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中  文  摘  要

	光学，作为一种工具，在物理学的基础研究和各种应用领域中都发挥着巨大的作用。特别是在激光被发明后，很多重要的研究和发现都是以它为基础完成的。而光的相干性研究又是光学应用的基础，对于研究物理学基础领域例如各种物质与光的相互作用有重要的用处；在应用领域，光的相干性研究对于高精密测量、图象处理等都有重要的推动作用。
此外，在新兴的量子信息技术中，光的相干性研究也起到了重要的推动作用。在量子信息技术中, 量子力学的量子态叠加理论和测量塌缩理论保证了量子密钥分配的安全；同样量子态叠加理论和演化理论使得量子计算可以并行工作，其效率将远优于普通电子计算机。在实验上，人们尝试着在多种物理体系上实现量子通讯和量子计算。而光学方法因为其独特的优点，较其他方法发展更快。首先，光子的易传输性是其他物理体系不具备的。因此在实际量子密钥分配中，几乎都使用光子作为信息载体。其次，成熟的非线性光学手段和良好的激光光源使得光子态制备变的容易。最后，对于光子态的精密控制和探测也使得人们容易完成不同的量子操控方案。所以，诸如量子密钥分配，量子力学非局域性检验，量子隐形传态等一系列实验都是首先利用光子完成的。
实际上，用在量子信息中的光子相干特性在物理本质上就是某种光子干涉，都是建立在各种干涉模型上的。如实际的量子密钥分配的光学部分就是一种单光子干涉；而利用线性光学方法来完成的量子计算方案是多光子干涉。因此对光子干涉本身的研究将为其在量子信息中的应用提供更好的方法。反过来，光子干涉也是一种量子操作过程。我们可以利用量子信息的语言来描述和分析干涉。例如光子干涉时对态的转换可以表示成量子信息中的量子比特操作；而其干涉可见度的不同就是量子信息中的消相干作用的结果。
目前最常用的可操纵多光子源是用光学参量下转换产生的。本篇论文讨论了由该过程产生光子之间的干涉和态的可区分性；光子干涉与受激辐射的关系；多光子干涉在高精度量子测量的应用；以及在多光子干涉在其它量子信息过程中的应用。具体有以下几个主要内容:

1．同路径多个光子态的干涉和可区分性
我们首先研究了同路径多光子偏振态的旋转特性。在旋转操作中，多个光子之间相互干涉，其结果将显示与经典干涉完全不同的现象：单光子或者经典光需要旋转固定的90度，就可以转换成其正交偏振态；而同路径N光子态最少只需要旋转90/N度就可以转换成其正交态。此结果不能分解成单个光子干涉的乘积，是真正的多光子干涉。同时利用此结果，可以简单的从理论上证明在量子力学所允许的范围内量子相位测量的最好精度是海森堡极限。 

2．多光子纠缠态（NOON态）投影测量
为了进一步研究此类多光子干涉，我们首先在理论上把多光子态测量分解成单个光子的投影测量；然后在实验上利用简单的线性光学元件，如波片、光学分束器、检偏器以及单光子探测器，构造了普适的双模多光子态投影测量，包括光子数最大纠缠态(NOON态)投影测量。利用NOON态投影测量可以完成广义的多光子Hong-Ou-Mandel干涉。我们在实验中光测到了四光子以及六光子的Hong-Ou-Mandel干涉，其干涉可见度与光子态的可区分性一一对应。 因此，我们可以利用双模多光子投影测量定量的分析多光子态的可区分性，为利用光子作为量子信息处理中载体时提供了方便的态检测手段。
3．利用投影测量进行多光子德布罗意波长演示和高精度量子测量

利用此光子数最大纠缠态(NOON态)投影测量，我们可以用参量下转换产生的多光子对演示N光子德布罗意波长是单光子的1/N。这是多光子相互干涉的典型现象。此外，我们直接用参量下转换产生的多光子对和相应的多光子态投影测量进行了高精度量子相位测量，其精度突破了标准量子极限，逼近量子力学所能允许的海森堡极限。此方法从原则上克服了因为光子损耗所引起的测量精度下降，并可以推广到任意多光子态。
4．受激辐射过程和光子聚束统计的关系
受激辐射过程虽然被广泛的应用到激光器中，但可以计数的光子受激辐射过程在激光器里很难直接观测和研究。我们利用参量下转换过程，在实验上直接观测到了单光子、双光子受激辐射引起的光子聚束现象。从理论和实验上仔细分析了光子的不同时间自由度和不同光学损耗情况下的光子聚束现象。进一步，通过实验和理论分析受激辐射和多光子干涉，我们从原理上揭示了由受激辐射产生的光子聚束与光子干涉产生的光子聚束本质都来自于光子的不可区分性。
同时，与其他光子或自由度的纠缠导致了光子的可区分性，而光子是否可以区分的特征是可以从光子的聚束现象上被观测到。利用这一原理，我们在实验上利用受激辐射得到的两个双光子态的赝拷贝测量了高维双光子态的纠缠。因为直接利用了光子不可区分性引起的光子聚束现象，在实验室无需一一检测光子态；从而，大大简化了量子纠缠的实验测量，特别是在高维纠缠的测量中。
5．多自由度的光子干涉与纠缠
所有的光子干涉都可以认为是量子计算的结果。同时光子作为玻色子，满足交换对称性。因此，我们指出不可区分的光子因为其交换对称的特性会引起光子聚束现象，这就是多光子干涉和受激辐射的物理本质。同时在光子干涉中会牵涉到多个自由度以及多个光子。我们利用量子计算的语言加上光子的交换对称性重新描述了这些干涉， 并讨论了光子态中的纠缠。我们发现，在光子态中描述中，不同自由度之间的纠缠体反映在光子的单个自由度的交换不对称上。利用这一特性，在理论上可以方便的分析不同自由度之间的纠缠和定量的分析其对干涉可见度的影响。同时利用光子的交换对称性，我们详细的分析了由参量下转换产生的多光子态。因为光子聚束现象的存在，我们发现即使在由一阶参量下转换产生的双光子态中不纠缠的自由度，在高阶参量下转换产生的多光子态中会发生纠缠。而不同自由度之间纠缠在多光子干涉中会引起光子的可区分性，这即是多光子干涉实验中干涉可见度较低的主要原因。我们的理论分析与实际实验结果相当的吻合。
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Interference and Distinguishability of Multi-photon States
Sun Fangwen
ABSTRACT

	Optics has been widely applied in different scientific researches. Especially, after the invention of laser, more and more researches and discoveries are based on this excellent light source. Moreover, light is putting the development of modern physics. For example, the research on the emission induced the birth of quantum mechanics, which made human enter the quantum world. Since 1980's, there has appeared a new method to deal with the information based on quantum mechanics ---quantum information. In quantum information, the superposition and collapse measurement of quantum states ensure the security of the quantum key distribution. Also, the superposition and evolution of the quantum state can support the parallel work for a quantum computer. So its computation efficiency is much better than an electronic computer.

In experiment, researchers are trying many physical systems to realize quantum information and quantum computation protocols. Among all those systems, the optical system is one of the most feasible systems. The information can be transmitted easily with photons. Almost all the experiments of quantum key distribution used photons as the transmitter. Moreover, it is easy to generate different photonic states with nonlinear optical processes. The mature manipulation and detection of photonic state make photons well apply to many quantum information protocols. So, the first experiments of quantum key distribution, verification of quantum non-locality, and quantum state teleportation were realized with photon system. 

However, the operation of photon state in quantum protocols is the result of photon interference. For example, the optical part of single photon quantum distribution is a single photon interferometer. The multi-photon interference has been the heart of quantum computation with linear optics. We need to study different photon interference, which will offer much more methods for quantum information science. Conversely, we can use the language of quantum computation to describe and analyze the photonic interference. All the operation of photons can be regarded as the operation of qubit. And the interference visibility is the result of quantum decoherence.

The dissertation discusses the interference and distinguishability of the photons from parametric down conversion. The main work are listed below: 

1. Photonic interference and the application in quantum information 

In principle, the photonic interference comes from the indistinguishability. If the system is indistinguishable, photon not only can interfere with itself, but also with other photons. Based on this indistinguishability principle, we studied different single-photon, two-photon, and multi-photon interferences. In detail, we discuss the single photon interference in practical quantum key distribution and multi-photon interference in quantum computation and quantum measurement.

2. Interference and distinguishability of multi-photon state in same spatial mode

The discussion of interference begins with the rotation properties of polarization of the multi-photon state in same spatial mode. Because all the photons interfere with each other, it shows different result with classical interference: To get the orthogonal polarization state, the single photon and classical state need the fixed rotation angle of 90 degrees; while for N-photon state, the minimal rotation angle is 90/N degrees. This N-photon interference result can not be decomposed into the product of single-photon interference. It is a true multi-photon interference. Moreover, with this rotation property, we can theoretically prove that the best precision of quantum phase measurement is the Heisenberg limit in the frame of quantum mechanics. 

In order to further study the multi-photon interference, we theoretically decomposed the multi-photon state into the product of single photon states. In experiment, we proposed projection measurement on arbitrary two-mode multi-photon state, including the maximally entangled photon number state (NOON state), with linear optical elements, such as waveplates, beamsplitters, polarizer and single-photon detectors. With NOON state projection measurement and photons from parametric down conversion, we experimentally demonstrate that the N-photon de Broglie wavelength is 1/N of single photon wavelength. This is a typical multi-photon interference. In the high resolution quantum phase measurement, we are able to use untailored photons direct from parametric down conversion and corresponding projection measurement to obtain the phase uncertainty beating quantum standard limit and approaching Heisenberg limit. With this method, we overcome the disadvantage that the phase measurement precision drops with the photon loss. 

  Moreover, the generalized multi-photon Hong-Ou-Mandel interference is realized in experiment based on the NOON state projection measurement. We observed four-photon and six-photon Hong-Ou-Mandel interference experimentally. The interference visibility shows the distinguishability of the multi-photon state. Therefore, we can use the projection measurement in the analysis of the indistinguishability of multi-photon state. Also, it offers a feasible method for the state analysis in the quantum information.

3. Stimulated emission and photon bunching.

We directly observed the single-photon and two-photon stimulation emission in parametric amplification. We especially examined the indistinguishability of the temporal degree of freedom and the case in the presence of photon losses. Moreover, from the theoretical and experimental study on the stimulation emission and multi-photon interference, we discovered in principle that the photon bunching in the stimulation emission and multi-photon interference is from the indistinguishability of photons. 

Moreover, photon distinguishability is the result of quantum entanglement, which will induce the photon bunching in experiment. So the photon bunching offers a method to measure the quantum entanglement. We use the parametric down conversion to generate pseudo two-fold copy of four-dimensional two-photon state and measure its I-concurrence by detecting the photon bunching effect. This method simplifies the entanglement measurement in experiment, since it does not require the projection measurement on each basis.

4. Interference of photons with many degrees of freedom

All the interferences are regarded as the result quantum computation. Also, being the bosonic particles, photons obey the principle of permutation symmetry. Therefore, the photon bunching is the result of permutation symmetry. There are many degrees of freedom and many photons in the interference. With the boson permutation symmetry and quantum computation language, the photon interferences can be well described. We discovered that the asymmetric description of the photon state shows the entanglement between different degrees of freedom. With this property, we can feasibly describe the entanglement in multi-photon state and visibility of multi-photon interference. Moreover, the photon bunching induced by indistingsuiability will generate some entanglement in the multi-photon state. In detail, we examined the photons state from parametric down conversion. We showed the entanglement between different degrees of freedom in a four-photon state, even if there is no entanglement between them in the two-photon state. This entanglement will drop the visibility in practical photonic interference, which has been well approved in many experiments on multi-photon interference. 
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