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Permittivity Constant
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Compton Wavelengthl of
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Energy Conversion Table

J eV cm™! K
1 Joule (J) =1 6.24146 - 10'® {5.03404 . 102 | 7.24290 - 10%
1 eVolt (eV)=|1.60219 .10 1 8.06548 - 10* |1.16045 - 10°
1em™! =1{1.98648 - 10°23]1 23985.10"4 |} 1.43879
1 K =|1.38066 - 101 8.61735.10"5/6.95030 - 10~ 1
|

Explanation
The energy £ is quoted in Joule (J) or watt-seconds (Ws)
1J=1Ws.

In spectroscopy, one frequently quotes the term values in wavenumbers
v=E/hc.

The conversion factor is
E/v=he=1.98648-10"2J/cm™!
Another energy unit, especially in collision experiments, is the electron volt

(eVolt, eV). The voltage V'is given in volts, and the energy conversion factor is
obtained from E = eV;

E/V=e=1.60219-10"YJ/v

kT, the absolute tem-
e obtain the conversion




Preface to the_ Second Edition

The excellent critique and very positive response to the first edition of this book have
encouraged us to prepare this second edition; in which we have tried to make improve-
ments wherever possible. We have profited much from the suggestions of professors
and students as well as from our own experience in teaching atomic and quantum -
physics at our university.

Following a widespread request, we have now included the solutions to the exercises
and present these at the end of the book. Amiong the major new sections to be found in
this second edition are the following:

We now include the derivation of the relativistic Klein-Gordon equation and of the
Dirac equation because the latter, in particular, appears in atomic physics whenever
relativistic effects must be taken into account. Our derivation of the Schrédinger equa-
tion allowed us to present this extension in a straightforward manner.

The high precision methods of mcdern spectroscopy allow the atomic physicist to
measure extremely small but important shifts of the atomic lines. A very important
effect of this kind is the Lamb shift, for which a detailed theoretical derivation is given
in a new section. In order to put this in an adequate framéwork, the basic ideas of the
quantization of the electromagnetic field as used in quantum electrodynamics are
given. Again it turned out that all the concepts and methods needed to discuss these
seemingly advanced theories had already been presented in preyious chapters so that
again the reader may easily follow these theoretical explanations. L

The section on photoelectron spectroscopy has been enlarged and revised. Further-
more, the two-electron problem has been made more explicit by treating the difference
between triplet and singlet states in detail. Finally, our previous presentation of nuclear
spin resonance has been considerably enlarged because this method is finding wide-
spread and very important applications, not only in chemistry but also in medicine, for .
instance in NMR tomography, which is an important new tool in medical diagnostics.
This is only one example of the widespread and quite often unanticipated application
of atomic and quantum physics in modern science and technolagy.

It goes without saying that we have not only corrected a number of misprints but
have also tried to include the most recent developments in each area. This second
English edition corresponds to the third German edition, which is published at about
the same time. We wish to thank R. Seyfang, J.U. von Schiitz and V. Weberruss for
their help in preparing the second edition. It is again a pleasure for us to thank
Springer-Verlag, in particular Dr. H. Lotsch and C.-D. Bachem for their always
excellent cooperation.

Stuttgart, M_arch 1987 - . H. Haken H.C. Wolf




Preface to 't'lie'Fi’i{s‘t Edition

:A thorough knowledge of the physics of atoms and quanta is clearly a must for every
~ student of physics but also for students of neighbouring disciplines such as chemistry
and electrical engineering. What these students especially need i is a coherent presenta-
tion of both the. experimental -and the theoretical aspects of atomic and quantum
physics. Indeed, this field could evolve only through the intimate interaction between
mgemous experiments and an equally ingenious development of bold new ideas. v
- It is well known that the study of the microworld of atoms caused a revphition of
. physical thought, and fundamental ideas of classical physics, such as those on measur-
ability, had to be abandoned. But atomic and quantum physics is ngeonly a fascinating
* field with respect to the development of far-reaching new physical ideas. It is also of
enormious. importance as a basis for other fields. For instance, it provides chemistry
. with a conceptual basis through the quantum theory of chemical bonding. Modern
solid-state physics, with its numerous applications in communication and computer
technology, rests on the fundamental concepts first developed in atomic and quantum
physics. Among the many other important technical applications we mention just the
laser, a now widely used light source which produces light whose physical nature is
quite different from that of conventional lamps.

In this book we have tried to convey to the reader some of the fascination which
atomic and quantum physics still gives a physicist studying this field. We have tried to
elaborate on the fundamental facts and basic theoretical methods, leaving aside all
superfluous material. The text emerged from lectures which the authors, an experi-
mentalist and a theoretician, have given at the University of Stuttgart for many years.
These lectures were matched wnth respect to their experimental and theoretical con- -
tents. -

We have occasionally mcluded in the text some more difficult theoretical sections,
in order to give a student who wants to penetrate thoroughly into this field a self-con-
tained presentation. The chapters which are more difficult to read are marked by an
asterisk. They can be skipped on a first reading of this book. We have included -
chapters important for chemistry, such as the chapter on the quantum theory of the -
- chemical bond, which may also sefve as a starting point for studying solid-state

: phys:cs ‘We have further included chapters on spin resonance. Though we explicitly

* deal with electron spins, similar ideas apply to nuclear spins. The methods of spin re-

' 'sonance play a fundamental role in modern physical, chemical and biological investiga-

" ‘tions as well as in medical diagnostics (nuclear spin tomography). Recent developments

in atomic’ physics, such as studies on Rydberg atoms, are taken into account, and we

elaborate the: basic features of laser light and nonlinear spectroscopy. We hope that
readers. will find atomic and quantum physics just as fascinating as did the students of

our lectures. .
The present text is a translatlon of the second German edition Atom- und Quanten-
Pphysik. We wish to thank Prof. W. D. Brewer for the excellent translation and the most

valyable suggestions he made for the improvement of the book. Our thanks also go to -

P =




VI Preface io the First Edition

Dr. J. v. Schiitz and Mr. K. Zeile for the critical reading of the manuscript, to Ms, S.
Schmiech and Dr. H. Ohno for the drawings, and to Mr. G. Haubs for the careful
proof-readiig. We would like to thank Mrs. U. Funke for her precious help in typing
new chapters. Last, but not least, we wish to thank Springer-Verlag, and in particular
H. Lotsch and G. M. Hayes, for their excellent cooperation.

Stuttgart, Februgry 1984 H. Haken H.C. Wolf
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List of the qut'lmportant Symbols Used

FEaN

The numbers of the equanons in whi¢h the symbols are defined are gnVen in parenthe-
ses; the numbers in square brackets refer to the section of tlie’book. The Greek svmbols

are at-the end of the hst

S ahn

@

Exponential function
Electric field strength (14.1) -

Vector potential

Amplitude or constant

Mass number (2.2) or area
Interval factor or fine'struc-
ture constant (12.28) and
hyperfine splming (20.10)
Bohr radius of the H atom in
its ground state (8.8)
Magnetic induction ® -’

Creation and annihilation opera-
tors for the harmonic ‘os¢illator

Constant, impact parameter
Constant :
Velocity of light, seriés *expan-

sion coefficient

Y

Complex conjagate

Dipole moment "~ -

Constant ‘
Infinitesimal volume element
Electric field sttength ~
Energy, total energ'y, eﬁergy

- eigenvalue

Kinetic enérgy e

" Potential energy -

Total energy L
Proton charge- R

Electron charge ; ‘

Total angular momentum of an
atom, including mictear dngu-
lar momentum and correspond-
ing quantum numbéf (20.6)
Amplitude of the riagnetic i in-

- duction [14.4, 14.5]

Spring constant :
Landé g factor (12 10 16 21,
13 18, 20:13) ° '

-

Ny >
STTE N

~

B

o

"' Imaginary-unit (i =

Hamilton function,;

" 'Hamiltonian dperator

Hermite polynomial

Planck’s constant

=h/2n R

Nuclear anguldr momentum
and cotresponding quantum
number (20:1)
Abbreviation for integrals
[16.13] or intensity V__

Total angular momentum of an

~ -eléctron shell and correspond-

ing quantam number (17.5)

‘Total angular momentum of

an electron and corresponding
quantum number {12.7) ‘
Operator for the total angular

‘momentum

Boltzmann’s constant, force
constant

Wavevector

Resultant orbital angular
momentum and corresponding
quantum nuinber (17.3)
Lagiterre polyhomial (10.81)

Ly,

l,}  Orbital angulatr mementum of
an electron and corteésponding
quantum number

- Angular momentum operator

m, my Mass '

m Magnetic quantum number

m, - = for angular mdmemum

m; -~ — for spin

m;  Magnetic quantur number for
total angulat"morhentum-

my ' Reést mass, eSpebié]ly that of

" the eléctron -



XVI A List of the Most Important Symbols Used

N, n  Particle number, particle aum- . Vv? Laplace operator .
ber density . - =d¥0x+ 8% 8y+ 87827

N Normalisation factor : AE Energy uncertainty’

n  Principal quantum number or . Ak Wavenumber uncertainty
number of photons or an Ap Momentum uncertainty
integer At Time uncertainty (= finite

P Spectral radiation flux density measurement time)
(5.2) or probability A4V Finite volume element

P? Legendre polynomial Aw Uncertainty in the angular fre-

P (m #0) Associated Legendre quengy . -
function Ax Position uncertainty

p,p Momentum, expectation value d(x) Dirac delta function (see mathe—
of momentum : matics appendix).

Q Nuclear quadrupole moment d,,» Kronecker delta symbol: .
(20.20) : . Oy v=1foru=v,0,,=0for

Q,q Charge K#EY ' :

R(r) Radial part of the hydrogen £ Dimensionless energy (9.83)
wavefunction . e Energy contributions to pertur-

r Position coordinate (three-di- : bation theory
mensional vector) : - gy  Permittivity constant of :

r Distance ‘ : vacuum

S Resultant spin (17.4) -8  Angle coordmate (10. 2)

S Symbol for orbital angular kx .. Defined in (10.54) }
momentum L =0 i A ‘Wavelength (excepticn: expan-

s,s = Electron spin and correspond- sion parameter in [15.2.1, 2])
ing quantum number (12.15) M, u  Magnetic moment (12.1):

s Spin operator = (8, §j,.5;) u  Reduced mass (8.15) -

T Absolute temperature ug - Bohr magneton (12.8).

" T, Longitudinal relaxation time un Nuclear magneton (20.3)

T, Transverse relaxation time v Frequency {8.1] ,

t - Time i v . Wavenumber {8.1} . . .

u  Spectral energy density (5.2), £ - Dimensionless coordinate (9.83)
atomic mass unit {2.2] v o . Charge density, density of

1% Volume, potential, electric states, mass density; or dimen-

. voltage sioniess distance .

V . Expectation value of the o Scattering coefﬁc;em, interac-
potential energy _ tion cross section, (2.16)

v Velocity, particle velocity T Torque (12.2)

x Particle coordinate (one- - @ Phase
dimensional) ] Phase angle, angle coordinate

X Expectation value of posmon ¢(x) Wavefunction of a particle

Y, m(8, @) Spherical harmenicfunc- :. #1.0i, ¢ Spin wavefunctions
tions (10.10, 48 — 50) Wavefunction

zZ Nuclear charge Wavefunctionof several electronc

v
. : v
a Fine structure constant [8 10] Q Generahsed quantum .
Q2
w

or absorption coefficient (2.22) mechamcal operator
Frequency [14.4, 14.5, 15 3]

B Constant .

r Decay constant . L Angular frequency; 27tv, or o L

y Decay constant or lmemdth o« eigenvaiue [9 3. 6)/ ‘ i S
gyromagnetic ratio (12.12) = .- &  means “corrcwonds )

< we. v’ - ,-;(‘;a'
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*1; Introduction

l 1 Classical Phy!lu and Qummnn Meehanics fL

Ry Atotmc and quantum pﬁ?‘srcs, whrch are: mtroduced mthls book, are cssenually prod-

ucts of the ﬂrst third of this century. The (hvxsron of classical physics into branches

‘ such as mechanics, acousucs, thermodynamfcs, electncnty, and optics had to be

. enlarged when — as a consequence of the increasing knowledge of the structure of

~ matter — atoms and quanta became the objects of physiesd research. Thus, in the twen-
tieth century, classical physics has been complentented by atomic physics and the
physics of light or energy quanta. The goal of atomic physics is an understanding of the
structure of atoms and their interactions with one another and with electric and mag-
netic fields. Atoms are made up of posrtively charged nuclei and negatively charged
electrons. The electromagnétic forces through which these partieles interact are well
known in classical physics.

" The physics of atomic nuclei canndt be undetstood on the basrs of these forces
alonie. A new force — the nuclear or strong force — ‘determines the structures of nucler,
dnd the typical bmd!ng energies are orders of magnitude larger than those of the elec-

‘trons in atoms. The study ‘of nuclei; of elemefitaty particles, and the whole of high
energy physics thus form thelr oWn branches of phyaics Tihey will not be treated in this

book. -

m |

The word atom comes from the Greek and mms "the mdmsnble” the smallest com-
. - ponent of matter, which cannot be further divided. This concept was introduced in the
" Sth and 4th centuries B.C. by Greek natural philosophers. The Tjsst atomic theories of
 the structure of matter were those of Democrites (460—370 B. '3.Plato (429-348),
- and Aristotle (384~ 322). It required more than two millenia until this speculauve'
_ atomism grew into an exact atomic physics in the modern sense.

‘The meaning of the word atom becomes less subject to nusmterpre’tatlon ¥ i¢ i is.
translated into Latin; an individuum is. the smallest unit of 2 large set which possesses -
all the essential characteristics of the set. In this sense, an atom is in fact indivisible,
One can, to be sure, split a hydrogen atom int6 a proton and an electron, but the -
hydrogen is destroyed in the process. For example, one can no longer observe the,
spectral. lines characteristic of hydrogen in its optical spectrum. . :

Atomism as understood by modern science was first dnscovered for matter, then for

" eleetricity, and finally for energy. -
- Théatonisi of matter, the recoghition of the tact that all the: ehemical elemems are
" composed of atomns, followed from chemical investigations. Th¢ laws of constant and
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