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Part IV. Fundamentals of Laser Spectroscopy 

We have gone through the fundamentals of atomic spectroscopy and molecular spectroscopy, in 
which we emphasize the quantum physics and principles that govern the spectroscopy: why and 
how atoms and molecules form different energy levels or bands and different spectral lines or 
bands with different transition probabilities, polarization, angular distribution, shape, and width.  

Atomic and molecular spectroscopy includes three major parts: 
 Theory of Atomic and Molecular Structures 

-- Derive energy and angular momentum eigenvalues and quantum wave functions by 
solving QM eigenvalue equations under different internal and external interactions. 
Theory of Radiative Transitions 
-- Derive selection rules and transition probabilities by solving the time-dependent 
Schrödinger equation and analyzing wave function symmetry properties. This is part of 
the interaction between radiation field and matter. 
Theory of statistical interaction of atoms and molecules with radiation 
-- Combine the central frequency determined by atomic and molecular structure theory 
and transition probability determined by radiative transition theory with statistical 
behavior of an ensemble of atoms and molecules to derive spectral lineshape and 
linewidth. This is also part of the interaction between radiation field and matter. 

These quantum physics and spectroscopy principles are mainly to answer the questions of why 
and how spectroscopy is formed in the observed ways. From microscopic world, we understand 
how various interactions inside an atom or molecule and interactions between an atom or a 
molecule and external fields determine the atomic and molecular energy level structures; how 
radiation interacts with an atom or a molecule to cause the radiative transitions of the atom or 
molecule between different energy levels or bands; how the observed spectral lineshape and 
linewidth are formed through the statistical behavior of atoms or molecules with radiation. 

Through the class, we form a comprehensive understanding of the physics and principles, and 
perform some quantitative calculations on the energy levels, transition probability and lineshape. 
Now we turn our attention to another aspect of spectroscopy – the fundamentals of laser 
spectroscopy, in which we study the principles, technologies and methods on how to detect 
atoms and molecules, how to obtain high detection sensitivity, how to obtain high spectral 
resolution, and how to time-resolved spectroscopy. Certainly, laser spectroscopy involves many 
fundamental AND fancy physics and principles of the interactions between radiation field and 
matter. The laser radiation-matter interaction is such an intriguing branch of physics that has 
attracted a lot of talented minds and produced several Nobel Laureates. Our spectroscopy class 
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provides fundamentals to these fancy physics. Due to limited class time, we emphasize the 
fundamental ideas of laser spectroscopy technologies for applications to remote sensing. 

Laser spectroscopy technology is mainly to answer the following major questions: 
 How to detect atoms and molecules using spectroscopy methods? 

-- What physical or chemical effects can be used to detect and distinguish different atoms 
and molecules, from which density, pressure, temperature, and/or wind can be derived? 
For example, based on absorption, the attenuation of transmitted light intensity, 
fluorescence excitation, photoacoustic effect, optothermal effect, optogalvanic effect, 
ionization effect, etc., can be used to detect atoms and molecules. 
How to obtain high detection sensitivity? 
-- How to minimize the threshold of detection intensity / concentrations? 
Many smart ideas have been developed, e.g., frequency modulation, intracavity, cavity 
ring down, photoacoustic, optothermal, optogalvanic, laser induced fluorescence, velocity 
modulation, double resonance, optical pumping, etc. 
How to obtain high spectral resolution or high precision? 
-- How to “defeat” Doppler width or other broadening effects to distinguish fine and 
hyperfine structures of spectral lines, and to have minimum spectral linewidth? 
Many smart ideas have been developed, e.g., saturation-absorption, polarization, atomic 
and molecular beam, cooling and trapping, Ramsey fringes, etc. 
How to obtain high temporal resolution or ultra-fast spectroscopy? 
-- How to achieve time-resolved spectroscopy to study fast dynamical processes? 
The major advancement comes from the development of femto-second laser and related 
new laser/photonics/optics technologies. 

Laser spectroscopy is an important part of the interaction between radiation field and matter. 
These principles, technologies and methods are based on the quantum physics and spectroscopy 
principles we learned earlier. Many laser spectroscopy ideas are developed for specific atomic or 
molecular energy level structures and radiative transition properties. 

These technologies are constantly being improved, owing to the advancement of laser and 
detector technologies. These methods are so many that we cannot cover them all in our class but 
the textbook gives an excellent summary on these subjects, including both historic and recent 
developed technologies. In our lectures, we will emphasize the fundamental ideas of these 
technologies and set up a stage for students to further advance in the field in the future. 




























