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中  文  摘  要

	本论文中，我们利用高分辨高灵敏的里德堡态氢原子飞行时间谱技术对F(2P)+H2及其同位素反应的动力学进行了研究，探讨了这一反应中重要而有趣的两个方面：非绝热效应和反应共振。
分子反应动力学是在原子、分子层次上研究化学反应微观动态和机理的科学，是宏观化学反应动力学的基础，作为物理化学的一个分支，促进并推动着其他分子科学的发展。随着高灵敏度，高分辨率实验技术的发展和应用，分子反应动力学领域取得了许多有重要意义的成果，F+H2及其同位素的反应由于理论和实验上的可行性及令人感兴趣的动力学成为基元反应动力学领域中一个非常重要的体系，得到了大量研究。
波恩-奥本海默（B-O）近似，也叫绝热近似，是物理化学中最基本的近似之一，也是确立分子势能面概念的前提条件，一般动力学理论研究都基于这个近似。该近似在核的质量是电子质量几千倍的基础上将核运动与电子运动分开，当核的分布发生微小变化时，电子能够迅速调整其运动状态以适应新的核势场，而核对电子在其轨道上的迅速变化却不敏感。在该近似下，处理电子运动时，把核看作是固定不动的，处理核运动时，把电子能量作为核运动的势能。B-O近似不仅使关于分子的电子结构的讨论和计算得到简化，而且使分子势能面的概念得以成立，在波恩-奥本海默近似下，原子核只能在一个绝热的势能面上运动。
虽然B-O近似在量子化学、分子光谱、以及分子反应动力学等领域发挥着至关重要的作用，然而，当体系中有两个或多个电子态简并或非常靠近时，B-O近似就会失效，发生非B-O过程（即非绝热过程），这时原子核的运动往往就不局限于一个势能面上，这种非绝热过程在许多方面都非常重要，如分子的预解离、电荷转移过程等。
F(2P)+H2/HD/D2体系中非绝热效应的研究并不是很多，因为理论计算方面需要将三个相关的势能面同时考虑，实验方面则需要足够高的分辨率将基态与激发态分别产生的反应信号分开，这些都不容易做到。
该体系中非绝热效应的理论计算最早可以追溯到七十年代Tully等人的半经典计算，第一个确切的非含时（TI）量子散射计算是由Alexander等人在九十年代末做出的，他们的计算认为，当碰撞能非常低时激发态F*(2P1/2)的反应截面比基态F(2P3/2)的反应截面大，碰撞能增大时，F(2P3/2)逐渐占主导地位。最近，韩克利等人用含时（TD）的量子波包方法也对F(2P) +H2/HD/D2体系中的非绝热效应进行了研究，得到类似的结论。实验上关于这个体系的早期研究并没有发现F*(2P1/2)的反应信号，第一次清楚给出F*(2P1/2)反应迹象的是Nesbitt等人所做的实验。与此同时，刘国平等人在F+HD反应中也发现了F*(2P1/2)带来的HF(v'=3)产物。但由于实验中氟原子束里F*(2P1/2)与F(2P3/2)的相对浓度比并不清楚，因此无法定量地给出F*(2P1/2)反应性与F(2P3/2)反应性的相对大小关系，从而无法与理论计算进行严格而精确的比较。
我们利用里德堡态氢原子飞行时间谱-交叉分子束实验装置对F(2P)+D2(j=0)和F(2P)+H2(j=0)反应中的非绝热效应进行了详细研究，第一次从实验上给出了F*(2P1/2)反应性与F(2P3/2)反应性的比，与理论计算非常吻合。
我们对F(2P)+D2反应在0.25~1.2kcal/mol范围内的十二个碰撞能条件下进行了转动量子态分辨的实验测量，得到反应的相对积分及微分截面。由于该碰撞能范围低于反应能垒,因此反应主要是通过量子隧穿效应进行。实验结果表明F(2P3/2)+D2和F*(2P1/2)+D2两个反应的积分截面均随碰撞能增大而增大；F*(2P1/2)+D2与F(2P3/2)+D2两个反应积分截面之比随碰撞能增大而减小。当碰撞能小于0.5kcal/mol时，F*(2P1/2)的反应性比F(2P3/2)大，起主导作用；在我们研究的最低碰撞能0.25kcal/mol，F*(2P1/2)的反应性是F(2P3/2)的1.6倍，这一现象揭示了该反应中的非绝热效应，实验结果与量子反应散射计算吻合非常好。
对F(2P)+H2反应，我们在低碰撞能0.14kcal/mol条件下进行了研究，发现F*(2P1/2)的反应性是F(2P3/2)的0.6倍，F(2P3/2)的反应仍然占主导地位，这与前人的理论计算不符，我们推测这可能是由于F(2P)+H2反应中存在反应共振的原因，确切的解释还需要进一步的理论计算研究。
氟原子束源中F(2P3/2)与F*(2P1/2)的相对浓度比的测量对我们定量研究该反应体系的非绝热效应至关重要。我们是通过氟原子的真空紫外单光子自电离谱进行测量的，氟原子吸收682 Å左右的同步辐射光从F(2P3/2)和F*(2P1/2) 跃迁到两个自电离态{2p4(1S0)3s, 2S1/2}和{2p4(1D2)4s, 2D3/2,5/2}随之发生自电离，比较F(2P3/2)和F*(2P1/2)跃迁至同一个自电离态的两个峰的强度，就可以得到氟原子束中F(2P3/2)与F*(2P1/2)的相对浓度比，测量得到实验所用的氟原子束中F(2P3/2)与F*(2P1/2)的相对浓度比为4.8。
共振是自然界中普遍存在的现象，反应共振是指在反应路径上过渡态区域内暂时束缚的量子态，也叫动力学共振（dynamical resonance）或费希巴赫共振（Feshbach resonance)。由于反应共振态很大程度上依赖于过渡态区域的势能面，因此对反应共振的研究可以得到对过渡态的深入了解。早在二十世纪七十年代，理论上就预言了反应共振的存在。然而实验上，反应共振的探测却很困难，因为通常在散射中，一定范围碰撞参数（总角动量J）的碰撞都可以发生反应，这样，如果反应共振存在的话，则能够在一个很宽的碰撞能范围内达到，因此在激发函数σ（反应截面随碰撞能变化的函数关系）上就表现为比较宽而平的特征，从而很难与直接反应区分，因此，在实验上探测反应共振成为一直以来反应动力学研究的目标。
八十年代李远哲小组进行的分子束实验使这一反应成为反应动力学方面一个教科书式的范例，他们用通用型交叉分子束仪器对F+H2反应进行了详细研究，得到振动态分辨的微分截面，发现HF(v'=3)产物出现明显的前向散射，他们认为这是由于这个体系中存在反应共振的原因。李远哲等人的实验极大的激发了理论学家的兴趣，从而在1996年产生了第一个高级的从头算FH2势能面SW PES，然而，Castillo与Manolopoulos以及Aoiz等人在SW 势能面上对F+H2反应所作的理论计算均对F+H2体系中反应共振的存在提出了质疑，最近，Skodje等人在SW势能面上的计算及分析中则倾向于HF(v'=3)的前向散射是由过渡态共振带来的。SW PES没有考虑氟原子的自旋轨道耦合，Hartke等人在SW PES的入口通道引入自旋轨道校正，产生一个新的势能面HSW PES，HSW PES的垒高比SW PES高0.39kcal/mol，人们期待自旋轨道校正的引入能够使理论计算与实验的分歧得到解决，然而，遗憾的是，在新的HSW PES上所作的计算不但没有改善，甚至加剧了理论与实验的分歧。
九十年代末，刘国平等人对F+HD体系的交叉分子束研究取得了重大突破，他们在研究中发现D通道激发函数在碰撞能大约0.5kcal/mol处出现一个明显的台阶，并将此归属为过渡态附近存在的反应共振造成的，然而遗憾的是，理论计算得到的台阶的位置及高度并不能与实验完全吻合。
为了获得F+H2/HD体系势能面的准确信息，我们用里德堡态氘原子飞行时间谱-交叉分子束技术对F+HD(HF+D实验进行了转动量子态分辨的态-态反应散射研究；理论计算方面，张东辉等人用CCSD(T)方法构建了一个新的高精度的势能面，并在新的势能面上进行量子散射计算，与实验进行比较，从而获得对这个体系反应共振的深刻理解。
我们发现在碰撞能0.5 kcal/mol 附近，微分截面变化非常明显，0.43 kcal/mol时，产物主要是后向散射，0.48kcal/mol时，产物向侧向移动，后向减少，并且出现少量前向散射，0.52kcal/mol时，前向继续变大，产物主要表现为侧后向及前向散射，0.71kcal/mol时，产物主要为前向散射，侧向以及后向很少。同时我们测量了0.2～1.2kcal/mol碰撞能范围内产物HF(v'=2，j'=0~3)后向散射信号随碰撞能的变化，发现在0.39kcal/mol处，产物HF(v'=2)最低的四个转动态j'=0~3后向信号加和随碰撞能的变化曲线中存在一个明显的峰。这一体系中的另一个非常有趣的实验结果是HF(v'=2)产物的转动布居，在我们研究的低碰撞能范围0.31~0.64kcal/mol，HF(v'=2)产物的转动布居表现为三峰的结构，其中转动量子数j'=2和j'=9处有两个明显的峰，j'=6处出现一个小突起，在高碰撞能时，中间的小突起变得不明显，但两个主要的峰仍然存在。理论计算表明，所有这些实验现象均是由于HF(v'=3)--D绝热势阱内存在一个基态反应共振态(003)的原因，在此基础上进行的理论计算与实验结果完全一致。
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Studies on non-adiabatic effect and reaction resonance in the reaction F(2P)+H2/HD/D2
Che Li

ABSTRACT
	In this thesis, the dynamics of the F(2P)+H2 reaction and its isotopic variants have been studied using the high resolution and highly sensitive H-atom Rydberg tagging time-of-flight technique. Two important and interesting aspects in this reaction were investigated: nonadiabatic effect and reaction resonance.
Chemical reaction dynamics is a branch of chemical kinetics that is concerned with the intermolecular and intramolecular motions that occur in the elementary reaction of chemical change, and with the details of the relationships between the quantum states of the reactant molecules and those of the product molecules. It is also known as molecular dynamics. The field of chemical reaction dynamics has made tremendous progress during the last several decades. This is due largely to the development of many new, state-of-the-art experimental and theoretical techniques during that period. The reaction dynamics of F+H2 and its isotopomers has been extensively studied over many years because of its interesting dynamics and the feasibility to be investigated in both experiment and theory. 

Born-Oppenheimer approximation, also called adiabatic approximation, is one of the most fundamental assumptions in physical chemistry. This approximation postulates that electrons adapt adiabatically to the motion of the much heavier nuclei, so that the forces on the nuclei are generated by the variation with geometry of the electronic energy of a single electronic state. The BO approximation allows us to model molecular dynamics as the motion of multiple nuclei on a single electronic potential energy surface (PES).
Despite its great success, the BO approximation breaks down whenever two (or more) electronic states become degenerate (or nearly so). This breakdown is responsible for fundamental molecular phenomena such as predissociation or internal conversion in an isolated molecule and is ultimately crucial in more complex chemical processes.
Interest in the reactivity of spin-orbit excited F atom with H2, induced by the breakdown of the BO approximation, dates back 30 years. Earlier experimental studies of the F + H2 and F + D2 reactions showed no concrete evidence of F* reactivity. Nesbitt and co-workers did find such evidence by looking at the production of HF (v’=3) in rotational levels that are energetically inaccessible by reaction of ground spin-orbit state F atoms. Concurrently, in a crossed-beams study of the F/F* + HD reaction, Liu and co-workers also found experimental evidence of the HF (v’=3) product from the F* reaction at threshold collision energies. The great experimental difficulty in evaluating the relative F* reactivity is the separation of HF products produced by the reaction of F*.
In an effort to determine the extent of the breakdown of the BO approximation in this benchmark system and to test fully our ability to measure, and predict, the degree of reactivity of the spin-orbit excited F atoms, we report here a high-resolution crossed molecular beam study on the F/F* + ortho-D2 reaction using the D-atom Rydberg tagging method. We concentrated on very low collision energies (0.2 ≤ Ec ≤ 1.2 kcal/mol), where nonadiabatic effects are expected to be most pronounced. The barrier on the lowest PES, corrected for zero-point energy, is ~1.2 kcal/mol. Thus, we see that, over almost the entire range of collision energies investigated here, the F +D2 reaction proceeds solely by quantum mechanical tunneling of the D atom. At all collision energies, quantum-state-resolved DCSs of the DF product in the CM frame (θcm = 0° to 180°) were determined. The overall topology of the DCSs is very similar for F and F* reactions. The F* reaction can occur only by means of a non-BO (nonadiabatic) transfer of incoming collision flux from the PES of the nonreactive excited state of 2A' reflection symmetry to the PES of the ground (reactive) 1A' state. Flux transfer will occur most readily at geometries for which the F-atom spin-orbit splitting is equal to the energetic splitting between the PESs of the two states of A' reflection symmetry. To assess the relative reactivity of the F and F* reactions, we determined the dependence on collision energy of the ICSs. These are the integrals of the corresponding DCSs over all scattering angles and so are a measure of the total reactivity at a particular collision energy. Over the entire set of collision energies, the reactive cross section for the BO-allowed F atom reaction increases much more rapidly with increasing Ec than that for the BO forbidden reaction of F*. So the energy dependence of the ratio of the ICSs for the F and F* reactions decreases with collision energy. At low collision energy the F* reactivity becomes increasingly more efficient, relative to the BO-allowed F reaction of the ground spin-orbit state. At the lowest Ec studied here, ~0.25 kcal/mol, F* is ~1. 6 times more reactive than F. All of our Differential cross sections and relative integral cross sections are in excellent agreement with the multistate, quantum reactive scattering calculations. This agreement confirms the fundamental understanding of the factors controlling electronic nonadiabaticity in abstraction reactions.
For F+H2 reaction, we investigated the non-adiabatic effect at low collision energy of 0.14 kcal/mol. The differential and relative integral cross sections were obtained. The reactivity of the spin-orbit excited state F*(2P1/2) was found to be 0.6 times of the reactivity of the spin-orbit ground state F(2P3/2). This contradicts the result of theoretical calculation which predicts a slightly larger cross section for the excited state F*(2P1/2) at very low collision energy. As the spin-orbit effect in the F/F*+D2(j=0) was investigated theoretically in very good agreement with experiments using the same quantum scattering method, this disagreement maybe comes from the shortcoming of the potential energy surfaces used in the theoretical calculation. New theoretical investigation based on new PESs are required in future.

The measurement of the F:F* ratio in F atom beam is crucial for determining the relative reactivity of F* compared with F. To measure the F:F* ratio in the beam, we used single photon VUV absorption through autoionizing states of the F atom using VUV light near 682 Å at the National Synchrotron Radiation Laboratory in Hefei, China. The spectrum was taken by collecting the F ions when we scanned the wavelength of the VUV synchrotron light, which passes through the F/F* beam. In the spectrum, four peaks were observed and can be assigned to excitation of F(2P3/2) and F*(2P1/2) to two autoionization states: {2p4(1S0)3s, 2S1/2} and {2p4(1D2)4s, 2D3/2,5/2}. By measuring the areas under the peaks corresponding to excitation of the F and F*to the same autoionization state, the F and F* ratio in the beam can be determined. In this measurement, we have taken 6 scans. For the expansion of the discharged mixture of 50% NF3 /2.5% F2 /47.5% He, the ratio of F/F* was determined to be 4.8. Knowing the ratio of F/F* in the beam allows us to measure the relative cross sections for the F and F* reactions with D2 and H2.
Resonance is a general phenomenon in physics, and exists in many interesting physical processes. In chemical reactions, a key signature of resonance is the existence of quasi-trapped resonance state along the reaction coordinate. A transiently trapped state along the reaction coordinate in the transition-state region is normally called a dynamical resonance or a Feshbach resonance. Since reaction resonances are extremely sensitive to the potential energy surface governing a chemical reaction, they provide possible direct and delicate probes to the critical region of the potential energy surface. As a result, the reaction resonance has been a central topic in the study of chemical reaction dynamics in the last few decades. However, because of the averaging effect due to orientations, impact parameters, and collision energies in chemical reactions, probing the structure and dynamics of such resonances experimentally has been a great challenge in modern reaction dynamics.
The F+H2 reaction, the primary process that produces the powerful HF chemical laser, has also been a benchmark system for reaction resonances. The existence of resonance in this system was ﬁrst predicted in 1970s. In 1985, Lee and co-workers carried out a milestone experiment on F+H2, forward scattered HF(v’=3) product was observed and attributed to a reaction resonance. Subsequent theoretical studies using both quasi-classical trajectory (QCT) calculations and quantum mechanical (QM) methods based on the highly accurate Stark-Werner PES (SW-PES), however, have concluded that the forward peak for the HF(v=3) product is likely not due to the effect of a dynamical resonance. More recent quantum theoretical studies suggest that reaction resonances do exist on the SW-PES at lower collision energies, which does not have any experimental support. In a recent study of the F+HD→HF +D reaction, a step in the excitation function around the collision energy of 0.5 kcal/mol was observed, which was attributed to a Feshbach resonance in F-HD based on the theoretical analysis using the SW-PES. Differential cross-sections have also been measured from 0.4 to 1.18 kcal/mol and from 1.3 to 4.53 kcal/mol. However, the resonance step in the total excitation function predicted theoretically by using the SW-PES is to appear at 0.7kcal/mol, which is about 0.2 kcal/mol higher than is observed experimentally.
In an effort to probe the resonance potential experimentally, we carried out a full quantum state resolved reactive scattering study on the isotope-substituted F(2P3/2)+HD(j=0)→HF+D reaction, using the high-resolution and highly sensitive D-atom Rydberg tagging method. TOF spectra of the D-atom product from the F+HD reaction were measured at different scattering angles in the collision energy range from 0.3 to 1.2 kcal/mol, and full rovibrational state resolved differential cross sections (DCS) were determined. The most striking observation in the experimental DCS is the drastic changes of the three-dimensional DCS at the collision energy around 0.5 kcal/mol. Within an energy range of 0.28 kcal/mol, or 98 cm-1, the DCS goes through a series of remarkable changes. To further investigate the resonance phenomenon, we have also measured the scattering signal at the exact backward scattering direction for HF(v’= 2) product in low rotational states (j’= 0–3) in the collision energy range between 0.2 and 1.2 kcal/mol. The experimental results show a clear peak at 0.39 kcal/mol for the backward scattered HF(v’=2, j’=0–3) product. The peak in the collision energy-dependent backward-scattered HF(v’= 2) product is obviously related to the resonance phenomenon in the reaction. From the present experiment, we have found that the rotational distribution of the HF(v’=2) product from the F+HD reaction is also very intriguing. At the lowest collision energies studied from 0.31 to 0.64 kcal/mol, the distribution appears trimodal with two clear peaks at j’=2 and 9, with another small bump around j’= 6. At higher collision energies, the small middle bump becomes less obvious while the two main peaks persist. The dynamical origin of this trimodal distribution is not immediately clear at this moment, and certainly deserves more detailed investigations. In order to explain the experimental results, full quantum scattering calculations have been also carried out on the new PES by Donghui and coworkers. The predicted peak for the backward scattered HF (v’=2, j’=0 to 3) product obtained on the new PES is in agreement with the experimental data. More remarkably, the theoretical results obtained on the new PES can reproduce very well the dramatic variations in experimental DCS, as well as the observed intriguing trimodal structures in the HF (v’=2) rotational distribution. Further analysis reveals that all these fascinating phenomena observed at low collision energy for the F +HD reaction are directly related to the ground resonance state trapped in the peculiar HF(v’=3)-D adiabatic well, denoted as (003) state.
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