frequency characteristics of transimpedance with effect of winding direction.



to left, which result in the total vector potential is |ACCW | = |A1 + A2 |. In the case of Fig. 4(b), global winding direction is clockwise (CW). The total vector potential is |ACW | = | − A1 + A2 |. Fig. 5 shows the frequency characteristics of transimpedance |Zt | (Zt = V2 /I1 ). |Zt | on CCW without return current path is slightly larger than that of CW without return current path. The difference is caused by the effect of A2 . After wiring with return current path, A2 component is canceled, the transimpedance, consequently output voltage, does not depend on the global winding direction. Note that A3 generates a strong magnetic field, but it is not coupled with a straight secondary conductor. A3 is also canceled by return current path. To verify that no magnetic fields exist in the hollow cylinder of the VPT, we measured the magnetic field using a Hall probe with a 2 Adc primary current in the VPT. The sensitivity of the
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Hall probe was 1 μT. At this level of sensitivity, the results of the Hall probe show no evidence of a magnetic field in any direction. Thus, upon providing a coaxial return path for the current, the VPC generates an almost-pure vector potential with no parasitic magnetic fields. We also measured the secondary voltage for a secondary coil arranged in several geometries. Because the secondary coil was inclined with respect to the central axis of the primary coil, or placed in any shape desired, the secondary voltage did not change. Moreover, because the magnetic field was cancelled by the return path, the secondary voltage V2 in Fig. 3(b) was almost same as V1 for the straight wire [Fig. 3(a)] except noise, even if a 192 turn solenoid coil was selected as secondary coil. These results show that the only factor contributing to the secondary voltage is the inner product between an element of length of the conductor and the time rate of change of the vector potential. In fact, if both ends of the secondary conductor enter and exit the same side of the VPC [i.e., the round trip in Fig. 1(a)], the secondary voltage V3 was zero. Fig. 3(c) shows the response of the shielded secondary coil by a brass cylinder. The secondary voltage V4 is same as V1 , and did not depend on whether or not the shield was connected to ground. A vector potential penetrates to a conductor without loss. IV. C ONCLUSION We created a VPC using a long flexible solenoid coil with a coaxial current-return wire. No magnetic field exists in the hollow core of the VPC, but a curl-free vector potential is generated parallel to the central axis of the VPC. We also implemented a VPT by adding a secondary coil in the hollow core of the VPC. Using the VPT, we generated a secondary voltage without exposing the secondary coil to a magnetic field. Thus, the VPT has the unique property that the secondary voltage does not depend on the path followed by the secondary coil. Moreover, the secondary voltage appeared even when the secondary coil was enclosed by a conducting material. A VPC can be used to control the quantum phase of spin-polarized atoms or electrons, which may be applicable to atomic clocks, atomic magnetometers, nuclear magnetic resonance, quantum computing, superconducting quantum interference device, or spin Hall devices.
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