本课题组微波光谱简介
Molecular rotational spectroscopy utilizes electromagnetic radiation, typically in the microwave region, to measure the transition energy between the quantized energy levels that come from the rotational kinetic energy of a polar molecule in gas phase. The rotational energy levels and spectral patterns are determined by the principal moments-of-inertia of the molecule and are, therefore, directly related to the mass distribution relative to the molecular center-of-mass. The fact that the rotational spectroscopy is related to the mass distribution, and not just the mass number, makes molecular rotational spectroscopy ideally suited for structure analysis.
Depending on the frequency range of a single spectral acquisition event, the technique has been divided into “narrowband” and “broadband” rotational spectroscopy since the invention of the “broadband” chirped pulse Fourier transform microwave (CP-FTMW) spectroscopy in 2008 by Brooks H. Pate et al. The “narrowband” spectroscopy usually covers around 1 MHz spectral width while the “broadband” can measure over 10 GHz frequency range in one shot.
In our lab, we have built up the “broadband” CP-FTMW spectrometer working in the frequency range of 2-8 GHz. A linear sweep chirped pulse (several microseconds) from 2 to 8 GHz is generated by an arbitrary waveform generator (AWG, 25GS/s) and then amplified by traveling-wave tube amplifier (TWTA, 300 watts). The amplified microwave pulses are broadcasted into vacuum chamber by a horn antenna, then interact with the cold molecular beam and create macroscopic polarization in the sample by aligning the molecular dipole moments. After the excitation pulse dissipates, the radiation waves will be coherently emitted by the rotationally excited molecules. This coherent emission eventually decays through Doppler dephasing or collisions. The broadband free-induction decay (FID) signals are collected by another horn antenna and accumulated by using a high-speed oscilloscope (100GS/s). The molecular rotational spectrum is produced by subsequent Fourier transform analysis of the time-domain signals.
Our main research focuses on the use of broadband rotational spectroscopy to determine the structures of molecular clusters. Cold clusters at ground vibrational states can be generated by expanding pulsed jet into the vacuum to form a molecular beam. The molecular aggregation is driven by non-covalent interactions such as hydrogen bonding and London dispersion forces. In the molecular beam, a wide range of cluster sizes are produced and there can be many isomeric structures for each cluster size. One of the biggest challenges for the analysis of those clusters in gas phase is to spectrally distinguish or spatially separate the target cluster from others. Rotational spectroscopy can provide the highest spectral resolution of molecular spectroscopy techniques used for chemical analysis. As a result, it has no trouble resolving the spectra from all cluster geometries present simultaneously in the sample.
Another research interest is the dynamics of nuclear quantum tunneling in clusters. Quantum tunneling plays an essential role in physical phenomena. Electronic tunneling is well-known. Nuclei are much more massive than an electron, so it has a much lower probability of tunneling. When the configuration of molecular cluster undergoing symmetric conversion and the nuclei transferring in the symmetric well potential, these low frequency vibrations will couple with the overall molecular rotation leading to splitting of rotational energy levels. Therefore, information about the nuclear tunneling is encoded in the rotational spectra.
Besides above-mentioned research topic, many other information can be obtained from rotational spectroscopy, such as nuclear hyperfine structure, charge distribution and so on. Recently, the application of rotational spectroscopy has been extended to chiral analysis. Rotational spectroscopy is a powerful tool for studying molecules, we are keeping efforts on developing this technique to reveal more secrets of molecules.

分子转动光谱是利用微波波段电磁波测量气相中极性分子的转动能级之间的跃迁。分子转动能级以及光谱是由分子转动惯量决定的，其与分子的质量分布直接相关。因此，转动光谱是研究分子结构的理想工具。
根据单次光谱采集的频率覆盖宽度，转动光谱测量装置可以分为“窄带”与“宽带”两大类。2008年，美国弗吉尼亚大学Brooks H. Pate等人发明了啁啾脉冲-傅里叶变换微波光谱仪，使分子光谱研究领域发生了革命性的改变。传统的“窄带”微波光谱一次测量只能收集1MHz左右频率宽度的信号，而新的“宽带”微波光谱装置一次可以测量超过10GHz宽度的光谱信号。
2021年，我们自主研发搭建了“宽带”啁啾脉冲-傅里叶变换微波光谱装置。目前该装置频率覆盖范围是2-8GHz。此频率范围主要适用于较大质量或尺寸分子的研究。其工作原理是：首先，利用25GS/s的任意波形发生器产生一段脉宽为几微秒，频率覆盖2-8GHz的线性扫频信号（啁啾脉冲），随后经过300瓦行波管放大器，然后由一个宽带喇叭形天线发送到真空腔中。在真空腔中，微波与经超声膨胀冷却的分子相互作用，同时激发分子的不同转动量子态。在微波脉冲辐射消散后，处于不同转动激发态的分子跃迁回其初始量子态，同时向外发射电磁波信号。此信号被真空腔体内另一端的宽带喇叭天线接收，经过低噪音放大器后传送给100GS/s的示波器收集并平均。最后收集的时域信号经过傅里叶变换形成频谱。
我们的主要的研究方向是利用宽带啁啾脉冲-傅里叶变换微波光谱装置研究分子团簇结构。利用超声膨胀分子束技术可以将气相分子的振转温度快速降低至几k，产生大量处于振动基态的分子团簇。这些分子团簇由氢键、伦敦色散力等非共价键结合在一起。分子束中包含不同尺寸的分子团簇，每一个尺寸的团簇又会有多种构型构象。因此，如何从光谱中分辨它们，或者如何在空间上把不同的团簇分离进而分别进行测量，成为实验上的一大难题。分子转动光谱具有极高的分辨率，能够清晰的分辨不同构型构象、同位素取代分子，因此，能够很好地解决以上难题。
我们研究的另外一个课题是团簇中的核量子隧穿效应。量子隧穿是一种基本的物理现象，广泛存在于各个研究领域。相比于电子的量子隧穿效应，具有较大质量的原子核的量子隧穿发生概率相对较低，我们对它的了解还远远不够。在气相分子团簇中，原子核的量子隧穿运动会跟团簇的整体转动发生耦合，导致其转动能级裂分，因此转动光谱中包含了详细的量子隧穿信息。我们可以从中得到精确的能级裂分及隧穿速率，进而推导出团簇中原子核迁移的反应势能面。
除了以上研究内容，分子转动光谱也可以用于其他方面研究，比如原子核超精细结构、电荷分布，等。未来，我们还将利用转动光谱来研究分子手性、量子态调控等科学问题。
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