SR LY A

LRE RRW EIE FE




37203

RFE&EMEIRE

Atomic Structure and Spectra

iR R E JE SE

I S

» Jb5



BB £ B (CIP) iR

TS 56 / 20, R, E3E5E . —tb
7 - B ol th Bt , 2007, 1
ISBN 7-118-04533-0

ILE... 1.O%...0%...0F... I.OBEF
ZMONIE V. D0562. 120433

o [ A B 54 CIP B B (2006) 48 046659 B

M 5o~ A 2o o2 BEASA
LB TE K S PTBC R 23 5 HBBLAHTS 100044)
S RENRL R
Y

FrA 850x1168 1/32 EPs 7% =F# 190 TF
2007 4F 1 A4 1 M5 L IREDR]  EP#1—3000 4  REM 28.00 T

(AR WFERFR, R AT ER)

[ B F3 )i : (010)68428422 RATHEM . (010)68414474
B . (010)68411535 KATI % - (010)68472764



B o &

Z4 i E B R E P H R E & % B AR,

[ B B B 5 R AR R E B A d ok i — B R .
75 1 [ Bl Rk P 5 B 2 1 Bl - AR ) — B 4, SURR B Bl R K
FHERRE. AT IREEPF MR SRR RRE,
finsEat2x 3 Y SCRA ARSI SO R I SR IR A B, i
FE B AR A 55 B 5 0 R JRE B R L& T 1988 AR IR E 41K
% 3K L E B A B A3 R BOL PR R R 2 SRRV E
H R Bl A T A

EfREEEHRES TN RE:

1. 7EE BRI HARGUR P 22 AR KT WEA B 2B
b JE A S i o ) FE AR 2 PRE TR 45 5 7E TR BOREIE 7 T A R
BN B F L.

2. FARBEHH, WA R ST o B B A AR A
J& BATRORHES 1R FI 49 % 355 W0 455 [ B AL Ak e & B
RUEFEOBFEARANTNEE.

3. A B R JERTFAA BRI R A OHE, B4 & B
AR R F AT EH L RN TR L.

4. TR E AT E B U8 2 B3 B FE 30 AR R S
FRLZ R RHE S

Il B k- R 5 ) R 1P R R 7E SR R LT T TR
TAE, AT AR M W A 68 FH 7 16 » 9 B S B Y P A5 38 A0, TR
e Bl Y e S T R A Y B B, DA KR E P T UH BB S . 20
45T YT B P A, by R A P I Bl Mkt AL 0 R

[



B RS H L B 2B T2 H0E B a0t BB R
HE LML XL G, RGP BN i dy . 7EBCE
FFHRCEFTE ST IR E PR T2 3B r ik 4, SR 55 IR
B4, X R—T A HREE R b2 Hor (2 6 = B B A
F# Hh Wl Bl Tl B A R BN

L R e — BT AR B, X R AR R — T
PR P AR B W IR | DA 5 435 1 S s X
A REMEA PR QI & R E RBBRE. TFH TAEERZEE PR
IR FHRBRA AP TIEE . E R B, U8R
AR By #8453 F

IEFATHE R TR, HH E B & PO K. R SR 3t R
frs} !

E By R BB H R EE
WHHEERE



EpMEEBHRES

FHLERFFZRSAEARAR
F &£ F R MNAE
B EEZFR £ % KEfz £i#
BB K BZx#
B OB B K BER K 4
%= REEEKEEHT)

FEAL Ehik HXEE HER
MEE FHRE EALE THK
#“ER REM KiR KHELT
HEE BA—F ARRL KEH
FTEH ERA #Hadh HERK



Tk

BT 55 FY e R A 2 0 — A BB 2R S, HoF
RN BRY I — AR, RIFZERER. R4S
HIEHHRGARIE T 50 FOEENZONE, ERE TS
TR SRR A IR B BRIE i R AR DA R BR B K EBEE R
RAEH TR HM D XM ER, ER¥EERRERENS XK,
FHR IR B EARANHEERABEF 54 FRK.#E X
SHRBOL BT RDEE AR AR R AR LA B2 K S5 AR 2 B 58 S
P B R T 45H 5 6 R AL AR S H .

AFRBEEEENTE T REANEF S FOREL R
PR R A S5 0E T VR A BB A R AL . 1E
A TR YR AR T O S R R A B I R AR R R R R R A
BT o A ook ) B A B AR D, A 43 R ok e B A B2 HEE ,
EEEAMUEEIRIT X —22 B L R G i B al 1R, [ B3 RE X I T
S50 56 SR AT UREA BT T %

A H VR FE5 e 0 14 7E R M sh B Eie iy 5al b, =
B T Hartree-Fock ¢ . Wigner-Eckart EH, i+1i¢ T H A RE
R FRETERE | B b B L NG 40 45 4 (e 2 R AL S5 (a1 L
HEEGIRTFEW 5 EMIB RH R, S R FRMAS R
JRF R RIEHT T 4.

AB AR F 570 FYRE Db KR IS Ay g
WFR SR A R 5%, th R DAE 9 #8 55 % b BF 73 A i 206

i



SE . FEZ ORI ED Tl BB SR, B FEmbs
B IRZAL , BIFIRERITIEIE.

% &
2006 4 3 A



F1E BFEFEHER - 1
1.1 MASHEFRIE -oooererrrrmm 2
111 fAEHBEL -oreeerrerm 2
1oL 05 BRI s ciwrisonnssiniresnsnnssrsnsssarisns vt amsss 4

Y. 1.8 MU RRIE  ornorr nonsriusssnnissnssdnsiesasssvnandhssasannsnsssan 6
1.1.4 BN EHRAIEEES 35S e 8
1.1.5 ZAAHEOEE 652,058 rrerererrensenne 10
1.1.6 ¥shBRHFEMEFENR,D gﬁ ................................. 14
1.1, 7 GEFR ceeverveverrssnesanionetniniiiiiieeseenisnss e 17
1.2 Au[Z)5k&, Wigner — Eckart B oovvemmmnmmnnniinin 18
1; 2- 1o TRBHSTEIIE N > v - AR G e i e davebees 19
1.2.2 Wigner — Eckart GZF «-eeeeeeererereanianiinnnnnnnnnanianin 19
1.3 BAH PR ivevreaeasiiitivsssmiasssssvasansasssares sesonsonssonone 21
1.3.1 2EEJEFM Schrodinger FFFR oeereereremeerenianninie. 21
1.3.2  HLaIGA] T ceeeeeerenrrnenenr e 22
1:3: 3o BTN - 43k 70 150 cbs vios bhk Pt b b hne o s dvsimss 23
1.3.4  BELFHESRBT «oroeeereremmmmmmmiii . 29
1.3.5  BBZRFNPEI «ooeeeemrmrersmnmmmmuniniiiiiini e, 29
BE2IWM BHTMT v iboar S8l shviiadsdedevasioorrainsesios 33
2.1 Schro dinger FHR v e 33
2.2 BBEEFTIE o ovevevivmvovnavissssasssesasesriasaetnnantosonssseasnatsns 34
AT = = S 7 - o/ [ AR PR 36
2.4 RXTBRAESITIIBREL - ooeveeeeresemmenminnanisnnniaiinians 38
2.5 1 T et taievs iviioien oo o dpe e ook s e vk e 3 40
2.6 Hartree— Fock jj% ............................................. 42



2.7 LSFH G cooovvvremmniniiiii e, 45
2.8 BT RELIFH LS oo, 46
2.9 LSHEA TFHIBEREEM B Hund N croreoerrersereeenns a
2.10 XFHHGEF -oooocevrmnenercccmmmmniiiiiiiiin i, 49
0 B I FEAG e 52
2.12 HEFEGER -, 54
2.12.1  JULHBAG «+vererere 54
2.12.2 RGO —RRIEDL - vveerrrere 55
2.12.3 HPEHGAR oo 56
2.13 FEBHREL oo 58
2.14 FHRHBEELIE «-o-ovevreveremssorssssrsnisnncssimsesemsmiomansssansanes 59
2.14.1 BAEHFIEFRIAHRTIEIBIE -+ ooereererrnerriarinians 59
2.14.2 ZH T FHIARTIEIEIE sooveerrerrrrrernernienini., 62
H3E EEFETHEEBLEA oo 5
3.1 GEHALTE -ooeereererieri, < sl Uieny s v R o 63
3.2 HHBFHEER oo 65
3.3 BHEFESEEHMBTFLEEEE o 66
3.3.1  XEAUERETERI— MR oo oevnreesossmnssaiiosisesnieessanss 66
3.3.2  FBHRE cooeeeeereeser 70
3.3.3 HTFTEEFEIGTEIEE coooveerrremi T
3.3.4 HF—HTFECHEAERRE oo 71
3.4 HEEEBMBEHTEGEE o 74
3.5 HHEBIBBRLEFY - ovovervmreniiiinii 75
3.5.1 B IRFEIEHIRN wrerenrrerrnrererurmsemanicieii 76
3.5.2 F Racah FEERBEGRLEM <o covevvevrersrmmmsininnieinnianans 75
48 BEBERTREERRT oo &
4.1 AR SHBEEIBE o oeeosese it et aiions fionkins 83
4.2 FEIBGUGEIE oonersmrreancosanssssansassssbeissuissucssassessesantons 85
4.3 FBREAEERIBED AT oo 91
4.4  [EPERIFE coevvvvrerermmmm 92
4.5 E?ﬁﬁgﬁaﬁﬂﬂgmﬁﬁ ....................................... 96



FESE IFEIERIT e 98

5.1  EBRERRHT v 98
5.1 1 SEBHBATIETAL < veereroresronesisrssessossastonoscssencnncs 98

5: 1.3 BRI - s N G e BA TR . A L 101

5o B B O s SR e SRR SR - et 102
5.1.4  ZPABETFIMGUEL  ovovrvvmmrmmmmmmmmmninmins 103
5.2  HBARERET -oooooooeeeeeerree i, 104
5: 2.1 SRR R AR ISP e astheiscibv o irassnszsosnn 105
5.2.2  PRFGREE  ceeeeeeereerenin 107
5.2.3  EZRGBJE  ceereiiiiiii s 110
5.2.4 BRITFBEZRAGTTE -oovvermrrre 113
5.3  ZHRIBHT oo 115
5.3.1 HZHEMBEEZHIEREG e, 115
5.3.2 ZHRIEETHUIREE ---oeveveeeeereriomnioriinieiii, 117

B 3.3 SRR i R TR A L e s 118

S AL USRI i o ot e d St nes ves ey R 119
£ AN s o e s i o A AR 120
5.4 B ATIEHLIL --oonenecisonnacmronsesspioisnantossasssagigess 121
5.4.1 AHHBEA IR oo, 122
5.4.2 REABTFHICHBRADEES oo, 126
5.5 BB ELEIREE | - c-vo- s smssmamsssasieasessssisssiaeransin 128
WO BRI oot iciaiisgiann doresssnssascnssrsensanasy 132
6.1 FEZEZS covvrersrerrsrsnrroiscsiarisioranistiristaniiniesasiiiisnenes 132
6.2 HEEAEEBSHIMEAER -ooereereerererrerensnsnnne 135
6.2.1 Fano /NG cosssersssorisncnmasssornrnonsossssssnnassssnsnasesses 136
6.2.2 Auger BT SR --voeveeveeen I UL e 139
6.3  Auger JGiE eeeereriireniii 142
s e © L el Rvasione L SEna R IR e e 144
7.1 Rydberg Z5 B FSHBMIE -o--covvressnmnnionsscnnsnacas 144
AL Bodbers i iasehretasivvesybonsyiatssarnemy inorivassssesssvs 145
7.1.2 BASEEETF ST -oooooeeorererrorsseomssnanciniisnanes 145
LU SHER TR S Rl 148



7.1.4 AXEEEBEEF SIS - voorvrrrrmrrrmrnrmnierin 157

7.2 WEESGSHBERABFR B oo, 161

R | Xﬂﬂﬁiﬁ ...................................................... 161

7.2.2 FEBRABBEIIE -ooccvererrsrcrrsesmmsminncsiinsernsensionenns 162

7.3 ZWMRB GBI oo 168
7.3.1 SHEERB crcorencesresannnninnsossisasiiionsaiseinssarasssancs 168

729 gq@ﬁﬁﬁ% ................................................ 170

7.3.3 BEEEBEEBNFTH: e 175

FE8E REBNIBHEBIET --ovvverereemrirnerei 178
8.1  BRMIEIH ooveesesssisansciinisissonsiosnnatisnionrnssissssadansenns 178

8.2 BREICIHPIETHITIBIUN cooveeereorromererernivenmerennnnnns 179
8.2.1 B EHES(ATID -soeeevverermuiinimiiniinimiii. 179

8.9, 9 HNTRTRIN b Dok B e o bt olhie e 181

8.2.3 EURIEPE vvveverrrmrermereniiniiiniiiice 182

8.3 RIGFEFHHHIRIE -ooovrrveerm 183
8.3.1 Kramers-Henneberger HEZE «+eveveeeeermmmniininniiiniinnnn, 183

8.3.2 Floquet FHIE rreveererrmsermrmnia, 184

Mg Al HIEEEE - 187
MR A2 THFERBEEFER o, 189
MRk A3 AFTRBIZEEREL oo 193
M A4 Wigner 3-j FF S --oooroeieeeeee 200
B AS  Wigner 6-j ZFB «eooeorerrererenmrenniestienieen e 208
M A6 ZERSLEZREL oo 219
BETLER e 294



Contents

Chapter 1 Elementary Information of Atomic Structure ------ 1
1.1 The Theory of Angular-Momentum «:eeseseseeeeeeees 2
1.1.1 Angular-Momentum Operators ceeesecsesnsssecccseccscoss 2
1.1.2 Orbital Angular Momentumm ===+t esssssersesssscrscsans 4
1.1.3 Electron Spin ............................................. 6
1.1.4 Addition of Two Angular Momenta, 3-j Symbols =-***** 8
1.1.5 Addition of Three or More Angular Momenta, 6-j
Symbols, 9-j Symbois ................................. 10
1.1.6 Matrix Elements of Rotation, D Function ~«+*s==s+2+ 14
1.1.7 Parity ccccecsecceccssntscsnniantccnncosnsacntacaccacccs 17
1.2 Irreducible Tensor, the Wigner-Eckart
Theorem ................................................... 18
1..2: 1 =ilrreducible’ Teénsor ' Operators s sty ssis fsussspossps spadon 19
1.2.2 The Wigner-Eckart Theorem =«+eesceereescerecscenanes 19
1.3 One-Electron AtOms  cceccrecseesssstsertistssnacaccnns 21
1.3.1 The Schrodinger Equation; Hydrogenlike Atoms -+ 21
L3 2 - CepttralFilld Problais 1o oor smsiorainfetassobarc sesone 22
1.3.3 Solution of the Radial Equation =s=sstssessesrsncececees 23
1.3.4 Electron Probability Density -~ s=ssssscssssssssssessccnces 29
1.3.5 Energy Levels and Wavelengths «seeseserecrececcccecees 29
Chapter 2 Multi-Electron AtOmS «-:----csossessensnseccaciceecae. 33
2.1 The Schrodinger Equation «es+++sssssssssessseesasseess 33
5B e At IRk ottt s b bm st s#s 34
R AThe eia b B A Al e Lot st s T snsi oflos 36



2.4 Antisymmetrization and Determinantal Functions «+++-+ 38
2.5 Electron Configurations «r+++s+sssseeessssscneesessannees 40
2.6 The Hartree-Fock Method «+essrceereerrercnccniianaen 42
2.7 LS Coupling ++sscststhsiitssssasscnnsissssssssssssnsmansenee 45
2.8 Equivalent Electrons, Permitted LS Terms for
Equivalent Electrons ++eeseeeessemmssunsessscsiiinsanns 46
2.9 Level Structure under LS Coupling Conditions
i AR 10 B LD % snsimesindis s b T b h s s s wifes 48
TS Gy oo e A T R VN R e A i 49
2. 11 jj Coupling +-+ssssssssssessssssanssvesassssnassossossosssss 52
2.12 Other Coupling Schemes +sereesrerenssemmniriinninees 54
2sdig e J4 Coupling csssresseceseeneretnccaecacneiiiianceees 54
RO AR O P e OB LR O WP SV 55
2018 8= Oxher Pyies jof Couplisg’™ -¢23 s saindransaeensravsavasss 56
2.13 Coefficients of Fractional Parentage «++=+eseeveeeee 58
2.'14 - Relativistic Corrections: »=++=s=esssapnrarisestsforponsses 59
2.14.1 Relativistic Corrections: One-Electron Atoms — ***** 99
2.14. 2 Relativistic Corrections: Multi-Electron Atoms <***** 62
Chapter 3 Level Structure of Multi-Electron Atoms -:-+------- 63
3.1 Statistical Weights = c-cseesesiessssssissaisesssnanasnssosss 63
3.2 Configuration-Average Energies  seeeecerecercacaneees 65
3.3 One-Electron and Total-Atom Binding
Energies ++ecceeessessessecnussneresinsansssssnesnnssnsnssss 66
3.3.1 General Analysis of Diagonal Matrix Elements ~ =+*-** 66
3.3.2 Kinetic Energy -+trtesessssssesessnnsssoseesersrmsnnses 70
3. 3: 3 ~ Electron Nigleat Bgiirghn s =517 ni-sriransrs cosdipssiosvose 71
3.3.4 Electron-Electron Coulomb Energy ==«+=ssesseeeeseecees 71
3.4 lonization Energy and One-Electron Binding
Energies «+-+sseceesssssscecrmnssssssnrnonnssssnseses e P 74
3.5 Energy Level Structure -sss-ssseseeeereerseniiiininin. 75



3
3.

5.3 mEtisetnoliCloned: Sabalills o ifrarassrandbtsersivsirissits
5.2 Solving Energy Level Structure by Racah Algebra

Chapter 4 Hyperfine Structure and Isotope Shifts ---------cvr -

4.1

4.2
4.3
4.4
4.5

Nuclear Spin and Electromagnetic Multipole

MOMmEents,  cssasusssssssasssinsbssssesepasnssssnosssessessoves
O O VO s | o LA L0 et
= RN SR, SN (SN IO
ST TSN S R el RS SRS 0,
Applications of Atomic Hyperfine Effects «++++----

Chapter 5 Radiative Transitions --«--«-s«osceoeeeeseeinamnieeanin,

5.1

o n oan an

9.2

.C)'I

9.3

a g o v n

5. 4

Electromagnetic Radiation ------------------------------

. 1.1 Quantization of the Radiation Field ===scccccecececceese.

. 1.2 Radiative Transition Probabilities +=*==ssssseemeecese.

1. 3 Spontaneous Emission .................................

.1.4 Stimulated Emission and Absorption ==csss«ssceseeesee

Electric Dipole Radiation <-eseceeeeeees e s bl Soes Snvie

.2.1 Selection Rules, Polarization and Angular

DiStributiOﬂ .............................................

S22 OSCillator Strengths ....................................
: 2. 3 Line Strel’lgths ---------------------------------------

2.4 Calculation of Radiative Transition Probabilities

Multipole Radlation ....................................

.3.1 Fields of Electric and Magnetic Multipole Moments

3.2 Intensity of Multipole Radiation ==s==sesesseesececane

. 3. 3 SeleCtiOI’l Rules ---------------------------------------
.3.4 Electric Multipole Radiation *++=s=sseessesscecccceceen.
- 3. 5 Magnetic Dipole Radlatlon ...........................

Photorecombination and Photoionization = «+++++--

.4.1 General Expressions for Effective Cross Sections

. 4.2 Photorecombination and Photoionization:



H ydrogenlike Atoms  tccrccrersesssctiasccnsiisanaans 1 2 6

B B iFide Bt D ran sttt sl s anisrwiasesnbsns inadssrsns 128
Chapter 6 AUtoIOMIZAtION ---++++ssererereermmmmmmiminiiians 132
6.1 Continuous Spectrum States +«+=etsrrerrerrarscanrenes 132
6.2 Interaction of a Discrete State with a Single
P O L T T SR L P LT S W S § SO 135
8155 B oD ani Pomtnulasn i ds uwhds beptyiam Srenats bl rein o 136
6.2.2 Auger Broadening and Absorption Line Shapes *++*** 139
6.3 Auger Spectra s+sesisesssssnsosesssssarmetsasnanssssssseans 142
Chapter 7 Highly Excited States -+-+-++++eererereemmmumimmmnnnnn 144
7.1 Rydberg States and Quantum Defect Theory «+-+++ 144
7.1.1 Rydberg States ==rressseeresesenrioaiiiiiiiiiiiein 145
7.1.2 Single Channel Quantum Defect Theory  ce=e=ee=s=e- 145
7.1.3 Multi-Channel Quantum Defect Theory *===+++sssveeee 148
7.1.4 Relativistic Multi-Channel Quantum Defect Theory +++ 157
7.2 Doubly Excited States and Hyperspherical
Coordinate Method s++sessesrescssssnianatsnnsinsensnnnss 161
7.2.1 Doubly Excited States +r+rssssessresasracssasaneunns 161
7.2.2 Hyperspherical Coordinate Method «=+=ssreeereeerees 162
7.3 Triply Excited States and Saddle-Point
S AR, S WE MR R ST UE P 168
7: 81 Triply Exeited States:  wresssrecisabauaysbossioesibons 168
7.3.2 Saddle-Point Variational Method =erssrseeececcccseens 170
7.3.3 Saddle-Point Complex-Rotation Method *+++«+sseveeeee 175
Chapter 8 Atoms in Strong Laser Fields ---c:ooecoveeverceecains 178
8.1 Strong Laser Fields sssssesersesercsssanseciasanaacenans 178
8.2 Novel Effects in the Strong Field Problem  «-«--- 179
8.2.1 Above-Threshold Ionization(ATI) =++=cssseeenseneeeans 179
8. 2.2 Multiphoton Multiple Ionization ssrs=sesresrreceeeaes 181
8. 2.3 . High Harmonic Generation ssesrssssessseessencacscses 182



8.3 Theory of Strong Field Physics eeeeeeseereeeceenees 183

8.3.1 The Kramers-Henneberger Frame *«+sceeecceeecooeces 183

8.3.2 Floquet Theory +ee+eesseesseserarnonseremsenieiiinae: 184

Appendices A1  Physics Constants — «-:ccoreeereesernennn.. 187
Appendices A2  Solving Hellium Ground State by

Variational Method «««c:-eceeeeesreseiscnieanns 189

Appendices A3  Special Mathematical Functions = -«+covooee 193

Appendices A4 Wigner 3-j Symbols «--«c--oveeeeeiaiiniiiinn. 200

Appendices AS Wigner 6-j Symbols «-+eceeeeeinieeiaiiiin 208

Appendices A6  Coefficients of Fractional Parentage «-------- 219

1o o e VPR D T s SRR TR i e 224



