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中  文  摘  要

	作为超导体重要应用之一的超导悬浮，与常导悬浮相比具有很多突出的优点（如无需外加控制且能保持相对稳定）而备受关注，成为各国争相研发的目标之一。在高温超导（即临界温度高于液氮沸点温度）发现之前，由于受超导材料性能和低温条件等因素的限制，相关研究与应用发展甚为缓慢，围绕提高超导临界参数（主要指临界温度和临界电流密度）与揭示超导物理机制的研究吸引了众多物理和材料科学工作者。1987 年高温超导材料的发现，给超导悬浮带来了前所未有的发展前景，其广泛的应用前景，如超导磁悬浮车、超导储能系统、无接触输运、无摩擦悬浮轴承以及空天飞行器中的应用等，引起了人们高度的兴趣，相关理论与实验研究相继全面展开。我们知道：在实现有关超导悬浮的工程应用过程中，除了弄清其物理机理和材料特性外，如何从力学角度，对设计超导悬浮安全合理运行的力学电磁耦合问题展开全面深入的研究是必不可少的。本学位论文立足单块超导体和单块永磁体构成的悬浮系统开展实验研究，内容涉及不同条件下的永磁超导之间相互作用力的实验测试，准静态情形下系统悬浮力和横向力时间弛豫特性测试，以及悬浮系统在外加激励作用下悬浮体受力和悬浮中心随时间漂移的特征等进行了系统研究，取得了如下新的认识和结果。
(1)在没有外界干扰或者激励的情况下，对悬浮系统中永磁超导之间相互作用力特征进行了系统研究。首次测试了高温超导体时效性对悬浮系统相互作用力的影响规律，发现在零场冷情形下随着冻结时间的增长，悬浮力表现出随机性，而场冷情形，悬浮力绝对值随之增大，采用已有的超导玻璃态模型对实验结果进行了解释，该结果发表在Modern Physics Letter B，(22(7)(2008), 499-506)。对永磁超导体之间的相互作用力首次进行三维测试，给出了垂向、水平X方向以及水平Y方向悬浮力和横向力的空间分布特征，并给出矩形永磁体与圆柱形超导体之间最优的悬浮区域，该结果发表超导专业杂志Physica C，(467(2007), 125-129)上。同时，还发现悬浮力距离磁滞回线的交叉现象，考虑外磁场没有完全穿透高温超导体时磁滞特征，给出了交叉现象的合理解释，对于轴对称的悬浮系统，研究了测试速度对悬浮力的影响，发现随着速度的增加，最大悬浮力总体呈现减小的态势，但减小幅度有限，该结果发表在超导专业杂志Physica C，(468(2008), 369-373)上。接着该工作，本论文还测试了非轴对称悬浮系统中横向运动速度对悬浮力和横向力的影响，发现随着横向运动速度增大，悬浮力距离磁滞回线面积逐渐增大，而横向力距离磁滞环面积没有显著改变，该结果发表在超导专业杂志Physica C，(469 (2009), 207-210)上。
(2) 在没有外界干扰或者激励的情况下，系统研究了永磁超导悬浮系统中悬浮力、横向力的时间弛豫特征。首次测试了轴对称悬浮系统中冷却高度对悬浮力时间弛豫的影响特征，结果显示冷却高度不仅会显著影响悬浮系统最大悬浮力的数值，也显著影响悬浮力的时间弛豫特征，该结果发表于Modern Physics Letter B，(22(2009) 2615-2624)。考虑到悬浮力时间弛豫对系统安全性的影响，提出了一种悬浮力时间弛豫的抑制方法，该方法克服了已有的“反向运动法”和“预加载法”在抑制悬浮力时间弛豫的同时，也降低有效悬浮力数值的问题，既不降低悬浮力数值又能够有效抑制悬浮力时间弛豫，该成果发表在国际电工电子协会(IEEE)超导电性应用专业期刊IEEE Transactions on Applied Superconductivity，(18(2008) 1687-1691)。对于更加接近工程实际的非轴对称悬浮系统，首先比较了不同的非轴对称获得方式对悬浮力和横向力数值及其弛豫的影响规律，发现“先降后偏”的运动方式优于“先偏后降”的获得方式，该结果发表在超导专业期刊Physica C，(468(2008)1013-1016)。接着研究了不同冷却高度，相同的横向位移时悬浮力和横向力特性，同时也对其相应的时间弛豫特征进行测试，发现了横向力时间弛豫的一种“翻转”现象，即冷却高度等于15mm时，横向力数值随时间先增大，后逐渐趋于稳定，而冷却高度等于30mm时，横向力数值随时间先减小后逐渐稳定。对于相同的冷却高度(等于5mm)，不同的横向位移情形，首次发现了悬浮力行为正(排斥)、负(吸引)的翻转现象，同时也发现悬浮力时间弛豫特征的类似“翻转”现象，评审人认为该结果“They are interesting and may be used to improve the design of superconductor levitation systems”，该实验结果发表在美国AIP应用物理类著名杂志Journal of Applied Physics，(103(2008), 123901)。
(3) 针对已有实验结果的一些理论分析。1998年，Kordyuk在经典物理镜像模型基础上，引入一冻结磁通镜像磁偶极子，提出磁通冻结-镜像模型，该模型后来广泛的应用到超导悬浮系统中，计算永磁超导之间相互作用力，然而该模型不能够反映悬浮力-距离磁滞的特征，经Yang和Zheng等人发展修正，新的模型能够反映磁滞特征，但是发现，轴对称情形下，该模型不能够正确的反映随着冷却高度增大，悬浮力呈现饱和的重要实验结论。本论文通过对垂向运动磁偶极子位置的调整，获得轴对称悬浮系统中悬浮力计算的一个新的磁通冻结-镜像模型，并给出其解析表达式，通过数值验证，发现本文模型不仅能够反映悬浮力-距离磁滞特征，而且能够对悬浮力饱和特性进行揭示，该成果发表在超导专业杂志Physica C，(468(2008), 401-404)。对于悬浮力和横向力时间弛豫“翻转”的现象，本论文也进行了理论分析，通过Bean临界态模型和热激磁通蠕动理论，给出了悬浮力或者横向力随时间逐渐增大的一个理论判据。该结果发表在英国物理协会(IOP)超导顶级期刊Superconductor Science and Technology，(22(2009),025006)。

(4) 当悬浮系统受到外界干扰或激励时，系统研究了悬浮体的受力特征和悬浮体中心随时间漂移的现象。首先通过实验发现，在永磁体远离超导体的磁滞回线上，当永磁体振动时也可以观察到悬浮体中心随时间下漂移(悬浮力减小)的现象，这对已有的实验结果提供了有益的补充，该结果发表在Modern Physics Letter B, (22(2008), 2659-2666)。然后系统测试了永磁超导悬浮系统的主要参数，如超导体临界电流密度、悬浮高度、冷却高度以及悬浮体重量等对悬浮漂移的影响。该结果发表在Journal of Superconductivity and Novel Magnetism, (22(2009) 855-859)。首次发现了高温超导悬浮的二次及多次漂移直至悬浮崩塌的现象，给出了不同频率，悬浮体发生二次漂移的临界外加激励幅值，通过数值仿真，成功的再现了悬浮体的二次及多次漂移现象，主要结果如下图所示。
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图中(a)为实验测试结果，不同时刻改变外加激励幅值可见二次漂移现象，(b)为数值仿真结果，固定频率，不同时刻改变激励幅值可见多次漂移现象。以上这些结果还没有正式发表，正在整理。

(5)研究了包含切口的高温超导体悬浮力特性和切口尖端的磁场特性。考虑到高温超导体的另一大类应用，作为超导永磁体一般都是在极强磁场环境中工作，已有实验观察到超导体的破裂现象，而现有的理论分析都没有考虑裂纹尖端效应对超导体内部磁场分布特征的影响，采用线切割机对高温超导块材进行相同切口尖角、不同切口长度和相同切口长度、不同尖角处磁场变化特征测试，发现切口尖端效应对磁场值的影响规律，该结果已经被美国AIP应用物理类著名杂志Journal of Applied Physics 接受，并被评审人评价为：“experimental observations are of interest and are worthy of publication in the Journal of Applied Physics”，同时，对于线切口的超导材料相应的悬浮力也进行了测试，结果已经在Journal of Superconductivity and Novel Magnetism, (DOI: 10.1007/s10948-009-0526-1)在线发表，并完成清样校订。
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Experimental Investigations of electromagnetic forces in High-Temperature Superconductor Levitation Systems under Different Conditions

Zhang Xingyi 
ABSTRACT
	Compare to the conventional levitation, the high temperature superconducting levitation have attracted more interests in many countries for its novel passive stability and become an important branch of applications of superconductivity. Before the discovery of high temperature superconductor, the progresses on the researches and applications of superconductivity are very insufficient because the restrictions of material characteristics and low temperature instruments. So many physicists and material researchers concerned with the researches of increasing the critical parameters (critical temperature and critical current density) and mechanisms of superconductivity. After the discovery of high temperature superconductor in 1987, there should be a promise to realize many good applications such as superconducting Maglev Train, superconducting energy storage system, no friction transportation, no friction bearing and aerospace plane. The correlative theories and experiments are carried out intensively. As we know, it is also very important to concern with the mechanical-electric-magnetic coupling problems for the security designing, not only the physical mechanisms and material characteristics. This dissertation deals with the researches of levitation system which is made up of single superconductor and single permanent magnet as the source magnetic field, mainly about the experimental tests of the interaction force between superconductor and permanent magnet under different conditions, the time relaxation tests of levitation and lateral forces under quasi-static conditions, the systemic researches of forces acted on the levitated body and the drift of the center of it under the magnet vibration. Some new results are as follows.

(1) Systemic Investigations on the interaction force between the superconductor and magnet in the levitation system are carried out without the external excitation. Firstly, the influences of the aging process of superconductors on the levitation force are measured with zero-field cooling (ZFC) and field cooling (FC). It is found that the ZFC levitation force of superconductors oscillates as a function of waiting time, and while for FC superconductors, with increasing of waiting time, the absolute value of the maximum attraction force increases, this result has been published in Modern Physics Letter B, (22(7)(2008), 499-506). Three-dimensional levitation force and lateral force in the levitation system are investigated and the optimization levitation region is found, this result has been published in Physica C, (467(2007), 125-129). Meanwhile, a crossing in the force-displacement hysteretic curve of a melt processed HTS is found, and the influences of the moving speed of permanent magnet on the levitation force in symmetrical levitated system are also gained. It is found the levitation force decreases gradually with the increasing of the speed, but the change is little, this has been published in Physica C(468(2008), 369-373). As a continued investigation, the effects of the speed of lateral movement on the levitation force and lateral force are obtained, it is found that the area of the hysteretic curve in levitation force increases with the increasing of the speed and while it is almost not change in lateral force. This result has been published in Physica C,(469 (2009), 207-210).

(2) Systemic investigations of the levitation force and lateral force relaxation characteristics with time without external excitation. The effects of the initial cooling height (CH) on the levitation force relaxation are studied firstly, it is found that there are not only obvious influences of the cooling height on the levitation force value but also obvious influences on the levitation force relaxation with time, this result has been published in Modern Physics Letter B, (22(2009),2615-2624). Considering the influence of relaxation on the security of the levitation system, a method to reduce the levitation force relaxation is presented and recognized by experimental measurements, which effectively reduces the relaxation with time and while the effective levitation force is not depressed which is not avoided in the ‘reverse motion’ and ‘preloading’ method. This method has been published in the IEEE Transactions on Applied Superconductivity,(18(2008),1687-1691). In the case of unsymmetrical levitation form, influences of the motion mode in which both the superconductor and the magnet are placed close to each other on the magnetic forces and their relaxation are measured. Method 1, in which the magnet coaxially approaches the superconductor and is subsequently displaced laterally, is considered as a better way because the relaxation of levitation force is reduced and the lateral force changes very slowly with time. This result has been published in Physica C(468(2008)1013-1016). With CH decreasing, the transition of the lateral force from repulsion to attraction is found as well as the changing characteristics with time from decrease to increase. Additionally, when levitation height is fixed at the CH, the transition phenomenon is also observed in the levitation force behavior and their relaxation under different lateral displacements (LD). Such as, in case of the cooling height is equal to 15 mm, the lateral force increases at first and then becomes a constant gradually and while when the initial cooling height is chosen by 30 mm, lateral force decrease at first. The reviewer believes ‘They are interesting and may be used to improve the design of superconductor levitation systems’, and these experimental have been published in Journal of Applied Physics, (103(2008), 123901).

(3) Theoretic analysis to some experimental results. Based on the classical image model. Kordyuk introduced a frozen-image magnetic dipole, and gave frozen-image model, which is widely used to calculate the interaction force between a superconductor and a permanent magnet in the levitation system, but this model does not give the hysteresis in the levitation and lateral forces. In 2007, Yang and Zheng gave a modified frozen-image model, which can give the hysteresis, but their model can not give the saturated feature of the maximum levitation force under different cooling height in the symmetrical levitation system, which is a well know experimental conclusion. In this thesis, the vertical movement image is replaced and a new model is presented, the exact solution of the levitation force is obtained. After numerical calculating, it is found that our model can give not only the hysteresis in the levitation force but also the saturation feature, this model has been published in the Physcia C (468(2008), 401-404). For the ‘transition’ phenomenon, the theoretical illustration based on the Bean model and the thermal activated flux creep is presented. The prediction criterion developed in this paper is available in the practical applications of high temperature superconducting levitation systems, which has been published in the Superconductor Science and Technology，(22(2009),025006)。
 (4) Systemic investigations on the mechanical characteristics of the levitated body and drift phenomenon of the levitated body center with time. At first, on the departing curve, the drift with a decreasing of the levitation force is found in the experimental under magnet vibration, but in the literatures, the drift shows an increasing of the levitation force and levitation height in the departing curve, in addition, we interpret the drift phenomenon using the Presach model qualitatively, this result has been published in the Modern Physics Letter B, (22(2008), 2659-2666). After that, the influences of the critical current density, initial cooling height, levitation height, weight of levitated body and the amplitude of vibration, etc. on the levitation drift are analyzed, this result has been published in the Journal of Superconductivity and Novel Magnetism, (22(2009) 855-859). In the end, the second or multi-drift of the levitation system and collapse under magnet vibration is firstly found in the experimental, the critical amplitude which leads to second drift with varied frequency of vibration is presented, by using the numerical simulation, the second and/or multi-drift have been reappeared, the main results are as following:
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The experimental result is drawn in the Fig. (a), we can see that the second drift of the levitation force with a fixed frequency. The numerical simulation is presented in Fig. (b), it is found that multi-drifts are occurred with different external amplitudes. Most of the above results are prepared and to be published.

(5) Investigations on the levitation force characteristic of a bulk superconductor with linear notch and the magnetic field at the tip of the notch. According to the high critical current density, trapped field magnet becomes one possible application branch of the bulk superconductor which is always under high magnetic field in the practical applications. And fracture phenomenon is observed in the trapped field experiments. For the fracture problem of the superconductor, all the presented investigations are all based on the assumption in which there is no influence of the crack on the magnetic field distributions. So, we will report a direct measurement of the magnetic field distributions at the notch tip in a superconductor. It is found that in the case of the  fixed notch angle, when the notch length increases and reaches a critical value, the tip magnetic field will increase and exceed the initial value of the sample without a notch. In the case of fixed notch length which is equal to the radius of superconducting bulk, the tip magnetic field increases at first and then decreases as the notch angle is over 90 degree. This result has been accepted in the Journal of Applied Physics, and the referee believes that ‘experimental observations are of interest and are worthy of publication in the Journal of Applied Physics’. In addition, we report the levitation force properties of a melt-processed YBCO bulk with a linear notch, this has been published in the Journal of Superconductivity and Novel Magnetism (DOI: 10.1007/s10948-009-0526-1), the proof has been corrected.
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