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中  文  摘  要

	由于晶格周期势场的存在，晶体中电子的运动受到影响而形成电子能带，人们通过对半导体中电子能带的重新设计或裁剪，实现了对电子行为的调控，奠定了当代信息技术的基础。正是上世纪七十年代Esaki和Tsu提出的半导体超晶格，开创了半导体材料的能带工程，带动了微电子、光电子产业的兴起和发展。这一成就给人们以启示：可以将微结构引入介电晶体中，形成介电体超晶格。如果微结构特征参数可以和光波、超声波的波长比拟，这样光波、超声波在介电体超晶格中传播，就类似于电子在晶格周期势场中运动，形成光子能带、声子能带及与光声有关的其他准粒子能带。在介电体中引入的有序微结构，可以是对不同物理参数的调制，如介电系数、压电系数等。其中，二阶非线性极化率被调制的称为光学超晶格材料（以下有时简称超晶格）。非线性系数的有序调制可以实现一种新的相位匹配方式称为准相位匹配，所以这种超晶格材料在非线性光学特别是在激光变频方面有着重要的应用。本篇论文研究工作都是基于这种光学超晶格材料展开的。

过去几十年人们对光学超晶格的研究主要集中在非线性频率转换方面，运用全固态激光技术，实现高效激光变频，研制出不同波段、波长可调谐或者多波长输出激光器。本论文着重研究的是光学超晶格材料中几种新型非线性光学效应，将弹性散射、非弹性散射（如拉曼散射等）和准相位匹配技术相结合，利用光学超晶格实现对微弱光散射信号的放大和提取，发展了光学超晶格中的非线性衍射学，拓展了准相位匹配的研究范围，这是本论文的一大创新。本论文第二个创新在于将光学超晶格材料研究过渡到非经典光学，将准相位匹配技术引入到量子光学领域，实现新型纠缠光子源制备和特殊量子态产生。光学参量下转换技术是产生双光子纠缠源的主要途径，而准相位匹配的光学参量下转换过程具有高效、灵活、可人工调控等特点，所以引起了量子光学领域研究人员的广泛兴趣。从2001年开始，国际上先后有若干研究小组介入此研究领域，研究工作各有特色。而我们在超晶格材料研究方面的积累，为超晶格中纠缠光子的研究打下工作基础。我们的研究动机在于通过横向、纵向调控光学超晶格中非线性系数，实现对纠缠光子源的频谱分布、空间模式的整形，制备出具有特异时间关联和空间关联特性的纠缠光子，并探讨其在量子信息和量子通信中的可能应用。论文着重研究了级联准相位匹配技术即多重准相位匹配技术，因为多重准相位匹配技术可以实现多参量过程高效耦合，在实现纠缠转移、高维纠缠态以及三光子EPR态中有重要应用。

本论文内容分为两大部分，前一部分即第二章到第四章研究了光学超晶格中与光散射有关的新型非线性光学效应。论文第二部分既第五章到第七章则过渡到光学超晶格中光子纠缠现象研究。第一章和第八章分别是论文前言和结论。论文两部分内容互作参考，第二部分中涉及的几种光参量过程在第一部分中都有经典对应。论文主要内容如下：
第二章将光学超晶格的理论研究从一维拓展到二维，建立了二维光学超晶格中的耦合波标量方程，探讨了非共线准相位匹配过程的基本特性。实验研究了二维六角极化的钽酸锂超晶格中的倍频、三倍频、参量下转换和级联准相位匹配等过程的特征和可能应用。研究发现：六角极化钽酸锂超晶格中非共线倍频具有更宽的调谐能力；六角密堆的结构设计同时有利于三倍频、四倍频等高次谐波输出；六角极化钽酸锂超晶格中参量下转换过程匹配方式非常丰富；六角极化超晶格中存在多参量过程耦合效应。通过对这些基本参量过程的研究，发展了基于二维超晶格的全固态激光技术，同时也为基于二维超晶格的新型纠缠光子源产生提供了方案。
第三章将晶体中一种基本散射过程即弹性散射引入到准相位匹配中，实现了光学超晶格中锥形二次谐波光束输出。在光学超晶格材料中，入射光与它的弹性散射光在准相位匹配条件下能够有效和频。该过程将晶体内近红外波段的弹性散射光转换到可见光波段。通过分析可见光波段的空间分布特性可以得到晶体内弹性散射的分布特征，尤其是可以得到近前向的小角散射信息。这一效应还启发我们如何制备锥形激光光束以及其他类型空间分布的非线性衍射花样。这是准相位匹配研究内容的一次拓展。
第四章在第三章基础之上进一步研究了光学超晶格中拉曼散射的准相位匹配增强效应。介质中的本征元激发能与电磁波耦合形成极化激元，导致拉曼散射斯托克斯和反斯托克斯信号的产生，这种非弹性散射信号一般很弱。实验发现这种微弱极化激元拉曼散射信号在超晶格晶体中能够被增强5~6个量级，散射阶数最高达到11阶，频域上形成间隔可调的梳形光谱。这一结果可用于研制新型拉曼激光器并可推广到用于研究晶体中具有电磁特征的其他类型元激发的研究。
第五章主要研究了光学超晶格中EPR双光子对的产生及其时间、空间关联的基本特性。研究表明通过准相位参量下转换过程产生的EPR光子对具有非经典的时间（能量）关联特性和非经典的空间（动量）关联特性。实验上将准相位匹配钽酸锂材料与传统几种体块非线性晶体做对比，比较它们在单光子产率、单光子角谱等方面的差异。由于超晶格提供的倒格矢能够参与EPR光子对的产生，因而可以通过超晶格中微结构的设计，调控纠缠光子的空间和时间关联特性，开拓光子纠缠研究的新领域。
第六章理论研究了光学超晶格中的几种特异双光子态，包括纠缠转移双光子态、横向调制双光子态及高维双光子态。研究表明：和频过程能够传递纠缠特性，和频前后纠缠光子的时间关联和空间关联具有很好的传递特性。计算表明如果利用纠缠转移后的双光子做光刻光源，其分辨率是经典光刻的4倍。另外，在超晶格材料中引入横向非线性系数调制，可实现对纠缠光子的空间函数整形及高维双光子态产生。光学超晶格材料还可以发展成为兼有线性光学器件处理功能的集成量子器件材料。相关的实验已经在进行之中，我们采用的是一块能同时实现参量下转换与和频过程的超晶格晶体，在这块晶体内，泵浦光先产生一对纠缠光子再将纠缠光子对中的长波长光子和频到可见光波段，该实验关键技术在于提高和频过程的效率。
第七章利用光学超晶格中的级联非线性效应，提出制备EPR三光子纠缠态的理论方案，详细研究了EPR三光子态的关联特性，EPR三光子的时间关联特性和空间关联特性与通过“后选择”方法得到的三光子纠缠态存在本质不同。所以，在此基础之上，我们进一步理论计算了利用EPR三光子如何进行量子“鬼”成像和量子光刻。对于EPR三光子量子成像，我们只讨论了一物一透镜情形，得到了三光子“鬼”成像公式和成像特性。对于三光子的量子光刻可达到3倍于经典光刻的分辨本领。本章中产生三光子EPR态的方案是基于第二章中参量自倍频过程即参量下转换过程与倍频的级联。相关实验已经在进行之中。本章最后还提出产生三光子EPR态的其它两种方案，并分别进行可行性分析，讨论其产生效率及关联特性。
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Study on Optical Scattering and Photon Entanglement in Optical Superlattice
Xu Ping
ABSTRACT
	The behavior of the electrons inside the crystal is affected by the periodic potentials, and the energy band of electron is formed as a result. People can engineer and redesign the band gap in the semi-conductors in order to control the movement of electrons. This is the basis of the modern information technology. In the 1970s Esaki and Tsu introduced the concept of semi-conductor superlattice by modulating the band structure with fabricating microstructures, which leaded to the following development and great success of the micro-electronics and optical-electronics. The achievements in semi-conductor superlattice motivate people to think that one may fabricate dielectric superlattices by introduce the structures to the dielectric crystals. If the structure parameters are on the same order as the wavelength of the light wave or the ultra sonic wave in the crystal, their propagation can be affected. This is very similar to the movement of electrons in the periodic potentials. Hence in dielectric superlattice there will form the band structure of photons, phonons or other quasi-particles. This micro-modulation can be on different physical parameters, such as dielectric coefficients, piezoelectric coefficients and so on. The modulation of second order nonlinear coefficient can result in a kind of special superlattices called optical superlattices (OSL). A new type of phase matching called quasi-phase-matching (QPM) can be realized in the optical superlattices, which are widely used in the nonlinear optics and especially lasers frequency conversion. The research work in this thesis is based on the OSL.

In the past decades, the study on OSL focused on the nonlinear frequency conversion. People use the solid-state-laser technique to realize high efficient tunable or multiply-wavelength lasers at different frequency band. In this thesis, several new nonlinear optical effects are studied. The elastic or nonelastic scatterings are involved in the quasi-phase-matching process. These weak light signals can be amplified and detected. We introduced the new concept of nonlinear diffraction in the OSL and extended the research area of quasi-phase-matching technique. This is one of the innovations of this thesis. The other innovation of this thesis is that we introduced the study of quasi-phase-matching to the non-classical optics field, generating new entangled photons and special quantum states. Optical parametric down conversion (PDC) is the main approach to generate entangled photon pairs. The PDC in OSL has attracted extensive interest in quantum optics because of its high efficiency and high flexibility. Several groups started research in this area since 2001 and some interesting works were reported. Since we have studied the OSL for years and this is the basis of our study in quantum optics. So our motivation is to engineer the spectral profile and spatial mode of entangled photons by the modulation of nonlinear coefficient in transverse and longitudinal directions. This will enable us to generate entangled photon pairs with special temporal and spatial correlations. The generated entangled photons will have potential applications in quantum information. The study focuses on the cascaded QPM, i.e. the multiple QPM, since the multiple QPM is proved to be an effective way for coupling for multiple parametric lights. It might be useful for the entangle transferring and the generation of high-dimension entangled states and three-photon EPR state.

This thesis is divided into two parts. The fist part consisting chapter 2 to chapter 4 is about the nonlinear optical effects concerning the scattering in OSL. The second part is from chapter 5 to chapter 7. The quantum effects including photon entanglement in OSL will be discussed. The chapter one and eight are the preface  and conclusion, respectively. These two pars are related to each other through the common nonlinear processes. The parametric process referred in the second part can be considered as quantum extension of the classical effects in the first part. The contents of the thesis are as follows:

In Chapter 2, we extended the QPM theory from one-dimensional to two-dimensional case, scalar wave coupling functions is introduced to discuss QPM process in two-dimension OSL. The effects of frequency doubling, third harmonic generation, parametric down conversion and cascaded QPM in hexagonal poled two-dimensional OSL (HPOSL) were experimentally studied and some potential applications were proposed. We got the conclusion that the non-collinear frequency doubling in HPOSL had broader bandwidth than that in standard periodically poled OSL, the third and forth harmonics were easier to obtain in HPOSL, various parametric down conversion processes were discovered and multiple QPMs in HPOSL are studied. Based on the study of there effects, we developed all-solid-state laser technique for the two-dimension OSL. The methods to prepare new entangled photon sources were proposed at the same time. 
In chapter3, the elastic scattering process was introduced into QPM, the conical harmonic beams were observed in OSL. In the OSL, effective sum frequency can be generated from the incident light and its elastic scattered light. The near-infrared scattering light was thus converted to the visible light band. By analyzing the spatial distribution of the visible harmonic beams, we can get the information on the spatial distribution of the scattered light inside the crystal, especially that for small angle scattering to the propagation direction. According to this phenomenon, people may find new ways to produce the conical beams and other special nonlinear diffractive patterns. This is an extension for the research of QPM.

In Chapter 4 the QPM-enhanced Raman scattering was observed from the optical superlattice. The elementary excitation in materials can be coupled with the incident electromagnetic wave (EM) waves and a type of polariton can be excited. The polariton interacting with the incident wave can result in the polariton-Raman scattering. This non-elastic scattering is rather weak. We experimentally found that the intensity of phonon-polariton Raman scattering was enhanced by 5~6 orders and the 11th order of Raman scattering was detectable. The output Raman scattering exhibited a quasi-continuous distributed spectrum with multiple frequency peaks and tunable peak intervals, which enabled us to develop a new kind of Raman laser. Besides, most of the other EM elementary excitations can also be enhanced by the QPM approach in the optical superlattice. 
In Chapter 5, the temporal and spatial correlation of EPR biphoton from optical superlattice was investigated theoretically and experimentally. It proved that the EPR photon pair from optical superlattice behaved in a nonclassical way. We experimentally compared the OSL with several traditional bulk nonlinear optical crystals. The photon flux and the angular spectrum of the generated photons were analyzed, respectively. Since the reciprocal vector plays a role in the generation of entangled photons, we can manipulate the temporal and spatial correlation. This is the motivation of the following chapters.
In Chapter 6, we theoretically investigated several novel biphoton states generated from the OSL were studie, including the entanglement transferred state, the spatial-mode modulated biphton state and the high-dimensional biphoton state. It is concluded that the frequency up-conversion process can be used as a reliable interface for entanglement transfer. The nonclassical temporal and spatial correlations were conserved after the frequency up-conversion process. The entanglement-transferred biphoton could greatly improve the resolution of quantum lithography. Experimentally we adopted a single OSL which contains the cascaded domain structures. The pump wave generated a pair photons first and then the pump upconverted the idler photon into a new photon with a higher frequency. Meantime, by taking advantage of the flexibility of structure design, colorful spatial-mode modulated biphton states and the high-dimensional biphoton states were feasible. In addition, we want to emphasize the OSL can be developed into a quantum integrated device since it not only can generated the entangled photons but also act as a linear optical processing element. 

In chapter 7, we proposed that EPR triphoton state can be generated by cascaded nonlinear optical process. The nonclassical correlation was studied detailedly. We found that the temporal and spatial correlation were intrinsically different from the three-photon state which was prepared by the post-selection. We further studied on the quantum imaging the quantum lithography by the EPR triphoton. For the quantum imaging, we focus on the case of one object and one lens and we got the imaging formula of ghost imaging and the imaging characters were analyzed. For the triphoton lithography, the resolution of quantum lithography was expected to be 3 times of the classical lithography. The nonlinear process to generate the EPR triphoton state was introduced detailed in chapter 2. It is the cascaded process called the frequency self-doubling process i.e. the spontaneous parametric down-conversion (SPDC) process cascaded by the second harmonic generation process. The experiment is in preparation. Beside this cascaded process, there were other two ways to generate the EPR triphoton state. We studied the efficiency of photon generation and calculated the space-time correlation of these two additional proposals. 
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