
Volume II

VOLUM E II

Table o f co n ten ts  v

V III A N  ELEM ENTARY A PPR O A C H  TO TH E Q U A N T U M  THEORY  
OF SCATTERING  B Y  A PO TE N TIA L 923

A Introduction.................................................................................................................... 923
В Stationary scattering states. Calculation of the cross section .............................. 928
С Scattering by a central potential. Method of partial w aves................................... 941

R E A D E R ’S GUIDE FO R C O M PLEM EN TS 9 5 7

A viii The free particle: stationary states
w ith well-defined angular m om entum  959

1 The radial equation ....................................................................................................... 959
2 Free spherical w a v e s ....................................................................................................... 961
3 Relation between free spherical waves and plane w av es........................................967

B viii Phenom enological description o f collisions w ith  absorption 971
1 Principle involved ....................................................................................................... 971
2 Calculation of the cross sections .............................................................................. 972

Cviii Som e sim ple applications of scattering theory 977
1 The Born approximation for a Yukawa p o te n t ia l ..................................................... 977
2 Low energy scattering by a hard s p h e r e ..................................................................... 980
3 Exercises ....................................................................................................................... 981

IX ELECTRON SPIN  985
A Introduction of electron spin .................................................................................... 986
В Special properties of an angular momentum 1 /2 .................................................... 990
С Non-relativistic description of a spin 1/2 p a r t ic le ................................................. 991

R E A D E R ’S G UIDE FO R C O M PLEM EN TS 9 9 9

A ix  R otation  operators for a spin 1 /2  particle 1001
1 Rotation operators in state s p a c e ................................................................................ 1001

Rotation of spin s ta te s .................................................................................................. 1002
3 Rotation of two-component sp in o rs............................................................................. 1005

B ix  Exercises 1009



X A D D IT IO N  OF A N G U L A R  M O M EN TA  1015
A Introduction....................................................................................................................... 1015
В Addition of two spin 1/2’s. Elementary m e th o d .......................................................1019
С Addition of two arbitrary angular momenta. General m e th o d ............................. 1025

R E A D E R ’S G U ID E  FO R C O M PLEM EN TS 1 0 4 1

A x Exam ples o f addition o f angular m om enta 1043
1 Addition of j i  =  1 and j 2 =  1 ...................................................................................... 1043
2 Addition of an integral orbital angular momentum I and a spin 1 / 2 .................... 1046

B x  Clebsch-G ordan coefficients 1051
1 General properties of Clebsch-Gordan coefficients.................................................... 1051
2 Phase conventions. Reality of Clebsch-Gordan coefficients.....................................1054
3 Some useful re la tions..............................................  1056

C x A ddition o f spherical harm onics 1059
1 The functions Ф ^(Пі;ГІ2 ) ..............................................................................................1059
2 The functions F J ^ f i ) ................................................................................. У ..............1060
3 Expansion of a product of spherical harmonics; the integral of a product of

three spherical h a rm o n ic s ......................................................................................1062

D x  Vector operators: the W igner-Eckart theorem  1065
1 Definition of vector operators; ex a m p le s .................................................................... 1066
2 The Wigner-Eckart theorem for vector o p e ra to rs .................................................... 1067
3 Application: calculation of the Landé gj  factor of an atomic level..........................1072

E x Electric m ultipole m om ents 1077
1 Definition of multipole m o m e n ts .................................................................................1077
2 Matrix elements of electric multipole m o m e n ts ....................................................... 1084

F x  Two angular m om enta Ji and J 2 coupled by
an interaction aJi • J 2 1091

1 Classical rev iew .................................................................................................................1092
2 Quantum mechanical evolution of the average values (Ji) and (J2 ) ......................1093
3 The special case of two spin 1/2’s .................................................................................1095
4 Study of a simple model for the collision of two spin 1/2 partic les........................1102

G x Exercises 1107

»
XI STATIO NARY PER T U R BA T IO N  TH EORY 1115
A Description of the m e th o d ............................................................................................. 1116
В Perturbation of a non-degenerate le v e l ....................................................................... 1120
С Perturbation of a degenerate s t a t e ............................................................................. 1124



R E A D E R ’S G UIDE FO R  C O M PLEM EN TS 1 1 2 9

A xi A one-dim ensional harm onic oscillator subjected to  a perturbing
p o te n tia l in x, x2, x3 1131

1 perturbation by a linear potential .............................................................................. 1131
2 Perturbation by a quadratic p o te n t ia l ....................................................  1133
3 Perturbation by a potential in x3 ................................................................................. 1135

B xi Interaction betw een the m agnetic dipoles o f two spin 1 /2
particles 1141

1 The interaction Hamiltonian W .................................................................................... 1141
2 Effects of the dipole-dipole interaction on the Zeeman sublevels of two fixed

p artic le s ......................................................................................................................1144
3 Effects of the interaction in a bound s t a t e ................................................................. 1149

C xi Van der Waals forces 1151
1 The electrostatic interaction Hamiltonian for two hydrogen atoms .....................1152
2 Van der Waals forces between two hydrogen atoms in the Is ground state . . 1154
3 Van der Waals forces between a hydrogen atom in the Is state and a hydrogen

atom in the 2p s t a t e ............................................................................................... 1158
4 Interaction of a hydrogen atom in the ground state with a conducting w all. . 1160

D xi The volum e effect: the influence o f the spatial extension  o f the nu­
cleus on the atom ic levels 1162

1 First-order energy c o r re c t io n ....................................................................................... 1164
2 Application to some hydrogen-like system s................................................................. 1166

E xi The variational m ethod 1169
1 Principle of the m e th o d .................................................................................................1169
2 Application to a simple e x a m p le .................................................................................1172
3 Discussion.......................................................................................................................... 1174

Fxi Energy bands o f electrons in solids: a sim ple m odel 1177
1 A first approach to  the problem: qualitative discussion...........................................1178
2 A more precise study using a simple m o d e l ..............................................................1181

G xi A sim ple exam ple o f the chem ical bond: the H j  ion 1189
1 Introduction.......................................................................................................................1189

The variational calculation of the energ ies................................................................1192
3 Critique of the preceding model. Possible im provem ents....................................... 1201
4 Other molecular orbitals of the H^ io n ....................................................................... 1204
5 The origin of the chemical bond; the virial theorem .................................................1210

H xi Exercises 1221



X II A N  A P P L IC A T IO N  OF P E R T U R B A T IO N  T H E O R Y : T H E  F IN E  
A N D  H Y P E R F IN E  S T R U C T U R E  O F T H E  H Y D R O G E N  A T O M  1231

A Introduction........................................................................................................................1232
В Additional terms in the H am ilton ian ........................................................................... 1233
С The fine structure of the n =  2 l e v e l ........................................................................... 1238
D The hyperfine structure of the n = 1 l e v e l ................................................................. 1246
E The Zeeman effect of the Is ground state hyperfine s t r u c tu r e ................................ 1251

READER’S GUIDE FOR COMPLEMENTS 1265

A x u  T h e  m agnetic  hyperfine  H am ilto n ian  1267
1 Interaction of the electron with the scalar and vector potentials created by

the p ro to n .................................................................................................................. 1267
2 The detailed form of the hyperfine H am ilton ian ........................................................1268
3 Conclusion: the hyperfine-structure H am ilto n ia n .................................................... 1274

B x i i  C alcu la tio n  o f th e  average values o f  th e  fin e -s tru c tu re  H am ilto n ian  
in  th e  Is, 2s an d  2p s ta te s  1276

1 Calculation of (1 /Д ), (1/Д 2) and (1/Д 3) .................................................................... 1276
2 The average values (Wmv) .............................................................................................1278
3 The average values (Wjj) .............................................................................................1279
4 Calculation of the coefficient &p associated with Wso in the 2p le v e l.................1279

C x i i  T h e  hyperfine  s tru c tu re  an d  th e  Z eem an effect for m uon ium  an d  
p o s itro n iu m  1281

1 The hyperfine structure of the Is ground s t a t e ....................................................... 1281
2 The Zeeman effect in the Is ground s t a t e ................................................................. 1282

D x i i  T h e  influence o f th e  e lec tro n ic  sp in  on th e  Z eem an effect o f th e  
hyd ro g en  resonance  line 1289

1 Introduction.......................................................................................................................1289
2 The Zeeman diagrams of the Is and 2s le v e ls .......................................................... 1290
3 The Zeeman diagram of the 2p l e v e l .......................................................................... 1290
4 The Zeeman effect of the resonance l i n e ....................................................................1293

E x il T h e  S ta rk  effect for th e  h y d ro g en  a to m  1298
1 The Stark effect on the n = 1 le v e l .............................................................................1298
2 The Stark effect on the n = 2 le v e l .............................................................................1300

X III  A P P R O X IM A T IO N  M E T H O D S  F O R  T IM E -D E P E N D E N T  
P R O B L E M S  1303

A Statement of the problem t ............................................................................................. 1303
В Approximate solution of the Schrödinger e q u a t io n .................................................1305
С An important special case: a sinusoidal or constant p e r tu rb a tio n ......................... 1309
D Random p e r tu rb a tio n ....................................................................................................1320
E Long-time behavior for a two-level a t o m ....................................................................1324



R E A D E R ’S G U IDE FO R C O M PLEM EN TS 1 3 3 7

А хш  Interaction o f an atom  w ith an electrom agnetic wave 1339
1 The interaction Hamiltonian. Selection rules....... ........................................................1340
2 Non-resonant excitation. Comparison with the elastically bound electron modell350
3 Resonant excitation. Absorption and induced em ission ............................................ 1353

B xiii Linear and non-linear responses o f a tw o-level system  subject to a 
sinusoidal perturbation 1357

1 Description of the m odel................................................................................................. 1358
2 The approximate solution of the Bloch equations of the s y s te m ............................ 1360
3 Discussion.......................................................................................................................... 1364
4 Exercises: applications of this com plem ent................................................................. 1372

Cxiii Oscillations o f a system  betw een two discrete states under the  
effect o f a sinusoidal resonant perturbation 1374

1 The method: secular ap p ro x im a tio n ...........................................................................1374
2 Solution of the system of equations..............................................................................1375
3 Discussion.......................................................................................................................... 1376

D xiii D ecay of a discrete sta te  resonantly coupled to  a continuum  of final 
states 1378

1 Statement of the p ro b le m ..............................................................................................1378
2 Description of the m odel.................................................................................................1379
3 Short-time approximation. Relation to first-order perturbation theory . . . .  1383
4 Another approximate method for solving the Schrödinger e q u a tio n .................... 1385
5 Discussion..........................................................................................................................1386

Exiii T im e-dependent random perturbation, relaxation 1390
1 Evolution of the density o p e ra to r .................................................................................1391
2 Relaxation of an ensemble of spin 1/2’s ....................................................................1398
3 Conclusion .......................................................................................................................1408

Exiii Exercises 1409

X IV  SYSTEM S OF ID EN TIC A L PARTICLES 1419
A Statement of the p ro b le m ............................................................................................. 1420
В Permutation o p e ra to rs ................................................................................................... 1425
С The symmetrization postu la te .......................................................................................1434
D Discussion.......................  1443

R E A D E R ’S G U ID E  FO R CO M PLEM EN TS 1 4 5 7

A x iv  M any-electron atom s. Electronic configurations 1459
1 The central-field approxim ation................................................................................... 1459

Electron configurations of various e le m e n ts ............................................................ 1463



B x iv  Energy levels of the helium  atom . Configurations, term s, multi- 
plets 1467

1 The central-field approximation. Configurations........................................................1467
2 The effect of the inter-electron electrostatic repulsion: exchange energy, spec­

tral t e r m s .................................................................................................................. 1469
3 Fine-structure levels; m ultip le ts.................................................................................... 1478

C x iv  Physical properties o f an electron gas. A pplication to  solids 1481
1 Free electrons enclosed in a b o x .................................................................................... 1481
2 Electrons in s o l i d s .......................................................................................................... 1491

D x iv  Exercises 1496

A P P E N D IC E S 1505

I Fourier series and Fourier transform s 1505
1 Fourier s e r ie s ............................................................................................. ....................1505
2 Fourier tra n s fo rm s .......................................................................................................... 1508

II T he Dirac ^-“function” 1515
1 Introduction; principal p roperties.................................................................................1515
2 The ^-“function” and the Fourier tra n s fo rm ..............................................................1520
3 Integral and derivatives of the ^-“function” ..............................................................1521
4 The ^-“function” in three-dimensional sp a c e ..............................................................1524

III Lagrangian and H am iltonian in classical m echanics 1527
1 Review of Newton’s law s.................................................................................................1527
2 The Lagrangian and Lagrange’s eq u a tio n s .................................................................1530
3 The classical Hamiltonian and the canonical eq u a tio n s .......................................... 1531
4 Applications of the Hamiltonian formalism ..............................................................1533
5 The principle of least a c tio n .......................................................................................... 1539

B IB L IO G R A PH Y  OF VOLUM ES I A N D  II 1545

IN D E X  1569


