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  NUCLEAR AND PARTICLE PHYSICS
S Y L L A B U S
Course: Quantum mechanics

Lecturer: Prof. DSc Nikolay V. Vitanov
Assistant: Assoc. Prof. Dr. Peter Ivanov
	Academic work
	Components
	Acad. hours

	In-class work
	Lectures
	60

	
	Seminars
	30

	
	Practical exercises (school internships)
	

	Total in-class work
	90

	Out-of-class work
	Preparation for written exam
	45

	
	Preparation for oral exam
	60

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	Total out-of-class work
	105

	TOTAL ACADEMIC WORK
	195

	ECTS credits in-class work
	3

	ECTS credits out-of-class work
	3.5

	TOTAL ECTS CREDITS
	6.5


	№
	Grade components

	% of the grade

	1. 
	Written exam (examination in problem solving)
	50%

	2. 
	Oral exam
	50%

	3. 
	
	

	Outline of the course:

	The course in Quantum Mechanics is the third of four courses that make up the core of education in theoretical physics. This course introduces students to the basic principles of quantum mechanics and the basic methods and applications. This course provides the students with the necessary knowledge to solve quantum mechanical tasks and skills for qualitative and quantitative evaluation of physical phenomena in the microworld. The content of the course covers the necessary information for a future specialization in the field of theoretical physics and astrophysics, high-energy physics, atomic, molecular and optical physics and condensed matter physics.


	Preliminary requirements:

	Required knowledge: 

· real calculus of functions of one or more variables;

· linear algebra and analytic geometry;
· complex analysis;

· probability and statistics;
· vector and tensor calculus;
· ordinary and partial differential equations;
· theoretical mechanics;
· classical electrodynamics. 


	Key competences acquired:

	The main objective of the course is to equip the students in the mathematical apparatus and techniques and the physical interpretation of basic physical concepts in quantum mechanics. Students who successfully complete the course will be able to:
· perform quantum mechanical calculations;
· make the correct physical interpretation of the theoretical results in accordance with current experimental observations. 




Lectures plan 

	№
	Topic: Quantum mechanics
	Acad. hours

	
	Lectures
	

	1
	Mathematical apparatus of quantum mechanics. Hilbert space, Dirac notation, bases. Operators: definitions and properties. Hermitian and unitary operators, unitary transformations. Eigenvectors and eigenvalues of arbitrary and Hermitian operators. Commutation and non-commutation of operators: examples and consequences. Functions of operators.
	4

	2
	Principles of quantum mechanics. Quantum state: wave function, probabilistic description. Description of physical variables: operators, major physical operators. Possible values of the physical variables, probabilities for them and mean values. Measurement postulate. Evolution of the wave function: Schrödinger equation. States with definite values of the physical variables. Simultaneously measurable physical variables, a full set of quantum-mechanical variables. Heisenberg's uncertainty relation. Examples: coordinate and momentum, components of the angular momentum.
	6

	3
	Schrödinger equation. Schrödinger equation for one particle. Superposition principle. Probability density and probability flow density. Continuity equation. Evolution of mean values. Integrals of motion in quantum mechanics. Erenfest theorem, examples. Stationary states. Stationary Schrödinger equation. Solution of the non-stationary Schrödinger equation with Green functions. Pure and mixed states: density matrix, quantum Liouville equation.
	8

	4
	Basic one-dimensional problems. Operator of the parity: even and odd states, state parity in symmetric potentials. Nondegeneracy of states in one-dimensional potentials. Infinite one-dimensional rectangular potential well: energy quantization. Finite potential well: discrete and continuous spectrum, graphical solution and quantization conditions. One-dimensional rectangular potential barrier. Tunnelling effect and evanescent waves. Over-barrier reflection.
	6

	5
	Linear harmonic oscillator. Schrödinger equation for a one-dimensional harmonic oscillator. Solution by Hermite polynomials. Energy spectrum and wave functions. Solution with the creation and annihilation operators.
	4

	6
	Free motion of a particle: eigenfunctions of the momentum operator, de Broglie's relations, wave packets. Eigenfunctions and eigenvalues of the momentum operator in a finite volume. Representation of functions and operators.  Momentum representation: Schrödinger equation, coordinate and momentum in momentum representation. Schrödinger, Heisenberg and interaction representations. Projection operator. Spectral decomposition.
	6

	7
	Angular momentum and spin. Quantization of angular momentum: algebraic method. Summation of angular momenta. Orbital angular momentum. Spin: pure spin states for spin ½ particles, spin polarization vector, mixed spin states. Principle of Pauli. Magnetic moment. Experiment of Stern and Gerlach.
	8

	8
	Centrally-symmetric potential. Separation of the variables and radial equation of Schrödinger. Coulomb field: hydrogen atom, energy quantization and wave functions, spectroscopic notation. The two-bodies problem: motion of the center of mass and motion of the reduced mass. Examples: effects of nuclear motion in the hydrogen atom; positronium; electronic, rotational and vibrational states of a two-atom molecule.
	6

	9
	Stationary perturbation theory. Discrete spectrum without degeneracy. First and second corrections to the energy and the wave function. Discrete spectrum with degeneracy: first corrections to energy and removal of degeneracy. Examples: relativistic corrections to the energies of the hydrogen atom, Zeeman effect, Stark effect.
	4

	10
	Time-dependent perturbation theory. Static and oscillating perturbation. Fermi golden rule. Two-state atom. Rabi oscillations.
	4

	11
	Variational method. Energy functional. Derivation of the Schrödinger equation from the variational principle. Absolute minimum of the energy functional. Algorithm for finding excited energy levels. Ritz variation method. Helium atom: ground state, shielding. 
	4

	
	
	

	
	Seminars
	

	1
	Mathematical apparatus of quantum mechanics. Hilbert space, Dirac notation, bases. Operators: definitions and properties. Hermitian and unitary operators, unitary transformations. Eigenvectors and eigenvalues of arbitrary and Hermitian operators. Commutation and non-commutation of operators: examples and consequences. Functions of operators.
	4

	2
	Principles of quantum mechanics. Quantum state: wave function, probabilistic description. Description of physical variables: operators, major physical operators. Possible values of the physical variables, probabilities for them and mean values. Measurement postulate. Evolution of the wave function: Schrödinger equation. States with definite values of the physical variables. Simultaneously measurable physical variables, a full set of quantum-mechanical variables. Heisenberg's uncertainty relation. Examples: coordinate and momentum, components of the angular momentum.
	2

	3
	Schrödinger equation. Schrödinger equation for one particle. Superposition principle. Probability density and probability flow density. Continuity equation. Evolution of mean values. Integrals of motion in quantum mechanics. Erenfest theorem, examples. Stationary states. Stationary Schrödinger equation. Solution of the non-stationary Schrödinger equation with Green functions. Pure and mixed states: density matrix, quantum Liouville equation.
	2

	4
	Basic one-dimensional problems. Operator of the parity: even and odd states, state parity in symmetric potentials. Nondegeneracy of states in one-dimensional potentials. Infinite one-dimensional rectangular potential well: energy quantization. Finite potential well: discrete and continuous spectrum, graphical solution and quantization conditions. One-dimensional rectangular potential barrier. Tunnelling effect and evanescent waves. Over-barrier reflection.
	4

	5
	Linear harmonic oscillator. Schrödinger equation for a one-dimensional harmonic oscillator. Solution by Hermite polynomials. Energy spectrum and wave functions. Solution with the creation and annihilation operators.
	2

	6
	Free motion of a particle: eigenfunctions of the momentum operator, de Broglie's relations, wave packets. Eigenfunctions and eigenvalues of the momentum operator in a finite volume. Representation of functions and operators.  Momentum representation: Schrödinger equation, coordinate and momentum in momentum representation. Schrödinger, Heisenberg and interaction representations. Projection operator. Spectral decomposition.
	2

	7
	Angular momentum and spin. Quantization of angular momentum: algebraic method. Summation of angular momenta. Orbital angular momentum. Spin: pure spin states for spin ½ particles, spin polarization vector, mixed spin states. Principle of Pauli. Magnetic moment. Experiment of Stern and Gerlach.
	4

	8
	Centrally-symmetric potential. Separation of the variables and radial equation of Schrödinger. Coulomb field: hydrogen atom, energy quantization and wave functions, spectroscopic notation. The two-bodies problem: motion of the center of mass and motion of the reduced mass. Examples: effects of nuclear motion in the hydrogen atom; positronium; electronic, rotational and vibrational states of a two-atom molecule.
	2

	9
	Stationary perturbation theory. Discrete spectrum without degeneracy. First and second corrections to the energy and the wave function. Discrete spectrum with degeneracy: first corrections to energy and removal of degeneracy. Examples: relativistic corrections to the energies of the hydrogen atom, Zeeman effect, Stark effect.
	4

	10
	Time-dependent perturbation theory. Static and oscillating perturbation. Fermi golden rule. Two-state atom. Rabi oscillations.
	2

	11
	Variational method. Energy functional. Derivation of the Schrödinger equation from the variational principle. Absolute minimum of the energy functional. Algorithm for finding excited energy levels. Ritz variation method. Helium atom: ground state, shielding. 
	2


Topics Covered on the Final Exam
	№
	Topic

	1
	Mathematical apparatus of quantum mechanics. Hilbert space, examples, Dirac notation, bases. Operators: definitions and properties. Hermitian and unitary operators, unitary transformations. 

	2
	Eigenvectors and Eigenvalues of arbitrary and Hermitian operators. Commutation and non-commutation of operators: examples and consequences. Functions of operators.

	3
	Principles of quantum mechanics. Quantum state: wave function, probabilistic description. Description of physical variables: operators, major physical operators. Possible values of the physical variables, probabilities for them and mean values. 

	4
	Principles of quantum mechanics. Measurement postulate. Evolution of the wave function: Schrödinger equation. 

	5
	States with definite values of the physical variables. Simultaneously measurable physical variables, a full set of quantum-mechanical variables. Heisenberg's uncertainty relation. Examples: coordinate and momentum, components of the angular momentum.

	6
	Schrödinger equation. Schrödinger equation for one particle. Superposition principle. Probability density and probability flow density. Continuity equation. 

	7
	Evolution of mean values. Integrals of motion in quantum mechanics. Erenfest theorem, examples. 

	8
	Stationary states. Stationary equation of Schrödinger. Solution of the non-stationary Schrödinger equation with Green functions. 

	9
	Pure and mixed states: density matrix, quantum Liouville equation.

	10
	Basic one-dimensional problems. Operator of the parity: even and odd states, state parity in symmetric potentials. Nondegeneracy of states in one-dimensional potentials. 

	11
	Infinite one-dimensional rectangular potential well: energy quantization. 

	12
	Finite potential well: discrete and continuous spectrum, graphical solution and quantization conditions. 

	13
	One-dimensional rectangular potential barrier. Tunnelling effect and evanescent waves.

	14
	One-dimensional rectangular potential barrier. Over-barrier reflection.

	15
	Linear harmonic oscillator. Schrödinger equation for a one-dimensional harmonic oscillator. Solution by Hermite polynomials. Energy spectrum and wave functions.

	16
	Linear harmonic oscillator. Solution with the creation and annihilation operators.

	17
	Free motion of a particle: eigenfunctions of the momentum operator, de Broglie's relations, wave packets. Eigenfunctions and eigenvalues of the momentum operator in a finite volume. 

	18
	Representation of functions and operators. Momentum representation: Schrödinger equation, coordinate and momentum in momentum representation. Schrödinger, Heisenberg and interaction representations. Projection Operator. Spectral decomposition.

	19
	Angular momentum and spin. Quantization of angular momentum: algebraic method. 

	20
	Summation of angular momenta. 

	21
	Spin: pure states for spin ½ particles, spin polarization vector, mixed spin states. Principle of Pauli. 

	22
	Magnetic moment. Experiment of Stern and Gerlach.

	23
	Centrally-symmetrical potential. Separation of the variables and radial equation of Schrödinger. 

	24
	Coulomb field: hydrogen atom, energy quantization and wave functions, spectroscopic notation. 

	25
	The two-bodies problem: motion of the center of mass and motion of the reduced mass. Examples: effects of nuclear motion in the hydrogen atom; positronium; electronic, rotational and vibrational states of a two-atom molecule.

	26
	Stationary perturbation theory. Discrete spectrum without degeneracy. First and second corrections to the energy and the wave function. Discrete spectrum with degeneracy: first corrections to energy and removal of degeneracy. 

	27
	Examples of stationary perturbation theory: relativistic corrections to the energies of the hydrogen atom, Zeeman effect, Stark effect.

	28
	Time-dependent perturbation theory. Static and oscillating perturbation. Fermi golden rule.

	29
	Time-dependent perturbation problem. Two-state atom. Rabi oscillations.

	30
	Variational method. Energy functional. Derivation of the Schrödinger equation from the variational principle. Absolute minimum of the energy functional. Algorithm for finding excited energy levels. 

	31
	Ritz variation method. Helium atom: ground state, shielding. 
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�	 Depending on the course specificity and on the requirements of the teacher, other types of activity can be added or the unnecessary ones can be removed. 






