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Interactive Quantum Mechanics Introduction

Abstract

Together with Hans Dahmen and Tilo Stroh an interactive program was developed to
demonstrate features of nonrelativistic quantum mechanics. Its usage is intended to supplement
to lectures and exercises for students first exposed to quantum mechanics. The program has a
Java interface, allows for the input of various parameters and produces as output two- and
three-dimensional graphics and videos. Following a short introduction the talk concentrates on
the presentation of examples, such as: harmonic waves and wave packets; free particles, bound
states and scattering in various potentials in 1 and 3 dimensions; two-particle systems;
distinguishable and indistinguishable particles; coherent and squeezed states in time-dependent
motion; Kepler motion in quantum mechanics.

Siegmund Brandt November 2011 2/33



Interactive Q m Mechanics Introduction

The Aim: Visualization of Nonrelativistic QM

@ Use computer to solve Schrddinger
equation and present result
graphically

@ Students are hoped to develop a
“feeling” for quantum mechanics by
using the program INTERQUANTA
as a laboratory
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Interactive Quantum Mechanics Introduction

The Program INTERQUANTA (1Q)

S. Brande
H.[. Dahmen
I. Stroh

Interactive
Quantum
Mechanics

Quantum Experiments on the Computer
Second Edition

a0

Springer, New York 2011
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Interactive Quantum Mechanics Introduction

Prehistory I: The Picture Book of Quantum Mechanics

THE PICTHREBOOK OF

QUANTUM
MECHANICS

Wiley 1985; Springer 1995, 2001 PWN 1989. Translated by Tomasz Hofmokl

Has appeared also in Japanese, Chinese, Luthuanian, Romanian, Slovak
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Interactive Quantum Mechanics Introduction

Prehistory II: Quantum Mechanics on the PC (Mac)

Siegmund Brandt = Hans Dieter Dahmen

Quantum

Mechanics
) T =

Macintosh

:

Springer 1989, 1992, 1994 Springer 1991, 1995

Has appeared also in German, Japanese, Iranian
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A First Session




o

Interactive Quantum Mechanics

Computing in FORTRAN

Each Simulation completely
defined by parameter set
called descriptor

Sets of descriptors grouped
in descriptor files

User Interface in Java
operates on descriptor and
presents graphics

Object-oriented structure of
Java allows for indefinite
number of graphics and
parameter panels on the
screen. Useful for
experimenting.

Runs under Windows, Mac
OS X, Linux; 32 and 64 bit

No programming knowledge
rquired of user

Siegmund Brandt
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Interactive Quantum Mechanics First Session

Help Facilities

@ Tool-tip texts
@ Context-sensitive help 0z v_2

@ Systematic Guide v/ Potential in Region 2

@ Full text of book ove [

icrobat Reader for 1Q Help robat Reader for 1Q Help.
a®& s 8 & @ K a@ s & Mm@ F D
4.3 Time-Dependent Scattering = 53 |

by the Step F’oten.tial . ; A. A Systematic Guide to 1Q
and by the Piecewise Linear Potential

Aim of this section: wnd of n time-depend A.1 Overview

harmeanic wave 1505, %, 1) poming in frcan the left na senctered by & step pecential =
or by a piecenise linear patential. For the step pavential the right-moving aud i

left-meving constituent waves i, (¥, 2,t), {1.27), can also be displayed. Study = A.1.1 Starting IQ

of the time development of a Gansdan wave packet y(z,t) scattered by a step We assume here that TQ is fully installed on your computer and that the 1Q

patental/ox By piecowise Lsa pebatils symbol featuring the letter 1 is displayed on the computer’s deskiop. (See

oS Simereitiers umoris Appendix B for installing 1Q and the file Readde.txt on the CD-ROM for

o ‘ N - ¢ b s pisoiso inear voten |1 the case that the 1Q symbaol i not present on the desktop.) You start 1Q) || o
[ Page 1720697 |2 133% |E 5.61x4.92in DR [ Page 56301697 | Q. 133% |E 561 4.92in, |10280463/ 10280483 bytes

Siegmund Brandt November 2011 9/33



Interactive Quantum Mechanics First Session

Printing

S
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Interactive Quantum Mechanics First Session

Running a Demo

@ A demo consists of text and/or sound, directly produced IQ graphics, other
graphics, movies

@ Demos are available — as introductory lectures — on all 10 physics topics

@ There are also demos introducing the user to IQ and to the creation of movies

@ User can easily compose new demos

Press Return to continue ... Q@”E

q
An example with many

pplications is the
harmeonic escillator.

s we saw i the case
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Interactive Quantum Mechanics Physics Topics

Free Particle Motion in One Dimension

f(p) fp)
@ Free Quantum-Mechanical
Gaussian Wave Packet

@ Free Optical Gaussian Wave
Packet

@ Quantile Trajectories ,
Re
@ Spectral Function of a
Gaussian Wave Packet W o % .
@ Wave Packet as a Sum of ~ TR N ///W
~ /\N\/\ ~ /

Harmonic Waves

©
©

@ Phase-Space Distribution of
Classical Mechanics Im
@ Classical Phase-Space %// - [EW»\/VVW//W T

Distribution: Covariance

Ellipse N % N ///Nw

[Descriptors 1, 10, 14]
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Interactive Quantum Mechanics Physics Topics

Bound States in One Dimension

o

Eigenstates in Deep Square
Well

Eigenstates in Harmonic
Oscillator

Eigenstates in Piecewise
Constant Potential

Eigenstates in Piecewise
Linear Potential

Harmonic Particle Motion

Harmonic Motion of
Classical Phase-Space
Distribution

Particle Motion in Deep
Square Well

[Descriptors 1 — 8] Movie: Motion in deep sq. well

Siegmund Brandt

Bound states in quasiperiodic, piecewise linear potential

A e(x)

November 2011
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http://www.tp1.physik.uni-siegen.de/~brandt/books/movies/ch03/PartMotInDeepSqWell_Abs.gif

Mechanics Physics Topics

Scattering in One Dimension

@ Stationary Scattering States
@ Time-Dependent Scattering

@ Transmission and Reflection.
The Argand Diagram

@ Optical Analoga
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Interactive Quan

Jm Mechanics

Physics Topics

o-Particle System: Coupled Harmonic Oscillators

@ Distinguishable and
Indistinguishable
Particles

@ Stationary States

@ Time Dependence of
Global Variables

@ Joint Probability
Densities

@ Marginal Distributions

[Help file for formulae
Descriptors 1, 2, 3]

Siegmund Brandt
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Interactive Quantum Mechanics Physics Topics

Free Particle Motion in Three Dimensions

@ 3D Harmonic Plane
Wave

@ Plane Wave
Decomposed into
Spherical Waves

@ 3D Gaussian Wave
Packet
@ Probability Ellipsoid

@ Angular-Momentum
Decomposition of a
Wave Packet

[Plane waves and 3D wave packet: Descriptors 1, 2, 5; Spherical waves and 3D wave packet: Descriptors 6, 7, 33]
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Jm Mechanics Physics Topics

Interactive Q

Bound States in Three D
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Interactive Quantum Mechanics Physics Topics

Schradinger Eqg. for Spherically Symmetric Potential

Stationary Schrédinger equation (fzh—MA + V(r)) we(r) = Epe(r)
Wave funtions factorize  gem(F) = Ree(r) Yem(9,©);  onem(F) = |@nem(F)|?

B2 00 +1)
m r2 V( )

Effective potential V{'(r) =

h? 1d2

Radial Schrddinger equation ( 2M r dr2

LR (r)) Re(r) = ERes(r)

Radial wave functions depend on potential. In region g of a step potential

Req(Ka, 1) = Adqje(Kar) + Brgne(Kar);  Kq = ‘\/ZM (E —Vq /h’ q=1,2,....N

[Descriptors 5, 9, 13, 17, 18]
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Interactive Quantum Mechanics Physics Topics

Scattering in Three Dimensions

@ Radial Wave Functions
in Step Potential

@ Stationary Wave
Functions and Scattered
Waves

@ Differential Cross
Sections

@ Scattering Amplitude.
Phase Shift. Partial and
Total Cross Sections

@ Coulomb Scattering:
Radial Wave Function

@ Coulomb Scattering: 3D
Wave Function

Siegmund Brandt
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Interactive Quantum Mechanics Physics Topics

Plane Wave Scattered by Spher. Symm. Potential

Incident plane wave €™ Z (20 + 1)i%jo(kr)Py(cos 9)
0=
Stationary wave (K, ) = &7+ 5(K, )

Partial stationary and scattered waves (K, F) = Z eu(K,F); n(k,F) = Z ne(K, )

=0 =0

With R, properly normalized for inc. wave n,(K, ) = (20+1)i*[Re(k, r)—je(kr)]P,(cos )

kr
Far outside (kr > 1): (K, ) ~ f(k, 19)6|
Scatt. amplitude and phase  f(k, ) %Z (2041)f,(K)Po(cos ¥);  fo(k) = €% sind,
£=0
. d
Cross sections é = [f(k,9)[% o¢ (2£ + D[fe(k)%; o = Zag
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Interactive Q

by Repulsive Sphere: Radial Wave Function

m Mechanics

Physics Topics
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E fixed, £ runs

November 2011

¢ fixed, E runs
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Interactive Quantum Mechanics Physics Topics

Scatt. by Repulsive Sphere: Stationary Wave

Es

Re golr,®) Repulsive Sphere Re o¢4r,d) Repulsive Sphere
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Jm Mechanics Physics Topics

Interactive Qui

Scattered Wave
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Interactive Quantum Mechanics Physics Topics

Scatt. by Attractive Sphere: Radial Wave Function

v Re,(r) v Re A1)

NN
“ L TR
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E fixed, £ runs ¢ fixed, E runs
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Interactive Quantum Mechanics Physics Topics

Scatt. by Attractive Sphere: Partial Scatt. Ampl.

04
02
I
Re fy 0
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Interactive Quantum Mechanics Physics Topics

Scatt. by Attractive Sphere: Diff. Cross Section
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Scatt. by Attractive Sphere:

Siegmund Brandt

Interactive Qual

m Mechanics

Physics Topics

Partial Cross Sections
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Interactive Quantum Mechanics Physics Topics

Scatt. by Attractive Sphere: Total Cross Sections
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Interactive Quantum Mechanics Physics Topics

Magnetic Resonance

/97095, 9,/04=0.05, Bt=1 0/0=0.95, 0,/0,=005, dt=T
z

@ The Spin-
Expectation
Vector near and
at Resonance

@ Resonance
Form of the
Rabi Amplitude
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Interactive Quantum Mechanics

Hybridization

@ Hybrid Wave Functions
and Probability
Densities

@ Contour Lines of Hybrid
Wave Functions and
Probability Densities

@ Contour Surfaces of
Hybrid Probability
Densities

Siegmund Brandt

Physics Topics

Ihyy?=0.0001 X = 173, %, = 0", ¢, = O

7
i
74
- W g

N\

Probability density of sp3 hybrid for n = 3 shown as contour-surface plot in
half-spacey > 0
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Interactive Quantum Mechanics Physics Topics

Functions of Mathematical Physics

@ Hermite Polynomials
and Related Functions

@ Legendre Polynomials
and Related Functions

@ Spherical Harmonics

@ Bessel Functions and
Related Functions

1Y 4ol

@ Airy Functions
@ Laguerre Polynomials

@ Gaussian Distribution
and Error Function

1Y g0l 1Y gl

@ Bivariate Gaussian
Distribution

S

Nz

@ Binomial and Poisson
Distributions

@ Simple Functions of a
Complex Variable Spherical Harmonics: 3D polar plots
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Interactive Quantum Mechanics Kepler Motion

An Extra: Kepler Motion in Quantum Mechanics

@ Detalils in:
S. D. Boris, S. B, H. D. Dahmen,
T. Stroh, and M. L. Larsen,
Phys. Rev. A 48 (1993) 2527

@ Elliptic Orbits
5 classical revolution periods
108 classical revolution periods

@ Hyperbolic Orbits
Wide packet in attractive potential
Narrow packet in attractive potential
Wide packet in repulsive potential
Narrow packet in repulsive potential

Siegmund Brandt

14T, =167,

Quantum numbers of wave packet n = 320 + 10, ¢ = 140 + 10
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http://www.tp1.physik.uni-siegen.de/~brandt/books/movies/kepler/Kepler_324_0_5T_K_100ms.gif
http://www.tp1.physik.uni-siegen.de/~brandt/books/movies/kepler/Kepler_324_0_108T_K_large.gif
http://www.tp1.physik.uni-siegen.de/~brandt/books/movies/kepler/Coul_Attr_QM_wide.gif
http://www.tp1.physik.uni-siegen.de/~brandt/books/movies/kepler/Coul_Attr_QM.gif
http://www.tp1.physik.uni-siegen.de/~brandt/books/movies/kepler/Coul_Repl_QM_wide.gif
http://www.tp1.physik.uni-siegen.de/~brandt/books/movies/kepler/Coul_Repl_QM.gif

Interactive Quantum Mechanics On the Web

A Collection of Movies on the Web

http://www.tpl.physik.uni-siegen.de/ brandt/books/index.php?ID=1QM
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