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Preface

In atomic systems with their essentially spherical symmetry, quantities of interest
may be factorized as the product of a spin-angular and a radial factor. Spin-angular
factors can be calculated by Racah algebra while radial factors can be approximated
by ab initio Hartree-Fock programs that are increasingly capable of performing
large-scale, relativistic calculations [Froese Fischer et al., 2016, Jonsson et al., 2017].
On the other hand, given known spin-angular matrices and an accurately enough
prediction, radial energy factors may also be treated as parameters and determined
semi-empirically. Stimulated by newly developed computer packages, the focus of
attention has over the last 50 years shifted much from the spin-angular towards
the radial side. To attain the desired degree of accuracy, however, complex spec-
tra are still analyzed semi-empirically either using Cowan’s Slater-Condon approach
[Cowan, 1981] or orthogonal operators [Judd et al., 1982] as described in the present
work. In both these approaches (especially in the last), effective operators are used
to account for second and higher orders of perturbation. There is thus a growing gap
between the (partially perturbation based) semi-empirical approaches employing the
supposedly non-relativistic SL-coupling and the present-day large scale (variation
based) ab initio computations using the relativistic jj—coupling. One of the aims of
this work is to reconcile the two methods showing how relativistic quantities derived
within jj—coupling can be fitted into an SL—coupled framework.

This booklet is primarily intended as a resource for experimental and theoretical
research atomic physicists. Atomic units are used throughout, with only a few ex-
ceptions like transition probabilities that are traditionally given in SI. The most
common conventions for the reduced matrix elements, the Wigner nj—symbols and
phases are applied everywhere with the possible exception of the cfp’s, where the
original Racah phases [Nielson and Koster, 1963] are still used instead of the possi-
bly more principal quasispin phase [Judd, 1967].

In 1975, T followed Bernard Metsch as a master student at the Amsterdam Zee-
man Laboratory. Soon, Jgrgen Hansen came to support our group theoretically,
and it was during his first stay that he handed out some sheets of paper with for-
mulae of practical use. In later years, I have used them that frequently that they
worn out and had to be replaced by a I¥TpXversion. This ETEXversion actually
became the start of the present work, and the original formulae can still be found
in chapters 2 and 3 of Part I; the focus remains on their practical use rather than
on the mathematical background.

In the late seventies, John Morrison stayed some years at the Zeeman Laboratory
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while finishing his part of the book Atomic Many-Body Theory [Lindgren and Morrison, 1982];
he pointed out the possibilities of the graphical approach treated in chapter 4.

Soon thereafter, Jorgen Hansen got a permanent position in Amsterdam and be-

came my PhD supervisor on the subject of orthogonal operators: [Newman, 1981,
Newman, 1982, Judd et al., 1982] were published and atomic physics had gained a
promising new method.

The field of second quantization opened up for me by studying Brian Judd’s
compact but illuminating monograph Second Quantization and Atomic Spectroscopy
[Judd, 1967]. Second quantization runs like a thread through this booklet.

In chapter 5, it is used to derive several relations between coefficients of fractional
parentage. More importantly, operators are consistently dissected to their underly-
ing bone structure in terms of second quantization; a cooking recipe to do this is
given in section 5.3. Any one-particle operator may be written as

FORt = —S(a,b) - (aTb)"™ with the radial factor S(a,b) =[x, k:]_% (a || F&R) | b);
Hermiticity requires that « + k +t is even. Moreover, it will be shown that an ele-
mentary jj — SL recoupling suffices to replace S(a,b) by its relativistic analogue
Sgr(a,b) with the identical spin-angular behavior. Similar expressions apply to two-
particle operators. The strength of translating traditional tensor operators into
second quantized form is illustrated in chapter 5 by the matrix element calculation
of various intricate Breit-Pauli operators. Products of operators are encountered in
perturbation theory as well as with inner products: in both cases, second quanti-
zation is fruitfully employed to calculate the summations in closed form. Second
quantization is also used to derive the transformation of relativistic reduced matrix
elements towards the radial factors Sg(a,b) in a quick and transparent way.

The main text of the book is divided into three parts.

Part T outlines the general theory of Racah algebra (chapters 2 and 3), graphical
representations (chapter 4) and second quantization (chapter 5), i.e. the technology
for performing practical calculations subsequently illustrated in chapters 6 and 7.
Chapters 8 and 16 concern some work I did in support of the Zeeman Laboratory
laser group. No attempt has been made to include pure quantum-electrodynamical
(QED) effects; topics like parity non-conservation (chapter 9) or group theory (chap-
ter 13) are only treated superficially for the sake of completeness.

Part II is devoted to the theory of orthogonal operators in addition to essential sup-
porting subjects like the Hartree-Fock approach, perturbation theory and the use of
B-splines therein. The concept of an operator inner product could have been used in
the thirties e.g. with [Condon and Shortley, 1935], but it took until the early eight-
ies that the added value of a linear algebra of operators was seen. Orthogonality
ensures least correlation between the operators and this increased stability appears
to be a powerful tool in reducing the deviations between calculated and experimental
energy values in complex spectra (Z > 20). Due to its orthogonality, the operator
set is stable enough to introduce small (thus far neglected) higher-order magnetic
and electrostatic effects in the fitting procedure. By this extension, deviations be-
tween calculated and experimental energy values frequently approach experimental
accuracy. Also, the linear algebra of operators can fruitfully be used to project
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a variety of contributions onto the orthogonal operator set, both analytically and
numerically, using the central equation (14.26); this procedure supersedes the often
used but incomplete direct proportionality like the A—factors in hyperfine structure.
It was actually in this way, that the Blume and Watson theory for the spin-orbit
interaction [Blume and Watson, 1962] was generalized and corrected [Uylings, 1989]
and other contributions than s — d excitations to the Trees operator were found.
Part III deals with the application of relativity in atoms and ions. Chapter 19 sets
out some of the mathematical machinery of relativistic calculations with the Dirac-
Breit Hamiltonian. Expressions for the reduced matrix elements are given in explicit
form in chapter 20, together with their relevant non-relativistic limits. This leads
e.g. to the slightly surprising result (/5 || a || 3I'5") - —a(%lj |l ol %l’j’).

Many authors gave non-relativistic limits of the occurring reduced matrix elements.
For a complete comparison, however, the full operator should also possess the cor-

. . (kk)t K1kt Koko (kk)t
rect spin-angular character like (afb) or {(aTc) (bfd) } :
It is shown in chapter 21 how this can be achieved by a 57 - SL coupling transfor-
mation yielding the correct weighting procedure over 7, 5'. It should be emphasized
that this way of finding the correct non-relativistic limit is not just a formal point
of retrieving well known results in an alternative way: precisely this procedure can
be used to replace non-relativistic quantities S(a,b) by their relativistic analogues
Sgr(a,b) thereby implementing full relativity in the SL—framework.
A case in point is the magnetic multipole radiation: while the relativistic integrals
are the same, the orbit and spin terms in the SL—-framework differ slightly as a
result of different j—dependent weighting factors.
Subjects like the Zeeman effect, hyperfine structure and (electric or magnetic multi-
pole) transition probabilities are first treated non-relativistically, indicated by a (1)
in chapters 3 and 7; later, their relativistic counterparts are given in chapters 22
and 23, indicated by a (2). The appendices contain supplementary material.
In summary, the followed approach enables one to implement full relativity while
adopting the known large body of SL-formulae in full. Double tensors and opera-
tors in second quantization like (aTb)(“k)t can be maintained without adjustments
for the same reason. To define, apply and find the contributions of any operator,
one can be content to know the matrix elements in its parent configuration and use
the formulae from sections 14.2 and 14.6 to find the necessary N-dependence.

It is a pleasure to work with so many colleagues in the field like (theory) Brian
Judd, Charlotte Froese Fischer, Bob Cowan and Jgrgen Hansen and (experiment)
Jean-Francois Wyart, Lydia Tchang-Brillet, Vladimir Azarov, Yogi Joshi, Dik van
Kleef, Sasha Ryabtsev (with whom Ton and I stayed in contact during our twenty
years of absence), and many others. Most of all, T would like to mention my friend
and close colleague Ton Raassen: without him, orthogonal operators would hardly
be the effective method it is today. I would also like to express my appreciation
to Tomas Brage, Alan Hibbert, Gediminas Gaigalas, Michel Godefroid and Sasha
Kramida for stimulating our comeback in the field of atomic physics.

Amsterdam, January 2021 Peter Uylings
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Chapter 1

Hartree atomic units au

Hartree’s system of atomic units is based on setting the below constants to one:
o c
® M,
e h
o 4dmeg = f1

As a result, the Bohr radius ag = A?/(m. - fe?) - 1 is the au unit of length.
1 b (=barn)- 3.57106483 - 108 in au.

The fine-structure constant a = fe?/(hc) - ¢, so ¢ = a~! ~ 137.036 in au and
the (reduced) Compton wavelength of the electron: A, = a-ag = h/mec.
Likewise, the Rydberg constant Re, = (mee*f?)/(h34nc) - af4n in au.

Therefore, the energy Ry= hcRo = 13.605693 eV (often used in spectroscopy) — 1
in au and thus 1 H=1 Ej, = 2 Ry = h?/(m.a?) = 27.21138602 eV is the au of energy.
The well-known non-relativistic formula for the energies of hydrogen thus becomes
in aw: g, =-1/(2n?).

1 H=1au=219474.631 cm™" and 1 eV = 8065.54402 cm™!, whereas
1 em™! =1.98644561 x 10723 J.

The Bohr magneton in SI: pp = eh/(2m.) — 5 in au.

In Gaussian-CGS: pp = eh/(2m.c) - to in au.

In SI, the au unit of magnetic field is given by: h/(ead) = 2.350517568 x 10° T.
In Gaussian-CGS: ef/(a2c) = 1.71525554 x 103 T, again differing by a factor a.

Similarly, as ppeg = ¢ 2 [>e9 = (4mc? x 1077)~! in SI], the magnetic constant po/4m —
a? in au.

Combining the above two formulae, one obtains for the frequently encountered
magnetic constant yo/(27) - pp > 2% 3 = a2

13



HARTREE ATOMIC UNITS AU

14 CHAPTER 1.
1.1 Constants of nature

speed of light c = 2.99792458 x 108
Bohr radius ag = 5.29177211 x 1011
electron charge e 1.60217663 x 1019
electron mass Me = 9.10938371 x 1031
Planck constant h = 6.62607015 x 10734
reduced Planck constant h = 1.05457182 x 10734
Boltzmann constant k = 1.38064900 x 10-23
Hartree energy a.u. H 4.35974472 x 1018
Hartree energy a.u. H = 2.72113860 x 10!
Hartree energy a.u. H = 2.19474631 x 105
Rydberg constant Re = 1.09737316 x 107
fine-structure constant « = 7.29735257 x 1073
Bohr magneton UB = 9.27401008 x 10-24
electron g factor Js = 2.00231930
electron QED correction  1(gs—2) = 1.15965219 x 103
proton g factor 9p = 5.58569469
electron-proton mass ratio  m./m, = 5.44617021 x 10~
time a.u. meal/h = 2.41888433 x 10717
velocity a.u. ac = 2.18769126 x 106

m s

ON=

kg
Js
Js
J K1

eV

cm™!

J T

m s!

1.2 Some basic mathematics

a® =e"me ooy = E:—Z /(;OO(Fg) dr = [FG]; - ‘/Ooo(fG) dr
« -mx k!
/0 ok e dg = e (1.1a)
o 1 (ﬂ)l
f 2k e dy = 27 with (- =vr (1.1b)
0 Q(T)
/oo i dz = k! i n~(k+D) (1.1c)
0o er-1 =
ax(bxc)=(a-c)b-(a-b)c (1.2)
Vx(ap)=¢(Vxa)-axVep VxVep=0 (1.3)
a-(axb)=b-(axb)=0 V-(axb)=b:(Vxa)-a-(Vxb) (1.4)



Chapter 2

nj-symbols

2.1 Basic 3j-symbols

For the 3j-symbol (‘7 LoJ2 I8 , every odd permutation of columns or sign re-

my My
versal of the m—values yields a phase (—1)J1+72+5,
Here, ji,72 and j3 fulfill the triangular condition {jij273} and my + my + ms3 = 0.

Under the requirement that g = % (I +k+1") be an integer, i.e. [+k+1’is even:

Lkry [ o-20)i2g - 2120 - 20 g!

(0 0 0) ‘(‘”J (29 1)! G 0i-Pig-m 2V
2.2 Sum rules and definitions

S 2 B () <o) sm ) 22)
O O | KON I A KR R s 23)

The Wigner 6j-symbol differs from the Racah W-function [Racah, 1942b] in phase
only:

{Z i ]i} = (~1)** W (abed; e f) (2.4)

[Jahn, 1951] gives the alternative U-coefficient:

a b e a+b+c+d -1 .
{d . f} =(-1) le, f172 - U(abed; ef) (2.5)

15



16 CHAPTER 2. NJ-SYMBOLS

1
it follows directly that U(abcd;ef) = [e, f]2 - W (abed; ef).

Any of the six possible permutations of its columns leaves a 6j-symbol invariant:

Juv gz Js| _JJ2 g1 oJgs| _JJ2 J3 & (2.6)
Ja J5 Je J5 Ja Je Js J6 Ja

Any two elements in the upper row may be interchanged with the elements
underneath:

Ju g2 g3 _JJa Js Js\ _JJa J2 Js| _)Jrv Js Je (2.7)
Ja Js Je J1 J2 Je J1 Js J3 Ja J2 J3

There are four triangular conditions to be satisfied:

] .

2.2.1 Summations

O O (2.9

xT p

N

S {3 L =0 (0 o

T

2. [o] {Z Z x} {Z Zl Z} =5([];’]Q) (2.11)

c d =z c a
{b a q} :{d b Z} (2.12)

(2.10)

g~

> [a] (-1 {‘j ’ }

p
zx:[x] (_1);r+p+q+7‘+a+b+c+d+e+f{CCL Z i} {z ‘(; z} {Z £ f} (213)
IEHIEE
e a df |f b c
The 9 — j symbol is defined as:
a f r
R R S I IS B
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Every odd permutation of rows or columns produces a sign change of (-1)7, with
T =a+b+c+d+e+ f+p+q+r the sum of all nine arguments. Every even permutation

of rows and columns, therefore, leaves the symbol unchanged.
Also, rows and columns may be interchanged (transposition):

a b c a d g i f ¢ i hog
d e fr =3b e hy ={h e by =3f e d
g h 1 c f i g d a c b a

b x
d b} — [C]—l . (_1)2b+e—d

bocomfe g ot ol

} =d0(p,p") 0(c,c) [p,c]™

a d x d a =x
Z [2,y] (-1)*3b e ypr{b e yp = (_1)a+b+d—e+f+i—g
Y c f g h i g

> 8

—
—
T a9
QAU
[Sa RN

8
<. 0

Ji J2 J3 Ja ) .
k T k xT
TR _1)Ra-z J ‘1 J2 2
{ 1 2 3 4} § :[I']( ) {k2 ]2 ll k3 ]3 l?

ki ko ks ku z
» Js ks x Ja ks x
ky ga l3f |J1 k1

The symmetric 12j-symbol of the second kind is given by:

Ji J2 J3 J4
lh 1o I3 lL]= (—1)51—12—l3+l4 Z[x] kfl kf2 x k-33 k‘?4 x
ki ko ks k4 x J3 h J3 [

kl kz T kg k’4 T
X34 . . . .
Ja g2 U3 |Js J2

b ¢
d f
h g

With Ry = Y7, (ji + I; + k;), the 12j-symbol of the first kind is defined as:

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)
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l4 ll X l4 ll T

Yo[xl{ks g1 log {ka Js Lo

v Jo k1 l3) \Js k2 I3
Ji J2 J3 Ja ]

:(_1)j1—j2—j3+j4 li Iy l3 I
ki ko ks ky

T J2 J3 Ja X
Z[ZL’] ll ZQ lg l4 =5(l1,l2)(5(l3,l4) (5(1{31,]{53)(5(1{?2,]{34) [l4,/€4]_
x kv ko ks kg

T Jo J3 Ja
Z[x] D" Ll Iy Uy
z kv ke ks kg4

ki ki Js
— 5(]{1’ lg) 5([1, kS) (_1)l1+l+2—lg+l4(_1)k2—k4 j2 14 k'3
I3 Ja ke

2.3 Reductions

a b c a+b+c *%
{0 c b} :(_1) [b,C]

—_—
[SoRRS RS

b ¢ a a 0 1
b ¢t ={b b 0} = [a’b7 C:|_§
00 c ¢ 0
Ji J2 J3 Ja 1
Lo lo Is 0F=00ak1) 0(ks, 1) [J1, k1] 2

ki ko ks ky
vl ga
X ]{Jg ]{52 lg
l3 kl j3

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)
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Ji Jj2 Jjz3 O 1
Lo ly s Iy =003, 13) - 6(ki,la) - [Is,14] 72
kv ko ks ky

_ 1)l tHa+larki—ja—ks | J1 1N J2 2 M
“(=1) {k’Q jo b f ks g5 s

Ji J2 J3 Ja 1
Lol I3 lyp=0(ke, 1) - 0(Ja,la) - [l 4] 2
0 ko ks ky

_1 l1+l2+13+l4—]3—k3 . .]2 ‘1 jl ]3 3 .]1
“(=1) ks gz lof \ka la 13

ki 0 ks ky

' o S
_1)ateHs+a—ja—ka . J3 2 J2 jg 4 J2
(1) {k4 Ja )\ bl

J1 J2 J3 Ja B -
ho by Iy la | =06(jala) 0(js I2) [la,1a]72 (<1)7hels

Ji J2 J3 Ja L
Loly I3 lyp=0(ki,ly)-0(ks, 1) [l1,12] 2

kl k'2 kg O
L by kol [ka I3 Uy
ks ki 1) \J2 ks ki
Ji J2 J3 Ja \ o
Lol I3 1y [=00s13)0(gs, 1) [l1,13]72 (~1)7rd2tlele
ki 0 ks Ky
Jo kv 3| ki o1 L
ka 1o ks| |l ki ks
Ji J2 Js Ja

1 ) )
0 1y Ty L [ =0 k) 0Cisk) (s 2 (-1t

ki ko ks ku
Iy I3 U Iy I3 Uy
Jo ks g1) |Js ks J3

2.4 Recoupling identities

Change order of coupling, like in going from |LS;J) to |SL;J):

<j1j2§ J|j2j1; J) = (—1)j1+j2*<]

N[

J1 g2 Jie
(J12J34; J\ J13J24; J) = [J12, J347J13, J24] : j3 j4 J34
Jis Jag S

}
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(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)
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v g2 Jiz
2 Ja g3 Ja (2.38)
Jia Jog S

N |—

(Jrodsa; J | Jiadag; J) = (Z1)F3H8754 [ ]y oy Jog, Jia]

A state in a new coupling scheme is found from summing over the quantum numbers
of the old coupling scheme that are to be removed:

U(Jags; J) = > (Jragss Jgidass J) - (i Jos; ) (2.39)
J23

(51d2(J12)d3; J | g1, gaga(Jas); J) = (1)1 385 [ T Jos]2

H
—

<
w =
~w
aley
w [\]
—

(2.40)

(J173(J13)go; J | j1g2(Ji2)ga; ) = (=1)72* 9t Dt hs [, 52 {j} ﬁ Ji} (2.41)

L . ) Tt 1 o ]

(J1,]2]3(<]23)§ J | ]1]3(J13)J2§ J) = (_1)J aatin [J23’ J13]2 {J23 J? ng} (242)
13 1

o ) . i L(J J g

(7172(J12) 735 J | s gija(Jiz); J) = (=1)72* 7455 [ g, Ji3]2 {J12 . jg} (2.43)
13 J1 J2

. . . . T LT J 4

Ui T )i ) = (15500 [ g {7278

N o . o gy J
(7172(J12)ds; J | Gsgr(Jis)ga; J) = (1) (=1)7r 72+ [J127J13]2{JE J ﬁ} (2.45)

((J1J2(V12)73) J123, Jas J | 1, (J273(J23)ja) Jasa; J 1)2 /124225420

= (-
1
[ 12, J123, Ja3, J234]2 - (- 1)]2+‘73+J23 { J123 ;3}
1

( 1)J123+]4+J J123 j4} (246)

Jaza Jaz  J1

<j17 (j2j3(J23)j4) Joga; J | jle(J12)j3j4(J34); J) = (—1)j2+j3+j4+J234

1 o i gy g2 J
. J J ’J 7J 2. _1 ]1+JQ+J34+J . 22 -]3 23 . ‘71 ']2 12 247
[Ji2, 34, Joz, J234] 2 - (1) {34 Josa Jsa Jsa J Jaza (247)

((d1,J2g3(J23)) Jizs Jas J | (Grja(Jr2) ja) Jioa j3; J)

1 o J. ; ;
J Joz. Ji9. J 2.(=1 Ji+ja+Jiz | 23 ].3 J2
[ 1235 /235 Y12, 124] ( ) {J12 i J123

_(_1)J12+J124+j4 . {j3 S Jia (248)

j4 J12 J123
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((jljz(le) js(lea))j4§ J | j1j4(J14) j2j3(<]23); J)

1 o ; ; J
Jio. Jrion. Jia. Joal2 - (=1)2+i3=J23 . Jl J2 12
[J12, 123, J1a, J23]2 - (=1) {jg T

. . N . J
(=1 Ja+Jia—j1 | N Ja 14
( ) {J Joz  Ji23
(7192(N12) 7374 (J4); T | (J1(J2gs) Jas) Jros, Jas J) = (=1)>
1 . . ; .
'[‘]127J34,J23,J123]§ . (_1)]1+]2+J12 {33 J23 J2 }

g1 Jiz Jios
.(_1)J123+j4+J, Js Jsa s
J Jiazs Jio

((]i]é(uh) j3(J123))j45 J | j1j3(J13) j2j4(<]24); J) =
1 ’ ) ) J

Jio. J Jia. JoalZ - (=1 Jiaz+ja+d | J2  Ja 24

[ 12, J123, J13, 24] ( ) {J Jis Jiss

(—1) stz J12 J1.23 jg
Jis g1 J2

A recoupling identity useful in the manipulation of equivalent creation and

annihilation operators:

((71792)712(F3Ja) 343 0| (J1(J2J3) j23) 123, Ja; 0)

= 5(]12;j34)5(j123,j4)(—1)71+]2+]3+]4[]12,j23]2{‘7.3 J23 )2
J1 J12 J4a
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(2.49)

(2.50)

(2.51)

(2.52)



Chapter 3

Wigner-Eckhart theorem

3.1 CG-coefficients and tensor operators

Clebsch-Gordan (CG) or vector-coupling coefficients (AB|C) couple the product of
two eigenstates A and B to a new eigenstate C. They are defined as follows:

C(jm) = Y. (jima jamaljm) A(jim1)B(jams) (3.1)

mi,m2

The Lithuanian group of Gaigalas, Kaniauskas and Rudzikas uses the notation:

G jomaljm) = [ﬁ 2 j] (32)

mi Mo MM
Another notation has been used e.g. by [Rose, 1961]:
(Jima jamolim) = C(ju, j2, jima, ma,m) = C(Ji, ja, j; M1, mo) (3.3)

The CG-coefficients are subject to two orthogonality conditions:

> (Gmljama jima) (Gima jamalj'm’) = 66 mms (3.4a)
mims
and:
Z(j1m1 Jama|jm) (Fm|jamy j1mY) = Omym! Omymy, (3.4b)
im

By definition:

N =

G gl o) = (-1 [ (222 ) 35)
This procedure applies both to eigenstates and to tensor operators, which gives

in fact the definition of a spherical tensor operator Tq(k): both eigenstates and tensor

operators transform equally under the rotations of the group Rs.

This group-theoretical property underlies the Wigner-Eckart theorem, which can

actually be generalized to any group.

The Hermitian adjoint of a spherical tensor operator [as in (¢|T|y’) = (4| T|p)7] is -

with the [Schwinger, 1952] phase convention - given by [Racah, 1942b, Edmonds, 1957]:
TMT = (~1)9 ) (3.6)

22
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(TU)" = UtTt. The alternative phase (~1)%-¢ was used by [Fano and Racah, 1959).
The coupling of a tensor product of two tensor operators to a third tensor operator
is performed in a way similar to equation (3.1):

(TOU®) 7 =VE0 = ¥ (kg kq|KQ) TP UL

qq’

: (kKK ,
-1 k-E'+Q | K12 - T(k)U(,k) 3.7
L A KA L T

An example is the vector spherical harmonic, defined as:

J
(Y@ =Y, 00 = 3 (km 1glTM) Yiel?

mq

D (_1)k71+M.[J]% _ (k 1 _}(4) Vi eV (3.9)

m q

By reverse, any particular product of two tensor operators may be expressed as a
series of coupled products. Multiplying both sides of equation (3.7) by (kq k'¢'| KQ),
summing over K and applying orthogonality yields:

! / ! (K)
TRUS = Y (kg KgKQ) - (THUR)
KQ

Z(—1)k-*€’+Q.[1;<]%.(’q€ ’; _@) (T(k)U(k’))(QK) (3.9)
KQ

The spherical vector components Vq(l) are related to their Cartesian counterparts as
follows:

V()(l) =V
yo (VexiVy)
V2

Here, equation (3.6) can be verified explicitly. The normalized spherical unit vector

egl) is given by:

0
eV =e, -|o (3.10a)
1
1 *1
eV =2 1/V2 (e, i) v i (3.10b)
0

They satisfy the orthonormality condition e,(}) et = (-)» o(p,-v).

For the vector 7, it then follows immediately:

7“(()1) z (3.11a)

ry = F1V2(z2iy) (3.11b)
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In fact, every arbitrary vector A = A may be expanded in a spherical basis set as
follows:

A=Y (-1)7 A Y (3.12)

q=0,+1

The spherical components of a vector operator should not be confused with the
related angular momentum shift or ladder operators:

1
J, = Jy+ildy > JP = — g, (3.13a)
V2
J. o= Jo-il, > Jﬂ)z%J_ (3.13b)

The commutation relations of angular momentum operators yield the below well-
known relations:

General states: Spherical harmonics:
J2|JM> :J(J+1)‘JM) LQYLM ZL(L+1)YLM
J, | JM)Y =M|JM) LoYine =MYpy

JLIM) =[J(J+1) - MM« JM21) |L, Vi =[L(L+1) = M(M%1)]2 Yias

Irreducible tensor operators, commutation rules:
[32,74"] = k(k+1) 14"
[JZqu(k)] :qTq(k)
[, T = [k(k+1) - q(q= )2 T

N

By definition, the inner product of two tensors is given by:

(T(k) _U(k)) =3 (~1) Tq(k:) U,(';) =3 Tq(k:) Uq(k)T (3.14)
q

q
Application of equation (3.7) yields:

(TOUM)Y = 3 (kg k- ql00) TPTE

q

2

q

(kko

1
¢ g o) TV =Y (1 [k TR UY
q

Comparison gives now directly:

(TOU®) = -1y (k]2 (T®) . U®) (3.15)

The inner product a,b, + a,b, + a.b. of two vectors a and b is thus given by:

1
a-b=-v3 - (e = V3 [1]72 - (cab. — azh, — ayb,) (3.16)
0 yry
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ayb, —a.b,

Similarly, the common cross product | a,b, — a,b, | of two vectors a and b is written
agzby — ayb,

as:

axb=-iv/2 (aMp®)" (3.17)

This relation may be verified from (a(l)b(l))g) =Y. (1g1¢'1Q) a((ll)bg,l):
1
(1)b(1) (1) _ \/g _1 Q 1 1 1 (]_)b(]_) th 1 1 1 _ +
a ag b’ wi — >
( )o %? CONg ¢ @) ¢ ¢ Q) V6
W;® _ L@y @) b _
(aMp®); ﬁ(al b - VoY) ﬁ(amby aybs) (3.18)

while similarly:

1 1 )
(a(l)b(l))il = E (a(ill)b(()l) - a(()l)bill)) = % [a.b, — azb, £1(aby —ayb,)]
(3.19)

From the well-known relation of vector analysis (1.2):
ax(bxc)=(a-c)b-(a-b)c—xi=7x (7 x) = () F 1P

and the identities: p=—ivV() 7 =rC1) 7.V =79/0r, one derives the known formula
for the gradient in tensor operator form:

~iv/2r (€M) = —ir29jar ¢ 1?5 -
p=-iv) = [C(l)ﬁ — @ (C(l)l(l))(l)] (3.20)

roor
The gradient formula in vector form is given by [Edmonds, 1957], equation 5.9.17;
1
with @(r) = j(kr) and Ck} = (C(’\)e(l))g\j) = (47/2X +1)2 - Y \r, one obtains:
k

v (iL(kn)CP) = 57 {[L(QL ) ]2 (k) CEF 4 [(L+ 1)(2L + 3)]%]'L+1(kr)c§f+1}
(3.21)

The spherical Bessel functions may be simplified in the long wavelength limit kr <« 1:

kL.rL
2L+ 1)(2L - 1)!!

Jr(kr) ~ (3.22)

which leads to the vector expression:

(2L+1)(2L+3) M
~ [L(2L—1)]%-7~L—1-Cﬁf-1 (3.23)

v(rtes?) = rL-l{[L(QL—n]%Cﬁf-u[(L+1)(2L+3)]% (kr)” cLLH}

From equations (3.12) and (3.14) it is seen that:

Chra= (CWeM)H . a = (€WaM)H (3.24)
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This finally yields an expression often used in the long wavelength limit of multipole
expansions:

1
v () a=[LL-1)]2 -4t (CEDaM) ) (3.25)

Denoting the orthonormal unit vectors e,, e, and e, as e; (i = 1,2,3), the dyadic
form of the juxtaposing (setting side by side) of two vectors a and b yields a second
order Cartesian tensor @);; = a;b; defined as:

Q=Y Qieie;=Y abjeie; with: Q= Q) + Q) + QY (3.26)
1, .3
where:
a-b
Qg-)) = 0y N (3.27a)
b~ ;b
QU = U _ a (3.27D)
(2) _ Clibj + ajb,' a-b
Qi = 5 i 3 (3.27¢)
The spherical tensor components of these three tensors are found to be:
1
& = 32 Qi (3.28a)
QW = o (3.28b)
W_z 1 (oW, ;0w
Q' VG (@ +iQf) (3.28¢)
@ _ o (3.28d)
2
Q¥ = \/; (@2 +iQ®) (3.28¢)
QY = 7 ( & - +21Q) (3.28f)

The according unit dyadic I is then given by:

I=) e = —eﬁ?e(? + e(l)e(()l) i11)€(11) (3.29)

The double contraction of two dyadics P and @ is:

PiQ-Y Py, .30
Z7‘7

In fact, the coupling of two spherical tensors in equation (3.7) can be seen as a
dyadic product.
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3.2 Baryon magnetic moment calculated from the
constituent quarks

From the symmetry properties of the three-quark wavefunction of protons and neu-
trons, one can calculate the total magnetic moments as vector sums of the individual
quark moments. In this, quarks are assumed to behave as point-like Dirac fermions,
like the electron. Contributions other than those from the stationary baryon model
(such as the currents from virtual quark-antiquark pairs) are neglected.
First, we will build the total angular momentum function of a proton.
The proton is composed of three generation I type quarks, two up- and one down-
quark: (uud). We choose to describe a (spin-up) proton as: | J,M;) =|1, 1)1
In the groundstate, the two equivalent u—quarks will be in a (symmetric) triplet
spin state u 1 u 1 designated by: | j;,m1) =] 1,0) or | 1,£1), respectively.

1

Similarly, the d—quark function reads: |ja,mso) = | %,i§>. To find the total spin

function | J, M) as eigenfunction of J2, we have to form a linear combination by
means of Clebsch-Gordan coefficients:

| (Grj2) IMy) = > | jima, jama) (jima jamalJ M)

mi,m2
o o I
where : (jimi jomol JMy) = (=1)7 772 [T]2 (mll sz -M; (3.31)
If we abbreviate | 1 my, % mg)by | my, ms), we find:
13.3) = 2 (Lmigmalg,3) [ my,me)

miy,ma
RS ERVERE) (3.52)
With | 1, —%), a magnetic moment (1, + i, — ptq) is associated: both u—quarks point

upward whereas the d—quark points downward. In the same way, a magnetic moment
Hq is associated with | 0, %) Taking expectation values, we finally arrive at:

2 1 4 1
= 22, - g =~y — = g 3.33
tp = 3200 = pa) + SHa = S = SHa (3.33a)
For neutrons, we only have to interchange the labels v and d:
4 1
= =g — — [y 3.33b
o = Sha = h (3.33b)

To find an expression for the quark magnetic moment, recall that for the electron
spin:

h
fie = —gs2e—me§ =—gs UBS [Where in au: up = %] (3.34)
Similarly, the general expression for nuclei is:
- T Me T T
m=(%)l=gf( )uBhgzuNf (3.35)
mp

!This amounts to stating what was chosen "upward’ in the following; naturally, starting from a
spin-down proton would yield the same result.
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where g7 = (/) - piy is the nuclear g-factor. For our purpose, the above can be
generalized to the magnetic moment magnitude of any particle with charge ¢ and
mass mg:

_ah
2m

q

|t = (3.36)
The electric charges of the up- and down quarks being %e and —%e respectively, it
is straightforward to express the quark magnetic moments in terms of the nuclear
Bohr magneton (eh)/(2m,) = (me/my) pp = pin-

w = —-—L2unw~2 3.37
0 3 . N 2N (3.37a)
1 m,
- -, N 3.37b
2% 3 mdMN nN ( )

Thus in a very first model, one could substitute m, = my = 1/3m,, into equations
3.37 yielding the above approximate results. Inserting these into equations 3.33a
and 3.33b, one finds p, = 3un and p, = —2uy; these numbers should be compared
with the experimental result p, = 2.79uy and p, = —1.91uy, respectively, with a
ratio of —1.46 instead of —1.5.

The spins of a proton and a neutron are both s = %, so their g-factors g = p/s
equal twice the above numbers: g, = 5.59 and g, = —3.83; all nuclear g-factors are
observed to lie in between those two values: VI : g, < gr < gp.

A modest improvement can be achieved by a better mass ratio. Several small
effects outside the above simple picture affect the mass, like the Coulomb interaction,
the magnetic moment interaction (Fermi-contact type) or a mass difference between
the u— and the d—quark; all these effects are in the order of a few MeV. Using
experimental mass values m, = 938 MeV and the effective quark masses m,, = mq =
336 MeV, we arrive at p, = 2.79uy and p, = —1.86uy, respectively. Actually, the
effective or dressed quark mass is predominantly determined by the binding energy
of the gluon field, as the bare mass is much smaller: m, » 2.3 MeV and my ~ 4.8
MeV, respectively.

3.3 Derivation WE theorem

Both the simultaneous rotation of two eigenstates |j;m; > [joms >, and the compa-

rable operator-state combination Tq(k)|j1m1 >, are determined by the direct product
of the rotation matrices: DU1) ® D(2) and D*) @ DU respectively.

Using Clebsch-Gordan coefficients to express the one-electron product in terms of a
total angular momentum state:

ima) [jama) = Y. (jima jamolim) |jm)
J

Similarly, with m = q + ma:

Tq(k) ljama) =" (kq jamoljm) ®(jm)

J



3.4. APPLICATIONS 29

Expansion of the function ® yields:
O(jm) = Y e(v) I j'm') so:
,Y/

Y. (kq jamaljm) c(y") 1y 5'm’)

Jy'

Tq(k) |jama)

Application of the orthogonality constraint (j;mq|j'm’) = §(j1,4")0(mq1, m’) now
gives with (kq jamaljimy) = (=1)k+72731 - (jomy kqljimy):

(71j1m1|Tq(k)|72jzm2> c(71) (kg jamaljimy)
_1 . .
(~1)%* - (jama kqljima) [ 2 - (g | T® || y252)

(—1)31‘”“( /1 ‘72) (i1 || T || v252) (3.38)

—mip g M2

Implicitly defining the reduced matrix element (v;7; || T) || v272), this relation is
called the Wigner-Eckart theorem. 2

It turns out that every matrix element can be split into a physical part, the reduced
matrix element, and a geometrical part containing the rotation dependence in the
3j-symbol, which is thus responsible for the selection rules.

In the absence of any preference direction, the magnetic sublevels become degenerate
and the corresponding quantum numbers may be summed over:

2
Z ‘(V1j1m1|Tq(k)|V2j2m2>| = ‘(71]& I T®) | 72j2>‘2

mi,q,m2

<7j1j2 Jmy | Tq(k) | ~'j17% J" mf]) (Wigner-Eckart theorem, generally:)

SN

, 1o J || TR || /5t 5% T’ 3.39
g mJ) (vjrga J | I y'5155 ') (3.39)

3.4 Applications
TV T ) o (g Ol = G BT (51 T ) 5) (3.40)

m

il G oy
“m0 m) T ViG+1)(2j+1)

0 _ my
(o7 mo Mg e Tms ) = I+ )27 +1)

(Zeeman effect) —

(ad | MD | ) (3.41)

Tensor operators may be expressed in terms of so-called double tensors, i.e. tensors
that carry a rank x in the spin space as well as a rank k£ in the orbital space, while

1
2The reduced matrix elements defined by [Brink and Satchler, 1968] differ by a factor [4;]2 :
. .
(vodn | T® | yaii2) pg = (1172 (yaa (| TP || v242)
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k and k are coupled to a total rank . By the Wigner-Eckart theorem, the reduced
matrix element of a double tensor T is defined as follows:

(kk)t PRV A v Y A S ()t
(‘IJSLJMJ|TQ |‘I’s'L'J'MJ,>—( 1) J(—MJ 0 MJ/) (Usrs I T | Usrpry)

7 ot S S R

= (—1)J-MJ(_M 0 M ) [J,J ]2 L L' ki (Ugr || TCR || Ugr) (3.42)
! ! J J ot
For energy operators with ¢ = 0, this reduces to:

k)0
(‘IJSLJMJ|T0( )|‘I’S/L/J'MJ,>

J 0 J S STk
=<—1)J—MJ(_MJ 0 MJ,) [J,J/,0129L L' ki (W || T || Tgrpr)

J J 0
= 5(J, J')é(MJ,MJ,><—1>k[kr%<—1>L+S’+J{ ook ‘;} (sr || T | W)
(3.43)
With the result for electrostatic operators:
(Usp TN 1) = 6(J,J)8(S,8")(L, L") - [S, L] (Wsp | TOV || Wiy )
It follows immediately:
(WSL L] W S'L) = 6(0,0/) - 6(5,8) - 6(L, 1) [S, L] (3.44)

For the real matrix elements of Hermitian operators, one obtains following the phase
convention (3.6):

(g | T® | a’j') = (=177 a5 | TV || aj) (3.45)
and correspondingly for double tensors:
(aSL | TP || o’'S'L) = (-1)55 LD Ao/ S L || TCR) || aSL) (3.46)

Matrix elements of the tensor product of two tensor operators operating on the same
system [Edmonds, 1957] (7.1.1 and further):

1 .
(7 11 XB || 757y = (7 | (TEUE) D | 75) = (k]2 - (1)

k k k 1 1.1 "1 I
'Z{ﬁ j J} (v 1T ) (5 TS ) (3.47)
,-yll

A straightforward generalization of this equation to double tensors:
Hl ! H” " (K,k) l ! K !
(w1 (TEETEEN D | ) = [, k]2 - (<1550 (1) Btk

! 144 k/ k// k sy ,, ,, K/” " ,
S A L R I L TR YT
w//
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For two commuting tensor operators operating on different systems:

(virged || X®) | o/ 5150") = Z(wl | TEO | "5 (772 | UF2) | 4'55)

§
1 jl ]{ kl

x [Jk,J'N23752 b ko (3.49)
J J Ok

Special cases for ki, ks or k equal to zero:
(yj1jed My [T®) - UW| /150" M)

+J— ,l J 0 J’ .. (0) 1 1 7/
(—1)* Mo k] 2(_MJ 0 M,) (virgad I (TOTD)Y | y5155.7")

!/ ! B J "1 1/ 4
(~LY26( . 1)6(M, Mj ){j; ” k} S I T® W3ty (e N U 1)
,.Y/I

(3.50)
(virgad 11 T 11 71380

/ g kT , ,
= 32, 33) (- 1>Jl+f2+J+k[JJ]2{ . .}(m T 3) (351
J1 J2 0

for an operator Tl(k) acting only on part 1.

(virgad I US| 25155")

' (g Kk J ) ’ )
= 0(ju, 1) (~1)7e R L, J]Q{ P } (’mz US| 7’9&} (3.51b)
Jo J1 )2

for an operator Uz(k,) acting only on part 2.

Both equations (3.51a) or (3.51b) can be used to decouple spectator electrons in the
calculation.

When the operator ranks k or k' equal zero, as is the case with Coulomb operators,
full matrix elements are used. For single zero ranked tensors, this leads analogous
to equation (3.44) to:

1
(JITOV Ty =6(J,J)-[J12-(J | TO | J') (3.52)
Using this in both the LHS and RHS of equation (3.51a), it simply follows:

(71327 111 g57) = 8. 8) - (31 1] (3.53)

More specifically for SL-coupling, applying the Wigner-Eckart theorem (3.39) twice
and inserting the analytical expressions for the 3j- and 6j-symbols, one immediately
derives:

(9121, 8> La(SLY [C{] 81L1, S La(SL)) = (S1L4 11| $1Ly) (3.54a)
for (Coulomb) operators acting only on part 1, and

(SlLl, SyLo(SL) |C9| 8, Ly, 52L2(SL)) - (52L2 |C8%) 52L2> (3.54b)
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for (Coulomb) operators acting only on part 2.

For magnetic operators in SL-coupling, decoupling is carried out in the S- and
L- space separately, see the below application of equations (3.51a) and (3.51b):

(S1L1, SaLa(ST) | AT | S, SLA(S'L)) = 6(S, $3)0(La, L) - (S1 L || AT || 1L5)

. 1 /l_ _1\S1+S2+S'+k | (_1\L1+Lo+L'+k | S koS . L kL'
[S7L787L]2 ( 1) (1) S{ SQ Sl Lll L2 Ll

(3.55a)
(S1L1, SaLa(ST) I AS™ | 1L, SLA(S'L)) = 6(S1, SDO(Ln, L) - (SaLa || AT™ || S3L5)
1 / ! ! / / !
-[S,L,S’,L’]§ X (_1)51+S2+S+FL A (_1)L1+L2+L+k A { S kS } _{L k L }

Sy S Sy Ly Ly Ly
(3.55b)

Subsequently, equation (3.43) has to be applied to incorporate the J-dependence
and arrive at the full matrix elements of A0,

3.5 Racah spherical tensors

1
C’T(f)(Q) = (2;7; 1)2 Yim (0, ¢) thus, in view of equations (3.11): (3.56)
3 (1)

1Y14(0,¢) = T o r=rl (357)
_ rk

(ry)"" = > mol (Ci(k) . C](k)) (3.58a)
k >

51 "] (0 . o® 3.58b

(7””) _Tg_rzzk:r]§+1'[]'(i : J ) ( )

1 k

()" = 357y r (K] (@R 3)2 - 2k - 02 (¢ oY) (3.580)

Table 3.1: Values of C%)

m = 0 +1 +2
k=0 1 - -
k=1 cosf JF% sin fe*i® —
k=2 (2cos?6 - 3) ¢\/§Sin 0 cos fe*i® \/gsin2 fex2id
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It follows directly that:

Cf(6,¢) = Py(cosb) (3.59a)
c¥0,¢) = 5(m,0) (3.59D)
The inner product is given by the addition theorem of spherical harmonics:

C’l(k) . C’z(k) = Py(cosf13) with 05 the angle between 2; and Q. (3.60)

For the case 1 = 2:
qq’

0 0 0)@

Notice the application of the above to a dyadic, i.e. a tensor of order 2 formed by
two vectors:

(CRIR)IEVOTEN S (3.62)

- CoRRE(S B el s

3.6 Reduced matrix elements

o oo (1T
rew e = co' ek (y o) (3.69)

It follows from equation (2.1) that [+ k + 1’ is even.
For a 3j-symbol, every odd permutation of columns yields a phase (—1)J1+2+J3,
As a result:

Ie®ey=Entle® )
With the integer g defined as g = 5 (I +k+1'):

(g 59 1 ')

(=0.0=0) {LICO 1) =50 ) 1 (g o o) =san 1 G
(V=&g:D(SHCmHU=[H%(8é,é)=(4y (3.66)

(l | cM | p) - (—1)’>—l\/Z and (l | C@ | 1) = - [églltll))(éll:?)r (3.67)

The second identity results from the below useful recursion relation for k = 1:

T e S

In the more general form:

I+ +k+ 1)+ -k+1)(K2-(1-1")?)
U+ +k+2)(I+0U-k)((E+1)2=-(1-1)?

| e
(3.69)

<l H C(k+1) ” l/) _ _[
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3.7 Zeeman effect(1)

The magnetic moment of a charged particle like an electron may be related to its

angular momentum with the Bohr magneton pp = eh/2m = % as a proportionality

2
factor (the minus sign applies to negative particles):

—

fy=—gi 1B} (3.70)

For atomic electrons, M) = LM + g, - SO with ¢, = 1 and g, = 2.002319304.
The spin g-factor is QED corrected by 2+ (g5 — 2) » 2 + a/w. Therefore:

fi=jip +jis = —pp(L+gs-S)=—pug MO = —up (J(l) +(gs—1)- S(l)) (3.71)
If the atom is exposed to a uniform magnetic field By = B, the perturbation

Vz = ~ji- Bo = pup By M = s By (J§" + (9, - 1) - SV)

leads to Zeeman splitting. The Zeeman correction to the energy due to Vy is:

AEy = (aJmy|Valadmy) = u By (adm M laTm, )

ad || MO ||
=my-pup- By~ o] [ aJ) =my-pup-Bo-gs. (3.72)
VI +1)(2] +1)

where the Wigner-Eckart equation (3.41) is applied in the last step; the last factor
implicitly defines the Landé g-factor g;. As obviously M) is a vector, its matrix
elements are (by the WE theorem) necessarily proportional to the matrix elements
of any other vector, the obvious choice being the vector J() for |Jm) states:

(a | MO || ad)=g;- (] | JD | aJ) (3.73)

The Landé g-factor is therefore simply defined as the proportionality factor between
the matrix elements of the magnetic moment and the matrix elements of the total
angular momentum.

In pure (SL)J-coupling, the numerator can be further elaborated with equations
(3.63) and (3.51a), e.g.:

1 +L+J+1 J 1 J
((SL)J || SO | (SL)J) = (-1)° [J]{S I S} VS(S+1)(25+1)

S(S+1)+J(J+1)-L(L+1)
2\/J(J +1)(2J +1)S(S +1)(2S + 1)
2J+1  (S(S+1)+J(J+1)-L(L+1))
J(J+1) 2

_ (_1)S+L+J+1 [J] (_1)S+L+J+1 \/S(S + 1)(25 4 1)

As a result, the Landé g-factor g; in the (SL).J-coupling scheme is given by:

S(S+1)+J(J+1)-L(L+1)
2J(J+1) )

9s(SLJ) =1+ (gs-1) ( (3.74)

where again (gs — 1) = 1.002319. The Zeeman splitting is now simply given as:

AEyz = (aJmy|Vz|admy) =my-pup-g;-Bo=4imy-g;- By (3.75)
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Actual g-factors are calculated in intermediate coupling from the (SL)J eigenvector
percentages; sums of actual and pure g-factors are therefore equal for a given value of
J (the Pauli g-sum rule: the sum of the g-factors over a particular J of a configuration
should be equal to the sum of the g-factors for all possible LS-basis states in that
configuration of that same J). The use of g-factors and all of the above is based
on pure, diagonal J-values: the magnetic field should be small enough not to mix
different values of J.

For larger fields, calculation of off-diagonal matrix elements may however be
performed by straightforward angular momentum techniques, again using the

WE theorem:

J 1 J

(st s asspyrm) = iy 4

—

NMR (or MRI medical imaging) is based on the nuclear Zeeman effect V' = —ji,-B
as a result of the interaction of an external magnetic field and the proton magnetic
moment, proportional to the nuclear hydrogen spin:

- .
fp = fr=9gr- 26— I =gr-py -1 with the Larmor frequency:
myp
gr-e 5.5856947 - 1.60218 x 10-19 8
= - By = - By =2.6752 x 10° - By. 3.77
YT o, O 2-1.67262 x 1077 " g " (3.77)

Therefore, the linear MRI (radio) frequencies are given by: v = 42,58 MHz T-!. The
relaxation of the nuclear magnetization after application of a radiofrequency pulse
of Larmor frequency is described by the Bloch equations [Bloch, 1946].

There is some similarity between MRI and (the origin of) the well-known 21 cm
line to be discussed in section 7.11. There, the part of the external magnetic field
is taken over by the internal magnetic field of the electron spin.

3.8 Hyperfine structure(1)

3.8.1 General theory

To describe the effect of the electronic electromagnetic field at a nucleus of non-
zero nuclear spin I, [Schwartz, 1955] proposed an expansion of inner products of
electronic and nuclear spherical tensors:

Hye =Y, 7T (3.78)
t

The total electronic angular momentum J is coupled to the nuclear spin I: J+1 = F.
Actually, F' and I are the only good quantum numbers here and equation (3.50) is
used to factor this F'—dependence out:

J I F

(vJ1p |10 1 v'J'IF>=<—1)J’+“F-{ 1 t} s 1Ty )

(3.79)

) ((SL)J || LD + g, 8O || (SL).J")

(3.76)
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Nuclear multipole moments are commonly defined as the (maximized for m; = I)
matrix element of the corresponding nuclear tensor: M, = (I 1 |TT%|I 1 )
The WE theorem is then used to display this manifestly:

(t)_ @\ _rr _ (_1\J'+I+F | J I F . (t) I Mt
(v 1P| 10|y T F) = (-1) {I T (v 11 7! ||7J>—I -
10 I
(3.80)

In what follows, the summation over ¢ is restricted to the magnetic dipole interaction
(t =1) and the electric quadrupole interaction (¢ = 2). Then, M; = y; and M, = 1Q;
nuclear magnetic dipole and electric quadrupole moments are commonly given in
nuclear magnetons (uy = 5 - me/m, in au) and barns, respectively [Stone, 2005].
Equations (C.2) are used to express the 3j-symbol in the denominator explicitly:

M, Hr
(1 rn o VIEEDEE) (3.81a)
(—I 0 1)
My o [UsDEIs D))
i [ I(21-1) ] (3.81D)

I 27

-1 0 I
Expanded in terms of single particle double tensors, the electronic hyperfine
structure (hfs) tensor is written as: TS = ¥, F(h)t,
As k+ k +1t is even for reasons of Hermiticity, (kk) equals (01),(12) and (10) for
magnetic dipole and (02),(11) and (13) for electric quadrupole interactions.

Next, the J—dependence of <7J I 7Y I ’y’J’) is factored out by equation (3.42):

S Sk
1
(vSLJ || FRU || v S'L' ") = [, J',¢]2-{L L' ki -(ySL|| F&"® | 4/S'L") (3.82)
J J ot

If the hyperfine interaction is weak so that the interaction energy is small compared
to the fine-structure separation and J remains a good quantum number, H][} + H}?fs
can be treated in first-order perturbation theory with diagonal matrix elements only.
The energy of hyperfine structure multiplets is then given by:

3C(C+1)-J(J+1)I(I+1)
I(2I -1)J(2J - 1)

EFZEJ-F%AJ'C-F%BJ' (383)

where E; is the energy of the fine structure level of quantum number J and
C=F(F+1)-JJ+1)-1(I+1).

Aj and Bj are the magnetic dipole and electric quadrupole hyperfine interaction
constants proportional to p;/I and @, respectively; they may directly be determined
from experiment with equation (3.83).
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3.8.2 Magnetic dipole

The electronic part of the magnetic dipole interaction of an electron ¢ with the
nucleus is described by the hyperfine magnetic dipole operator Ti(l):

¥ 70 3 (1000 ()0 i)+ & w0300, = 5 VO o)

1,120 i,1=0

(3.84)

In a non-relativistic single configuration model, the first two terms of T; have a
common radial factor (r;3). The description is much improved, however, if (r;3) is
effectively replaced by separate (and different) radial parameters a’;, a'7 and a9
for the orbital, spin-dipole and contact terms, respectively. The agf (and bfj for
the electric quadrupole effects) are effective radial parameters which are treated as
adjustable quantities to be fitted to the experimental data in order to take into
account relativistic and CI effects.

Again non-relativistically, the dominant a}L? term is only non-vanishing for un-
paired s-electrons, in which case the factor (r=3) is replaced by the contact term?
(8/3) (0(r)) = 2-(6(r)r2) = 2- AZ2. This contact term, essential for understanding
the 21 cm line, is worked out non-relativistically in equation (7.95) for hydrogenic
atoms; the general relativistic counterpart is found in equation (22.19h).

Given the electronic part (3.84), it follows:

2 I %

(2

2
Hb = a2ZT;1>.,,,I=O‘_.(me).& STV 01 (3.85)
i myp

In some earlier publications, [Judd, 1963, Bauche-Arnoult, 1971, Bauche-Arnoult, 1973,
the prefactor 260x = a2/2- (me/m,,) is used.

As mentioned earlier with equation (3.84), the magnetic dipole interaction is
effectively replaced by:

1 (1)
HR =Y (ag} 1D - (10)2 a2 (s.0)" + 0l 35”) I (3.86)

i
where the aF parameters are defined as:

rkk

nl

2
wh_ Q7 [ Tle

7 _a\rk 3 M -
af = (mp)~71-(7“ 3)" = 3.1825571 x 10 3-71-(r %) (3.87)

The numerical factor yields parameters in cm~! with (r‘3);jf given in atomic units
and g in nuclear magnetons; the spin term (xk) = (10) is multiplied with the
additional QED factor gs/2, replacing the numerical factor by 3.1862477 x 1073.

Frequently, the hyperfine structure is small enough to treat as a perturbation and
only diagonal matrix elements have to be considered. The F'-dependence is then

3Here, the MCHF definition AZ =lim,_q (dP,s(r)/dr) is used.
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factored out by equations (3.50) and (C.11):

apld 1 F
<7J]F|N(1).I(l)|,yJIF> = (-1)7 F{[ ; 1} <7J | NO | %])(] | 1O | ])
(v J I N [ ~J)
(yJ I JD [l ~J)
(3.88)

L(F(F+1)-J(J+1)-I(I+1))

Like M) in the Zeeman effect discussed in the above, N(1) is proportional to J)
and one may write H]} = A; (I-J). The expectation value (I -J) is readily found

from considering (F)> = (I+J)> » F(F+1) = I(I+1)+2(I-J)+ J(J +1) -
(I-J)=1C where C'=F(F+1)-J(J+1)-I(I+1). Therefore:

(YJIF|HEWJIF) = AELR = Ay - L (F(F+1)-J(J+1) - I(I+1)) = A;-1C (3.89)

here, A; is defined as:

2 (YT || JD || vJ)

_a? [m,
2 my

o (m) o X (1T 5
AJ = _— PR
1
u_

I
1
S (17 1 (1= 1002 (OO Y [ 07} 172) + g (171157 177)- 3 60)r2),

[J(J+1)(2] +1)]2

in its generalized, relativistic formulation:

AJ=

(3.90)

£ ({0 1 127) - 007 @ (31 (€)1 )+ (3150 127))

[J(T+1)(2] +1)]2

As an example, it follows for a single unpaired s—electron directly that A; = a!0. The
detailed calculation of the matrix elements Y, (’yJ I Ti(l) | ~J ) is best carried out
in second quantization as outlined in chapter 5 below. If configuration interaction
outside the model space is taken into account, additional two- and three-particle
hfs operators appear and T'(1) = 3, F(k)1 is expanded to include these as well, see
section 15.6 for further elaboration.

(3.91)
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The more general expression for the dipole hyperfine interaction is given by:

J’IF}

<7JF|H£S|V'J'F):\/I(I+1)(21+1)~(—1)J'+I+F{[ 0

2
() ) o )

J'+I+F JO I F
=VIT+ DI +1)-(-1) {f J 1}

> (a?ﬁ (T 1 121 = 1002 -l (31 (52) ™ 1) +ald (152 w))

see equation (5.67a) for the expression in second quantization. (3.92)

3.8.3 Electric quadrupole

Using equation (3.58a), the electrostatic interaction between the individual nucleons
and the individual electrons may be expressed as a multipole expansion in terms
of Legendre polynomials Py(cos®). If r is the distance between the two charge
distributions, it follows:

i_z TI<€ P(COSH)_l'i‘T_n ]D(Cosqg)+ﬁ P(COSQ)'F (393)
R e 2 2 |

The first term is the usual nuclear Coulomb attraction and the second vanishes for
symmetry reasons. The present focus is therefore on the third (electric quadrupole)

term, which is of the form (7";305(2) . T%C’,(Lz)).

The classical expression for the electric quadrupole moment is given by:

Q= ‘/(322 -7r?)p(r)dr ~ gZ (b? - a?) (3.94)

where in the last step, a and b denote the semi-major and semi-minor axes of a
homogeneous spheroidal object. Therefore, the nuclear quadrupole moment @) is
positive for cigar-shaped objects and negative for flattened objects (like planets).
In its quantummechanical formulation, using table 3.1, this becomes:

Q = (322 =1%) = (2r? - Py(cos0)) = (27"2 : C’éQ)) (3.95)
leading to the definition:
(1102-cRUer) =My =13Q (3.96)

Some care is in order with the above factor %, as it occurs in the literature in various
other places like in the angular, nuclear or electronic part. In line with the above
discussion, the electric quadrupole Hamiltonian is given by:

0 == Y67 r? (3.97)

1
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From equations (3.80) and (3.81b), the below general expression also valid for off-
diagonal matrix elements follows directly:

(VJF|H§fS|7/JrF> - (r—3) 1Q- l(l+ 1)§ig;_11§21+ 3)]
'(_1)]”%{? ) 5} '<’” I ZC 1y > (3.99)

The radial parameters are related to the effective expectation values of (r=3) (in
au) and the nuclear quadrupole moment ) (in barns). To calculate the elec-

tronic quadrupole moment (J J|¥; Ci(z)|J J >, one may use the equivalent operator

C®? oc 3J2 - J(J +1). Similar to the magnetic dipole case, the dominant diagonal
contribution (’yJ F |H}?fs|’yJ F > = AEﬁS may thereby be simplified to:

S((L-J)2) + 3(I-J) - J(J+1)I(I +1)
TRI-1)J (2] -1)
SC(C+1)-J(J+1)I(I+1)

AEZ = 1p;.

= 1B;- 3.99
277 121 -1)J(2J - 1) (3.99)
This corresponds exactly to the expression already given by [Casimir, 1935]:
1 3cos?6-1 322 -2
AES = {=—=—— -t == b [3c(C+1)-i1J(I+1)(J+1
3C(C+1)-J(J+1)I(I+1)
= _{(y3). 202 .0-1.4 1
() {172C219)- Q-3 1o ST 1) (3.100)
where the present notation is used in the second line. Obviously:
_ J 2 J
3Br=-(r7)-Q- (_ 70 J) -(w e 7J> (3.101a)

Returning to the general expression 3.97 again, one recognizes from equations (C.2)
and (C.12) the below equality, symmetric in I and J:

1_(_1)I+J+F{J I F}
2 IJ 2f  20(C+1)-J(J+1)I(I+1)

= 3.101b
J o2 J\ (I 21 1(21-1)J(2J - 1) ( )
-J 0 J -1 0 I
Comparison of equations (3.98) and (3.99) yields once more:
1
) J(2J-1) 2 >
lB - _ 3\ . . . () 101
Br=-(7)-Q l(J+1)(2J+1)(2J+3)] <7‘] D kN (3.101¢)

In the relativistic approach, radial parameters b%} are introduced for (kk) = 02,11
and 13.
With (7“‘3);?? in atomic units, b in cm™! and @ in barns, they are defined as:

kk

beF = 7.83758136 x 107°- Q- (r®)"

(3.102)
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Anticipating the development of the theory of second quantization in chapter 5,
the complete electronic quadrupole operator is written as a sum over orthogonal
operators:

a)(11)2 513( t )(13)2

—SO2 (aTa)(OQ)2
<-3>°22c~<2> 73 @)™ )™ oy

As a result, the relativistic quadrupole interaction is given by:

T

<’7JF|H§S|7’J,F> _ _% l(l+ 1)§ig;_11()21+ 3)]2 . (_1)J’+I+F{JII f} }27’}
02 2 11 anz.,. ., 13 132
(b (wnzc“nv )Wﬁb (v Il (afa) ™% ) + \/7_ob [ ] (ata) rrw))

see equation (5.67b) for the complete expression in second quantization.  (3.104)

Realizing from equation (5.58) that Y, C’Z@) = —\/%U | C@ | 1) (aTa)(02)2, all the
above reduced matrix elements may be calculated in the SL-coupling scheme from:
S Sk
(vSLJ || (afa) =P || 4'S'L'J') = [, J',t]24 L L' k¢ (vSL | (afa)*® | 4/S'L')
J J ot
(3.105)

Comparison of equations (3.104) and (3.99) now gives in the relativistic case:

1 —
1 By=-

J(2J— 1) %
[(J+ 1)(2J + 1)(2J+ 3)]
(b02 (7(] “ 20(2) || 7J> b” (7(] ” ( )(11)2 ” 7!]) + Lbl?, <%] ” ( )(13)2 || %]))
V30 " N
(3.106)

Again, if configuration interaction outside the model space is taken into account,
T =¥ F(&b2 s to be expanded to include the additional two- and three-particle
hfs operators, see section 15.6.
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Graphical representations

Jams Jams Jams
Ji J2 js
Jamg = = Jamg = Jama
my M2
Jima Jimy Jimy

a a
+ % b = (_1)a+b+c X - % b
c c
Jams
J3 - ms ] )
% SR A
Jimy
Jimy
Jimy|dLg 7| J2ms q X (]1 | | ]2>
Jame
Jams

j3_m3< . . 1 J2 J3
- (— J3tms

" Jama ( 1) (m1 mo —Mjg
Jimy
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(4.1)

(4.2)

(4.3a)

(4.3b)

(4.3c)



43

———<—— ] = —e>—7 = '
J J ](4'4)

Y

jo=(-1¥- < J (4.5)

Therefore, an undirected arrow may be used for integer angular momenta:

q
~

Il
Y
~

1]

4

—~

~

D

~—

(4.7)
J = []]% J (4 8)
J1 J1
: b = (j1ja ()| - = ija(5))
J J
j2 j2 (4‘9)

J1
i

1
+ 0 = 0 - = - 0(J1,72) - ]2

J1
Ji ,
0 = 0 to= - 6(J1,J2) - [1] 72

P
J2 J2 (4.10a)
J1
-

J2 (4.10D)
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4.1 Jucys, Levinson and Vanagas [Jucys et al., 1962]

JLVI J1 J3
a > I < B
Jo Ja
1
= 5(]17]2)5(937j4)5(]70)[]17]3]_2
Ji J3
a B
(4.11)
JLV2a .
N
a B
J2
= 6(J1,72) - [
Ji J2
a B
(4.12a)
JLV2b
a a
Y J1
J1 Jo = 0(j1,72)
J1
B 5
(4.12b)



4.1. JUCYS, LEVINSON AND VANAGAS [Jucys et al., 1962]

JLV3 )
J1
= J2
J3
1 Ji/
a ¥ ~ s
J3 J3

For empty 3, JLV3 essentially represents the Wigner-Eckart theorem.

JLV4 )
J1
J2
a J3
Ja
= Zj [J]
J2 - + J2
a J
J3 - J3
. }
¥l Zj []] WAl
a .
+ 7 —
J2 J2
J1
o
J2
Ji J1
Z:v [[B] + L - =
J2 () J2

Ji

J2
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(4.13)

(4.14)

(4.15)

(4.16)
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4.2 Basic nj-symbols

- +
J1 j6\< S J1 j6\j5\
. s B T ]
. 4 . Ja J5 Js 4 4 .
J2 J4 J2 J4
- + (4.17)

_Janog2 o Jsl
Ja Js Je

(4.18)
Jams .
JLV3 may also be used to remove closed triangles:
. Jams
j4 . . .
s = {J.l 2 13} o O,
Ja Js Je
Jima
Jum (4.19)
+ + 9 -
a h . 0 b e a h i
=<d e f} = -
g h 1

JiJ2 J3 Ja
=1 b bl L
ki ko ks k4
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ll ll
k 2 k 2
N ki /hn ~ ~ ki N
Iz J1 J2 J3 Ja ly
ks J3 =4 b by lap= k3 J3
N l3 3 kl kg ]{33 k?4 3 13 N
ky Ja k4 Ja
la L (4.21D)
+ k4 -k -

J " 2 J N 2
+ 2 + - 3 -
= (=1)r=l)=(ka=l2)=(ks=ls)+(ka~la)

Ll h 3] S Ll L ls]
k Ju o J2 J3 4 s
- . - L bl L= - -
N R | bk ks ks N g |

+ + - - (4.22)

4.3 Interactions

Vise = Y (=1)% - R¥(ab, cd) ¢ o €
c d
Aa | CE [ c)(b || C® | d) x o k (Feynman) - 1--------
a b
b d
= Y. X*(ab, cd) & (4.23)
1 1
2 P + 2
Vinagn = (=1) (I sO 31| ¢- o1
| I
- (4.24)
J o+ J'
T®) = GIT® |5 - k
j J’

A

- (4.25)



Chapter 5

Second quantization

! Creation and anmhllatlon operators, implicitly defined by a/, |0) = |a) and

ag |B) = |0) while a., |0) =0, satisfy commutation [] dnd anti-commutation {} rules:
anti-commutation | commutation
aga, + ayae =0 1[%, a,| = aga,
zaii + aiiag 0 %[ z, GI;] = azaj7
agan + anal“ =46(&,m) %[az, ay) = a 5(6 1)

Table 5.1: Commutation relations

While identical operators vanish when placed side by side (agae = 0 and azag =0),

the useful mixed expression ) agag |1h) = N |1) is called the number operator.
Expressed in terms of second quantization, single-particle operators F' and
two-particle operators GG become:

F= Z (&1fln) an (5.1a)

G %EZ;A aza;f; (€112 |912] G A2) axae (5.1b)
AS)

One may proceed to collect or couple these operators to form tensor operators:
t(sl)

al =ahn,
a=(-1)"- a_(ﬁfb) oy With = (s +1-mg—my). (5.2)
With & = (nlmgmy) and 1 = (nl —ms—my) and a, = (—1)%ag, this leads to e.g.:
Kk ~
(aTa)iq ) - > (smisg smgy|rm) (g Iy |kq) azcan (5.3)
&n

As an example, it follows for the number operator, using

(o 100) = B, )3, =) [a] 2 - (1)

(afa)® = -[1 1] Z al i (5.4)

Judd, 1967] is used as a overarching reference for much of the basic material of this chapter.
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The creation and annihilation operators are related by the anti-linear conjugation

operator C obeying C1C' = C~1C =1 and CiC-! = —i:

CatC'l=a
CaCtl=-al
while:

C (a'a)™ C™' = —(aa')"** and: C (aa)*™ C! = —(ata)"*
Likewise:

C (afa’)"™* O~ = (aa)"* and: O (aa)"™ C~! = (alal)"*
(aaf)™ = (-1 (ala)™ + (1, 0)6(k,0) [4.1]2
(aTa)Hk = (-1)~+F (aaﬁ)mC - 6(k,0)8(k,0) [3, l]%

()"~ (afa) " = 4,113

SL

{a(afa’)”"}

(5.5a)

(5.5b)

(5.6)

_ SL _ _
= (1) {(atat) ™ a) ™ <25, L]3 [4,0]72 6(5. 1)3(L, 1) al

(5.9a)

{(aa)*"al}™" = (-1)2*G*D) {af (aa)* V" 2[5, L]2 [L.1]°2 6(5, 1)3(L,1) a

{(aTa)kK aT}SL ) (_1)k+K+%+l—(S‘+E) {aT (aTa)kK}SL

(1) E K2 [,

N —
>
~~
N
N[ =
N—
>
~
wll
o~~~
N
Q
” .

{(aa)S’L’(aTaT)SL}kK — (_1)k+K{(aTaT)SL(aa)S’L’}kK

kS| |L K L
1 1}{1 I l}(aTa)kK

2 2

1
+4-[S,L,S’,L’]§{

DN O)

9. 5(k,0)8(K, 0)5(SS")S(LL) - [S, L]2

(5.9b)

(5.9¢)

(5.9d)

(5.10a)
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{(aTaT)SL(aa)S’L’}kK — (_1)k+K{(aa)S’L’(aTaT SL}kK

sy §THE ] ey

2 2 2

9. 5(k, 0)5(K,0)5(SS)S(LL) - [S, L]2 (5.10b)

{(aTaT)SL(aa)S'U}OO - {(aa)S'L'(aTaT SL}oo

= 905,112 [L,1]% {(ala)® + aal) @)
88, L2 1,1 Qo (5.10¢)
(bal)<K) = (“1)e K () K 4 5(a, )8 (r, 0)5(K, 0) [1,1,]2 (5.11)
For closed shells:
(cie)™ = ~5(x,0) 6(k,0) [L,1.]2 (5.12)

Applied to two-particle operators:

{(cle)™ (arb) ™1™ = (i1, 0)6(k1, 0) (2, )6 (s, ) - ~[1. 1,13 - (al b))

(5.13a)
{(CTb)Hlkl ( TC)H2k2}(NI€)t _ (_1)la+lb+m+l€2+k1+k2+l ["il, Ko, kl; kQ]%
x Qe he P Ky K - (alb) Rt (5.13b)
3 03 3) e bl
For virtual shells:
K 1
(wh) ™ = 6(,0) 6(k,0) [4,1,]2 (5.14)

Products of operators expressed in second quantization, as occur in perturbation
theory and in the theory of inner products, are reduced as follows:

(i) Creation operators cf of a closed shell are coupled to the corresponding
annihilation operators ¢, e.g. (cfc)(®¥). As one cannot create a new electron in
a shell that is filled already, cf cannot be interchanged to become the rightmost
operator: cf| Aa) = 0. As seen from equation (5.12), interchange will produce this
null result plus a scalar residue in which all operators ¢(f) have disappeared.

(ii) The same argument applies to virtual shells if one replaces creation by annihi-
lation and vice versa by application of equation (5.14).

(iii) With the above, operators referring either to closed or to virtual shells are
coupled to zero ranks and subsequently removed. Next, the remaining open shell
operators are rearranged to bring the creation operators (coupled together) to the
left and the annihilation operators (coupled together) to the right of the expression.
The number of either one determines the n-particle character of the final operator,
which is now referred to be 'in normal form’. Matrix elements of this operator can



5.1. ELECTROSTATIC UNIT OPERATORS o1

trivially be evaluated as unit operators in their 'parent’ configuration, i.e. the con-
figuration with n electrons where the operator appears for the first time. Equation
(5.11) provides the key to the algebraical manipulation of operators in second quan-
tized form. However, if we restrict our attention to two-particle operators, we have
to deal with 2n creation and 2n annihilation operators in the nt* order of perturba-
tion, which already becomes cumbersome in the second order. For this reason, we
take recourse to graphical algebra which allows all recoupling transformations to be
carried out simultaneously.

When recoupling creation and annihilation operators, there are three additional
operations with respect to recoupling ordinary angular momenta:

(i) Each interchange of operators gives a minus sign, yielding a phase factor (-1)”
for P permutations.

(ii) When a creation and an annihilation operator of the same shell are interchanged,
one applies equation (5.11) instead of (i). This gives a branching into an n-particle
and an (n — 1)-particle operator, as the second term has one afa pair less: inter-
change of equivalent creation/annihilation operators yields additional residues with
a lowered n—particle character. Frequently, one is only interested in the operator
involving the highest number of electrons and step (ii) can be skipped: in this so-
called "top-of-the-tree’ formalism, the residues are not considered and only operators
with maximum n are retrieved.

(iii) After the recoupling, one multiplies the expression for the orbital angular mo-
menta with the analogous expression of the spins to obtain the final result.

5.1 Electrostatic unit operators

Operators in second quantization act as unit operators in their parent configuration:
if the operators are not coupled to the terms of the bra and the ket respectively, the
result will be zero. Example:

1
(nl |(ab) 0 p/') = —5(1,1") - [$,1] 72 (5.15)
This operator appears in the second quantized form of the electronic potential:

1
Uap =-0(,1') - [5,1]2 - (aTb) ™ (nl [U| V')

where (nl |U| n'l") represents the sum over the various average Coulomb interactions
between configurations A and B.

For IV, a convenient choice for the definition of basic one-, two- and three-particle
electrostatic operators is given by:

1
H = -[1,1]2 (ata)'™ (5.16a)
__1 L0t 1\SL 51 (00)
Hgp =-1[5,L]2 {(aTal)**(aa)"*} (5.16b)
(00)

[ _1 [ [ _1 | .i. T T 31/3 1T/ 3113|
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Their corresponding matrix elements are:

(LHL[ 1) = o0(1,1") (5.17a)
(IF(SL)|Hsr|*(S'L)) = §(SS")6(LL)
(17 alHso Y ¥5) = N(N =1) 6(va, v5) (5.17b)

(13(53L3y3)|Hgifgfg,u?’(sngyg)) = 6 (13(SsLavs) {|I2(SL)) (12(S'L)|}P(Ss Lsvy))

(5.17¢)

A similar example for [2]’ operators:
<l2(SL)l’(SgL3) [{(aTaT)(SL)bT}(53L3) {(aa)(S’L’)b}(SsL3)](UO) ZZ(S’L’)ZI(S?,LS))

= 2[Ss, Ls] 2 (5.18)
5.2 Reduced matrix elements in second

quantization

(a(30) [[at || (00)) = —[L.1]2 (5.198)
((00) | a | a(3D)) = [3.117 (5.19b)
() 1 (D)™ 11 b(310)) = [, ]2 (5.20)

Equation (5.20) is a direct application of equations (5.19) and (3.48) with the vacuum
state (00) as ¢”. This is standard procedure for calculating reduced matrix elements
of operators in normal form, with all creation operators arranged to the left and all

annihilation operators to the right.
With C5D) = (alal.--al,)(5D) and AGS'L) = (a,---aja; )(5'L) | equation (3.48) reduces
to:

(asL] (cE A1) as')
1 1 P
- [ K] [S.L,' LT3 - (aSL | €D | (00))-((00) | AC) | o/S'L)  (5.21)

In turn, compound expressions (aSL || CSL) || (00)) can always be broken down
into the smaller pieces (5.19) by repeated application of equation (3.49):

1 _1
(SL I CE™ | (00)) =[S, L]2 - [S1, L, S5, La] 2+ (SiLy || OS5 | (00)) - (SaLs || €552 || (00))
(5.22)

In the absence of spectator electrons, matrix elements are prefactored by a statistical
weighting factor \/II gx! - ITy gx/!, where ¢y denotes the occupation number of shell A.
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Reduced matrix elements of operators in second quantization may be reversed by:
<V | atai..af.at | U >=(-1)'<V | a..a..aja] | VU> (5.23a)
with the phase:

P=(S+L)-(S"+L)+(5+l)..x(5+1)...x+ (3 +1,) (5.23b)

For the ease of notation, the above + and — superscripts refer to creation and
annihilation operators, respectively. As an example:

N

(ab(SL) || (a) S | (00)) = (1+,5)7 [S.L] (5.24a)

((00) || (ab)5™) || ab(SL)) = ~(1+8,1)% [S.L]2 (5.24)

Note that the interchange (ba)(f) — (ab)(®L) removes the complete phase factor

(-1)* except for a minus sign. Equation (5.24a) is found by substituting equation
(5.19a) into equation (5.22).

Following equation (3.82), the J-dependence of the reduced matrix elements of
double tensor operators X (*%)* like (afb)**)* is factored out by:

S Sk
1
(WSLJ || XS ! S'L'J') = [, J',t]24L L' kp (¢ SL || X&) | o' S'L')
J J ot
(5.25)

<w ~SL.J| X (*R)O |¢'7'S'L'J’) (here, k =0,1,2 for electrostatic, spin-orbit and spin-spin effects)

1
=0(JJ') - [J12 (Y SLJ || X0 | o'~/ S'LT)

S L J

_ §(J, J/)(_l)k[k]—%(_l)L+S’+J,{L, gk

} (v SL || X**) || ¢’ S"L') (5.26)

Equation (5.26) is identical to equation (3.44) derived earlier.
Important special cases of equation (5.25):

11
17, T (kK)E || L1757 ~-/l i 2 5/ ;
(315 11 @) | 317j7) = ~[, 12 [ ko012 4 1 1 (5.27)
jogtt
The adjoint becomes therewith:
11,
170 ta(kE)E || 17, ~-/l i 2/ 7
Jjgt
Hermiticity now requires that P =k + k + t always be even!
1 1 1 !
(IY SLJ | (afa)©* | st'L'J')=5(5,s').N.[§]—5.[k]a.[J,J',L,L']a.{i i g}
/ i == ==
1\ +L +S+L+1+1 _1\L. U (N N-1 N-1 NQrrr
(-1) Sz;( 1) {L, I L} (INSLANS L) (NS LINNS'L) (5.29)
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The SL-dependent reduced matrix element (1) SL || (afb)(®*) || ¢’ S'L’) is calcu-
lated from equation (5.20) in combination with equation (3.55a) or (3.55b), e.g.:

S SV |L k L
- }{l l l}(5.30>

1 1
(PSL | (afa)"™ || 1287L") = 2(-1)"* [k, k]2 - [S,L,S',L']i{

2 2 2

1 1
(INSL || (afa)™® || INS'L') = N - [k,k]2 - [S, L, S, L']2
1

-zmr-{g, 2 g} {[f ! %} (¥SL{PYIST) (ST HYS'L) (531)
SL

with z=S+k+L+k+S+L-(3+1).

! !’ U l l ! !
<ll'SL I (aTa)(nk) I ll’S'L') _ (_1)n+k+l+l +S'+L [k, k]2 '[S,L,S',L']Q{f ’f i} {? ;{3’ [l/ }
2 2 2
(5.32a)
’ 1 1 / I
<ll/SL ” (bTb)(nk) ” ll’S'L’) _ (_1)n+kz+l+l +S+L[/€,k‘]2 X [S,L,S’,L,]Q{f /z E} {ﬁ ]l{ Il/,}
2 2 2
(5.32b)

(1Y SL | () ™ | NS L) 1LY = [, K12 VN - (1N SL{IN S, L)

S K S'}'{L koL

1 1
. 11y L (_1\S1+5+S+k | (_1\Li+l'+L+k |
[S,L,S 7L ]2 ( 1) 2 ( 1) { Sl % 14 Ll l } (533)

1
2

1
2

1
(IN(S1Ly)U SL || (aTa) k) || IN(S{L)I" S'L') = =N -6(U',1") - [k, k]2 - [S, L, S', L']
. o l' _1\LHU+L'+ Ly Li k Ly LY k
[SlaLhSlaLl]Q SZ]::( 1) {L’ L U l l z

—— e N S S, S
-(lNSlL1{|lN‘1SL)(lN‘lSL|}lN51L1)-(—1)SS{Sl, o ’f}{ b g} (5.34)
2

1
(NS L)V SL || (bTe) 8 1N (STL)I"S'L') = ~[k, k]2 - 6(S1, 1) - (La, L})
1 1 ” ! !/
-[S,L,S,,L/]§ X (_1)S1+§+S+n . (_1)L1+l +L+k | ? K 5; ] L k L (535)
S1 " Ly U

2 2
Reduced matrix elements of two-particle operators in coupled second quantized
normal form:

{ab(SL) || {(a")ER (cd)SEER | cd(SL')) = = ((1+6ap) (1 + 500))? [ ]2
(5.36)

Equation (5.36) follows directly from equation (5.21) and equations (5.24).
Examples:

N[ =

((SL) [l {(a'al) 5P (bb)SENLER | 12(S'L)) = =2 [, k] (5.37)
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(ab(SL)|{(a’bh) S (cd) DO cd(SL)) = — ((1 +62) (1 + 5.))2 [, L)% (5.38)

In its initial form, two-particle operators are usually found as the coupled product
of two one-particle operators:

1
(14 04p)(1 +0cq))2
K1 la lc k?l
K2 Iy lg ko (5.39)
" K L L' k

(ab(51) [{(ale) ) (1)} | cd(SL)) = (1 + 6,)(1 +5.0))2

(ab(SL) || {(afe)e0 (i) =k)} ™ | ca(57L1))

D=

X ['%17 klu R2, k?? R, k]

(T SIENIES
L olrol—

[S,1,9", L']%{

For the Coulomb interaction, this specializes to:

: serker Jla Lo K
X%.[k]g L (=1)lHlerh L.{ld L L} (5.40)

The above may straightforwardly be used to find matrix elements of two-particle
operators in more general configurations, e.g.:

(IN(S1Li) I (SL) || {(afa) = (bTb) ™ || 1Y (S{ L)1 (S'L) ) =

Sl S{ K Ly Lll k
. % % K/ I ok
S St L L' t

7+l+ 1+K Sl R S, 7++ 1+ Ll k L’
Z(_l)S 3 S {l g 11} (_1)L I+L k{ l Z ll}

SL 2 2

N[

1 1
N-[t]-[S.L,S", L']2 - [S1, S, L1, 1] - [k K, ' K]

2
(NS Ly {JINES L) (1N1S L | HN S Ly vy)
(5.41)

Three-particle operators in normal form are calculated from equation (5.21), e.g.:

(P(SL)I'(SsLs) || [{(alal)SDb ) {(aa) S E0mY 5100 | 25710y (84 14
1 1

= [, k]2 - [S5, L, S5, L4172 - (B(SL)I'(SsLs) || {(alal) DT} | (00))

(S3L5)

-((00) I {(a)*"* b}
=2 [k, k]2 (5.42)

| B(S'L(S4LY))

the above last line follows directly from application of equations (5.22) and (5.23):

(S (SsLa) [ {(ala) BT} | (00)) = 2+ [85, La]2 (5.434)

((00) I {(aa) S ¥ m} S5 2571y 11(S524)) = /2[5, L4 (5.43b)

Equation (5.18) is a special case for (kk) = (00) after application of equation (3.44).
The reversed order case (afbfbf)(abb) manifestly yields the identical result:

rr/ 4 ! l
(112(SL)SsLs || [{al (bTbT) P} La(bb) SOy 160 | 12571 5L = 2 [, k]2
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5.3 Operators put in second quantized form
[Feneuille, 1967] defined a unit one-particle double tensor operator as:

(st | w1y, 1) || sU') = 6(1, 1) - 6(I', 1) - [x, k;]% (5.45)

differing from equation (5.20) only by a minus sign. A general one-particle operator
may now be factorized in terms of a radial part R and this angular double tensor:

FORE = SR, )t (5.46)
Operators acting on spin only now become:
1 1
T = (12 [5]°2 {si | T | ) w0 (5.47a)

Whereas operators acting only on orbital angular momenta:

1 1
AW = [5,02 [R]72 (1 | A® | 1) w™* (5.47b)
Note that the reduction of a double tensor with one zero rank differs from the

reduction of the corresponding single tensor by the first factors [[;]2 and [s;]2 in
the above equations.
[Racah, 1942b] defined the tensor ugk) by:

1 1
(1 | u® | 1) = 61, 1) - u® = [5,]2 [k]72 w®* (5.48)

Spin- and orbital operators can be combined using straightforward angular momen-
tum algebra, e.g. the coupled product of a pure ’spin’ and a pure ’orbital’ operator
yields:

(A9 = [ k12 s 17 ) (1 1 A | 1) ™ (5.49)
To be compared with:

(w0 u) ™ < 11l (5:0)
Furthermore:

(kk)O 1 . .
(w§”lkl)w§“2k2>) :;(—1)“%2%.[1{]2-{2 Z Z} w2 (5 51 )

with the reverse relation:

N |—

(kk)O
wi(mkl)t . wj(nzkz)t _ Z (_1)k1+m+k . [t] . [k] . {lil kl t} (w(mkl)w(@b)) (551b)
k

k‘g K,QIC v J

Keeping in mind the Hermiticity requirement that x + k + ¢ is even, the following
basic equality now holds [Judd, 1967]:

S (Lo, 1y) = WO < — (alb) " (552)

7
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Therefore:
]' K
FO0 = [ k]2 (a || F&) | b) (alb) "™ (5.53)
1
STO AW = (C1FE]T2 (s [ T | ) (1] AD | ) (atb) " (5.54)
Equation (5.48) thus results in:
1
U® =3 u® = _[5]3[k]2 - 5(1,1') - (a'b) ™" (5.55)

The reduced matrix elements ([N SL || U®) || [N S’L’) are tabulated by [Nielson and Koster, 1963].
Combining the above with equation (5.31) e.g. directly yields:

rr/ / +l+ l l 2
(INSL| U@ || INS'Ly=N-6(S,8)-[S,L, L] Z( 1)“L{ I z}

(1N SL{] zN L SL) (N S'L{|INTS L) (5.56)
Earlier, [Sandars and Beck, 1965] introduced Ui(”k)t for similar purposes:

ZU(nk)t Z K, k] ; Wt [k, k] ; ( ] )(”k)t (5.57)

(2
7

From equation (5.47b), with the single - double tensor reduction implied, one
obtains:

1 1
Ci(k) = [s:]2 [k] "2 - (li | C®) | g;) _wi(Ok)k

Therefore:
S O® = [s]2 (k]2 (1| C® || ') - (alb)OPF (5.58)
DO = V2[5 (1] C® 1) (alb) ™2 = 22 (b)) (5.59)

i
Direct comparison learns:

S-S P = (1) c® 1) -u® (5.60)
Some other physically interesting examples are:

1
3 (sC®) D = [k, 4172 (1| €W [ 1) - (afb) " with: 1+ +1 even, (5.61)

i

) +t++ 17/ / 1 LUt /
2 (CO)7 = (1) 2 <Z+1>(2Z+1>12-{1 k l,} (L1 CW 1) - (alp)

i

(5.62)
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where equation (3.47) is used in the above. For ¢ = k, from comparison with equation
(5.58) and using equation (C.11), one finds:

I(l+1)-k(k+1)-U(I"+1

> (ot ® LD k() PR D) 5 (5.6

i ! 2\/k(k+1) 5
A related useful reduction formula may be derived from equations (5.62) and (3.69):

1

k(2k-1) |2 (k)
¢t ® - (ct=1p)¢ 5.64
( )Z (kE+1)(2k+3) ( )1 ( )

1
from which e.g.: ¥, li(l) =(10)2 Y, (C'(Q)l)gl), which may also be verified from
equations (3.67), (5.62) and (C.13). This unveils a resemblance with the spin-dipole

1 (1) i )
term: —(10)2 Y, (sC@);” =—-(10)2 3, (CPs), .

Also, by equation (3.61):

e o 5 & )

Further examples are given below; they are notably relevant to the hyperfine dipole
1

operator: Y, Ti(l) =Y, al- li(l) - a}?-(10)2 (SC(Q))ZQ) +al?- 351) as well as to the
atomic dipole moment:

1 _ (1) (1) i, o1 (1) 12 : e
M7 =17 +gs-s; ' =2(10)2 a'2 (sC@);” where a'?2 > 0 in the Pauli limit.
To include relativity and correlation effects, however, it is essential to consider these
operators separately:

1
2
le‘(l) 5L 1) [ZZ(Z + 1;(2l + 1)] (alb) OV = fOL. (aTp)(OD1 (5.664)
1
~(10)2 Y (sC) P = (1 C@ | ) - (aTb)12! = f12. (afb) (12! (5.66b)
1
Zslgl) =-0(1,1")- [ZZ; 1]2 ) (aTb)(lo)l = f10. (aTb)(IO)l (5.66¢)

In terms of second quantization, the complete expression for the hyperfine interac-
tion thus becomes:

(OSDIFIHE S T F) =TT e D (o7 ]

K

S 5
! i / K K Kk r(QIT!
- [J,J,1]2-{L L k} aff - f e (3(SL) | (afa) ™ | v(S'L))  (5.67a)
rk,nl J J 1
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I J 2

<7(SL)JF|H}?fS|7’(S’L’)J’F> - _% [(I+ 1)(2 + 1)(2]+3):|§ ) (_1)J’+[+F ) {J’ I F

1(21-1)

L[S Sk o)

C Y U202 AL L kb R (SE) | (afa) ™ |1 y(S'L)) (5.67h)
rk,nl J J 2

Here, a"F and b} are the hfs interaction parameters given in equations (3.87) and

(3.102), f** the RHS prefactors of equations (5.66) and (5.59) (assuming f1! = 1/1/30
and f13=1/1/70) and the reduced matrix elements are calculated straightforwardly
using the formulae of section 5.2.

In conclusion, with the definition:
1

S(a,b) - /0 T a(r)R(rb(r) dr = [k, k)72 {a | F& || b) (5.68)

one arrives at the general expression of a one-particle operator in terms of second
quantization:

FO0 = _5(q,b) (alb) "™ (5.69)

Next, a corresponding procedure may be followed for two-particle operators. Similar
to the use of equation (5.46) for one-particle operators, two-particle operators are
expressed in terms of unit double tensors as follows:

/{ K (kk)t

G Rt _ ZRU . (wl( 1k1)wj( 2k:2)) (5.70)
i%j

Equation (5.70) also serves to identify the remaining radial factor R;; for each par-

ticular operator in question.

The two-particle analog of equation (5.53) becomes in normal form:

1 1
GO = = (14 0w)(1+0a)) 2 [K, k]2 37 (ab(SL) || GU) | ed(S'L))
SL,S'L!

x {(afbl)™ (cd)S'L'}(“k)t (5.71)

In accordance with equation (5.70), however, two-particle operators in their initial
form usually appear as coupled products of one-particle operators. Direct use of
equation (5.52) may formally contain both one- and two-particle operators if the
summation is taken over (i, 7) instead of (i # 7): the residue term of equation (5.11)
refers to the case i = j. An example for equivalent electrons:

3w u) < f afa) ) ala) ek}

i j
/[:hj
i k| [kw ko K rk
= (_1)n+k[ﬁlak17’%27 k2]2 Kil Kf 1 ! 2 (aTa)( )
2 2 2 l ! [
1 N R B R R
— Z [57L7S’,L’]§.[:‘il,l{jl,lﬁ%l{é]ﬁ % % S l l L {(aTaT)SL(aa)S'L'}
SL,S'L’ L1 g 1 1 L
2 2

(5.72)

)

(kk)
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Here, the first RHS term refers to ¢ = 7 and the second to i # j. As the sum-

mation over ¢ and j is implicit in second quantization in the coupled form, the

electrons b and ¢ have to be treated as inequivalent in two-particle operators
. (1K) . - .

of the form {(aTc)(“lkl)(de)( 2k2)} , even if they are not. This is a minor

downside of the use of second quantization in the initial form. Keeping this in

mind, however, use of the initial form is the most direct way to find the second
quantization expression of physical operators. The Hermitian conjugate becomes:

(@) (cray® )™ (Cpymammame. (-rysia . {(era)®) (b))}
With the definition:

S(ab,cd) = fo ” [0 " drydry a(1)6(2) Rya(r)e(1)d(2) (5.73)

and, allowing for R;; # R;;, one arrives at:
(kk)t

G(nk)t _ DS(ab, Cd) {(aTc)mkl (de)sz’Q}

+ FES(ab,dc) {(zﬂd)mk1 (ch)”k?}M)t
+ (-1)"D S(ba, de) {(ale)™" (bfd)mkl}“’“)t
© D ESGa.a) {(ala)* (ple)" ) 574

D = (1 - 1540.4) provides the correct weighting factor and E = (1 = 4)(1 = 6ca)
excludes exchange terms when bra or ket contain equivalent electrons.

P =K1+ k1 + Ko+ ky— (k + k) is the permutation phase.

It may be interesting to note that as a result, Hermitian operators with odd P (as
occur in the below mutual spin-orbit interactions V; and V3) do not have direct
matrix elements within a configuration.

Effects of a closed shell ¢ can immediately be deduced from equations (5.13), that
reduce the expressions of equation (5.74) to the general one-particle form (atb)(*)
from (equation (5.69)). Analogously, virtual shells v are removed by equation (5.14)
with a similar result.

If R;j = Rj;, as is the case with the Coulomb interaction C, the last two terms
coincide with the first two. More explicitly'

¢ = %Z Ti—jl - Z Ti—jl - Z rk+1 (Cz(k) C(k)>

%] i<j i<j,k >

k
{1 O s 1 0 ) - (w™ ™ (5.75)

J

ST )"

1%,k >

Next, identifying R;; from comparison with equation (5.70):

1
R;; = zk: (-1)*[k]"2- k+1 (l | C® |1 )<lj | C®) | l;) = Rj; and therefore:

S(abyed) = ¥ (DF (K72 (1 [ €O 1) {1 | €O | 1) - R (ab, ed)

= > [k -3 X*(ab, cd) (5.76)
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Application of equation (5.74) directly gives:

C= 2 L DM T DA abed) (1] €O 1) (1) O 11 {(ale)” (b))

(00)0

EIDY (1) [K]2 - ER¥ (abde) (1o | €% [ 1) {1 | €4 | 1) {(a'd)™ (blc)™ )
(5.77)

As an example for a =b and ¢ = d:
(00)0

C=Y(0* [K]°2 - R (aa,bb) {1, || O | 1,)? {(a’b)" (a'b)"} (5.78)

For the exchange, a reordering of the ket state is required to apply equation (5.38)
or (5.40). For two electrons, c¢d(SL) — dec(SL) yields an additional phase of

1.1
(-1)!-(-1)2%279. (=1)le*la-L with the Pauli permutation phase as the first factor.
Application of (5.40) in equation (5.77) now automatically yields equation (6.10).

In summary, the conversion of physical operators (like Breit-Pauli Hamiltonian
terms) to second quantization generally takes place in a four-step process:
1. The interaction is first written in its original form.

2. Racah algebra is then used to put this into tensor operator form.

(HQkQ)t

3. Equations (5.46) and (5.70) are used to translate to w!™*" and/or w;

)

4. Equations (5.69) and (5.74) are used to find the final expression.

5.4 Graphical second quantization

The general one-particle expression (5.69): F(*)t = —S(q,b) (alb)"™"
may graphically be expressed as:

af

FRt = —S(a,b) x -

b (5.79)

With graphical second quantization, operators are coupled towards expressions (5.36)
or (5.38) to find the (reduced) matrix element. The conversion of reduced matrix
elements of operators in initial form (5.39) to normal form (5.36) is graphically
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shown as follows:

(5.80)

The Hamiltonian line placing all nodes or vertices on the periphery is indicated by
consecutive red numbers. The interchange of bf and ¢ (treated as inequivalent!)
yields an additional minus sign.

N[ =

X = [K17k17/€27k2]

1
- [S,L,S", L']2 x -

(5.81)

it follows:

N =

(ab(SL) || {(ale) 0 (bid) 2} | ca(S'L)) = = [, Ko, 1o, Ko

K1 la lc k’l
Kot Al Ly kap (ab(SL) || {(a'b") D) (ed)SEIYE) || cd(S7L"))

K L L k
K1 la lc kl
Kot Vb la ke (5.82)
K L L' k
in complete accordance with equation (5.39).

The representation of a two-particle operator in initial form by its graphical coupling
scheme is therefore:

D=

[S,L,S", L']

CQmpamu—\

[T SN
<

CQMI»—tml»i

(a1
<

1 1 1
= ((1 + 5ab)(1 +5cd))2 [Kl,kl,/ﬁlg,kg,/‘i,k]Q . [S,L,S,,L,]E{

al + ¢ al  + ¢
K Y For K=0->ki=ky=k
— t . Ak
v this reduces to:
ka
bt - d bt - d

(5.83)
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As a result, the graphical representation of the direct term of the Coulomb
interaction is given below:

af + C

k Comparison with equation (5.77) yields the multiplication factor:
A 285 (=1)%- D (la | CW [ L) (I | €8 || La) R*(ab, cd).
=2D .Y, X*(ab, cd) with D = (1 - %5ab(5cd)
bt = d (5.84)

To find the two-electron matrix element in this way, the operator is recoupled to
equation (5.38), again with an extra minus sign for the interchange of b and c:

L I,
— b (1) [, L) {k 3 zi}

(5.85)

The final result becomes:

2D T X a4 (e [0 (e a5

N |

=W (=1)lettart S {é ;C ﬁd} - X*(ab,cd) : exactly the direct term of equation (6.10).
L b la

Likewise, the exchange becomes:

al  + d

k' Comparison with equation (5.77) yields the multiplication factor:
A 2-Tp(-D¥ - E-(la | C¥) | 1a) (Io | C*) || 1) R¥ (ab, dc).
=2E ¥, X¥ (ab,dc) with F = (1 -04)(1=0d.)
bf = € (5.86)

To find the exchange two-electron matrix element, the operator is again recoupled
to equation (5.38), with minus signs for the interchange of bf < d and ¢ < d:

kol L.
L 1 1,

(5.87)
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The final result becomes:

N |—

N xR Lo _1)+S .
2K ;X (ab.de)-§-(-1)"5-[S,L)7-47

{k b lC} (14 )1+ 6))F - [S,L]

=W-(-1)%- )] {IZ 52 éc} - X¥(ab,dc) : exactly the exchange term of equation (6.10).
k/ a

5.5 Application to the spin-orbit interaction

The dot product of single-electron operators AX (spin type) and BX (orbit type)
transposes to:
1

ARBR = (<11 [R]73 (s | AX [ ') (1] BX || ) (alb)#00 (5.88)

and thereby the spin-orbit operator becomes:

1
>ositliC(a,0) =61 1) (11 +1)(20+1)/2)2 (aTb) V0 ((a, b) (5.89)
The corresponding reduced matrix element becomes thereby:

(nl | C(ab) || WT') = -3-6(1,1) (I + 1)(20 + 1)/2)? - C(a, b) (5.90)

Analytic formulae for inner products used the theory of the spin-orbit interaction.
For [2:

[{(ata) i (afa) ek} U072 (1)]

1 1WK, Ky 1 ki ko 1
=(l(l+1)(21+1)/2)2[Klathml@]?{11 \ 1}{[1 l2 l}

x (41 +2) 6 (K71,0)5(k1,0) + (4 + 2)5( K, 0)5(k2,0) - 2) (5.91)

For direct operators in I’

[{(afa) (bib) R} 07 (1)

N

= (U4 1)(20+ 1)/2) 5(K, 1)6(ky, 1)6(K, 0)6 ks, 0) [4, '] (5.92)
[{(ata) <t (bib) ek} M7 (11
C (1) (2 + 1)2)2 6(, 1)Ky, 1)5(Ky, 0)8(ky,0) [1,1]2 (5.93)

5.6 Mutual spin-orbit

Following [Blume and Watson, 1962|, one may separate the two-electron magnetic
interaction into three tractable parts in tensor operator form:

Cl/2 1 OJ2 r;;
HMSO:_Z Vil — ] *Pi '(Si+23j):__z — xPi|-(si+2s;)=Vi+Va+ V3

2 %] ] 2 w5 \'ij

(5.94)
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Here, 7;; = 7; — 7; and [Innes and Ufford, 1958]:

rz kl 1 _ (1)
= e DD f D@k - D@k )2 () e )
1] J

. 7;_2 [k + 1) (2 + 1)(2k +3)]2 - (Cf’””c;’“))(l) e(ri - 7“j>] (5.95)

i

Further use of equations (3.17) and (3.20) now leads to the tensorial expressions:

_ ko TE R ON PP
Vo= 2\@];]( Dferie i L [k(k+ 12K+ D)2 (C C) (i + 25))
1
a’ k ril Th(k+1)72 k) || 77 k) || 7
S = 2] o e® e )
(11)0 (11)0
.[(wglk)w](Ok)) +2<w§0k)w§1k) ] (5.96a)

k 1
~(2k +3) i i e(r; - i) (c“”)(c(’““z )<k>) ] < (si+2s;)

a2 l Tk ' l4 A 4 l — 4 — 4
= 5 >, (=D)F-[k]2- m e(ry—ry) - [+ D)@+ D12 - (1 CED 3 - (4 1T C* D)1 1)
k,i#j T
1 - o (11)0 i (11)0
- 1]3 .{kl/‘ 1 111 ;@"} [<w§1k)w3(0k 1)) N 2(w§0k)w§1k 1)) ]
o k 1 Ti'%l 1y / i (k+1) / (k+1) /
Y Z (=1)"-[k]2 'mg(rj_ri)'[li(li+1)(2li+1)]2 '(li | C | li)'(lj | C | lj)
k,i%j j
1 (k+1 1 k (1K) (Ok+1)\ (11O (Ok)  (1k+1)) (11O
[k‘+1]2-{ v l:} [(wl w; + ) +2(w2- w; + )

S
Il

Sk rh-2
NS b ) - e ]

(€))
(C](k)(ci(k)li)(k)) - (s + 2sj)

k+1) rk rh-2
- T e [ME D [(m) et ) -k e - )
k#] ]
(Ll +1) = k(k+ 1) =51+ 1)) - (L ] C(k) 1) (5 11 C® 1 15)
(11)0 (11)0
. [(wz,(lk)w](.Ok)) +2 (wi(Ok)w](.lk) ] (5.96¢)

For the ab initio interpretation of one- and two-body magnetic parameters, it is
frequently helpful to use explicit formulae for the mutual spin-orbit and spin-spin

(5.96b)
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interactions. The occurring N* and W* integrals, with M¥*(ab) = N*(ab;ab), are
defined in accordance with [Godefroid, 1982], equations (3) and (5), respectively:

o0 [ee] k
NF(ab;ed) = 1a? dridrs a(1)b(2) r—2€(r —-19)c(1)d(2)
1 [0 fo 1dry g ST
oo oo rk 0
W(abed) = La? fo fo dridry a(DH(2) 1252 - e(1)d(2) (5.97)

The below further elaboration in terms of second quantization by equation (5.74)
is restricted to single configurations only.
For the V; and V3 exchange contributions in [l’, (-1)P =-1 and E = 1:

GV = S(ab;ba) [{(aﬂb)(lk)(bTa)(OI‘:)}(H)0 +2 {(aTb)(Ok)(bTa)(lk)}(”)O]
-S(ba; ab) [{(aTb)(O’“)(bTa)(lk)}(11)0 ) {(atb)(m)(bTa)(Ok)}(ll)O] (5.98)

_ k(k+1)
= oWk ba) - (k) || 77\
Vi WL (absba) - (1| C™ | 1) T
: [{(aTb)(lk) (bTa)(Ok)}(“)o +2{(a'b) (b]‘a)(lk)}(ll)o]
- , 2 [k(k+1)
. [{(aTb)(Ok)(bTa)(lk)}(H)O +9 {(a‘rb)(lk)(bTa)(Ok)}(ll)O] (5.99)

Using equation (5.39), it is now straightforward to work out the reduced matrix
element:

N

(W(SL) | Vi [ 1(S'L)) = 3V2 Y (1] OW [ 1) [S.L,5", L]z - (-1 [k(k + 1)(2h + 1)]

, I Uk
e }}‘{” | ’f}'[wwab;bw(nu1>S+S'>wwba;ab)(uwwz)l

2 2 2 L L' 1
(5.100)
V1 and V3 can be taken together after cancellation of non-Hermitian terms, using
KF*1(ab;ba) = kN*(ab;ba) — (k + 1) N*=2(ba; ab) = Wk=1(ab; ba) + Wk=1(ba; ab)
as abbreviation:
1
U(SLY | Vios Vo (ST} = =2 -6(501) -8(81)- T [kCk + Dk +1))3 (11 €9 ) 1)’
%

- PO (141) = 1(1+1) = k(k +1)

(- D20 L k- [Wk‘l(ab; ba) + K*1(ab; ba)
I I 1 2k(k+1)

(5.101)
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For V5, (-1)” =1 so there is both a direct and an exchange contribution:

1
Vapir = D - N (ab;ab) - ([k(Ql +k+1)(2l-k+1)]2 (l | Ck-1 l) (l’ | Ck=D || l’)
(@)™ (bib) D} 49 { (ala)OB (i) 141} 1
1
+[(k+ 1)U +k+2)(2U' - k)]2 (l | %+ | l) <l’ | Ok g

)
_[{(afa)(OIﬁl)(bTb)(lk)}(H)O + 2{(aTa)(1k+1)(b’[b)(ok)}(u)o])

+D - N*(bas ba) - ([k:(2l’ SE 1)@~k D]E (1] COD 1) (1 oD | 1)
{(@la) @D (bib) A} 1 2 {(ala) D (bTh) 0} 7]
+{(k+1)(2l+k+2)(20 - /g)]% (LI CcED ) e )
[{(ala)@9 (bib) @} 4 o {(aTa)<Ok>(bTb)<1k+1>}(“)°])

(5.102)

Again using equation (5.39), it follows for [ # I":

2

1}
1
2

.[N“(ab; ab) - ([k(QZ ke 1)k + DI (1] COD ) (1 ¢ )

I/ ! A ! 3 /4 /l S
W(ST) | Vo | H(S'T)) = - [8,1,5', 1] {

N = OJ
<

R
-[k;,kui-{z' 4 k—l} J-1)% +2-(-1)7]
L L' 1
+[(k+ 1)(21’+k+2)(21’—k)ﬁ (L) cED (1| e 1)

l k+1

l
-[/{:J{:-&-l]%'{l/ I’ k } ,[(1)S+2.(1)S’])
L L’ 1

1
+N*1(ba; ba) - ([k(2l’ +k+1)2U - k+ D)2 (L] CED (| cD 1)

(U1 k-1
-[k,k—l]i-{l’ Uk }-[(-1)5+2-(-1)S’]
L L' 1
+[(k+1)(2 +k+2)(21—k)]% (L C®ED (1| c®D | 1)

L1 k

-[k,k+1]%-{z' I k:+1} -[(—1)5’+2-(-1)S])] (5.103)
L L' 1
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Within a shell of equivalent electrons there is no exchange and the second quantized
form of MSO is reduced to the direct part of V5 only:

Huso =, ([k:(zz +k+1)(20 -k + 1)]% AL e )

1 0k-1)y (11)0 0 1e—1)y (11)0
<{(ala)"™ (ata) "} s 2{(ala) ™ (ala) )]
Sk 1)@+ k+2)(20 - B)]2 - (1] %D |1)’

N [{(a*a)(lk) (aTa)(0k+1)}(11)0 . 2{(aTa)(0k) (aTa)(lk”)}(H)o]) N*L(aa: aa)

(5.104)
With equation (5.39), the corresponding reduced matrix element follows directly:

S S 1 _
T3 l}-N’“l(aa;aa)

(ZQ(SL) “ Hyso H ZQ(S’L’» = Z 3\/§ (_1)S ’ [SvaS’7L,]% {
k

I 1 k-1
([k(2z+k+1)(21—k+1)(2k—1)(2k+1)]%{1 Ik } (L+2(-D)E ) (1] =D z)2

L L' 1

U1k
+[(k+1)(2l+k+2)(2l—k)(2k+1)(2k+3)]§{l l k+1} (D)= E +2) (1] c®D | 1)2)

L L' 1
For the V4 exchange contribution in [, (-1)F =1 and E = 1:

GO = S(ab; ba) [{(aTb)(lk)(bTa)(Ok—l) }<11>° +9 {(aTb)(Ok)(bTa)(lk—1)}(11)0]
+5(ba; ab) [{(aTb)(lk)(bTa)(0k+1)}(11)0 +9 {(aTb)(ok)(bTa)(1k+1)}(11)0] (5.106)

WS | Vamsen 1150} = o[22 (3 1) e
-[Nk‘l(ab; ba)_\/(l+l’+k;+ 1)(l+l/_kk;+ 1) (k2-(1-1")?) -<l | CGD | l’)2

(U ok I U k-1
-[k;,kl]i.({l' l k:—l} ~[(1)5'+2~(1)S]+{l’ Ik }-[(1)%2.(1)5’])

L L' 1 L L' 1
+N’“‘1(ba;ab)-\/(l+l’+k+2)(l+l’l;f)1((k+1)2_(l_l,)2) () cE

(LU k I U k+1
-[k,k+1]§~({l’ l k;+1} .[(1)S’+2.(1)S]+{z' Ik }-[(1)S+2-(1)5’])]

L L' 1 L L' 1

(5.107)
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The above may be exemplified by the full MSO for the case [’ = [s:

(15(SL) || Haso || 15(S'L')) = 36 lffl”) 5(S,1) - 6(S",1) - Wi (Is: s1)
+3V2- [+ 1) (20 + D)]2 - [S, 52 {S 7 i} (=D +2(-1)5]- N(is: 15)(5.108)

5.7 Spin-spin

2
’I“ZJ

Hy, = 05_22 (SZ'-SJ‘—B(Si.rij)(sj'rij))
l]

1%£]

= >, (-)* " [(2k+5)] 6(7%'—Tj)'(Ci(k+2)0a(‘k))(2)'(Sz‘Sj)(Z)

2\/5 k,i+j f (2k)'
) _kz (- 1)k ] ]%'E(Ti—rj)

(lz “ C(k+2) || l;) (l] || C(k) “ l;) (w£1k+2)w(1k))(22)0

J

(5.109)

As an illustration of equation (5.74), we give the full expression for the spin-spin
interaction below (replacing k — k — 1 for symmetry purposes):

Hy = 2 (-1)" (k(k+1)(2k+ 1))%

+ _114 (22)0
x (DNk‘l(ab;cd)(la | CED 1) {1y | 04 1) {(ale) P (bha) )

aTd

(22)0
+ EN"Y(abde) (I, | CFD | 1g) {1y || CFD | 1, (e )“’“ )1

(22)0

aTd

) )
< )
+ DNM(bazde) (I, | OV | 1) {1y | C*D || 1) {
(i I €O ) 1)

(
(aTc (1k 1) (1k+1)
(

1)y (22)0
+ ENk—l(ba;Cd) <la ” C(k—l) H ld) (1k- 1) T (Uc 1)} )

(5.110)
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With equation (5.39), the reduced matrix element for /I’ then becomes:

('(SL) || Hy, || 1'(S'L")) = 10-6(S,1) - 6(S",1)[L, L] Z( 1)* [k(k + 1)(2k - 1)(2k +1)(2k +3)]

I 1 k+1
| N¥1(ab; ab) - (l | G+ l> (l' FC=D ) k-1
L L' 2
I U k+1
+Nk‘1(ab; ba) . (_1)l+l’—(S’+L’) . (l ” O/ (k+1) || l’) (l/ || CO(k=1) “ l) " 1 k-1
L L' 2
[ 1 k-1
+N*(bazba) - (LI CED ) (1 | OB )y 1 k+1
L L' 2
LU k-1
U1 k+1
L L 2

+Nk’1(ba;ab) . (_1)l+l’—(S’+L’) . <l ” C(kfl) ” l') (l/ “ C(k+1) ” l)

A simple example for illustration:

. [+ 1)(20+1 ,
(Is(SL) || Hss || Is(S'L")) = 10\/6\1 ((2l— 1))((2l+3)) -6(9,1)-0(S’,1) - N°(is;1s)
(5.112)
For a shell of equivalent electrons the interaction H, simplifies to:
1
Hy = 2 Y (-1 [(k+1)(k+2)(2k+3)]2 - N*(aa; aa)
k=0,2(1-1)
(*) (k+2) 1) P (o) 21 2
< (LI C® (e ) ) {(ata)™ (afa) ) (5.113)

Again using equation (5.39), the corresponding reduced matrix element becomes:

(P(SLY | Hoo | P(S'L)) =60+ 3 [S.L,8 L2 (1 O 1) {1 | €4 | 1) - N*(aas aa)

k=0,2(1-1)
L33 11k
(DR [(k+ 1) (k+2)(2k+ 1)(2k+3)(2k+5)]2 .44 & 1p {1 1 k+2 (5.114)
S oo oo o2

The fact that there are no closed-shell effects of the spin-spin interaction becomes
obvious from application of equations (5.13): (afb)(?) cannot exist as two electrons
cannot couple to spin 2.

5.8 Spin-spin-contact and two-body Darwin

In addition to the electrostatic energy, only the spin-spin-contact, the two-body
Darwin and the orbit-orbit interactions carry ranks (xk) = (00) in the Breit-Pauli

1
2

(5.111
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Hamiltonian and may therefore contribute to the average energy of the system. The
dependence on the number of electrons and the partial cancellation of the first and
second term have not always been taken into account properly.

With the k-independent integral: A(ab;cd) = o / dr r72 P,(r)Py(r) P.(r) Py(r)
0

(5.115)
the spin-spin-contact and the two-body Darwin terms are written as follows:
202 5(rii
He =-i2(sz ) dm o)) = o PO ) 2 . (e o)
i<j i<, ;
1 (00)0
= ot f S 8(r) (1) [K)Z - (1 | O )L, (| €® [ 1) (™)
z#]k
1 (00)0
= \/§ A(ab; cd) Z (-1)*[k]2 -D (la | C®) | lc) (lb | C® | ld) {(aTc)lk (bfd)lk}
¢ Z-A(abide) S (-1 (K]2-E (L || ¥ | 10 {1 1| O | 1) {(afd)lk' (bTC)lk’}(OO)O
V3 v
(5.116a)
L o 5(%) (k) (k)
Hpy = Z 4 o(r;—rj) = Z [k]- (C’i - Cj )
i<y z<]k i
= TILO‘Q'T_Q Z 5(7"z‘j)(—1)k+1 . [k]§ . (li ” O(k) ” l;) (lj || O(k) H l;) (wl-(Ok)w](Ok))(OO)O
i#7,k
S 24(abed) ¥ CDFRE D (O 1) (€O ) ) {(ale)™ (o)™}
k
b 2Aabide) Y ((DF R E (1 O ) (1 | 09 1) {(afa)™ (i)}
k;/
(5.116b)

Equation (6.38) from [Brink and Satchler, 1968] is used in the above to retrieve
the tensor operator form:

5(7“z

A o(ri—r;) = Tj) Z C’i(k) . C](k) (compare with: 47 §(r) = (5(7“)) (5.117)

For the second line of both equations, straight recoupling gives e.g.:

(K] (i) (€ - CP) = ~3VB1)F (k12 {1 | €9 [ 1) 1, | €® | 1) (w™ ™)

In order to be able to project these operators onto an orthogonal basis, and thus
account for their effects, one has to find their matrix elements in the pertinent two-
electron configurations, [? and [I’. Radial integrals are defined in accordance with
[Dankwort, 1977]; for relations between them, we refer to this paper. Although
the spin-spin-contact term Hg. and the two-body Darwin term Hps differ both in
tensorial character and in origin (Hg. derives from the transverse Breit correction

)(00)0
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and Hpy from the relativistic part of the Coulomb interaction), their matrix elements
are quite similar.

Comparison with equation (3.58a) learns that the angular matrices of both Hg. and
Hpsy are proportional to a sum over angular Coulomb matrix elements.

Denoting the spherical tensor expansion of the Coulomb interaction as Y, cx, its
sum can be carried out by the following lemma:

IR (Lalo(SL) |erllcla(SL)) = W (L + (1) E)(=1)"* (I, | CP || ) (I | O | 1)

' (5.118)

where W = ((1+6ap) (1 + 6cq))?(1 = 30a000a) gives the weighting factor and
E=(1-094)(1-0.) vanishes if bra or ket contain equivalent electrons.
Adding direct and exchange terms, one obtains for Hg. and Hps:

(IW(SL)|Ho|ll'(SL)) = (2-25(S+1)) (1+ (-1)E) (1 || ¢ | z')2 A(ab; ab(5.119a)

(I'(SL)|Hpo|ll'(SL)) = =(1+ (-1)E) (L || C") | l’)QA(ab; ab) (5.119b)

The matrix elements are only non-zero for S = 0, so that effectively Hg = —2Hpo,
a result that is generally valid. Thus, one may express the combined action of the
spin-spin-contact term and the two-body Darwin term for both a =b and a # b as:

(I'(SL)|Hge + Hpo|ll'(SL)) = (1 + (-1)E) (L || C) || l’)QA(ab; ab) (5.120)

To obtain the average energy contribution from equation (5.120), we use the
relation: ¥, [L](I | C® || I')* = (20 + 1)(21" + 1) (orthonormality of 3j-symbols) to
derive the simple expression:

Eq.(ssc+D2) = Z ( ) i§+1 A(aa;aa) + Y. NN’ A(ab;ab) (5.121)

a<b

where N (N') are the occupation numbers of the shell a(b). [Hartmann and Clementi, 1964]
treated only closed shells; they did not include intershell cases and their expression
(11) does not contain Hps.

5.9 Orbit-orbit interaction

The orbit-orbit interaction is usually neglected, but is interesting in its own right by
its resemblance to the relativistic Breit interaction: it requires similar techniques to
translate these expressions to tensor operators.

Hyy =-— (pi-pj N (rij-pi)(mj-pj))
2 i Tig Tij

_ _&_22 ( ( (1) ;1)) _1+\/—{< z(]1) 1(31))(2) 7“{]'3 (ngl)p§1))(2)}(0))(5.122)

i<j
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Here, equation (3.16) is used in the second line.

1

1 (1 p TE 1 8k(k+1 2 )
(rfj)rfj)) =2 (D Tk ]2'[(15(2k_(1)(211+3)) ()
F(k=1)(2k=3)\? / om) -k b+ 1) (k+2)(2k +5)\2 [ 0 e @
_( 52k - 1) ) (ct0)™ ( 5(2k + 3) ) (c0e) ]
(5.123)

The first three of the four separate terms of the intricate orbit-orbit interaction
cancel for direct matrix elements, leaving the following relatively simple expression
valid for both /I’ and [?:

| , a0 1L
(I (SL)|Hoopmrl|ll'(SL)) = Z ( )L”{l I k:}

k>0

N

x[(2l+k+1)2l-k+1)2' +k+1)(2I' -k +1)]
(LI CED (1] c*ED 1) - - (N (ab;ab) + N*!(ba; ba)) . (5.124)

There is therefore no contribution to the average energy except when a = b; in
the latter case one can find the expression for equivalent electrons by replacing

(- 1)L{l 5 [/;} by ~N(N - 1)/(4] + 2)(41 + 1):

Eqv(00) = Z( )(25+1)1(41+1)k: 1

(L[| C*=D ) l>2 -N*(aa;aa) (5.125)

2l+k+1)(21-k+1)

The exchange, however, involves all four terms; again, use can be made of the
properties of the radial integrals to establish some cancellation between them.
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The final result can be written:
(I'(SL)|Hoo mxculll’(SL))

[ V" L N N2
=(-1)% )] [((k‘-i- 1)(k+2) {l I 1} (l | C¢+D) || g >

k>0
[ " L 2
_ _ (k-1) /
G 1){1 l, ,H} (tic ||z>)

(E-1)(k+2)

2T%(ab: b
><( (ab;ba) + ST

N1 (ab; ba))

+2((1+1)=U'(I'+1)) ({é ;: k:fl} (l [ C(k+1) I l’)2

L L .
‘{z v k—l} (1ot ||l))

(h-1)(k+2) o0
ST N abiba) )

i k-1l I L . N2
+(l(l+1)—l(l+1))2(m{l p k:+1} <[||C’(k 1) ||l)

_k+2{l oL } (L] & | l,)z) N*(ab; ba)

x (Uk(ab; ba) +

E |l U k-1 2% + 1

2 , ’ 2 AV
ARG ~k+1) (K- (-1?)

x{ﬁ ; i} (1] C®=D | 1) N’“‘l(ab;ba)]. (5.126)

Note that much of the interaction would vanish if the radial integrals were
independent of k.

The contribution to the average energy can be found straightforwardly by replacing

!
all factors (-1)° {5 5, é} with —2NN'/(4l+2)(4l’ +2), yielding the expression of

[Dankwort, 1977], which is therefore not repeated.

5.10 Quasispin and conjugation

Originally, the quasispin formalism was introduced in 1958 to study supercon-
ductivity. Next, the idea of a quasispin operator Q was fruitfully adapted and
elaborated for use in nuclear and atomic physics [Flowers and Szpikowski, 1964a,
Flowers and Szpikowski, 1964b, Judd, 1967]:

Q. =14, 2 (aaf)™ (5.127a)
Q=4[5 (aa)® (5.127)
Q=3+ [3.07 [(a'a) " + (aa) "] (5.127¢)
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With & = (nlmgmy), Ex = (nl —mg—my), = (s+1—-ms—m;) and the relations:

(atal)@ = (—1)7[1,1] Z ag 2 (5.128a)
(aa) = (-1)*[1,1] Z Aeex (5.128b)
(afa)® = -[11] %Z atag (5.128¢)

3
(aah) () = +[11] % > aga (5.128d)

3

from which:
= (-1)"- 4> alal, (5.129a)
Q_=(-1)**. 5 Y acacs (5.129b)
3

=1 Z ( gl — gy ) (5.129¢)

it follows from table (5.1) that the quasispin operators obey commutation relations
identical to those for S,,S_ and Sp:

[Q+,Q-]1=2Q (5.130a)
[Qo,Q-]1=Qx (5.130b)
[Q-,Q0] = Q- (5.130c)

The operation of the (likewise anti-linear) time reversal operator 7', implicitly de-
fined by T |€) = (-1)st=ms=mu |€x) > TLT-t = =L and TST™! = -S now has the
analogy:

CQ,Ct=-Q. (5.131a)
CQoC™"=-Qo (5.131b)
CQ_Ct=-0Q, (5.131c)

Eigenvalues Mg of @)y are given by:
Mg=-3(2l+1-N) (5.132)

with the result that the conjugation N — 4/ +2 - N implies Mg - —Mg, compare:

Cl QMg) = (-1)97Me [ Q - Mg) to:
Tl SLMgMp) = (=1)5*E"Ms=Mw 1y, ST, — Mg — M)

It follows [Judd, 1967] that time-reversal is to spin what conjugation is to quasispin.

For SL = 00, states of the same seniority are connected by the operator @, in-
troduced in the above. Such a string of states begins in nl” and ends in nl4+2-v.
Therefore, the maximum Mg = ) is given by: @) = %(2l+1—1/). A quasispin multiplet
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extends across the [ shell from this maximum Mg, of $(20+1-v) to a minimum of
-1(2l+1-v). At each step two electrons are added or subtracted.

As put forward by [Lawson and Macfarlane, 1965, Judd, 1967]:

quasispin is merely another way of regarding seniority: the specification (QMy)
carries the same information as (vIV).

There is, however, a very useful extension: operators can be classified according to
their quasispin rank K. The quasispin rank of an operator is useful in determining
the behavior of matrix elements under conjugation, that is, the interchange of elec-
tron states with hole states. We can also regard conjugation as a kind of reflection
in the half-filled shell, since it corresponds to Mg — —Mg.

Conjugation of two-particle operators follows:

(IN |GV ') = (192N o |G 2N ) = (20+ 1= N)(AL+ 1) (G)pe (5.133)

Here, the last factor on the RHS denotes the average energy of the operator G in

the (? configuration; [Judd, 1967] adds the quasispin phase factor (—1)%(”’_” to the
first term on the RHS to deal with particles rather than holes in the second half of
a shell.

Though less straightforward, this concept may be extended to mixed shell
configurations as well. If the two [ electrons of [2l" are replaced by two [ holes, the
configuration [#[” is obtained.

All two- and three-particle operators with even quasispin ranks K; possess matrix
elements in [*]’ that are unchanged from the corresponding ones in 2]’ if the states
of [? appearing in the bra and ket are both 1S or if neither of them is 1S. If one 15
term appears, the matrix element changes sign. If K is odd, however, the opposite
is true: namely, the matrix elements reverse their signs if the terms of [? appearing
in the bra and ket are both 1S or neither 1S; while if one 1S term appears, the sign
of the matrix element is preserved. By group-theoretical inspection, the quasispin
ranks K, and K, can be assigned to all the two- and three-particle operators.
However, there are several operators that correspond to mixtures of both even and
odd quasispin ranks. Because of this, their matrix elements do not possess the simple
property of either preserving or reversing their signs under all kinds of conjugation.

5.11 Triple tensors

[Lawson and Macfarlane, 1965] found that the operators az and @ commute with
Q as a rank % tensor with m, = % and —%, respectively. This allows one to form a
triple tensor a(es) for g = s = % with [q, s,1] components, in which both af and a are
subsumed. Also, with A = (mgmemy), pp = (mjm/m;) and x = g+s+l+mg+mg+my, all
anti-commutation relations may now be given in one single equation ([Judd, 1967],

equation (39)):

a{™af* + al#*a{"V = (-1)"*1 §(myg, ~m})3(my, ~m,)5 (my, ~m}) (5.134)
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with the properties:

Cals) ¢! = (1)
T al(g}il)) T—l — (_1)s+l—v—w ai‘]jfzw
CT aq(gil)) T-10-1= (_1)q+s+l7u7'u—w agf_ll_w (5'135)

The coupling of two triple tensors al4s!) gives the compound tensor ([Judd, 1967]):

X (Knk)  _ (a<qsz>a<qsl>)<K“k>

(gsl) (gsl)

X;()frffk) _ ;(qmq€ Mgy | K p) (smise smgy| k) (lmye Imyy|kq) Gy sy ¢ Agmmi,n
! (5.136)
Naturally:
C XER oo (c)Ke xR (5.137)
Interesting special cases are:
X(10) ~ _oj]°5 Q
X(©10) — _o[/]°3 § = V2 (ala)®
XOM =35 (1(1+1)(2+1)) 2L =2 (ala)® (5.138)

The above equalities may readily be found from equation (5.136) and the CG-
1
coefficients from table (5.2). In particular, Xp(égo) =-2[1]"2 Q, as:
X507 = V2 (ala) @ and - XG0 = V2 (aa) @) while:
1
XG0 = 23 £4. 1% 3[10) (a*2n) ™ = 1v2[(ata) ™ + (aah) "] = 2[1]72 Qu.

272

Table 5.2: Relevant CG-coefficients

CG-coefficient Value

T
(I m 1-m|00) | (1)) 2
11 11 -1
(33 37 2l00) | -(2) 2
CEEEIIORENC
G5t | @
G1 b | @
(3 3 3 3/11) 1
Gishn| o

Application of equation (5.136) to Xéf:k) for the two cases K = 0,1 gives:

1 1
K=0-22 [(aTa)Sr'flk) - (aaT)ﬂ'Zk)] K=1-22 [(aTa)g';k) + (aaT)Er'Zk)] , therefore:
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Krk -1 Kk rk
X8 =272 (@) - (-1)F - (aah) (|

Subsequent use of equation (5.8a) then yields finally:

S (Knk) _ 2—% _ {1 B (_1)K+ﬁ+k} (aTa)Wzk) _ (_1)K[l]% -6(k,0)-6(k,0) (5.139)

Omq

Non-trivial operators exist only for odd K + k + k, as for even K + k + k, the above
simplifies to a constant [Judd, 1967]:

1
XERR) = _[1]2 - §(K,0) - 6(x,0) - 5(k,0) (5.140)
Manipulation with CC~! and C-1C leads to [Judd, 1967]:

(v QM X {1y Q' Ma) = (<1) - (¥ Q ~Mal X (™l Q' -Mg) (5.141)

Withl':Q—MQ+K+Q/—MQ.
[Judd, 1967] also introduced a complementarity operator R satisfying RTR = 1 that
interchanges spin and quasispin spaces:

Ral®) R =al% o and R XM R = XKW (5.142)

The Wigner-Eckart theorem (3.39) in quasispin space may be put to use to find the
explicit N-dependence of matrix elements contained in Mg = -3(20+1- N):

<¢ QMQ|XO(7Ir(an)|w/ Q’MQ> — (_1)Q—MQ . (_]%Q Ig ]3;) . (w QSL”|X(KM<)|H¢/Q/S/L/>
!/ k. !

5.12 Coefficients of fractional parentage

To uncouple an electron from a shell of equivalent electrons while preserving the
required Pauli restrictions, additional factors called coefficients of fractional parent-
age are needed e.g. in the CG coefficients (4.9). Assuming ¢ = [V(SL) and
1 = IN-1(S L), coefficients of fractional parentage are (implicitly) defined by:

1Y(SL)) = 2] IMH(S L), L (SL)) - (v [}) (5.144a)
¥

((N(SL) =3 (v {lv) - ("1 (SL), 1 (SL)| (5.144b)
Y

Combining the two above equations yields the cfp completeness condition when
summed over parents:

> (U Al) (9 1re) =1 (5.145)
()
Or, more explicitly:

Z (VSL {@) (E |}V’SL) =d(v,v") (5.146)

P
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Creation and annihilation operators are closely related to coefficients of fractional
parentage:

(6l at ) = ()Y - VN -[S.L]2 - (¢ {[©) (5.147a)
From equations (5.23) it follows:

(6 llat [|9) = (-1)SD-EDGD () a | )

combining the two above equations gives:

(G lla ] ¥) = ()N ST GHCD N[5 L] - (3 1) (5.147b)

One way to appreciate (5.145) algebraically, is to start from the matrix element of
the number operator using equation (5.4):

(l(ala)®P’) = -N - 5(¢p,9") - [%,l]‘% - [S,L] 2 (v 1| (ala)® || 4)
(5.148)

With equation (5.31) one arrives at:

N =

[

N

(0] (ala)™ || /) = =N -5(0,0) - [S.L]2 - [5,072 DAD@H)  (5.149)

Inserting the reduced matrix element into the number operator now gives the
required cfp sum rule.

Coefficients of fractional parentage all vanish except for 7 = v + 1 ([Racah, 1943],
equation (58a)).
With 7 = v£1, one derives the below conjugation relation between cfp’s [Racah, 1943,
Judd, 1967], with 2= S+ L+S+L—-(:+1)+1(v+7+1). Using holes rather than
particles for the second half of a shell, Racah omits the last term in z, i.e. the
quasispin phase.

1

)2 (l4l+2—N w |} l4l+3_N E) (5‘150)

It follows immediately:

(2 {1 SsL) =[S, L]% (20 + 1) (4l + 1))*% (5.151)
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Combining equations (5.145) and (5.150), a second sum rule for the summation?
over daughters can be derived:

S S.L] (T o) (¢ {F7) = 6(5.77) - [5.7) . A3 =)

(5.152)
,l/) N

The same result may be found by considering (E | (aaf)©0) || W) twice:
(0 1 @ah)® || 7) = N[5, 1,072 -6(0,) - SIS, @) @) (5.15)
P
As: C (aal)"* C-1 = —(afa)"*, it also follows after using equation (5.31):
(E ZN_l ” (aat)(oo) ” W ZN_1> - _ (E l4l+3—N H (aTa)(OO) H J l4l+3—N)
- (+3-N)-[S,T)2-[5,1]°2 - 605, %) (5.154)

Equating the two above equations now yields the cfp 'sum-over-daughters’ rule again.
A third alternative derivation starts from equation (5.8¢):

(4 1| (aal)© || 37) - (& || (afa) @ | ) = [5,0]2 - (& | 11| %7) = 6(. %) - [4.1]2 - 5.

Setting z = ¥, [S, L](¥[}¢) (¥{|¢’) and using equation (5.153) plus:

(01 (@'a)® || 97) = ~(N ~1) - [S,T)2-[4.1]72-6(5, %) (5.156)

it follows:

- s (5.7)- W2 N5 157)

v =0(y,¢")

The below derivation of Redmond’s [Redmond, 1954] cfp recursion formula is due
to [Judd, 1967].

As a first step, the operators of equation (5.8a) are set between the states
<1p‘ and |w’> This gives:

—

(@ I (aal)™ || ¢7) = (=1)* (¢ || (ala)™ || ") + 6(x,0)6(k, 0)5(¢,¢") [S, L, 5,112
(5.158)

2Here it should be remembered that with equivalent electrons, S and L may not be summed
over independently as not all SL combinations are allowed by the Pauli principle.
A simple example to illustrate this point:

>, [8,L]= (41;[ 2) =S [S,L]=45but > [S]-> [L] =100
S,L d2 S 7

For 2, the restriction that S + L is even can be implemented by multiplying with the factor
z [1 + (—1)S*L]. This then yields the correct result:

> [S.L]= %ZS: [S]EL: (L] +%%: (—1)5[51'; (-1)*[L]=50~5=45

d2
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Next, equations (3.48) and (5.147) are used to calculate both reduced matrix ele-
ments:

(@ 1l (aa)™ | ) = N - k]
T 3 5 i Eem) e

withw=r+k+S +L' +3+1+S+L.
Similarly, application of equation (5.31) gives:

DN |

o

(@ Il (ala)™ || ) = (N = 1) - [, k]2 - [, T, 57072
Tes 5} (e 4 b @wem e

withy:§+f+m+k+5”+[/’—(%+l)_

Next, both sides of equation (5.158) are multiplied with:
L1

LRl (Lol

nk[”k](l) S' S S(\L T L

application of equations (2.11) and (2.12). This yields:

and the summations are carried out by

N

N;(@I}w)(w {lW") =6, 4") + (N-1)-[S,L, 5", L]

-
. _1\S+L+S'+L" ]~
> (1) 5

w"

N~

SV (L7 1 L =\ (n

AR AN O (5.160)
The LHS may be written as N’ (¢|}) = N’ (¢|}v'SL),

where the normalization factor N’ is determined by:

N = N3 (vSL{[¢’)*[Judd, 1967 (5.161a)

or alternatively [Hassitt, 1955] by:

N2 [1+(N )Y ()7 [F,T7. {g

,[p//

NN =

S L' 1 —

(5.161b)

The final result is the known Redmond cfp recursion formula [Redmond, 1954]:
_ S S
(F1}) = YN |67 + (V-1)-[B.LF. T2
. _1)\S+L+S'+L" ]~ D " " 7
> (-1) GiahEl b ewmem| e

wl’
Each choice of godparent ¢’ now involves a different value of N'.

N ==

The (N, v)-dependence of cfp’s is found by taking them as (proportional to the)
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reduced matrix elements of the triple tensor a(e!) after application of equation
(5.147a), the Wigner-Eckart theorem and equation (C.5).
Forv=v-1:

(VoI ) = ()Y - NTE 5,172 (o ] % | )

_ (_1)N . N—% . [S, L]—% . (_1)2l+1—%(N+1/) . (%5((22;:11_—;)) i _%%((223':—22 Z;\)f)) <¢|||a(q8l)|||¢)
1

S R e P e e ) I LA (5.1630)

whereas for 7 =v + 1:
(z%{w-lw) (- 1>N 25,072 (o ] 2% 17

_ (_1)N_ -5 [S L] ( 1)2l+1—%(N+V),(%5((22;:11_—;)) % _%(%Q(ZQj_;i)N)) <¢|||a(qsl)|||a)
1

SR [2N(21 ¥ 2(]1[1/_)& 1-0) ] " o)) (5.163D)

Here, the completely (fully) reduced matrix elements (¢||lalesD||[)) = (I SLv|||lalesD||[l SLv)
or RCFPs are independent of the occupation number N.

They have been tabulated for the p—, d— and f-shell [Gaigalas et al., 1998].

Equation (58b) from [Racah, 1943] is retrieved by using (5.163a) twice with N = v

in the denominator:

(INp{iv-13p) l(4l+4—N—V)V)F (5.164)

({lir-1g) | 2N(2+2-v)

The example from [Judd, 1967] for ¥ = v + 1, found with [Racah, 1943] equation
(58¢), employs (5.163b) twice with N = v + 2 in the denominator:

(Ve {i1e) [(N )+ 2)]%

(lu+2w{|llx+lw) - IN (5.165)

Continuing using second quantization, one may also define coefficients of fractional
grandparentage in terms of creation and annihilation operators:

(61 (atah)s" || ) = VNN = 1)-[S. L]z - (¢ (', (S T)) (5.166a)

(41 (@) % || ) = (~1) D" NN - 1) - [S. L]z - (¢, (S T) |}
(5.166b)
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The so-called coefficients of (fractional) grandparentage introduced in equations

(5.166) are found from:

N

(ZN(SL) {|ZN_2(51L1),Z2(SQL2)) :Z(_1)51+1+S . (_1)L1+L [g Z S ]

5L
_51%§ )L L (1IN N-1(GTTY). (IN-1(T T {|JN-2
e S L L eenwen) e i i)
(5.167)
With SyLy = 00 =S, one obtains [Racah, 1943]:
1
_ N-v)4l+4-N-v) |?
N(SL N=2(SLv),12(1S)) = ( 5.168
() () = | K2 =T (5.168)
The idea may be extended to non-equivalent electrons:
(lNil(Sngl/g), l’(SlL1)|}lN(SLI/),ZI(S’L’)) — (_1)S+L+1+l+l’+Sl+L1
. 1 ona N ‘SS’%_LL’Z’
[S, L, Sy, Ly]2 - (IN7'(SaLava) | HN (SLv) ) {51 Sy L \Ly Ly 1 (5.169)



Chapter 6

Matrix element calculation

6.1 Algebraical scheme

1. Find the statistical weighting factor:

\/H/\ ! Ty o
I1x ¢3!

(W= (1-30u0ca) - & permutation phase (6.1)

As an example!:

V6! 81151 10!
<p6d8p/ |C| p5d10) S W = _ +6\/1_5

51 8
(sp*|C|s*p*d) - W = +2V6
(2 N2 O N) s W= (-1)N /(A +2)N(N - 1) (6.2)

2. Recouple bra and ket, in S L-coupling for spin and orbital part independently,
to couple both operator- and spectator-electrons separately.

3. If the total operator rank ¢t # 0, uncouple S and L from J.
4. Decouple the part that is not relevant to the operator.

5. Sum over intermediary quantum numbers and write down direct and exchange
contributions separately.

6. The final result is expressed as the product of an angular matrix and the
corresponding Slater integrals.

As mentioned with equation (3.58a) and (5.77), the Coulomb interaction may be
written as:

1 rk 1ok (0)
o 2 AP = RN R (e, (6.3)

k
T12 7“5”

Isee also subsection A.9

84
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where equation (3.15) is used in the last step. The Slater integral is defined as:

k
e

R¥(ab,cd) = A fo P,(r1)Py(r2) T Pe(r1) Pa(r2) dridrs

/O " PP %Yk(bd, ") dr (6.4)

Some related symmetries:

R*(ab, cd) = R*(ba,dc) = R*(cd, ab) = R*(dc,ba)
R*(ab,ab) = F*(a,b) = R*(ba, ba)
R*(ab,ba) = G*(a,b) = R*(aa,bb) = R*(ba, ab) = G*(b, a) (6.5)

To avoid large denominators, [Condon and Shortley, 1935] redefined the F*— and
G*- Slater integrals in terms of reduced radial integrals F;, and G}, such that

Fy, = F¥/Dy and Gy, = F¥/Dy. Here, Dy(ll) = 1.

These so-called Slater denominators Dy (1l") are listed below:

Di(sp) =3 Dy(pp) =25 D (dd) =49 Dy(ff) =225
Do(sd) =5 Di(pd) =15  Dy(dd)=441  D,(ff) = 1089

Ds(pd) =245  Do(df) = 105
Dy(pf) =175 Dy(df) =315
Dy(pf) =189 Dy(df) =693
Ds(df) = 7623/5 (6.6)

The electrostatic inter-electronic repulsion in d* configurations may also be described
by the Racah parameters A, B and C' defined as:

A\ (1 0 -49\ (F,
Bl=(o 1 -5 || R (6.7)
G2

ja Fo FO\ (A+7C/5
B = F2ja9 | > | F2|=|49B +7C (6.8)
(F4) (F4/441) (F4) ( 63C/5 )

Similarly for f” configurations:
E° 1 -10 -33 286\ [(Fp
9ET |0 70 231 2002 || Fy

921 {0 1 -3 7 Fy

3E3 0 5 6 -91/\Fs

(6.9)
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Table 6.1: Reduced matrix elements of the C*) tensor

(L] Cc® 1) Value || (I || C® || I’) | Value
(s CO) | 5) L scoyp | -1
(p | CO || p) V3 | (sl c® | d) 1
plc@|p) | /el slc® | -1
(d ] CO || d) V5 [l a) | -v2
(@dlcojay | /2 @lc®|a :
@reway | /2 wlco|
(F 1 CO | £y Vilwlewnn| -/
(FlCO || 2/T [ @dIcof| -v3
(FIC@ | £y Yl ) s
(FUCO 1) | 10/ | (I co )5 | -/B

6.2 Nielson & Koster term order

The below term order given by [Nielson and Koster, 1963] is used:

Table 6.2: Terms in the p™ shell

pt [ 3P [ 45 [40

p* || 38 | 1P | 3D

Table 6.3: Terms in the dV shell

e ar (s 10 1@

@[ 4P| ap [3p ] 20, [3F |26 | 3K

d gD Q,iP2 iD 2431F2 iG iH o,is2 2,111D2 zllF 2411G2 zIL[
| 88 | 3P | 5D | 3F | 3G | 23S | 3P | 133Ds | 33F2 | 323G |3H | 2]

Next, the total angular momenta for spin S; and orbit L; are ordered from low
to high. Primary for S;, with L; increasing for every value of S;. This leads to, e.g.:

ds
dp
pf
d’s
pd
pd

1D 2D

IpIDIF3P3D3F

1D,1F,1G,3D,3F,3G

(°P)*P.(°P)'P, (°F)F, (°F)'F, ('S)%, ("\D)D, ('G)°G

(*P)2PDF, (*P)*PDF, (}5)?D, (*D)2SPDFG (12 terms in total)

(“S)D, (*5)°D, (2P)'PDF, (*P)*PDF, (2D)'SPDFG, (2D)*PDFG (18 terms)
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6.3 Coulomb matrix elements

6.3.1 [y < .1y

(Laly(SL)|C|1la(SL)) = W(Z D (L | CP 1) (1 | P 1)
k
Rk (1 \letla+L | k lb ld
R*(ab,cd) - (-1)"*" {L Lol
+ES (i 1| C* [ 1) (1. | C® | 1)
k!

R¥(ab,dc) - (-1)°- {’Z Z f} ) (6.10)

W=(1- %&Lbdcd)((l +0q) (1 + 5cd))% =1 except when a = b and ¢ # d or vice versa,
in which case W = /2.

E = (1-04p)(1-0.q) excludes exchange if bra and /or ket contains equivalent electrons.
The direct angular factor after R¥(ab, cd) is graphically given as:

by L
— (_1\la+lp+L )"
+_(1)b{ldlck}

Ly

|
|
ray
\ B
S~
S S
—
IS
—_
—_
S—

_ Ly _JL bl
-7 i {k la zc}

Iy !

\{

(6.12)

The exchange produces, in addition to the recoupling, an extra minus sign as
permutation phase.
Here, this Pauli exchange minus is included in the spin symbol (-1)1*9:

S (6.13)
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Some important examples; in the case ({I'(SL)|C |ll'(SL)), vanishing reduced
matrix elements may optionally be set to 1 to introduce effective, illegal-k operators.

(I'(SL)|C|i'(SL)) = Zk: (Lc® (| c®™ | ry- ar)- (—1)l+l’+L.{]Z ll' ll'}

N A2 e KU
ST e eperan.cos{y )
k:/
(6.14a)

(P(SL)|(J|Z’2(SL))=§kj(—1)’f(l | G| l')Q-Rk(l2,1'2)-(—1)L-{j’.j ll, ll'}(6.14b)

(s2(SL)|C2(SL)) = 6(S,006(L,0) - (-1)' - [[] 2 - R(s?,12) (6.14c)

(IF(SL)|C | (SL)) = ﬂ; DR e®™ ey c® e

REA1Z2 11 - (-1)E- koL ” 6.14d
@11 (D 1 (6.14d)

(I2(SL)|Cs5'(SL)) = V2 6(5,0)8(L,0) - (-1)'- [1]"2 - RI(12, ss") (6.14¢)
6.3.2 IV o N-1p

(IN(SL) [CIINHSTL)I(S'L)) = (N=1)VN §6(SS")s(LL")
SEDEEIC® ) e® | r)-RHALI) - 3 8(S),S7) - WA
k S1Ly

(N SLAINTES Ly ) - Y (NS Ly {1280 Ly ) (1N STL{ IV 2S5 Ly )
SQLQ

/ Ik 1 I kU
(1 \L+L1i+Li+Lo 3
(=) {Li Ly Ll} {L’1 L Ll} (6.15)
For the Brillouin excitation nl — n’l, there is a contribution of the potential as well:
(IN(SL) |U IV S{L) V(S'L)) = 5(L, 1) -6 (91, ¢4) - VN - (1N SL{INIS Ly ) - (nl|U ')

k) | 1)
=0(1,1") - 6(v1,11) - (N = D)V N - (1N SL{IN' S, Ly) - [RO(IL ) - ];) (<2lz|L?)]Z4z”+l>1)

RE(11,11')
(6.16)

See equation (15.4b) further on for the potential matrix element. As to be expected,
this cancels the RO(11,11") term exactly and adds corrections to the remaining terms.
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6.3.3 NI < [N

(IN(SiLy) U(SL) | C1IN(S{L)U'(S'L))) = N -6(SS") - 6(LL') - 5(S1, S7)

/ / 1 '
S CW ) 1 [ O 1) REQU ) - (1) B [, 142 -{f,} v Ll,l}
k

Ly k L LT (N
.SZL (—1)L2{ ; I, ll}-(zN51L1{|zN-152L2)(1N51L1{|ZN 1Sy Ls)

#N-6(SSY) - S(LLY - L] CHV ) (17 €O || 1) - R¥ (171 - (~1)1 15155
k.l

1 1 g g Ly 1 Lll
181,87, L1, L}]2 Z{g 52 Sl} Lok (Y S Ly {1V oLy ) (1Y S{L {1V TS5 Ls)
SaoL 2 1 /
252 L1 ) L
(6.17)

This is graphically represented below. For the direct Coulomb interaction:

L2 52
1
+ L1 4 _ n 2 -
L k L S S
ot 0 ol v 1 v !
+ ll ll/ o _ " § B
L S (6.18)

Lo Sa
+ L " - +
[0) Ly ok L1 51
+ I l - +
L S (6.19)

For I” = 1", one rather calculates C'— U with the additional potential contribution:
(IN(SIL)V(SLY U [IN(STL) U (SL)) = 61, 17) - 6 (o, w7) - (U |Un"1")

=5(I,1") - 6(¢r,9p) - N - | RO, ") - L S (1,071 ¢%) l’)sz'(ll’,l”l) (6.20)
kl

This exactly cancels the RO(1I;,11”) term and corrects the exchange contributions.
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6.4 Magnetic matrix elements

For energy operators with k& # 0, it is customary to use reduced instead of full matrix
elements, with the J-dependence decoupled by means of equation 3.43.
An important case is the spin-orbit interaction with & = 1:

s ¢ o) == (0 L) ) ¢l ) (6.21)

Examples of such reduced matrix elements (appearing e.g. in EL-SO, see section
(15.5)) are:

ANCID = =300+ 1)@+ 1)/2)7 ¢
> (l¢|l) = ﬂ-(z(zu)(zzu)/zﬁ-(—1)%”%{? é {} -G (6.22)
(B(SL) || & || B(S'L)) = 6-[S. L, 5", L']2
{S i 1} {? Y }} (+ D@+ 1)/2)3 ¢ (623)
((SL) || G || W(S'LYY) =3+ (~1)S' 21+ L[S, L &', 1]
{S i 1} {? i },} U1+ D@+ D)7 -G (6.24)
((SL) || G | W(S'LY)) = 3+ (=1)5E++ L[S, L, 8", L']2
T eaeroopia (6.29

(I(SL) 1| G | P(S'L)) = 8(L1) -3V2- (1) [, L, 5", L]
AT T eeeneom? g (6.26)

For higher values N of [V, the matrix elements can either be calculated directly or
with chain formulae starting from its parent configuration.
An example of a direct calculation using equations (5.31) and (5.89):

(INSL || ¢ [[INS'L') = 3N - (I(1 + 1)(20 + 1)/2)% G- [S,L,S", L']2
1
2

S+L— l+l +S+L L1 [ [ 1 N No1SF Noarrs No1T+
~SZL(—1) () {; & g} ~{L ¥ z} A(INSL{INYST) (INS'L {INYST)

(6.27)
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An example in a mixed configuration:
1
((N(SILO)V(SL) |G IV(STL)U(S'LY)) = =3N - (11 + 1) (20 +1)/2)2 - ¢

. (L1 L) (S 1S
'(_1)1 l'[S757517517L7L7L17L1]2.{L} U Ll} {Sl, % 5}}

S+I+L' -8’ i 1 1 l l 1 —_— ——
. _1\S+L+L'-S" | 2 2~ - (N N-1 N qryrygN-1
SZL( 1) {Sl g S} {Ll I L} (IN SiLy{INPS L) (1N STL{[IN'S L)
(6.28)

The latter may graphically be represented as:

Sy
+ <l p—
- I T
Sy 2 1 2 \ 4
+ T -
Sy 2 ) YS!

I (6.29)



Chapter 7

Transition probabilities(1)

Einstein related the spontaneous emission (As_1), absorption (Bj_2) and stimulated
emission (Bsg) coefficients as follows (SI):

B21 = &312 (71&)
g2
hw3

Ag = %321 (7.1b)

The combined transition probability . ; A;; of an upper level [i) to all lower levels
|f) is closely related to the lifetime 7; of level |i):

T = (Zf:AZf) = (EZEA”C) (72)

With the degeneracy factor g = 25 + 1 and k = w/c, Fermi’s golden rule gives for
electric dipole transitions:

R 4 ~
A I o A (o | 7] ¢01)[” (ST) = 3 (2mo)” - (g2 | 7] )| (am) (7.3)
Here, go - As1 = g1 - A1 and the rate of energy loss —dW /dt = Ag; - hw.

It is customary here to use atomic units where e = A = m, = 1/4wey = 1 and k = 270,
so one arrives at the well-known form of the Einstein coefficient for spontaneous
electric dipole emission:

Lo 32m3od L2 32mdol L
g2 Ao (v, J') = "('YJ | T | +'J )| = S (v, 7' ") (7.4)
The pertinent one-electron integral is:
(nl | rCO || ) = (1] O || 1) f Pyr Py dr (7.5)
0

The physical line strengths are calculated in intermediate coupling by transforming
the SL value with the eigenvectors of the actual atomic states:

2
1
Sy=| S GISLvJ) 82(SLv J,S'L'V J') (S'L'V J'|f) (7.6)
SLvS'L'vV'

92
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7.1 Electric dipole transitions(1)

For a transition from an 'upper’ state 2 to a 'lower’ state 1 with g, = 2J5 + 1 and
g1 =2J; + 1, one finds! for the transition probability, with Ag; in s7! and
o in cm™!:

g2 Apr = 2.0261269 x 105 o3 - (] | T || yJ')|° (7.7)
The oscillator strength, on the other hand, may be seen as the quantum efficiency

of an atomic absorption (or emission) w.r.t. the absorption (or emission) rate I' of
3 classical single electron oscillators at the same frequency wo;.

The radial electric field component E, of an electron decreases as ~2; the tangential component
E) vanishes at constant speed. With an electron acceleration 7, the finite speed of light causes a
retardation effect and continuity of the electric field then yields a tangential component as well:

E . N . o= .
Jz,r,tsm(‘):i;r&ne_)EH:ersm9 with f = 1 and E, - e
E, c c? 4megc3r 47eg 72

(7.8)

The Poynting vector S = uy*(E x B) then becomes S = EoCEﬁ e, = (e??sin? ) /(167212 c?) e, ..
The corresponding radiated power through a spherical shell at distance r yields Larmor’s formula:

627-,;2 620.)4 ,,,2

P= [ S-do = / S - 2712 sin Odf = using f sin® 6 df = % (7.9)
0 0

6mege®  6mepcd

The damped, oscillating electron is now described classically by # + I't + w?r = 0. Small radiation
losses (I’ «< w) imply harmonic motion # ~ —w?r. Solving for F,.q from P = —F,,q7 after averaging
over one cycle, © + w?r = I = Fi.q/m — P = T'ms*? and 7 = wr, finally yields:

e? w?

= 7.10
6megm e ( )

With the above expression for I', the actual definition of oscillator strength in SI
becomes from: —dW /dt = Agy - hw =T+ (=3 f21 - hw) and g1 - f12 = —g2 - f21 (absorption
oscillator strengths assumed positive):

g1+ fia = 92?;111121 _ 27:5205;63 go+ A9y (or in au:) gy - fi2 = 87):& o+ A (7.11)
It thus follows:

2 mc 4mme
91'f12=§'7'k'5= ah 08 (7.12)

Similar to equation (7.7), the oscillator strength is in practice calculated with?:
g1 fer = 3.037556835 x 100 g (7] | 7D || /") (7.13)

With the immediate consequence:

1.4991938
91'f12=T'92'A21 (7.14)

!The constant corresponds to the SI value of fe?/h-4/3-(27)3-10°-a3 with f = (47eg)~L.
The factor 10° translates m™ into ecm™, and a2 converts the linestrength S;; from SI to au.
2Here, the constant corresponds to the SI value of (47 mc/3h)-10? - a3.
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As the oscillator strength f;; indicates the fraction of oscillator energy emitted
into each channel j — i, the f-sum rule follows ¥, fi; = 1 if 4 is the lowest level. If 4
is an excited level, the f-sum (or Thomas-Reiche-Kuhn) rule reads:

Zk: (fij + fir) =1 (7.15)

By definition, summing the oscillator strength over all possible (bound and contin-
uum) transitions will yield the number N of active electrons:

ijfij =N (7.16)

7.1.1 Some electric dipole line strengths

1
Calculation of S2(SLJ,S"'L'J") = (vJ || TM || v/J") with T = rC® is required
to apply equations (7.6) and (7.7). As T = —/2/3- (I || C® || I') (atb)ODL .
equation (3.82) -or (5.25)- is used to find the J-dependence:

/ 1 _1 !
(SLI I TO) | 7SE0) =6(5,8)- o5 (- iy LT
(L) cmyry- f ooPnern,l/dw(ySL | (@) || 4/S'L’)  (7.17)
0

To calculate (ySL || (atb)(©V || 4/S’L’), bra and ket are decoupled into a spectator
factor S;L; and an active part {a || (atb)(©) || b) = —/3 to apply equation (3.55a)
or (3.55b). Some relevant examples:

. o1 i1 e
(317 1 TD 3157 = (=122 (1] e™ ||l){;7, 1 jl} fo Py 7 Pypdr
2

(_ﬁ ) é) [P Pvar (7.18)
2 2

where identity (C.52) from [Brink and Satchler, 1968], Appendix II is used in the
last line. Equations (3.55b), (5.20) and (7.17) are used to find:

N =

= (-1Y2 5,5

' 1
(NS LDV (SLIY | TD ([ IN(S L)1 ('L ")) = 6(8,8") - (~1) "5 [J, ', L, L']2

, o[ J 1 e L1 L
(U eW™ )-[0 Pn,l,rPnul,,dr-{L, s L} S (~1)H +L.{l” L l,}

(7.19)

/ 1
(IN(SLT) | TO | N1 (S L)V (S'L )Y = 6(S,8") - VN - (-1) 75 [, J' L, L']2
_ P J 1T e L1 L
(1N SLAIN Sy Ly) - (1] €O Hl>~[0 Pmrpn,l/dr-{L, e L} (=1)f L-{l, L l}
(7.20)

Obviously, equations (7.19) and (7.20) both reduce to equation (7.18) for N =0 and
N =1, respectively.
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7.1.2 Hyperfine transitions and sum rule

If hyperfine structure is involved, equation (3.51a) is used to uncouple the nuclear
quantum numbers and subsequently proceed as in the above:

I I +I+F'+ ’ LJF 1 F I
(VIIF | TO ||/ TF) = (-1)7 1+ I[F,FP{ v J} (7] | TO) || 7)(7.21)

Obviously for I =0, equation (7.21) reduces to (yJ | T || ~'J’) again.
Summed over the total angular momenta F' and F”, the line strength becomes:

S S(JIF,J'IF") Sy JIE | TO | 7’J’IF’)|2

F.F’ F.F’
2
F 1 F 2
= F,F']-{", MNA~Tg 1 T ’
Py ]{J ! J} (2T 1 T | )|
= [y 1T ) (7.22)

It follows that hyperfine structure merely distributes the original line strength with
weighting factors:

[F,F'] {F 1 F’}2
1y I J

7.1.3 Cross sections

In the following, it is assumed that the line shape function is peaked sharply enough:
L(w) ~ (w — wey) to warrant the replacement w — wy;. The photoionization cross
section (PICS) in Mb of an atom in a state i by a photon of energy hw is proportional
to the line strength S as given by the formula:

B« hw w23 1
0 = hwy —2= . 392 Az :—'(@) )\31 Az
c  g1-c hw 4 \qgy
hw 723 4 w3 42 ow
e S .S 7.23
gi-c hw? 3 he? 391 () (7.23)

To convert the last expression from au to the SI unit Mb, one multiplies by a?:

42 -ad-w

opf=———-8 (7.24)
391

Given in terms of the differential oscillator strength:

whe? df 5 , df
. — = . . e — .2
s dE(SI) Ae - o af 15 (7.25)

Remember that hcR., =Ry=13.6 eV= % in au.

UPI(E) =

The electron density n. equals:

A A

=p- 7.26
Mot p M U ( )

Ne=p-
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with M the molecular (atomic) mass. Therefore, the number of absorbing electrons
in a volume of area S, and depth dz becomes: N = n, -S4 -dx. The absorbed
intensity is by definition:

N - df
Iabs:‘d[:—afz(”e'a'df’?)]_’d_:‘”6‘0'12—M[—>I:Io-exp(‘,u-:v).
T

Sa
(7.27)
The relation between the absorption coefficient p and the cross section o is called

the optical theorem: u = n,-o; the quantity (u-x) is the optical depth or optical
thickness. It follows directly:

1 I
= ‘In| — 7.28
7 Ne - T n([) ( )

The above can be compared with an expression, in Mb, for the experimental atomic
cross section:

o= 0.1035-(1%) ~ln(%) (7.29)

with 7" the temperature in K, p the pressure in Torr and z the absorption path
length in cm, and in SI: k7' /p = 1/n..

The absorption coefficient is directly related to the half-width by:
h1_2 _ In2

L Ne-o

d (7.30)

1
2
In LTE, the relation between the specific electron density nl of the initial state |i)
and the total electron density n. of the specimen reads:

n -exp (-E; [kT

e __9i-exp (“Ei/kT) (7.31)
Te Zj gj - €Xp (_Ej/kT)

where the sum in the partition function in the denominator runs over all relevant
atomic states.

Elastic scattering of radiation by a free electron is described the Thomson cross
section, derived from the related classical radius of the electron r, = a.- A.:

f€2 9 f62

=M > Te ="
Te mc

=a%ap=2818-10"° m » oy = 8?793 =6.6525- 1072 m?

(7.32)

with 7. and or the classical electron radius and the Thomson cross section.

7.2 Length and velocity

For quite general operators U, the below commutator relation with the Hamiltonian
‘H holds:

(fIULi) = (gi=ep)™ {f UH]]4) withw=¢;-¢;. (7.33)
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For the dipole transition operator, it follows:

(17 0y = YYD

7.34
- (7.34)

In SI, as —iA V® = p &, this relation reads:
(o1 st} = ot (o Bt = o (vl B9

7.2.1 Commutation®

The traditional single electron Hamiltonian is written in atomic units as:

where 7 = rC() and £ represents the one-electron angular momentum operator.
The commutator now becomes:

2 2 2 2
(7, H]=-1 [rC’(l) {T a—r - E—} - {7‘_16—7" £ }TC(l)]

The usual substitution R,; = P,;/r is made. After summation over the degenerate
magnetic sublevels and using the WE theorem, the following reduced matrix element
appears for the first term:

82 L

—7r —

(1] co y)( Pl T’an/l,>

N N (S
<l || C(l) ||l>—/0 PNZ[WT_ ( - )]Pnlll dr

Here, before factorizing the angular part (I || C™ || I), £? first operates to the right.
In the second term, £2 first operates to the left:
, 02 L2

B i , oo 02 I(1+1)
(m | -1 e+ ||nl>=<l | o ||z)[0 Pnl[—ﬁr—ZE : ]pn,,,dr

o2 r('+1)
T

Collecting terms:

(nl || [rC®, H] || n'l')

(nl I roM I n'l’)

En —En
@ =1l
L LCONN o |4 D @) )
En' — En dr 2r
@y o0 D =1('+1
- TN pop [0 MWD LD p o (9
En’ — En 0 dr 2r

In terms of the pertinent integrals, the correspondence thereby becomes finally:

(nl | rCW | ) = (1] O || ) fo “Por Py dr

_ M[O“p [i_l(1+1)—l’(l’+1)

!
En —En "ldr 2r

Note that: (I-0")({+U"+1)=1(l+1)-1I'(I'+1).

]Pn’l’ dr (736)
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7.2.2 Gradient formula®

Another route towards the same result is directly calculating the reduced matrix
element (¢4 || V || ¢;) in spherical coordinates:

. 0 sing 0 cochos¢8]_
Vo= -81n9005¢8r rsin98¢+ r 00 ’
[ . ., 0 cos¢p O cosfsing 017 .
+ _Sln081n¢§+rsin08_¢+ " %]g
0 sinf 0
+ -cosﬁa - , %:Ik (737)

The z— and y— components are linear combinations of the spherical components +1.
Fortunately, the preferred z— component (or the equivalent spherical component 0)
is simplest. Application of the Wigner-Eckart theorem yields:

(vi0| 78| 50)
S

and therefore for the case at hand:

(i 1™ 1 '5) =

(nt0 | v no)
o s o)

Only two possibilities for [ are allowed by the 3j-symbol: [ =1’ +1, the largest of the
two called /.. The 3j-symbol may be reduced to:

(nl | v | 0V = (7.38)

1

L1 . oL
(0 ! 0) - ()VE L7 (7.3

Remains the calculation of:

cosf— —

or r 00

Therefore, the following two basic properties of spherical harmonics are required:

(1095 0} = o0 [ - 3202

” Rn’l’(r)}/g,>

[+1 1+1 ! -1

V@i @+3) " i J@-1)(@l+1)
I(1+1) yi+ I(1+1) yi-1

Jei+n@+3) L J@I-D@i+1)

As a result of the orthogonality, either the first or the second term of the above will
drop out. After closure with the bra, the 9/0r and the —1/r terms yield:

{di L 1} and {—1-(—1)l>_l,+1- M} respectively.
r [l,l’]ﬁ r [l)l/]i

cosf Y5 (6, 9)

sind-¥4(6.0)
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This can be seen from inspection of the possibilities [ = I’+1 separately. In conclusion:

o0 d ls 1 U+ 1
(”lo |V(()1)| ”'l'0> = / an(r){d—’ T (DR nr+1) +1)}Rn'y(r) r2dr
° Tz T [1,1]2

(7.41)

Only the radial integration is left. As can be seen from equations (7.38) and (7.39),
1 1
the RHS has to be multiplied with the additional factor (-1)"*>(l.)"2 [,1']2:

(—1)l+z>(5>)% /:ORM(T){%JFE,(_D&_Z'_ r+1)

. L } Ry (r) r2dr
1
Remember that (1) - (1,)2 = (I || CD || I').
Substitution P, /r = R,; removes the factor 72 from the integrand, and due to the
action of d/dr gives an additional contribution of [P, (r) (=1/r) Py (r) dr, so:

(o) () 1
f 7,2 Rnl i Rn’l’ dT' = / Pnl (i - —) Pnlll d?" (742)
0 dr 0 dr r
Finally:
%) 1 -1 Is=1 . J1(]1 1
(v ) = (e ey [T Ry | &t DY g ar
0 dr r ls
00 D =1(l'+1
= (1]c™M | ll)/ Pnl(r)[i— I(I+1) =l + )]Pnllf(?“)d’l“ (7.43)
0 dr 2r

The last step may be verified by explicit use of [ = I’ £ 1; division by AFE directly
returns equation (7.36).

7.2.3 Gradient formula“

A more direct route employs the spherical tensor expression, derived from the
expression for the linear momentum p, equation (3.20):

o V2 (1)
v = oM E _ T (C(l) l(l)) (7.44)
Thereby:

oo d
(nl | VO | w7y = (1] €O | z')-fo 2 Bog = R

—\/E(l | (c® l(l))(l) | l,)'/oooTQ R, % Ry dr (7.45)

From equations (3.47) and (C.11), one deduces the below identity, directly related
to equation (5.63):

(l || (C(k) l(l))(k) ” l’) _ I(l+1)=k(k+1)=U'(I"+1) -(l ey l’) (7.46)

2 /k(k +1)
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Using this for k£ =1 plus equation (7.42), one arrives at:

, bl d 1
(e )] [R5 - 3) P

o) _ _J/ !/
~ f (Pnl I(I+1)-2=-1({"+1) Pnfl/)dr]
0 2r

, bl d (I+1)-U{"+1

Obviously, equations (7.36), (7.43) and (7.47) are all identical.

(nl | v || 2l

7.2.4 Example hydrogen

The relation between the length and velocity operator, for a transition from an
upper state b to a lower state a with w = Fj — F,, thereby becomes:

V(a,b
Llab) = =80 o ab) = wL(ba) = V(b.a) = -V (a,b) (7.48)

w

A simple demonstration is found with the hydrogenic 2p — 1s transition matrix
element: (2p || rCM || 1s). In atomic units, one has ¢, = -1/(2n?) and:

P(1s) =2r-exp(-r) (7.49a)
1
P(2p) = ——=-r*-exp(-ir 7.49b
(2p) =7 7 p(-37) (7.49b)
P(3d) = — 3 exp (~17) (7.490)
811/30 ’

In the length formulation, this yields, with (p || C( || s) = 1:

©/6-7*-exp (-3r/2) 1286
2 || rCM | 1s) = f dr = 225V°
20 I rC N 1s) = ) 6 SDYE
The velocity formulation, on the other hand, gives:

1 oo d 1(1+1)-0(0+1

<2p | 7O | 15) = f P(2p) [— - (1+1)-0(0+1) P(1s) dr

€1s — E2p JO dr 2r

1 00 d 1 8 16v6 1286
P(2p)|— -~ |P(1s)dr=—-=.— -
sls—ezpfo (p)[dr 7’] () dr =31~ = 213

Both two terms of the integral yield identical contributions —8\/6/81, while the
energy coefficient gives —8/3. So, as expected, length and velocity formulations
yield identical results in the hydrogenic case.
N.B.: from the Leibniz theorem, one deduces:

1
PM =2. 2% cexp (=Zr) - (-1)"- (Zr - n)

In fact, the use of the operator 7 instead of V is an example of "distributed’ operators.
Although mathematically identical for exact wavefunctions, a different (broader)
range of integration is used, which may be more accurate in the case of approximate
wavefunctions. Relativistically, this corresponds to different gauge choices.
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7.3 Sum rules

2

rrroyl !/ !/ L J S . o
;S(SLJ;SLJ) = ;6(55)-[J,J]-HJ, I 1} -S(SL;S'L")
= 6(88")-[J]-[L]™ S(SL;S'L") (7.50)
As ¥ ; [J] =[S, L], it follows:
> S(SLJ;S'L'J")=6(S8")-[S]-S(SL; S'L’) (7.51)
5 S(SLJ;S'L'J") _5(55)). min ([S], [Lup])  S(SL:S'L) (752)

[Lup]
where J,, refers to the upper level: E(J,,) = E(J) > E(J’).

JJ' Jup

Z Api(77") =0(8S") - min ([S], [Lup]) - A(SL; S'L") (7.53)
JJ

The Thomas-Reiche-Kuhn sum rule, sum of the oscillator strengths (positive for
absorption) equals the number of active electrons in the system:

ij T =N (7.54)

In the absence of external fields, the initial states (yJM;) are degenerate with
respect to the (2J + 1) magnetic substates. A similar argument holds for the final
states (y'J'M’). Therefore, the average oscillator strength is used:

FO&' T T) = >, J(J My, M) (7.55)

1
(27 +1) My, M,

From the asymmetry between the initial and the final state, it follows that:

2T+ 1) f(y' T4 T) = 2 + 1) f(v],~'T')

7.4 Selection rules

Not every pair of states 1 and 2 is allowed to make a transition to one another
through electric dipole radiation!

Therefore, it has to be investigated when [< W, |7| ¥y >[* # 0. First:

Parity conservation: as every reflection is the result of the product of a point re-
flection and a rotation, one may limit the study to a point reflection at the origin
7 — —7. In spherical coordinates, this implies: (r,60,¢) = (r,7=0,¢+ )

Because W(7) = R(r) Y,™(0,¢) and: Y™ (r-0,¢+7) = (-1)"Y,"(0,9)
‘H carries no permanent dipole moment, the expectation value vanishes:

<U | 7| Us=<(-1)' V| -7 | (-1)T>= - <V | 7| U>= 0!
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Here, (-1)* is the so-called ’parity’ of the state; for configurations with more than
one electron, parity is given by: (-1)X¢. With the same line of thought, one obtains:

<\I/2 | T | \Ifl>= (—1)824—[1 <\I/2 | -7 | \Ijl>

it follows that (=1)%*4 = -1, so £ + £1 should necessarily be odd!
From the vectorial character of 7, it turns out that for dipole radiation: ,

as for z = rcosf one may use:

me_ Ly Ly
o8O} = VI + Y
2 1 2 1
= eee mz mé cee mz mé
< U | 2| Wy >= <Y 0 | Y >+ <Y 0 Y 5 >

so either /5 = /1 + 1, or {5 = ¢, — 1. Same for x and y.

If one wants to observe selection rules for ms <> my, the spatial degeneracy in
m, i.e. the isotropy, has to be lifted, e.g. by a homogeneous B-field. Only then axes
(like the 'z-axis’) get a meaning because atoms will orient themselves in such a field
with a well-defined external direction. The ¢—dependence of W(7) suffices for the
selection:

U(F) = R(r)Y{™(0,6) = R(r)O(0)®(¢) with ®(¢) =™ (7.56)

If the electric vector E of the radiation field (both for incoming photons: absorption,
stimulated emission, as for outgoing photons: spontaneous emission) lies in one
par}icular Wellldeﬁned (say z-)direction, this is called linear polarization.

If Elaser field // B, then:

2m 2
—z=rcosf - I ~ / ez(mﬁ‘mi)‘f’dqﬁ‘ # 0, only if m? —m; = 0.
0

So: This is called m—polarization.

Now assume the E to lie in the z— or the y—direction (calculating < Wy | E-7 | ¥y >,
one selects the z— or the y—component of the dipole-operator.)

{xz’r’sin&cosgb

o - x + iy = rsin #e**®. Now we are concerned with < Wy |z + iy | ¥ >:
y =rsinfsing

2
I~ ~

27 27 2
rsinf / e~imi$ . oxid eim%d(ﬁ / e(m%*mﬁil)wdgb N
0 0

This is called circular or o—polarization. The electric vector describes

a helix (screw-like movement) about k: o* is called right-handed or clockwise, as
seen in the negative z—direction, i.e. the light is observed against the propagation
direction, and o~ is called left-handed (or counter-clockwise) accordingly. This is
the 'optical convention’: the rotation is considered positive if it produces a clockwise
rotation when the observer looks into the light source.

N.B.: m is the quantum number associated with the spatial quantization of an
angular momentum. Every angular momentum j (where j corresponds to an integral
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or (spin!) half-integral quantum number) has a magnitude \/j(j + 1)h and (25 + 1)
spatial orientations m; where m; runs from —j,-j +1,---0,1,---5.
With spatial degeneracy, there are (2j + 1) m;—states that all contribute equally:

Z |< Uy my | eF | U1 my >|2 is independent from ms
mi

and implies that goAs 1 = g1 A1.2: the initial state 2 is weighed with (25 + 1) = ¢».

7.5 Line broadening

The light emitted by an atom is, as a result of natural or radiation damping, not
strictly monochromatic any more. The word 'damping’ derives from the analogy
with the classical damped harmonic oscillator, with a damping factor I' = 2+.

The average lifetime in an excited state ¢ is given by:

Atmgo— b (7.57)

ij<wi A’LJ

The excited state ¢ in this equation may in principle decay to several, lower lying
energy states j. This phenomenon is called branching, and thereby the ratio be-
tween the corresponding values A;; the 'branching ratio’.

According to the Heisenberg uncertainty principle AE - At > £ is the order of mag-
nitude of the corresponding spread in energy:

h
AFE = :
2r At (7.58)
consequently:
1 1
Aw=—:=T== 7.59
“ At T ( )

Therefore, one may associate the damping factor with the natural linewidth. When
in an excited state, the atom has a finite lifetime 7 and will decay exponentially from
this state. An important approximation is the so-called Rotating Wave Approxima-
tion (RWA) assuming |w — wo| << w, as a result of which the fastest oscillations with
frequency w +wy may be neglected: (w+wp)™! < (w—wp)~t. The emission spectrum
will then exhibit a symmetrical, so-called Lorentzian profile:

v 1

Where:
[oo L(w)dw=1 (7.61)

Here, I" = 2v is known as the Lorentzian width or the damping factor, i.e. the
halfwidth of the line profile. The natural line width is an intrinsic property of
the atom and can not be reduced experimentally. This in contrast with linewidth
broadening mechanisms like Doppler broadening (low temperature) or collisional
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broadening (low pressure). The limit for a stable or stationary state: 7 =00 -y~ 0
yields the well known Dirac delta function:

. /T

I o wyr e e O

In a number of cases, the shape of the absorption profile becomes relevant. This
is particularly true when narrowband light sources are used, e.g. with modulation
techniques. The reason is that the signal from such techniques not only is affected
by the strength of the absorption feature but also strongly depends on its shape.
The Lorentzian profile, which applies to the case when the sample is either predomi-
nantly broadened by the natural lifetime (i.e. spontaneous emission) or by collisions,
and the Gaussian profile, which dominates when the transition is mainly Doppler
broadened, are two well-known profiles. In the intermediate case, the transitions
have a Voigt profile, which is a convolution of the two.

7.6 Transformation to bi-orthonormality

Two separately optimized configuration spaces of opposite parity are represented
by two sets {¢;} and {¢;} of mutually non-orthogonal orbitals: orbital relaxation
yields more reliable results. Each calculation generates its own orthonormal orbital
basis and as a result, the Gram overlap matrix (i;|¢;) = S;; or (¢|¢) = S of
the spectator orbitals differs from a unit matrix 3. This fact, however, violates
the implicit assumption made in the above Racah algebra derivation of transition
probabilities. The problem can be solved by transforming the wave functions to a
new bi-orthonormal radial basis that does meet the requirement of orthonormality
(E@) =1 [Moshinsky and Seligman, 1971, Olsen et al., 1995]:

(Vi) =6;;  with: 1 =1 Cy and: ¢ =¢ Cly (7.62a)
or equivalently in terms of second quantization:

a, =a,f Cy and: a7 =a," Cy (7.62b)
Apparently: CL S C, =1 or equivalently:

C,-Cl=8" (7.62¢)

Evidently, if {¢;} and {¢;} would coincide as the same orthonormal basis, S = 1
and Cy and C are pure rotations with det(C)=1.

The overlap matrix S is block-diagonal due to the sorting in [-value, though the
blocks are not necessarily square as the bra state (U] = ¥; ¢; (¢ = ¥y @ (15 | and
the ket state |Wa) = 3, ¢ |¢;) = X0 Cjr |5j, ) may be composed of different correlation
orbitals.

The creation and annihilation operators associated with the non-orthogonal basis
{1, #} do not obey the usual anti-commutation rules given in table 5.1, as:

al an + apal, = Spm # Gpm (7.63)

m

3Using common spin-angular functions, only radial overlap integrals for the same orbital
[-symmetry have to be considered while common closed shells may be discarded.
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A new annihilation operator counteracting the above may now be invoked, defined
by & = S~'a; this yields directly:

al G + anal, = 6pm (this corresponds to: S - 1) (7.64)

Retaining the original creation operators for the ket states and using the new
annihilation operators for the bra states, a so-called bi-orthonormal basis is defined:

<n|m> = <0 |dnajn| O> = Onm (7.65)

[Moshinsky and Seligman, 1971] showed that single-particle operators F' and two-
particle operators GG again satisfy equations 5.1, with all annihilation operators a,,
now replaced by a,. Actually, this is true only if the sets of operators ab, and a,
span the same space, i.e. the bra and ket states (¥;| and |¥s) satisfy the ’closure
under de-excitation’ property for all Brillouin excitations P,; = P, with n’ < n.

Next, the action of the excitation operator ala, on the ket (and similarly for the

bra) is calculated from:

ab,n |6u) = 3 Al du) (7.66)
o

Equation 5.4 in its off-diagonal form reads:

1
> ahin ==6(1,1') [$,1]2 (ab)® (7.67)

m,n

The coefficients Al,, are therefore identical to the spin-angular coefficients prefacing
(a|U|b) [or (a|Hpn|b) = I(a,b)] in the off-diagonal potential [or bare nuclear] matrix
elements (¢, |Uap|¢v) [or (¢, |Hpn|¢,)], as e.g. by equations 3.44 and 5.53:

Uass = ~0(L.1') [4.1]2 (a'D) (a]U]p) (7.68)

An upper-triangular orbital transformation matrix can be understood as a finite
sequence of single-orbital transformations, each of which expresses a new orbital as
the sum over lower-numbered orbitals only. With this construction, both transfor-
mation matrices Cy, and Cy will be upper-triangular. As all matrices S and C' are
well behaved, standard linear algebra LU factorization gives: S =1-u; with U = u~!
and L =1"! one obtains S = U - L. From equation 7.62c it follows directly that:

Cy-Cl=U-L=S" (7.69)

As a result, a standard upper-lower decomposition of the inverse overlap matrix S~
suffices to find the required transformation matrices. Equation 7.62c¢ also enables
an orbital-by-orbital recursive calculation starting from Cy4 = 1. The process is
generalized and worked out in detail by [Malmqvist, 1986, Olsen et al., 1995] as a
finite sequence of single orbital transformations.
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7.7 Electric multipole radiation(1)

The electron charge distribution expanded in multipoles, interacts with the
electromagnetic field giving rise to electric multipole transitions.

The electric multipole field has the well-defined parity (-1)*, so that [+’ +k is even.
Using equation (5.58), the corresponding single electron operator is simply:

TO) =3 k0B - /% Al || PhC® || 1) - (aTb)(Okz)k (7.70)

The velocity counterpart of the transition integral L%% = fOOOPnl rk Pydr is best
derived from the relativistic theory; it is given in equation (23.41):

Vi =0t [k foooplpz’ Rl - L1+ 1) - U+ 1) - k(R - 1)] foooﬂpz , rk—QdT]
(7.71)

The complete interaction operator is ¢f - T*®) where the j-independent EM field
factor is given by ¢f = i* - (2mo)*/(2k - 1)!!-\/(k + 1)/k in the long wavelength
approximation. The value of ¢f is derived from a more complete theory of electric
and magnetic multipole radiation, worked out later in the relativistic framework in
chapter 23.

By Fermi’s golden rule, the electric multipole transition probability in atomic units
now becomes:

4 . .
s G I T ) o)

2(k +1) - (2m)*! 2%k+1 [ B \2
(k(% +(1)(2k)—(1)!!)(2k:—1)!!) T ) (7.72)

g2+ Agy

In actual calculations, Ay is given in s7! and o in cm~!. This conversion requires
an additional factor fe?/h-a2*-10%+2 on the RHS; in all cases, equation 7.14 may
be used to convert gs - Ay to the oscillator strength gy - fio.

As the transition probability is proportional to the square of the transition
amplitude: goAgy, o< |[(vJ [| T® || v/J)? | it remains to calculate the matrix

elements (YSLJ | T® || v/ S'L' J') o (75LJ I (aTb)(Ok)k I 7’5’L’J’>:

[S,k]°3

D=

<’}/SLJ H T(k) H ’}/SIL,J’> _ _\/5‘ 5(5’ S/) . (_1)J+L'+S+k . [J, J/]
{J ko J

'S L} A(Lre® ) fo P v Pypdr - (vSL || (atb) ) || 4/S'LY)  (7.73)
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(1 (S1L1) 13" (S2L2) S12Luz I (S5 L) SLJ | T || 1Y (S1L7) iy (S3L5)S1o L I (S5L5) S'L' ')
1
=N -6(8,8")-0(S1,51) - 6(Shz, S15) - 0(na, my) - 6(ng,my) - (~1)°* - [J,J' L, L']?

/ Llg k J L k L L kL
- L2+l1+L12+L12+L3 . / / . . . 12 12
( 1) [L17L1>L127L12]2 {L/ S L} {L’12 L3 le} {Lll L2 Ll}

__ — - (L, k L
3 (Z{VSlL1{|l{V‘181L1)~(Z{VS{L’I{|Z{V‘131L1)(—1)L1-{lll 7, 111} A(naly | P*C® | mly)
S1Ly

1
+ M-5(5,5)-0(5s,83) - 6(Sh2, S1p) - (na,ny) - 6(ng, mg) - (<1)% - [J,J', L, L']2

/ L rJg k J L k L L kL
(_1\L1+Lo+L5+la+L3 | ! ! . . . 12 12
( 1) 2 3 [L27L2aL127L12]2 {L' S L} {L'12 L3 ng} {LIQ Ll L2 }

;Z (zyssz{W-lﬁgfz)-(zysgL;{ugw—lEQZZ)(—l)M-{’;22 IkQ Z?} Analy || ¥ CH) | noly)
SoLo

+ K-6(8,8")-6(ny,n!) - 0(ng,nb) - 8(S12,515) - 6(Lig, L) - (=1)5+ - [J,J', L, L']

~(—1)L+L'+L3+L'3”3+L”-[Ls,Lé]%'{LJ' 1; i} {LLg Ll; fs}

'72 (I SsLs{|I5 1S3 Ls) - (I S4LA{|I5 " S5 Ls) (-1)k {[lj zk; Ilf’} (nsls || v+ CH) || ngls)
S3Ls

(7.74)

N |—

(1Y (S1L1) 1371 (SaL2) S1aLag 1% (S5 Lg) SLJ | T™ || 1N 1 (STLY) 5" (S5L5) 815 L35 1% (SsLa) S'L'J')

1 !
= ()M VN M- 6(S.8) - [ L )7 (—1)“-{ Jog ‘2} {rady 17 CO | maty)

N[

‘[L127 LIIQ]

Ly Iy L!
L', L; L 2
12 3 12 L]_Q k L/12
.(—1>Sz+sg+su.{51 Sz 9

L L L
1 , , /
) [SI; Ly, Sé, Lé]§ ‘5(512; 512) . (_1)Z2+L3+L12+L1+L1 . { L koL } . { }
4 1 S;} (SR (SLD)) - (B (S (SaLs))
2

(7.75a)

(1% (S5Ls) N (S1L1) S1aLag 5" (SaLo) SLJ || T™ || 1¥(SsLa) 1 (S1LY) Sio L 13" (S5L4) S'L'J')
1 /
:(—1)M1-\/N-M-(S(S,S’)-[J,J',L,L'P-{g, g ‘2} A(naly || 77 CH) || noly)

Ly I L

/ / L, L7 1 12

(-1 Li+Ls+L,+L | 1 1 1 AL I L'
(-1 {L’12 Ly Ls S,

L k L
. (_1)812+83+%+51+J—Sé—512 . { Sl S{ % } . {S Sé S{Q}

N

1
-[S12, L2, Sy, Li5]2 - [S1, L1, Sy, Ly]

Sty Sz 53 % Sz Sy
(W (SIL)AY(SILY)) - (1 (S5 L) {[13" 1 (SaLe)) (7.75D)
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{1V (S1La) 15 (SsL3) S1aLag 5" (SaLo) SLJ || T || 1N 71 (S1L7) 1% (SsLs) SioLia 13" (S5 L5) S'L'J')
— (_1)K . (_1)51—512—5&%5’12 . (_1)L1—L12—L’1+L'12

(15 (S5L3) 1Y (S1 L) S12Laa 1371 (SoLa) SLJ || T®) || 1% (S5 Ls) 1M1 (S1LY) SioLia 1" (S5 L5) S'L'T')
(7.75¢)

Again in the S L-coupling scheme, the action of T(°%) is graphically represented by:

+@— 5(5.5")
Lo—— L 1 J ok
m -W-[J,J',L,L'P-(—1>S+L+J-{L, 5 L} {nl || PHC® | )

! -7 (7.76)
7.8 Electric quadrupole radiation(1)
Here, the complete transition probability, again with g, = [J5] = 2J5+1 for the upper
state, becomes?:
g2 Aps = 11199500 x 10722 - 6% - |(1.] || T || v/1")[* (7.77)
For P; # P,, the velocity formulation (23.50) of the integral L%% = 0°° P, r2Pydr is:

2 o d
vﬁ%:--/ Pl(d—+a)P2dr witha=1(I'=1),a=1+2('=1+2) and a=1-1(I' =1 - 2)

w Jo r

(7.78)

These velocity formulations were derived in an alternative way using the hypervirial
theorem by [Godefroid, 1978].

For E2 radiation, the square root of the line strength is e.g. given by:

1

1 ’ 1
ngz = <[N SLvJ | T(2) | IN S'LY J/) =N-5§(S,5)- (_1)S+L +JH+L [J,J',L,L']?

J o2 & (L 2L
. 2) 2 ~-1E. Z
{L, S L} (tic ||z)/0 PnernldrSZLV( 1) {z - z}

(ST (SLy)) - (NS LRI (S'LY)) (7.79)

Evidently, this is just a a special case of equation (7.74) for k=2 and M = 0.

“The constant corresponds to the SI value of fe?/h-1/15-(27)°-10'%-al. The factor 10'°
translates m™ into cm™, and ag converts the linestrength S;; from SI to au.
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7.9 Magnetic multipole radiation(1)

Here, the EM field factor is given by ¢* = a/2 - i1 (2mo)k/(2k - 1)V -\/k +1)/k
with the complete interaction operator equal to ¢* - M (),
By Fermi’s golden rule, the magnetic multipole transition probability is in a.u.:

4o .
2]: 1 |Ck <j1 | M®) | ]2)‘2

(g)2 . ( 2(]{} + 1) . (27‘()2k+1 ) .02k+1 . |(]1 ” M(k) ” j2)|2 (780)

g2 - Ag

2 k(2k +1)(2k - DH!(2k - 1)!!
The reader is again referred to chapter 23 for a more complete theory of multipole
radiation. Here also, A, is customarily given in s™! and ¢ in cm™!, requiring an
additional prefactor fe?/h-a2¥-10%+2 on the RHS; as with electric multipole radia-
tion, equation 7.14 is used to convert to oscillator strength.
Neglecting QED corrections®, the generalized magnetic moment operator for all
multipolarities 2¢ [De-Shalit and Talmi, 1963] is given in the long wavelength limit
using equation (3.25) by:

M® = Zv(’“d )M+ (k+1)s;]

2

= g [k2E- 1) 5er-l[(q(’“‘”zi)(k)+(/<;+1)(C§’“‘1)si)(k)] (7.81)

Naturally, this reduces for & = 1 to the atomic magnetic moment M@ given in
equation (3.71). The magnetic multipole field has the well-defined parity (-1)%+!
so I +1"+Fk is odd.

The two RHS operators may subsequently be converted to second quantized form
with equations (5.62) and (5.61):

_ (k) o , 1 l Y k ) ,
> (O ) = 2 s e+ ) -{1 b1 z'} (L] €% ) 1) - (alb) "

i (7.82a)

> (€)™ = {22k - )7 1] 4D 1) (alb) (7.820)

Equation (5.25) is then used to factor out the J—-dependence:
/ 1 -1
(wSLT | (ab) ™" || @ S'LT) = 6(S,8) - (=1) 7S [, ]2 - [S] 2

{i L] k} (¢S (ab)™ v s'L)  (7.83)

S s 1
_ 1
(wsLr | (ab) ™" ¢’S’L’J')=[J,J',k]§.{L L k—l}
Ik

(esLy (b)) v ST (7.83b)

Thus, for AS # 0 transitions, only the second term effectively remains.

°A first complement would be multiplication of the spin term by g,/2 in eq. (7.81).
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7.10 Magnetic dipole radiation(1)

As with F'1 radiation, the square roots of the line strengths for M1 and E2 radiation
are first calculated in the SLJ coupling scheme and subsequently transformed to
the actual states using equation (7.6).

With gy = 2J5 + 1 referring to the upper state, the complete M1 transition
probability becomes®:

g2 Apry = 2.6973500 x 1071 03 (7] || MO || 4/7")[* (7.84)

The diagonal reduced matrix elements of the magnetic dipole operator

M® = LM + g, SM have already been given in equations (3.73) and (3.74) in con-
nection with the Zeeman effect. Assuming g; ~ 2 for M1 radiation, the general
expression becomes:

1 1
SY(SLIS'L' Iy =(SLJ || MM || S'L'J") = §(SS") - S(LL) - (-1)5*+1 . [, J']2 -

[(—1)J{i ; ‘2} \/L(L+1)(2L+1)+2(—1)J'{g B ‘g} VIS + D25+ 1)
(7.85)

Simplifying the 6j-symbols, the square root of the line strength in SLJ coupling is
thus given by:

1

]2 [S(S+1)-L(L+1)+3J(J+1)] (7.86a)

1
S2 (SLuJ,SLuJ) = - l 27+ 1

20 J(J+1)

and similarly:

1 1
S2. (SLv J—1,SLv.J) = =82, (SLv J,SLv J - 1)

_ 1{[J2—(L—S)Z][(S+L+1)2_p]}%

- 86b
> y (7.86b)

All other matrix elements are zero, which implies the selection rules:
Av=AS=AL=0and AJ=0,+1 with J =0 — J =0 strictly forbidden.

7.11 Application: 21 cm hydrogen line

Interstellar clouds of density p ~ 102 m= mainly consist of neutral atomic hydrogen
at T'~ 100 K. The two possible hyperfine energy levels in the 1s groundstate are:
(F = 1,11) with electron and proton spins parallel, and (F = 0,1]) with the spins
anti-parallel. Each of these levels has 2F + 1 magnetic sublevels: F =1 —

mp=-1, 0, 1 and for F' =0 only mp=0. As the Boltzmann factor exp (-AE/kT) ~ 1
at E'=9.42 x 10-2°J, all these magnetic sublevels are equally populated. Therefore,
75% of the atoms are in the F' =1 level and 25% in the F =0 level.

®The constant corresponds to the SI value of fe?/h-4/3-(27)%-10%- a3 - (a/2)?
= (873€2h)/(3m?) - 1077 - 10% where f = c?-107" and the factor 10° translates m™ into cm™3.
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The lifetime of the upper level F' =1 of a completely isolated atom is determined by
the magnetic dipole 1 — 0 transition probability:

g Ay =2.6973 x 107 x 03 x Sy = 3 A = 2.6973 x 107 x 0.047383 x 3

Yielding: Apq =2.87x 1075 71 - 7= A7l =3.5x 101 s » 11 x 109 year.

F=1
a4 "
1s k> GELEEY EEEFEEE
A=2lcm
3a/4
F=0
N

Because on average there is one collision with another H-atom each century with a
transition efficiency of 25%, a particular H-atom actually radiates one 21 cm photon
every 400 year. Due to the vast dimensions of interstellar clouds, this radiation is
readily observable.

The contact interaction between the proton spin I and the electron spin s can be
described as the potential energy of the proton magnetic moment in the magnetic
field of the electron:

HE =-p;-By=a, I's. (7.87)
Due to symmetry, one could also have chosen the equivalent converse expression:
HE =-p,-Br=a,,s-L (7.88)
From F2 = (I+s)” one derives:
I-s)=1[F(F+1)-I(I+1)-s(s+1)]=3[F(F+1)-2] (7.89)
It follows that:

AE = E(po1) = E(r=g) = ns - (1 = (-3)) = ans (7.90)

Non-relativistically, the magnetic field of the s-electron at the nucleus is given in SI
by:
8

7 T o 2 7
BO)=— -—-|U(0)|" - us k 7.91
(0) == 22w () (7.91)

—

fis = psk=-gs-up-§ and, according to equation (3.35):

- Me T

Mmr = gI,uB(—)I (792)
m

P
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Therefore, in au the magnetic s-electron field at nucleus is written as:

= & 2 . 2 5(7’) N
B(0) = -a”- 5 W) - 3gs-5=-a% 3gs- 3 <7~_2> 3 (7.93)
. 16(r) . )
The second step results from: 6(7) = 6(r) = i with: (d(r)) = |V (0)|
T
Once again:
Hyg. = —jir - B(0) (7.94)

For non-relativistic hydrogenic systems, one has [W(0)[° = Z3/(7n3a3), finally
yielding:

8T po o [Me Z3
= — 22 ) g g —— 7.95
In au, this becomes:
8t 5 (me\ . 1 2% 5 5 [me (2)3
e —-a2 | =5 ) Ltgr - tg, 2= =202 | =5 ) gr9. [ = 7.96
“ 3 « (mp) 291" 29 ™3 3¢ my 914 n ( )

Substituting known constants, the final result becomes: a;, = 9.432 x 10725 J, to be
compared with the experimental result 9.412 x 1072 J - X\ = he/ay, = 21 cm.

7.12 Magnetic quadrupole radiation(1)

Just like F'1 radiation, M2 radiation involves a parity change. Here, the complete
transition probability, again with g, = [J5] = 2J5 + 1 for the upper state, becomes”:

g2 Anra = 14909714 x 10727 0 - (] || MP) || 'y’J’)|2 (7.97)

where M®) is given by:

M@ - 2/3- V6 - Zri [(Cz(l)li)@) +3 (Ci(l)gi)(Z)]

* 1 !
= 2/3 / P,yrP,y dr- <l || C(l) ” ll> . lQﬁ[l,(l,+ 1)(2[’4‘ 1)]5 . {i ll 12,} (aTb)(02)2
0

3 (aTb)(H)Ql

(7.98)

(02)2

(zN(SLJ) | (afb) ™ ) 1N Sy L) ¢ (S'L'J')) - _\/g. VN -5(5,8") - (IN SL{IN T S, Ly )

/ L 1Jg J 2 / L 2 L’
(-1 J+L'+S | J J2 . (=1 Li+l'+L L L . 7.99a
R P 8 LA S C LR TV 4 Vi B (L
"The constant corresponds to the SI value of fe?/h-1/15-(27)5- 1010 ag - (a/2)2.
The M1(M?2) constants are equal to the E1(FE2) constants x (a/2)%.
The M2(E2) constants are equal to the M1(E1) constants x (1/20-10%- (27)2 - ad).

N[
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N =

(¥ (SLI) || (afb) ™ V(S L) U (S'L ")) = =3V/N - (I SLAIN 8, Ly) - [, 7', 2]

S Sl , |
{ 1} ‘[SvL,S’7L']%'(—]_)Sl"'%*"s"'l.(_1)L1+l’+L+1.{S 1 S} {L 1 Z;}

N [—

L1 s L[\ L

J J 2
(7.99D)

(1 (SiLa (L) I (alb) ™ [ 1Y (SiL) 1 ('L T)) = =3 -0(5,9)
JJ 2 prar (r gk [L2 L
}(_1) [L,L]Q {l" Ly U

J+L'+S /l‘
AN LR (7.99)

N[ =

(11)2 ” ZN(SlLl)l"(S/L/J,)> - _3. [J, J',Q]
1S L1 L
S [ Ll 4

(7.99d)

(ZN(SlLl)l’(SLJ) | (a'b)

S S 1 ) .
AL L 1Yy . [S,L,S,,L,]i . (_1)Sl+§+S+1 . (_1)L1+Z”+L+1 {
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Chapter 8

Light-matter interactions

Most elementary concepts can be understood from the interaction of a two-level
atom with monochromatic light. We call the ground state |g), the excited state |e),
and their energy difference hwy. This atom interacts with a (strong) monochromatic
laser with frequency w and wavevector ky, = w/c. We define the detuning as § = w-wy.
Although the atom is taken at rest, a moving atom can in many cases be described
by including a Doppler shift in the detuning: § - ¢ — kpv.

8.1 Frequencies vs. angular frequencies

Equations usually look better when angular frequencies are used. In the following, all
varieties of w, § and v denote angular frequencies, i.e. the corresponding oscillation
is something like coswt or e=™! and the corresponding period is 27 /w, etc. Confusion
can be avoided, e.g., as follows: w/2w =1 MHz, or w =27 x 1 MHz.

For linewidths the situation is as follows: if an excited state has a 1/e-decay time
of 7, then I' = 1/7 is an angular frequency. The full width at half height (FWHM)
of the corresponding Lorentzian line is then I' in rad/s, or I'/27 in normal frequency
units (Hertz, cycles per second). The usually quoted 'natural linewidth’ is thus equal
to (27r7)~!. For example, for Rb the natural linewidth is 6 MHz, ' = 2 x 6 MHz
and 7 = 26.5 ns.

However, the rate at which an atom can scatter photons is I'/2 = 1/27, in pho-
tons/s. So for the scattering rate we do not divide T by 2, but for the linewidth
(in Hz) we do (!).

8.1.1 Rabi frequency

In calculations we usually need the Rabi frequency. However, in the lab we usually
measure the intensity of a laser beam. Here’s a shortcut to calculate the Rabi
frequency €, if the intensity [ is given:

2\ I
2| =| = —, 8.1
( r ) Iy (8.1)
where [j is the saturation intensity:

B mhe

I, = 2,
07 3)3

(8.2)
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Here the internal structure (angular momentum) of an atomic level has been ignored,
i.e. it is assumed that the Clebsch-Gordan coefficient is 1. Beware for alternative
definitions in the literature. In particular an extra factor 2 in the saturation intensity
is frequently used.

For resonant excitation (d = 0), in the absence of spontaneous emission, the Rabi
frequency is the frequency at which the population oscillates between the ground
and excited state. So, starting in |g) at ¢ = 0, the population is entirely transferred
to |e) at t =/ and back to |g) at t =27/Q (full cycle).

It is useful to define the saturation coefficient s:

a2 Il

"TS2ar2/4 1+40%T (8:3)

Again, beware alternative definitions, such as I/1j.

8.2 Two-level atom plus monochromatic laser

8.2.1 Light shift

The term ‘light shift’ is jargon for what is sometimes called ‘dynamic Stark shift’
or ’AC Stark shift’. It is also synonymous with ‘dipole potential’, with its spatial
derivative the ‘dipole force’. Not all optical forces are dipole forces. The term ‘dipole
force’ is frequently used to distinguish it from radiation pressure, which is also called
(spontaneous) scattering force. A simple derivation for the light shift is obtained in
the dressed-level picture.

Dressed states are combined states of the atom and the radiation field. The
uncoupled dressed states are |g, N + 1) and |e, N), where N is the number of laser
photons. These two uncoupled dressed states are nearly degenerate, their energy
difference is hd:

E(lg, N +1)) = E(le, N)) = (N + 1)hw — (Nhw + hwp) = hé.

The coupling strength of the atom-light interaction is described by the Rabi
frequency €2;. In the presence of coupling, the eigenstates are linear superpositions
of |g, N + 1) and |e, N). The energy of the coupled dressed states are the eigenvalues
of

w o /2
(o0 ) »

Note that the common energy of N photons, NAw has been left out. The eigenvalues
of this matrix are

ELzzhw-;hWQig:hw-;thig\/m‘

The splitting Q = /02 + Q2 is sometimes called the generalized Rabi frequency.
The eigenstates are

|1(N)) sinf|g, N + 1) + cosfle, N)

|2(N)) = cosflg, N +1)-sinfle, N)
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where the angle 0 is defined by

tan 26 = —%. (8.7)

For detunings large compared to the Rabi frequency, |§| > €2, we have |0| «< 1,
so |sinf| «< 1 and the dressed states approach the uncoupled states. In this case the
effect of the interaction is mostly a level shift: the light shift. For the ground state
the light shift (expressed as a frequency) is

AEg El Q% S
=W sl (8.8)

In the last approximation it has been assumed that [0] > I' (which is usually the
case).

8.2.2 Photon scattering rate

The photon scattering rate is determined by the population of the excited state.
This is found by solving for the steady-state solution of the optical Bloch equations.
This steady-state population is given by:

1 S
st _ . 8.9

Note that this population never exceeds % For the photon scattering rate 7. we

simply multiply by the decay rate of the excited state I':

I S
o ' 8.10
" 2(1+3) (8.10)

Scattering force

An atom excited by a single laser beam receives one photon momentum Aky per
scattered photon, so the force is

I S
F=hkp -~ = Bk - — . 811
L L 2(1+3) (8.11)

The maximum scattering force, for large saturation, s > 1, is thus given by

r
P = bk . (8.12)

For rubidium, F./m ~ 10° m s72 ~ 10% g.

8.2.3 Far off-resonance limit, low saturation

Of considerable experimental interest is the situation where the laser is intense,
I > Iy, and far detuned, |§| > T. Due to the large detuning the saturation parameter
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can be very small, s < 1, even for very high intensity. In this situation the following
simplifications are useful. Saturation parameter:
I/,
s :
4(0/T)?

(8.13)

The lightshift is proportional to I/d:

AE, I/l T s
= — & —0. 14
A 20T 4 2 (8.14)

The photon scattering rate is proportional to 1/§?:

I s Illy, T s
- & —=1T. 8.15
2s+1 40%T2 2 2 (8.15)

Vsc

Note that the ratio of light shift to scattering rate is §/T.

8.3 Parameters for 5’Rb

resonance wavelength A 795 nm (D)
A2 780 nm (Dy)
lifetime T 27 s (psj2; D2)
linewidth I'/2m 6.0 MHz (p3; Do) = (277)7!
saturation intensity Iy 1.6 mW/cm? (Dy)
polarizability afdmey 48 A3
Van der Waals coefficient Ce 4700 a.u.
Doppler temperature Tp 140 uK = hI'/2kp
Doppler capture '/kp 4.6 m/s
typ. velocity @ T Up 16 cm/s =\/2kgTp/m
recoil velocity VR 5.8 mm/s = hkr/m
recoil temperature Tr 362 nK = h2k? Imkp = 2ER[kp
recoil frequency wr  2mx3.8 kHz = hk?/2m = Eg/h
gravity mg/kp 1 mK/em
mg/h 21 MHz/cm
mg/us 15 G/cm
De-Broglie wavelength A 16 nm @ Tp = h/\/2rmkgT
311 nm @ Ty
s-wave scattering length az2 109 aq

8.4 Quantum beats, isotope-selective ionization.

Quantum beats of magnetic and hyperfine structure substates can be used to selec-
tively photoionize isotopes. E.g. in Cd-like systems, an initially unpolarized ground
state |i) = 15y is excited to a final state |f) = 3Dy with two laser pulses. The first
pulse coherently excites | i) to the meta-stable, intermediate states |e), |¢/) = 3P;.
After a delay 7 allowing the intermediate state coherence to evolve, a second laser



118 CHAPTER 8. LIGHT-MATTER INTERACTIONS

pulse populates the final state | f) (Fig. la). There are several paths leading from
| i) to | f). In analogy to Young’s classical double slit experiment, the final state
population of particular isotopes is either enhanced or suppressed depending on the
phase differences between the paths. Subsequently, isotope selective photoionization
may be performed. The phase factor between the paths is determined by the angle
between the polarization vectors of the laser beams and by the quantity we. 7.
Generally, isotopes with an even number of nucleons have no nuclear spin and
thereby no hyperfine structure. The two laser beams are linearly polarized with
the direction of the electrical field component perpendicular to the magnetic field.
In summary, a modulation in the two-step excitation probability depends upon:

e the angle between the polarization vectors of the two laser beams
e the Zeeman splitting of the magnetic sub-levels
e the h.f.s. splitting

Starting point is the quantum beat expression:

P(t) o< ¥ <F Me

egl) -T(1)|Ff mf> <Ffmf

ef" 'T(l)‘ F, m1> <E m;

(e .Tu))T‘ P, mg,)

(Fe/ M

T
(eél) .T(l)) ’Fe me) exp [—(iwee’ + Fe)t]
(8.16)

Here, subsequent use of equations (3.16), (3.39) and (3.51a) now yields e.g.:
((JD)Fome €M - TO|( L) Fmy) = S (-1)2 ) (—I)FE""E( o F)
q1

—Me q1 My

F. 1 F

1
_1\JetI+F;+1 15
(=1 [FE’E]Z{JZ- IJ

} (JATO ) (817)

With all the magnetic quantum numbers m;, m., m. and my summed over, using
equation (3.6) for the Hermitian conjugates, this yields the final expression:

P(t) oc (=) (i )| TO | L) (e | TO | 7))
ol T ) ser o) e

k q

Z [F67Fe’] Fe Fe’ [} - eXp [_(iwee’ +Fe)t] (818)

{Je Je k

Fe,F

Linear polarized light is used, but at right angles to the B-field: — o* yields a
coherent superposition of 3Py, (m = —-1,1), where the phase factors are interrelated
by synchronous creation. The energy difference is caused by the Zeeman effect.
The phase difference between W(m = -1) and W(m = 1) is determined by the mag-
nitude of the B-field, and is reflected in the transition to the excited Cd (Z=48)
state 4d195s5d(m = 0): sometimes a maximal, sometimes a minimal population.
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a b
2
> ———
S
le> __|
.
le'>
1> ——o

Fig. 1. a The excitation path from the ground state |i), via the
excited states |e), ..., |e"> to the final state | f) is given schemati-
cally. b In this excitation scheme the two paths to the m=0 final
state can interfere. To the m =2 states only one path is possible

Intermezzo:

Gauge transformations can be used to bring potentials into various convenient forms.
One particularly important form, referred to as the transverse or Coulomb gauge, is
defined by the condition:

V-A.L(r,w) =0 (8.19)

It follows from the Lorentz condition that, in the transverse gauge, the scalar
potential vanishes:

¢.(r,w) =0 (8.20)

In the transverse gauge, the electric and magnetic fields are given by:

E.(r,w) = +iwA,(r,w)
B.(r,w) = VxA.(r,w) (8.21)

For plane-wave solutions to the source-free Maxwell equations propagating in the
direction k, the transverse-gauge vector potential is:

A,(r,w)=e exp(zik-r) (8.22)

With each laser, a polarization tensor, actually the tensor product (equation
(3.7)) of the corresponding spherical unit vectors, is associated:

Lk 1) (1)
e e,
(q q —Q) ¢ e

(8.23)

l\’)l»—l

EW = (e (1>) 2(1 1¢kQ) e§"el) = Z( 1)@ [k

where the e( ) (see equations (3.10) refer to the spherical components of the polar-
ization tensor, i.e. the unit vector directed along the electric field component of the
laser light. From the 3j-symbol it follows that only the tensor ranks &k =0,1,2 (so-
called scalar, vector and alignment terms) are allowed, yielding a total number of 9
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components. Here, one deals with a linear polarization in the XY —plane described
by the spherical unit vectors:

1 1
e;’=— and e(_ll)z——

V2 V2
This is equivalent to the statement that linearly polarized light consists of an equal
amount of left and right hand circularly polarized light. As the sum in equation
(8.23) is now restricted to the corresponding ’circular’ components ¢ = 1, -1,
it can be shown by straightforward calculation that there are only four non-zero

components of Eék left:
0 1 2 1 2 2 1
Eé ):_ﬁ’ Eé ):—%, and EEQ):ES )25

As is to be expected, the vector (k = 1) part of the polarization tensor does not
appear at all. In order to define the polarization of the first laser beam in the
same coordinate system as the second, one has to rotate the associated polarization
tensor:

GRS

where the prime denotes the action of the rotation matrix Dg, ;- In the present situ-
ation, we have only a rotation over an angle ®, the angle between the polarizations
of the two laser beams) of the XY -plane:

(B) = X DE,(0,0,8)- B = Y 6(q,0') exp (~ig®) - B
q q'
With these results, one obtains:

S0 (EP M) B 2) =1 (k=0)

q

=cos® P - 3 (k=2) (8.24)

If B =0, the easiest description of the experiment is with the linear polarizations in
the z-direction (7 light), which yields the common result:

S0 (ES) BD(@) = [k ((1) ; ’S) Py(cos @) (8.25)

q

Recall that: Py(cos @) = 1 and P3(cos @) =3cos? @-3. As s to be expected, equations
(8.24) and (8.25) give identical results in the limit B — 0.
Abbreviating the k-dependent terms by:

2
Jo Jo K\ [Je J. k J. J. k

_ (_1\Ji—J e e e e , e e
Xe=(=1) f{1 1 Ji}{l 1 Jf}[Fe’Fe]{Fe F I}

the basic quantum beat equation finally becomes:

Pi) o Y (1Xg+ (cos?® = 1) X )« [(T; [ T | T (T | TD | Jp)| exp [~ (iweer + T)E]

Fe,Fo

(8.26)
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where the first term may be simplified to: Xo = §(F., For) [1]/(3[Jc]). It is readily
seen that complete extinction of the signal is only possible if -2 < X/ X, < 1. Due to
the nuclear spin dependence, if the photoionization yield is reduced to zero for I =0,
there still remains an appreciable signal for I # 0 (I = 1/2 for Cd). The method
discussed in this section thus proves very effective in discriminating between odd and
even isotopes. If only one odd isotope is present, it can be separated completely if
the angular momentum of the ground state J; is zero or one. The two-step excitation
probability is modulated with the hfs-splitting frequency, which is isotope dependent
and zero for I = 0. The hyperfine splitting is generally large when unpaired s-
electrons are present. The bandwidth and the duration of a pulse are connected by
the equation Aw - At » 2 - T = 27 Jweer, obtained by the Fourier transformation of
a square pulse shape.

—
B

Fig. 2. Geometric arrangement of the laser beams and the magnetic
field. Note that linearly polarized light can be considered as a super-
position of right (¢™) and left hand (¢7) circularly polarized light



Chapter 9

Parity violation

Up until 1957, physicists thought that the four fundamental forces were invariant
under mirror inversion. The parity operator P maps r — —r, i.e. it transforms
¢ - ¢+m and 6 - 7 — 0 in spherical coordinates. Parity transformation is therefore
described by:

PYi(0,0) = Yim(7 =0, ¢+ ) = (=1)' - Vi (0, ) (9.1)
Spherical spinors are thereby eigenfunctions of P with eigenvalues (—1)".

However, [Lee and Yang, 1956] were awarded the Nobel price in 1957 for their the-
oretical work from 1956, in which they demonstrated that ’parity’ is not conserved
in weak interactions. [Wu et al., 1957] indisputably verified this in her famous
"Wu Co-60" experiment, thereby starting a parity crisis. She aligned the nuclear
spins of the ®°Co nuclei in a magnetic field (alignment of axial vectors) and sub-
sequently observed the emitted electrons after decay: §9Co —5Ni + e~ + .. The
electrons turn out to possess a preferential direction, a polar vector! As a result,
this experiment defines a specific chirality and is therefore not mirror-symmetric!
Pauli sighed learning the news: ’I don’t believe in a left-handed God!.

In parity non-conserving effects, a neutral vector boson Z9 is exchanged between
the atomic nucleus and the s1 and pi1 electrons, causing the atomic state as a whole

not to have a well-defined p2arity. 12’5 is therefore possible to test the electroweak
interaction in atomic physics experiments. The exchange particles, the so-called
'weak’” bosons W#* (plus Z°), thus change the 'mirror-identity’ or ’handedness’ of
the participating particles. The W#* gauge bosons mediate the weak interaction in (3
decay. With the theoretical unification of the weak and electromagnetic interactions,
an important prediction was the existence of a new gauge boson, called Z°, mediat-
ing weak neutral current interactions. The Z° boson carries no electric charge, so it
couples to the fundamental particles such as electrons and quarks like a heavy pho-
ton. In 1971, the Weinberg-Salam model (1961-1967) uniting the electromagnetic
and the weak interaction turned out to be renormalizable (Gerard 't Hooft), and
thus mathematically manageable. In 1979, Glashow, Salam and Weinberg received
the Nobel price for their theory, that unifies the weak and the electromagnetic inter-
action. In their theory, the slightly heavier neutral vector (gauge) boson Z° makes
its appearance, mediating a new kind of weak interaction. As a neutral particle,
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Z interacts like a heavy photon; as a pseudovector particle, it exhibits chiral, par-
ity violating behavior. The electroweak interaction between electrons and nucleons
destroys The electroweak interaction between electrons and nucleons thereby de-
stroys the mirror symmetry of an atom. The size of the effect depends on the weak
interaction constants as well as on the atomic structure.

Z0~ 1.6256 x 107 kg ~91.1867 GeV . _Mw
e ~ 804 CoV with: cosfy = E =0.882

The range, represented by the Compton wavelength, is mass-determined:

h

~2x107%® m
MZOC

and therefore so short that a chiral electron-nucleon interaction may only take place
inside the nucleus. The Fermi coupling constant G is, next to WS angle fy, the
second free parameter in the WS-theory:

1.4x107%2] m?

2

3
Gr = (m.c?) x( ) x 3x 107"

Me C
89.6 eV fm®
2.22x 107 in a.u.: Ry-ad

2

2

9.1 Helicity:
the intrinsic photon angular momentum

The photon, a zero mass, spin 1 particle ih exchanged by the 'long range’ electro-
magnetic interaction. This in contrast to the weak interaction where so-called vector
bosons W+, Z9 are exchanged, likewise with spin 1 but, as a result of the short range,
with a mass # 0 (~ 1.5 x 1072°kg). Both interactions are coupled or 'unified’ via the
Weinberg-Salam model.

According to the Heisenberg relation: Am - Ar > h/c; the range is thus equal to the reduced Compton wavelength
h/mec.

The photon spin is not half-integral because:

e The classical limit of QED is found for n — oo, which is not reconcilable with
the Pauli principle.

e 'Many photons’ constitute a macroscopic ensemble that can be described by
the Maxwell equations for A that may be regarded as the Schrédinger equation
of the photon. However, a spin % can not be interpreted within the Maxwell
theory: there may be infinitely many photons with the same quantum prop-

erties w and polarization.

The concept ’spin’ cannot be used unambiguously.

According to the common interpretation:

spin represents the angular momentum left when the particle is at rest, in contrast
to the orbital angular momentum.

However, a photon is never at rest! From an answer to Ehrenfest in 1926, it turns
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out that Einstein did not know what to do with that (what is the definition of a
rest frame?), and even proposed to possibly give up the concept of conservation of
angular momentum at all!

There are three spatial projections that 'go’ with a spin-1 particle: m =-1,0,1; un-
der rotation, they can make a transition from one to the other (spherical symmetry!)
However, a photon has a cylindrical symmetry by virtue of its inherent velocity, and
therefore cannot possess spin=0 (which reflects perfect spherical symmetry, as with
s—electrons).

In accordance with "Maxwell’, the photon has only two projections A =—-1,1 on the
propagation direction (z-axis) corresponding to the two possible circular polariza-
tions:

e h=-1->Am=1:0", left — handed
e h=1->Am=-1:0"%, right — handed

If m is associated with the lower energy state and m’ with the higher one, then
according to the Wigner-Eckart theorem:

1 4

g@’) <®; || DY || @5 >

<®; | DV | ®y>= (-1)jm(_{n h

Jh=1->Am=m'-m=-1

> h=-1->Am=m'-m=1
These are called the two helicity states of the photon (with reference to the word
helix as in DNA).
Linear polarization is a mixture of these h =1 en h = —1 states. There are of course
two independent polarization directions in the (transverse) plane perpendicular to
the direction of light propagation. By contrast, the electron helicity h. is defined as
the scalar product of the spin of the electron by its linear momentum: h, = ¢ Pe/Ppe.
Like the circular polarization of the photon, the helicity h. is odd under space
reflection.

9.2 Parity Non-Conservative (PNC) interaction

The electron-quark interaction mediated by Z; is proportional to the pseudoscalar
electron helicity h, = o - pe/pe, which is odd under space reflection. Frequently, a
scalar angular momentum ’helicity’ or "’handedness’ operator K =g - p (for the spin
component along the direction of motion) is introduced in relativistic calculations.
Alternatively, one may introduce the electron helicity h., defined as the scalar prod-
uct of the spin of the electron and its velocity: h. = o - pe/p.. Like the circular
polarization of the photon, the helicity h. is odd under space reflection; the PNC
interaction is thereby proportional to h. Qw G, see equation (9.2). A reasonable
try is a Hamiltonian of the form:

G N, o~
Vewe = SEOW (5.5 5(7) + 5(7) 5 ) = -

2\/§mec

Gr
20/2

¥5 Qwp(r) (9.2)
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where the 'weak charge’ Qw represents the sensitivity (susceptibility) of the nucleus
to the weak interaction and s is the Dirac matrix associated with pseudoscalars, see
further explanation in chapter 19. Chirality can be defined in terms of the two chiral
projection operators, P, and Pk that project out the left-handed and right-handed
chiral components of a spinor ¢ (and the reverse for anti-particles):

Pp=5(1-7)—> Pry =1y (9.3a)

Pr=3(1+75) > Prop = 1bg (9.3b)

The quantity p(r) is a nuclear density function, which is approximately the neutron
density. The inner product of a pseudo- or axial vector (§) and a polar vector (p)
changes sign under reflection (parity inversion) and is thus the desired pseudoscalar.

quarks Qw e.m. charge
up (1-Ssin®Oy) Ze with: sin? @y = 0.22290(30)
down (—1+ %sin2 GW) —%e

it follows directly that the weak charge of a nucleus consisting of Z protons and N
neutrons is given by:

Qw = Z(1-4sin0y) - N

if sin® Oy were = 0.25, this would yield Qy = —N.

Figure 9.1: Feynman diagrams of the electromagnetic and weak electron-quark in-
teractions.

Vpne violates parity and may therefore mix s- and p-electrons. Thus, the uneven
hydrogenic matrix element (231/2|VPNC|2p1/2) does not vanish. This gives the 2p-
electron a right-handed screw w.r.t. its spin axis: the left-handed situation does not
occur in nature. The interference of a magnetic dipole transition with a transition
of electric dipole character between the same states, allowed only through the parity
non-conserving weak interaction, would make even such an apparently symmetric
object as an atom optically active. The Z° exchange consequently violates Laporte’s
rule [Laporte, 1924], i.e. radiative (E;) transitions may only take place between
states of opposite parity.
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The cesium atom still represents the best compromise between high 7Z and simple
atomic structure allowing for precise atomic structure calculations.
Irradiating linearly polarized light on 133Cs (Z=55: the magnitude of the observable
effect progresses roughly as Z3, with a theoretical value Qy = —72), yields a right-
handed rotation of the polarization direction of 1075 degree, corresponding to the
width of a needle observed from a distance of 7.5 km!

In one of the current experiments, one irradiates unpolarized Cs gas with a 5395
A laser, alternately with left- and right circularly polarized light. Left and right
handed photons are absorbed and emitted slightly differently, i.e., the atoms (the
intensity of the transmitted light) show optical activity, so-called circular dichroism.
Parity is no longer conserved, and the left-right asymmetry Apr of the pertinent
cross sections for absorption is given by:

Op —0fL
Argr =

o< (631/2|E1|781/2> o< <631/2|VPNC| €.g. 6]91/2)
Op +0y,

<651/2|E1|731/2> _ i <651/2|E1|np1/2) <np1/2|VPNC’|731/2) N <651/2|VPNC’|np1/2> (npl/2|E1|751/2>
E751/2 -E E631/2 -k

npi/2 npi/2

An order of magnitude estimate of Apr was first given by [Zel’dovich, 1959]:

2
m
A a—e) ~1071° 9.4
e (ag7 (94)
Fortunately, the [Bouchiat and Bouchiat, 1974] found the below Z3 law, thus in-
creasing the effect to observable magnitudes in heavy atoms.

Apart from some serious relativistic corrections, (631 /2|Vp ~nel6p: /2> can be calculated
with angular momentum algebra to yield:

3ih  GrQw d
16mmec /2 Fns (0) 3 Fomp (0)

dr
Remember that p - —ihV is both imaginary and differentiates.
Approximations for R, s(0) and dR,,,(0)/dr for alkali atoms may be found using
quantum defects n* =n - §(1) and an outer charge Zy = Z - (N - 1).
[Bouchiat et al., 1984] gives:

<n31/2|VPNC|mp1/2> =

Z3 7,72

0)P = [ Hydrogen: - S0

R
227,
Rps(0) = 27¢(0) = —F—=7
ng Qg

Similarly, one finds:

d

—R,,,(0) = (Hydrogen:

2 752 2 727,
dr

3.3/2.5/2 |~ 3 .32 52
n32a, n"ag

So, for Zy=1:
ih GrQw  Z?
drmec /2 n: n;;g/ 2ad

<n51/2|VPNC’mp1/2> =
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Because Qy ~ Z, one concludes:

<n31/2|VPNC|mp1/2> VA

PNC is one of the more likely candidates to explain the observed homochirality in
nature, and may thus be linked to the origins of life.
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Orthogonal operators
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Chapter 10

Hartree-Fock

The inter-electronic Hartree-Fock potential Uy is defined by the equation:
(HBN+UHF) |a) =&q |a) (101)
with the bare nucleus part given by:

2
HBN:(_ld_+l(l+1) Z)

2 dr? 2r2 r
The Restricted Hartee-Fock (RHF') equation, with the ’self-interaction’ terms Yy (aa,r) |a)
written explicitly, is given by:

142 (+1) Z (ga—1) (la I C® | 1,)*
(_5@ + 57 " ?) la) + qT(YO(aa,T) —kz[:) (2, + 1) (4, + 1)Yk(aa,7“)) |a)

(k) 2
DI (Y(’(bb”) - % 2. (<2lz |y+?)(2£ lf)ny’f(“b””) ‘b>) + 3 6(lay l)gpAas [D) = €0 |a)

b+a b+a
(10.2)
The Hartree Yy (ab,r) = Yi.(ba,r) function is defined as:
1 oo rk
;Yk(ab,r) = fo r’§+1Pa(S)Pb(S) ds
1 r © 1
- /0 SPU)Fs) ds 1 [T SR Rils) ds
gk rk
= <a(s) mg(r -8)+ W&(s -r) b(s)> (10.3a)
The Yj(ab,r) integral may, according to equation (6.4), also be defined implicitly:
Re(ab,cd)= [ P.(r)PAY) Ly, bd, vy dr (10.3b)
0 r
All this implies the asymptotic behaviour:
k
lim Y (ab,r) = mljb(s)) =0(k,0)d(a,d) (10.4)
T7—>00 7”

Neglecting long-range exchange effects that are physically not meaningful, the asymp-
totic form of Uy p becomes:
qa -1 " v _ N-1

ree b+a r

129
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10.1 Average energies in the potential

The interaction energy of a pair of equivalent electrons is given by:

Caa) =3 (FH)™ (12v ) (<2ll 'L?;Zl” +l>1) (41 +2) - 5k, 0) - 1) F* (i) (10.6)

Similarly for the interaction energy of a pair of nonequivalent electrons:

NiN, (Fo(ll’) - ;(Gk))

NiN, (Fo(ll’) Lt o™ l')QG’f(u')) (10.7)

C'(ab)

For a Brillouin excitation a — v with [, = [,, generalized pair energies for equivalent
and non-equivalent electrons are given by:

(Io || C® | 1,)°

. — o . _ k . 10.8
C(va;aa) = R’(va; aa) ];) 2+ (Al + 1) R*(va;aa) (10.8a)
k) || 1,)?

Loy o I CD D) pry, o) (10.8b)

Cvbiab) = R (vbiab) = 5 2 1 3@ty + 1)

If one incorrectly replaces b by a in equation (10.8b), subscripted mon-eq’, one
obtains only part of the correct result (10.8a), subscripted ’eq’:

4], +1
4], + 2

C(va; aa)non-eq = (1o, 1) C(va;aa)eq (10.9)

Equation (10.9) in fact provides the key to the existence of non-diagonal Lagrange
multipliers (NDLM).

Defining I(a,b) = (a|Hpn|b), one uses expressions (10.8a) and (10.8b) to express
the matrix element of the HF potential:

{a|Hprlv) = 6(la,1v) (I(a,v)+(alUnr|v))
= 3(la, 1) (I(a, v) + (g - 1)C(va;aa) + Y. g» C(vb; ab)) (10.10)

b+a

10.2 Koopmans’ theorem

By definition, the single electron energy is given by:
eqo = I(a,a) + {(a|Uyr|a) (10.11)

Furthermore, it is straightforward to derive for the total energy of an occupied
configuration A:

Ea

Z Ga (I(a, a) + 3(qo — 1) C(aa; aa) + Z 5 a, C(ab; ab))

b+a

> 4 (I(a,a) + 5 (alUprla)) (10.12)
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Assume configuration B originates from configuration A by substituting a virtual
electron v for an occupied electron o (0 - v). The energy Ep is found from equation
(10.12) by the replacement g, - g,—1 and the addition of the g, = 1 terms. Note that
both in UN-1 and UN-2, one has to solve for the virtual orbitals only; the occupied
orbitals remain frozen in going from A to B.

For UN-1, one retrieves Koopmans’ theorem in its classic form:

Es-FEp=¢c,-¢, (10.13a)

However, a similar derivation for the UN=2 case 0,09 — v1v5 reveals a non-trivial
generalization of the energy denominator:

Ex-Ep=c¢, +&0, — v —Eyy + C(v109;0102) — C(0109;0102) (10.13b)

Equation (10.13b) is also valid if 01 = 0,.

10.3 Brillouin’s theorem

For a single excitation from an occupied to a virtual shell o - v, one obtains
multiplying equation (10.2) with (v| from the right:

(v|[Hgrlo) =0(l,,1,) (I(v, 0) +(go— 1)C(00;00)eq + Y. qa C(ao; av)) =0 (10.14a)

a0,V

Subsequently, one calculates |v) in UN-1 with the replacement ¢, - ¢, — 1. This
gives:

(o|Hyr|v) =0(l,,1,) (I(o, ) + (go = 1)C (00500 )non-eq + . ¢a Cao;av) + (go — 1) Aoy

a*o,v
Apparently, with the uses of equation (10.9), one has:
C(00;0v),
Aow = 0(1y, 1) ———24 o> 1 10.15
(1) S22 (a>1) (10.15)

Equation (10.14a), one of the forms of Brillouin’s theorem, can be used in perturba-
tion theory to eliminate effects from the interaction that are included in the Hartree-
Fock potential already. Given the approximation of a frozen core, one can simplify
Brillouin type interactions in Rydberg series interactions like ("' < (™" (I' = 1"),
where the interaction integrals can be treated exactly as the single configuration
Slater integrals when removing average energy contributions. Closed shells effects
and RO(lI';1I") are canceled and the exchange terms of equation (10.8b) are sub-
tracted from the corresponding coefficients of the exchange integrals R*(11’;1"1).
Consequently, Brillouin type interactions may be rewritten in terms of outer shells
only [Froese Fischer, 1978, Froese Fischer, 1977].

J-o

(10.14Db)
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10.4 NDLM involving passive and virtual orbitals

Assuming orbital a to be a spectator of an excitation o - v (UN-! case, but here
lo #1, is allowed as well), one obtains directly:

_ Qo _ : :
Garaw = 0(la,1y) [(4la ) 1) C(aa;av) + C(oa; 01})] (10.16)

For the excitation 1s?2p3d — 1s?2p2s in beryllium, this leads to:
)\15723 = % C(gd 18, 3d 28)

In the B-spline approach to basis set calculations, equation (10.16) cannot be used
directly if the occupied orbital (3d in the example) is an orbital to be determined: a
double or triple occurrence of such orbitals makes the eigenvalue problem non-linear
(Landtman et al 1993). In that case, however, C(oa;ov) can simply be eliminated
from equation (10.14a).

The NDLM in the above example then becomes:

Ms2s =1 (](18, 25) + C(1s% 1s2s) + C(2p1s;2p2s))

For NDLM between occupied orbitals, one of the two shells being a closed shell c,
one obtains:

C'(00; 0c)

>\co :5(lcalo) Al +9

(10.17)
Again, if orbital o has to be determined in a B-spline approach, the triple
occurrence in the above equation prevents it from being used in this form. However,
the Brillouin condition (c¢|Hgr|o) = 0 can again be used to eliminate the problem.
For the Li 1s%2s case, this yields:

As2s = %0(232; 2s51s) = —% (1(15,23) +C(1s% 1s 28))

10.5 Silverstone-Huzinaga potential

In a perturbation calculation, one first calculates the model space states e.g. with
a fully relaxed Hartree-Fock calculation, and subsequently the virtual states as
excitations from this model space, i.e. in the original potential with one or two
electrons removed. In this way, both the occupied and the virtual orbitals feel the
asymptotically correct potential. However, as the UN-! and UN-2 potentials for
virtual states do not coincide with the full Uy p, it is not immediately obvious that
all virtual states are orthogonal to all occupied states. For this reason, Silverstone
and Huzinaga independently developed an operator projection method to define a
new potential Ugy in which both occupied and virtual orbitals could be determined
simultaneously. Below, it is shown that a natural choice for the potential extension
will exactly yield the UN-1 and UN=2 potentials for the virtual orbitals. The above
requirement may be fulfilled if one subtracts from Uy a potential part {2 that only
operates on virtual states:

Ust =Unr-Q'QQ (10.18)
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where

Q=1-P=1-) la){q| (10.19)

a+v

is the projection operator on the space of virtual states, i.e. @ |a) =0 and Q |v) = |v),
and the potential € is as yet undefined.

From the above definition of (), it is a simple matter to work out that for all occupied
orbitals a:

(a|lUsula) = (a|lUnr|a) (10.20)
On the other hand, from the action of Ugy on the virtual orbitals:

Ush [v) = (Upgrp - Q2+ PQ) |v)

one finds directly:

<U|U5H|’U> = (’U|UHF - Q|U> (1021)

10.5.1 Choice (2 in the single particle case

To achieve a correct asymptotical behaviour for the case o - ¢, one defines Q2 |v) in
accordance with Uy |v), the only non-zero occupation being +1 for shell o:

_1 Lo (O |1L,)°
Q) = - (Yo(oo,r) [v) 5 Zk: L+ D) (2 + 1)Yk(v0,r) l0) | + (L, o) Ao |0) (10.22)
This gives:
Usy [v) =UN [u) + PQ |v) (10.23)

the remaining difference between Ugy and UN-! being:

PQ |v) = Z la) (a|Qv) = Z d(la, 1) C(ao;vo) |a)

a*v a+0,v

41, +1
+0(lo, 1) (41 T2

C'(00;0v) + /\w) o) (10.24)

This residue takes the form of NDLM!
With the above specified potential, the quantities \,, and \,, are given by:

1 1

>\va = 5(la7 lv) (m q

) C(aa;av) (10.25)

which is valid whether the orbital a remains passive or equals the excited orbital o.
Combining equations (10.24) and (10.25) to give the total NDLM for the Ugy case,
they turn out to coincide exactly with the NDLM of the UN~-! potential.

Use of UN-1 (with correctly defined NDLM) is indeed equivalent to using a Usy.
As a result, the orthogonality of virtual orbitals calculated with UN-1 is assured.
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10.5.2 Choice 2 in the two-particle case

One may generalize the above method to the two-particle case 0109 — vov5 to define
Q |v1) in analogy to Ugp |v1). Here, the non-zero occupation numbers are +1 for o4
and oy and -1 for ve. Obviously, € |vs) is defined in a similar way. The analogue of
equation (10.24) then becomes:

PQ )= > (e lu1) (C(aor;vi01) + C(aoz; v102) = Cavi; viv2)) |a)

a#0l,02

4101 +1

4[01—+2 0(0101;’[1101) + 0(0102; U102)

+ (5([01’ lvl)(

- C(01v9;v0102) + >\01v1) |o1)

4[02 +1

4[02——1—2 0(0202; ’0102) + 0(0201; ’0101)

+ 5“027 lvl)(
— C(09v9;v112) + )\021,1) 02) (10.26)
The NDLM appearing here are the same as in the one-particle case:

1 _1
A, +2  qq

Aota =0(la,lu1) ( ) C'(aa;avy) (10.27)
which is valid whether the orbital a refers to a spectator electron or to an excited
electron. A similar formula applies to the NDLM involving vs.

Again, the total NDLM for the Ugy potential exactly yield the NDLM U~=2 poten-
tial. Like UN-1 UN-2 turns out to be equivalent to the corresponding Usy potential,
and the orthogonality of its virtual orbitals is guaranteed.



Chapter 11
B-splines

To solve the Schrodinger equation including valence and core-valence correlation for
atoms and ions, finite basis sets may be constructed from piecewise polynomials
known as B-splines. The radial Schrodinger equation may be written as

1
0=LF:= léﬁ*E’V(T)]F(’”) (11.1)

L is seen as a quantummechanical operator. The solution of the differential equation
can be approximated by a finite linear superposition of a priori known basis func-
tions. This approach is associated with the names of Rayleigh, Ritz and Galerkin.
With the use of these basis functions, we can write the solution to the differential
equation as:

F=%C,F,(r) (11.2)

in which F is the approximation to the exact solution of the differential equation,
C, are the unknowns to be determined by a calculation and F,(r) are the basis
functions. In the Galerkin scheme, we require that the projections of £F on the
basis functions F), are zero for each g

0=(F,ILF) (11.3)
yielding the matrix equation:

0=> C,(F.LF,) (11.4)

to be solved by straightforward by matrix diagonalization. This diagonalization
provides the eigenvectors that determine the solution with respect to the (a priori)
known basis functions. The desired solution of the radial Schrodinger equation
(equation (11.1)) is then constructed as a linear combination of these basis functions
with the eigenvector components as coefficients (equation (11.2)). This method can
also be used to construct the solutions to our RHF equation, which is after all just
another differential equation like the radial Schrodinger equation.

For a given angular momentum channel, it usually suffices to work with 40 basis
functions. Radial grid points can be chosen freely: to accurately describe continuum
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states, a set of points can be evenly placed at large distances from the atom, and
if the finite size of the nucleus is important, extra points can be placed at very
small distances. Integrals can be evaluated to machine accuracy with Gaussian
integration.

The atom or ion under consideration is confined in a spherical cavity of radius R,
next the interval [0, R] is divided in segments. In the non-relativistic case, this leads
to the boundary conditions that the wavefunction vanish at » =0 and r = R.
Choosing R ~ 40/Z;o, au, where Z,,, is the ionic charge, is accurate enough to
calculate low-lying excited states. For Rydberg states a larger radius is chosen, say
twice the average radius of the outmost state.

The endpoints of the segments are given by the knot sequence {¢;},i=1,2,....n+k.
The B-splines of order k, B; (), on this knot sequence are defined recursively by
the relations:

1, ti <r <ty
B;i(r) = 11.5
() {0, otherwise ( )
and
T = ti ti+k -T
B, x(r) = B j-1(r) + —————Bis15-1(7) (11.6)
Livk—1—t; tivk—1 —tis1

The knots ti,tg1,...,t, are distributed on an exponential scale between 0 and the
cavity radius R.
The spline basis is an expansion of F(r) in terms of B-splines of order k:

n-1
P(r)=Y p;Bi(r) < la) =>_ p; |B;) First and last splines are discarded. (11.7)
=2 5

Application of the variational principle leads to an (n—2)x(n-2) eigenvalue equation:
Hv=eSv (11.8)

with v the vector of expansion coefficients v7' = (pa, p3, ..., Du1)7.
For single-electron atoms, the matrices H and S are given by:

1d2 i(l+1) Z
H;; = (B;|Hpn|B;) = (Bi Sz Tz Bj) (11.9a)
R
S =(BilB;) = [ Bi(r) By(r) dr (11.9b)
0

The notation (B,|O|B;) implies the integration [, (B; O B;) dr.

The matrices H and S are sparse, diagonally dominant banded matrices; the
definition directly implies: (B;|B;) =0 for |i — j| > k.

After solution, one obtains (n —2) real eigenvalues e* and (n —2) eigenvectors v*.
The eigenvectors satisfy the orthogonality relations:

D v Sij vy = (11.10)
0]
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With H = Hgy + U, one may derive equation (11.8):

H

sz‘Bi> =K

D pi Bi) = 2, (BjlHlp; Bi) = 3 E; i pi (Bj] Bi)

In Hartree-Fock calculations, the matrix elements H;; are extended with the Ugp
contribution. Below, equation (10.2) is used with ¢, = 1; note that the remaining
core remains frozen for applications in perturbation theory, and the sum runs over
occupied states b.

Hy = (BilHpy +Unr|B;) = (Bi|Hpy|B;)

1 (L | C® | 1)
B, B.\_Z
" Zb:%< i J) 2;(25a+1)(25b+1)

1
~Yo(bb, 1)
T

(BilYi(0B;, m)[b) + > 6(las o) @ Aas|b >
5

(11.11)

11.1 Projection operators [Bentley, 1994]

The orthogonality-constrained one-body eigenvalue problem is formulated for com-
plete, finite-dimensional spaces in terms of projection operators that partition the
space into two orthogonal subspaces, one containing the constraints and one con-
taining the desired solutions. We derive a Hermitian operator, associated with the
Hamiltonian, having eigenvectors that are correspondingly partitioned, each subset
of the eigenvectors providing a basis for one of the subspaces. This Hermitian oper-
ator advantageously replaces a non-Hermitian operator that was proposed in recent
work of this group. The non-zero spectrum of the two operators is demonstrably
the same, and the occurrence of null eigenvalues is clarified through characterization
of the associated eigenvectors. The deviation from zero of these eigenvalues (apart
from numerical inaccuracies) is related directly to the normalization of the constraint
vectors. The formalism is extended to the case of non-orthonormal primitive basis
sets, and a numerical application is carried out using B-spline functions.

Analogous to the projection operator () = 1 — P defined earlier in equation (10.19),
a Hermitian virtual space projector @) is found that satisfies both

Qlv>= |v> and
QHlv>=¢lv> (11.12)

whereas Pla >=|a > and Plv >=0.

Any eigensolution of QH corresponding to ¢ # 0 lies entirely in Q-space and is there-
fore orthogonal to |a >. In principle, @ H may be non-Hermitian, but the Hermitian
operator QH(Q) (by definition with real eigenvalues and orthogonal eigenvectors)
shares the same spectrum:

QHQv > elv>
QHQla> = 0-|a> (11.13)
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More general: expand an arbitrary model state |a >= Y, u;|¢; > in an orthonormal
basis, with the coefficient vector u” = (uy,us, -+, uny)”. Then:

P=uu’ Q=1-uu’ (11.14)
the constrained eigenvalue problem for the v; then becomes:
(I-uu”)H (1-uu’)v=ecv (11.15)

with the Hamiltonian matrix H defined as H;; =< ¢;|H|¢p; >.

If there are M independent vectors of constraint, () HQ will have N — M eigenvectors
lying in Q-space and M zero eigenvalues corresponding to eigenvectors lying in P-
space spanned by M eigenvectors.

11.2 Extension to non-orthonormal basis sets

The matrix relation (11.15) must be modified upon representation of the states in
terms of a non-orthonormal basis, as for example the increasingly popular B-spline
functions (which are neither normalized, in the usual sense, nor orthogonal) or the
long-established Gaussian functions.

Let the states |a> and |v> be represented by |[a>= YN, p;|B;> and |[v>= ¥V, ¢;|B;>.
The coefficient vectors are p = (p1, p2, -+, pn )T and q” = (q1, 92, qn )T

The non-diagonal overlap matrix S is by equation (11.9b) defined as S;; = (B;|B;).
Now, normalization and orthogonality are expressed by:

<ala>=p" Sp=1 and (11.16a)

<alp>=p' Sq=0 (11.16b)
The eigenvalue equation (see equation (11.8)) becomes:
Hq=¢Sq (11.17)

In the non-orthonormal B-spline basis set, the matrices P and () remain Hermitian
but do not remain projectors.
Introducing the constraint matrix C' = pp’, one obtains for P:

pP= n;lpmpn |Bin><B,| — Py = n;lpmpn SimSn;

P=S£)pTS=SCS»Q=S—SC:9 (11.18)
Upon defining, for notational convenience:
U=CS->P=SUandW=1-U->Q=SW (11.19)

From this, it is straightforward to show: WW =W UU=U UW =WU =0.

So, though non-Hermitian, U and W are orthogonal projectors.

Up=pp’Sp=p and Wq=q (11.20)
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demonstrates that states |a> lie in U-space and |v> in W -space.
As a result, solutions |v> will automatically be orthogonal to all |a>:

(alv) =p"Sq=p" SWq=p’(S-5CS)q=p"Sq-p'Spp’ Sq=p"Sq-p’Sq=0.
The analogon of equation (11.13) thus becomes:
WITHWq=¢Sq (11.21)

Written out more explicitly, the final expression to be compared with equation
(11.15) becomes:

(1-Spp")H(1-pp'S)q=cSq (11.22)

As the contraint orbitals |a > and their coefficient vectors p are supposed to be
known in advance, it is straightforward to construct the required operator W.
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Least Squares Fitting

In the least squares fitting process (LSF), one seeks to obtain an optimal agreement
between measured data and corresponding quantities calculated from a theoretical
model (i.e. an assumed functional form of the data). The model is based on a
restricted number of parameters. These parameters are adjusted, or 'fitted’, so as
to minimize the LSF sum R?. If we denote the experimental values as F; and the
associated model values T;, then:

R =Y wi(E-T;)* =) (12.1)

(2 1

In the above, the index i (i = 1,...., N) is assumed to run over the known experimen-
tal values F;. The factor w; represents the weight assigned to the ith value. Taking
the derivative of R? with respect to a particular parameter P, (I = 1,...., M where
M equals the number of parameters) and requiring it to be zero, one obtains:

oT;
(B -T;) — =0 Vi=1,...M 12.2
> (B~ T) ( ) (12.2)
If (12.2) is not satisfied by the actual parameters P;, the latter will be improved
by increments AP, following from the requirement that (12.2) is now satisfied by

P* = P,+ AP, This leads to the well known set of equations to be solved iteratively
in the LSF:

aT; JT;
Apn - AP, = i ————— | AP,
m:;,M l m:;,M (Zz: " op 8Pm)
oT;
=Z wia—PI(EZ-—Ti) (Vi=1,..,M) (12.3)

In the present case, we want to assign to each energy level a weight proportional to
its number of degenerate magnetic sublevels (2J+1). In order to retain a meaningful
definition of the mean errors and compatibility with previous LSF ( w;(old)= 1 for
each level). the weighting factors have to be normalized in the sense:

Z w;(new) = Z w; (old) (12.4a)

> w;(new) = N (12.4b)
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Equation (12.4) implies that:

(2J;+1)

_ _ (2Jk+1)
o) = 7 = @aen (3 )

-1

(12.5)

N denotes the number of known experimental levels.
Using (12.5), one can verify equation (12.4b), again provided that the indices ¢ and
k in (12.4) and (12.5) only run over known experimental levels.

Racah’s average deviation o between experimental and calculated levels is still

defined as:

() (B ()

but of course now the w;(new) have to be inserted. The same is true for the mean
errors RMS; on the parameters P;:

1
RMS; =0 (4;') 2 (12.7a)

where A} is a diagonal matrix element of the inverted matrix A, occurring on the
LHS of (12.3):

o1, oT; ) (12.7D)

(Z Y oR op,
On the whole process of the above weighted fitting, a general remark is in order. In
other fields, LSF are often used to 'smooth away’ irregularities in the experimental
data due to measuring errors. In the parametric theory of atoms, however, the ex-
perimental accuracy is mostly as least a factor of ten better than the theoretical one,
even after the parameters have been fitted. So in this case it is rather the deficient
model that causes the remaining differences between calculation and measurement.
Reduction of these differences can only be achieved by an improvement (i.e. an
extension) of the model, not by improving the experimental accuracy. Therefore,
the introduction of the weighting factor is not based on the experimental grounds
of reliability of measurements, but on the idea of making the model as consistent
as possible. It takes into account the number of physical levels that, although de-
generate, actually do exist for a particular J-value; the same applies to the inner
products of operators.

In the same spirit, it has been suggested by [Judd et al., 1989] to minimize the alter-
native expression 3, €;; €;; instead of the conventional ¥’ 2. However, this would
complicate the above introduction of a new weighting factor.

12.1 Orthogonality

Consider the solution to a system of non-homogeneous equations described by a
matrix equation Ax = b where x is a vector of parameters (to be determined) and
the vector b corresponds to the observed energy level values in our case while the
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matrix A contains the (diagonal) matrix elements of the operators associated with
the parameters. The number of parameters is assumed to be smaller or equal to the
number of energy levels. In our case due to errors of measurement the system most
likely will not have an exact solution. In linear algebra it is shown that in this case
the best solution in the least-squares sense is given by

x=(ATA)" ATb (12.8a)

where AT is the transpose of A. Thus a solution involves inverting the product
matrix AT A. In general this will make the value of each x; dependent on all others.
However, if the matrix A is orthogonal, so that each row (column) is orthonormal
to any other row (column) we have AT = A1 and the equation simplifies to:

x=ATb (12.8D)

if we write the above in terms of components we have
T; = Z a@-jbj (128C)
J

In this equation the summation is over the experimental energy levels (the b vector)
multiplied by the matrix elements of the i'th operator (the a;;). Thus the value of
the parameters z; associated with the i’th operator is determined independently of
any other parameter which is the situation we want. If the rows (columns) of the
matrix A are orthogonal to each other but not normalized to 1, the inverse of the
AT A matrix is still a diagonal matrix, but not the unit matrix, which only changes
the sizes of the parameters but not their dependence.

As the model matrix A may be rectangular and thus has no inverse, the system is
not exactly soluble.

One multiplies both sides of the expression Ax ~ b from the left with the transposed
matrix AT, resulting in AT Ax = ATb.

As the matrix AT A is known to be invertable, one may multiply both sides with
(AT A)-1, ending up with x = (ATA)1ATDb.

Steps:
1. Calculate AT from A.

2. Next, calculate (AT A)~!

3. The RHS of the equation x = (AT A)~1ATb is now completely known.



Chapter 13

Group theory, a bird’s-eye view

1931,1932 [Weyl, 1931, Wigner, 1931, van der Waerden, 1932] introduce groups
among other things in angular momentum theory. Groups account for symme-
tries in physical structure. [Noether, 1918]: to every symmetry, there belongs
a conserved quantity i.e. a ’constant of motion’.

1935 [Condon and Shortley, 1935]: one can do without!

1942 [Racah, 1942a, Racah, 1942b] introduces the tensor operator Tq(k) with the
same transformation
properties as the angular momentum state |J, M; > with J = k and M = q.
For scalars (like energy operators): k = 0, the operator cannot change the
J-value between bra and ket.
For vectors (like the electric dipole operator): k=1, AJ =1 at maximum.

Transformation under the generators A,, A, and A, of a continuous Lie group.
For example, an electron 7 is rotated by A, =/, = —z'a%:
— the operator exp (iA@A,) converts f(0,¢) into f(0, ¢+ A¢).

Terminology: A generates the group Rz or SO(3).

A = { rotates each electron individually
A = L rotates all electrons as a whole: SO (3)
A = S rotates total electron spin: SO4(3)

The Wigner-Eckart theorem can be applied: this separates the geometric
features of a problem (like My, q, M) from intrinsically physical aspects. This
simplification allows for the calculation of many matrix elements!

1949, 1951 [Racah, 1949] introduced in the f configuration space a scheme of ba-
sis states belonging to unitary irreducible representations of a chain of semi-
simple continuous groups, each of which is a subgroup of the preceding group
in the chain. Racah established the chain from groups of unitary transforma-
tions in the space spanned by the 2/ + 1 single-electron wave functions 1;,m, .
As the largest group he chose the unitary group U(20+1). It has as subgroups
the orthogonal group O(2l + 1) which leaves invariant the symmetric S state
|I2L = 0) of two electrons, and the group O(3) of three dimensional rotations.
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For [ > 2, the corresponding group chain is U(20+1) 2 O(2/+1) > O(3), or even
a longer chain. The reduction chain SO(7) > Gy 2 SO(3) is historically among
the first examples of the so-called internal labeling problem. The irreducible
representations of U(2/+1) are characterized by their permutational symmetry
and the corresponding quantum number is S. The irreducible representations
of O(2l + 1) are characterized by the seniority quantum number v, and the
irreducible representations of O(3) are characterized by L. Thus group theory
leads one to the seniority scheme with basis states |["vLMpSMg), which for
the configurations d” overcomes the term multiplicity problem without ad-
ditional quantum numbers a. For f”, additional quantum numbers are still
required. Racah found that for [ = 3, there is a unitary group Gg [one of
the five special groups in Cartan’s classification in his 1894 thesis|, which is a
subgroup of O(7) and contains O(3). He adopted a scheme corresponding to
irreducible representations of the group chain U(7) 2 O(7) 2 G2 2 O(3) with
basis states |f"aWULMSMg), where W is a three-component vector char-
acterizing the irreducible representations of O(7) similarly to the seniority, U
is a two-dimensional vector characterizing the irreducible representations of
G5, and « denotes additional quantum numbers when required. In the f shell,
there are four Slater parameters F°, F2, F* and FS, and three generalized
Trees [Trees, 1963] parameters «, 5 and . The effects of distant configu-
rations involving single-electron excitations involve six additional parameters
T%, which are associated with three-electron scalar operators [Judd, 1966]. The
principal difference of this analysis from that of the d shell lies in the more
extensive use of the theory of groups. Instead of the F*, it is more conve-
nient to use the four linear combinations E°, E', E? and E3 introduced by
[Racah, 1949]. The associated operators eq, e1, e; and es are each labeled by
an irreducible representation W of SO(7) and U of G,. The same is true of the
operators t;, associated with the 7% The use of groups simplifies the calcula-
tion of matrix elements and helps distinguish spectroscopic terms possessing
the same values of the quantum numbers S and L, the total spin and total
orbital angular momentum.

Group theory helps in other ways. One of the more remarkable developments
is the construction of orthogonal operators. Consider the two operators H; and
H, that belong to the two non-adjoint irreducible representations I'y and I'y
of a group G. If the collection of states |¢,,) forms a basis for a representation
(not necessarily irreducible) of the group G, then the equation

D (Gl Halthn) (o] Halthn) = 0 (13.1)

n,m

follows from the fact that H;H, does not contain the identity representation
[o of G [Judd, 1984]. Any two operators of differing symmetries I'; and T’y
(i.e., for which I';I'y does not contain the identity representation) are auto-
matically orthogonal. The fact that the operators of a set are all mutually
orthogonal in their parent configuration, and that among them is to be found
the total scalar E,,, guarantees orthogonality in all configurations with larger
N [Judd, 1984].

The construction of the orthogonal operators for configurations of equivalent



145

electrons is greatly facilitated by the use of Lie groups such as U(4l +2),
Sp(4l + 2) (the symplectic group in 4/ + 2 dimensions), SO(2[ + 1) and Gs.
Operators that are characterized by different sets of irreducible representa-
tions are necessarily orthogonal provided that the collection of terms 1 (or ¢)
over which the sums are made form a basis for a representation (not neces-
sarily irreducible) of the group being used [Judd, 1984]|. However, it does not
always turn out that operators constructed with well defined group theoreti-
cal properties are the most appropriate. The operator e;, mentioned earlier,
corresponds to a single set of irreducible representations of the groups U(14),
Sp(14), SO(7) and Ga: but e3 does not. We can resolve e3 into two parts, each
having a single set of group labels, by writing e3 = (e3 + Q) — €2, where 2 is re-
lated to Casimir’s operator for Gy [Racah, 1949], but the separate parts es + (2
and €2 incorporate not only the Coulomb interaction between the f electrons
but also effective operators of the Trees type. It would clearly be better to use
a different pair of orthogonal operators, one of which is e3. A detailed calcula-
tion reveals that the other has to be e3+5Q [Judd and Crosswhite, 1984]. The
SO(7) and Gs labels remain good, but the symplectic representations become
mixed. This disadvantage is offset by having two operators (ez and e3 + 5(2)
whose strengths are represented by a large parameter (for e3) and a small one
(for the generalized Trees operator e3+5(2). The corresponding parameters for
ez + 2 and €2 would both be large and the effects of configuration interaction
would be masked by the larger first-order Coulomb interaction.

Racah also introduces non-invariance or non-symmetry groups:

the generators of these groups do not commute with the Hamiltonian, i.e. they
are not conserved quantities or constants of motion. Therefore, they do not
yield ’good’ quantum numbers to label states in nature.

A typical example is given by the two 2D states in d3: 2D corresponds to a
different SO(5) label then 2D; the 'real’ 2D’s are linear combinations of them.
Non-symmetry groups provide a convenient basis to construct energy matrices
from. In this respect, SO(3) is an exception as L is a physical label.

1965,1967 [Racah, 1949, Judd, 1967]: The 4l + 2 components of the creation op-
erator af form a basis for the irreducible representation of the special unitary
group SU(4l + 2); this representation remains irreducible with respect to the
below chain of groups:

SU(41+2) 2 Sp(4l+2) 2S0g(3) x SO(20 + 1) 2S0g(3) x SOL(3)
For the dV configuration, this results in the following:
SU(10) - Sp(10) - SO5(3) x [SO(5) - SOL(3)]

The symplectic group Sp(10) leaves bilinear, anti-symmetric forms (like Slater
determinants) invariant in the ten-dimensional space spanned by the two mg
and the five m; components of the d-electron.

The rotation group in five dimensions SO(5) leaves the angle between the
five-dimensional vectors of the orbital space of the d-electron invariant.

1982 [Judd et al., 1982] introduce the concept of orthogonality. For a more thor-
ough understanding of the orthogonalized Trees operator [Trees, 1963] T},
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group theory comes into play. The groups of interest are O(5), the orthogonal
(rotation) group in the space of the five orbitals of the d electron, Sp(10),
the symplectic group spanning the 10 spin orbitals, and O(20), the orthogonal
group whose generators include operators that create and annihilate pairs of
electrons. The sequence

0(20) 2 0g(3) xSp(10) 2 O (3) x O(5) 2 On(3) x OL(3)

indicate a succession of groups and subgroups. The groups Og(3) and O(3)
have Q and L as their respective generators.

1967,1985 [Hansen and Judd, 1985]: introduce 5 two-electron magnetic operators,
the largest two of which have the same SO(5) label (11) as the well-known
spin-orbit operator. Operators labeled by different irreducible representations
(irreps) are automatically orthogonal.

1997 [Hansen et al., 1997]: a physical higher order symmetry is found! From the 16
possible three-electron magnetic operators, only the four operators labeled by
the SO(5) label (11) seem relevant for this interaction: a symmetry of nature!

Search for a model!

To restrict third order effects to the (11) symmetry already found in the spin-orbit
operator ¢, the remaining two interactions should be SO(5) scalars:

(00) ® (00) ® (11) = (11)
The principle example of a SO(5) scalar is the delta-function interaction:

>, 07— 7)

i<j

Surprisingly, this is not too bad an approximation for the Coulomb interaction itself!
Below projections of the third-order operators:

02®0y0®(y; and 0®0®(y

A restriction to the pure irreps (00000) and (22000) of Sp(10), yielding two op-
erators e; and ey, does even better:

e1®e1®(y and e ®ey®(y
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Table 13.2: Theoretical and experimental ratios p(y;)/p(ys) between the y(11) parame-

ters. The three theoretical cases A, B and C refer to third order calculations described in

[Hansen et al., 1997]; the number of decimals in the experimental ratios reflects the accuracy of

the fitted values.

) p(ys) p(yr)

A

B

C
CrlV
Ni IV
Fe V
Ni V

p(y1) p(ys
150 2.75
1.20  0.55
0.59 0.55
02 05
02 0.2
04 05
01 04

1
1
1
1
1
1
1

- 0.54
- 0.54
- 0.54
- 0.46
-1.0

-0.1

-0.45

Table 13.1: AFE values (in ecm™) for the 3d® and 3d” configurations of triply-ionized iron group

elements, with and without a three-particle magnetic contribution from the y(11) set. The senior-

ities of the two 2D terms are given as a subscripted prefix to the L value. In the least squares

fitting, the levels are weighted with their degeneracy 2J + 1.

Cr IV (3d3) Ni IV (3d")
without with with without
J=1/2 2P 1.51 1.08 1.27 2.47
ip -0.32 -0.83 -1.53 -2.77
J=3/2 2D -0.23  0.00 0.06 0.49
’D 1.38 0.16 -0.12 1.21
2p -1.76 -0.66 -0.67 -1.67
4p -0.02 -0.06 0.12 -0.26
iR 1.42 0.10 0.12 -2.97
J=5/2 2D 0.16 0.16 -0.01 -0.34
2F -0.68 -0.61 0.25 1.13
2D -0.21 -0.53 -0.03 -0.73
4p 0.14 0.69 0.54 1.07
iR 0.83 -0.11 -0.26 -2.04
J=T7/2 2F 0.51 0.20 -0.24 -0.85
2G -1.31  0.15 -0.04 1.82
iR 0.22 0.03 0.52 0.58
J=9/2 2H -0.92 0.13 -0.08 2.23
2G 1.06 0.50 0.19 -1.55
iR -1.24 -0.23 -0.37 1.95
J=11/2 2H 0.72 -0.27 0.02 -1.66




Chapter 14

Inner products and orthogonality

By definition, the inner product of two operators u and v is defined as:

wiv= Y (U] u| W) (I || D) (14.1a)

VR

where the summation runs over all states W, W’ of the system. The inner product is
commutative by definition.
Taking magnetic degeneracy into account, this can be reduced to:

wiv= Y [JI(Ty [u| W) (W) v | ¥) (14.1b)

\I}Jv\Il{]

or, in the case of electrostatic operators:

u:v = Z [S,L] <\I/5L |u|\11f9L) (‘1/ng |U|\I/5'L> (1416)

\IJSLM\ijs‘L

Mutual orthogonality of two matrices u and v is defined as: Tr (uwv') = 0.
For a Hermitian matrix basis u,, this reduces to:

Tr (u,v,) =6, (14.2)

If u, is such an orthogonal matrix basis, so is vl u, T, where T is a unitary trans-
formation like a change of coupling matrix.

Therefore, orthogonality implies u : v = 0 whereas w : u is the square of the norm of
u. Below, we assume the operators to be in their spherical tensor form, with ranks
t and t':

wiv= 3 (WM | uf) [T My) (WM | 05T e M) (14.3)

R
Using the Wigner Eckart theorem, and the fact that, according to equation (3.6):
(t it _ = (-1)Q" * ),

we arrive at:
g t J’ t J’
J-M; J'-M
u: U_\IIZI:I’( 1 ( 1) (MJ Q M/) (_M/ _Q/ MJ)
(s [ a® @) (W ] o) | ) (14.4)

148



14.1. PROJECTIONS 149

Rearranging:
/ ' ol J J 1 J J ot
uiy = (_1)J—J (_1)J+t+J (_1)J+t +J( , ) ( , )
M;Mg -M; M) Q) \-M; M, Q
A ) (W [0 )
= 2 DT e [ (s (L W) (e o wy) (14.5)
R

Each energy operator, being a scalar with respect to the total electronic angular
momentum .J, can be expanded in double tensors T*%)0 where the rank k& assumes
the values 0, 1 and 2 in the spin and orbital space.

Again, recoupling and summation over J and J’ by equation (2.19) can be used to
write inner products between double tensors in a J-independent form.

Starting from equation (14.5) with use of equation (3.42):

S S k) (S S W
wiv=Yy (-5t t) [ JIIL L' kpiL L K
LI J Jot)\J Tt

AW SL | u | o S'L) (W SL || o) || W SL)
S L J)Y(S L J
=S (D)5, ¢) [, ]S LS LT
JJ! Kk k t kKt

X (_1)(S+L)+(S’+L’)+(n’+k’)+(J+J’+t) . (_1)—(25’+2L’+2J’)

AU SL | u | v S’y (W SL | o) || W SL)
= > 5k, ") (K, k) 6(¢, ) (~1)F R [k, k] (~1) (5B ED

U

AU SL | uR | ' S'L) (W S'L || P || W SL) (14.6)

14.1 Projections

In parametric theory, the operator space is spanned by a set of orthogonal operators
H; = p; P;, where the angular operators p; : p; =0 (i # j) form an orthogonal set {p; }
and the radial factors P; are treated as parameters.

In principle, projections of Hamiltonian operators onto this basis can now be
calculated exactly. Any physical operator U = vV, written as a product of an angular
operator v and a radial factor V', can be expressed in terms of a complete basis set
of orthogonal operators by elementary linear algebra. Firstly, the angular part is
given by:

v=Tarn-¥ -2y, (14.7)

i [pi *Di

Consequently, the operator U is expanded as:

U:Zpi'APi:U'V:(Zai'pi)'v
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The individual contributions AP; now follow immediately:

AP =a, V=10l p s
U

[pi : pi]

[v:ip]
[pi :pi] v (14'8)

The projection of the operator U = vV on a finite (and possibly incomplete) basis
{p;} is complete if and only if the magnitude of the operator equals the sum of the
magnitudes of its projections:

[viv] =Y Lv-pe (14.9)

i [pl : pz]

Equation (14.9) can be used to find the percentages by which a given operator is
represented in subsets of a particular type like first, second or third order, or of a
particular n-particle character.

Alternatively, any 'new’ operator t describing effects that are not yet completely
covered by the original orthogonal operator set, will naturally not be completely
represented by {p;}. It may however be orthogonalized straightforwardly:

14.2 N-dependence and n-particle character

Denoting the zero-particle unit operator as 1, the trace Tr (H) of an operator H

will be [H : 1] in this notation. In particular, [1:1] = (4l]§2) is the number of states

in the [V configuration, the general case being given by [1:1] = [Tgen ;s (4l]§2)
Therefore:
[H, : Hy]™) = [H Hy : 1] = Tv (H,Hy)™) (14.11)

Let H, be an n—particle operator in the [V shell. Its average energy equals the trace
divided by the number of states in the shell. From the useful identity:

Al +2-n\ (4l + 2\ (N\[4l+2\!
- 14.12
(N—n)(N) (n)(n) ( )
it follows:
v HY = (4l t2- ”) v H{ (14.13)
—Nn

Given that [1:1] = (4?}2), one may conclude that the unit matrix e,, = 1, i.e. the
angular part of F,,, is a zero-particle operator. The trace of an arbitrary operator
yields its average energy contribution. From the above, it follows directly that the

condition for 'no shift’ of any Coulombic operator H means Tr H = 0.
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This leads to relations like:
2
E..(d"p) = E(d"p)+ gn(10 - n)Qgq
1 35
+ En(n—l)ﬁJr %n(Q—n)(lo—n)T+2adp (14.14)

The Coulomb interaction, unlike the spin-orbit interaction, shifts the center of gravity while
splitting a configuration into terms.

[Slater, 1960] defined his operators f? and f* as early as 1960 to be traceless by extracting
the average energy contributions -2/63 - (f? + f*) and thus orthogonalized them to the
average energy operator avant la lettre; however, they still remain non-orthogonal to one
another, application of equation (14.10) gives:

10
53

flafiep (14.15)

Inner products are properties of the operators, not just of their matrix elements
in a particular configuration. Therefore, the inner product of two operators in any
configuration is closely related to the inner product in their parent configuration,
i.e. in the configuration where they both first, as a function of N, appear.

The N-dependence of the inner product is given by:

[Hy: Hy )™ =aTr H™ -Tv H™ + 8 [H, : Hy]™ (14.16)

The coefficients a and 5 only depend on N, the number of electrons the shell, and on
n1 and ne, the n—particle characters of the two operators: « and g are independent
of the operators in question.

Below, two operators H; and Hs are considered, with n—particle characters in
the [V shell of n; and n,, respectively. It is assumed that ny > ny; for the operator
product HyH, to exist in the [V shell, it follows: ny < N < 4l+2-n;. The n—particle
character of H; H, now ranges from ns to ny + ns.
4I+2-n 4 +2-n

N-n )

Tr (HyHy)™ = ( N-n

Tr (H1Hy)™ « Tr O = ( ) Tr O (14.17)

[H: H )™ = Tv (H Hy)™
M n A +2-n o
STy e )

shell I n=ns n—="n3
A +2-nq -
_ ( Temm "2)[H1:H2](”2> (14.18)
shell [

N—ng

where n, and ny are the n—particle characters of the operators H; and H, in the
shell characterized by orbital angular momentum [. Thereby, the expression for the
coefficient /3 introduced in the above turns out be:

A +2-nq -
ﬁ(nl’n2’N):( N nq 77,2)
The coefficient « is less interesting when dealing with orthogonal operators, as all

of them are traceless except the e,, operator. The expression is given below for
completeness:

() G () ()] o

(14.19)
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The N-dependence of the magnitude [H : H] of an operator H obviously constitutes
an important special case of the 3(n,n, N)-coefficient:

(7 HY = 1 (1) = ]

(4[ +2-2n
shell [

N )[H:H](") (14.21)

Equation (14.21) is also given by [Judd and Leavitt, 1986], derived from group-
theoretical arguments. Omne can verify that § is invariant under conjugation, as
it should:

B(n,n,N) =p5(n,n,4l+2-N) (14.22)

The derivation relies on the below mathematical formula, to be proved with the
Zeilberger algorithm after a transformation to hypergeometric functions:

,2(_1)k (Z) (Z:Z) ) (a;n) (14.23)

With the identifications a - 41+ 2 -ns, b > N —no, n - ny and k - n —ny, equation
(14.18) is retrieved from equation (14.23).

Exactly this relation (14.23), valid for ¢ > n > 0 and @ > b > 0, is also given by
[Edmonds, 1957] (equations Al.1 and A1.2), leading to:

n (a_k;)! ~ (a—b)!(a—n)!
2 D I i (a—b—n)]

(14.24)

Any operator with a particular n—particle character can be expressed in terms of
second quantization, so it basically suffices to calculate inner products of second
quantized operators. As an example, the below operator product contains both a

two-particle and a one-particle part:
{(afa)(kk) (aTa)(kk)} \115L>

P ) = Y 50
) [(41 +2)8(k,0) - 1] + (45]; i 1) 1 (14.25)

SL
(4l+2—2
N -2

The progression of the N-dependence may be calculated straightforward. For a
single shell [V, the contribution of an arbitrary n—electron operator U = vV to an
orthogonal m—electron parameter P; (m < n) is given by:

AP, = (N)(”)(N)1 v:ip] (14.26)

N\ [pi:pi]

Therefore, the dependence on the number of electrons is given by the normalized
ratio of weighting factors

(GG

where the inner products are calculated in ™.
Obviously, @ =1 for n = m or N = n; as expected, equation (14.26) is identical to
equation (14.8) in these cases.
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In the case of direct proportionality: v = ap;, equation (14.26) reduces to AP; = V.

An operator may have different n—particle ranks in different shells (like Tyqs has
rank 2 in the d shell and rank 1 in the s shell), in which case the total @ is simply
found as the product of the ) of each individual shell.

As a result:

() ()

AEW™ = o AE™) with: (14.27)
T e (n2)

agee - Losel™ (14.28)
g [e;:e;](m2)

Given the N-dependence of the inner products, the full matrix of inner products
for any particular configuration can be predicted in advance and thus serves as a
rather strict check on the parameter calculation.

14.3 Contributions to the spin-orbit interaction

Since the days of [Blume and Watson, 1962], called BW hereafter, it has been re-
alized that the mutual spin-orbit interaction MSO contributes appreciably to the
value of the spin-orbit parameter (. Even so, the (-contribution of the electrostatic
spin-orbit interaction EL-SO (see 15.5) turns out to be quite dominant for lower
ionization stages.

Before the use of inner products [Uylings and Smid, 1987], only the simpler case of
direct proportionality has been considered by BW and other ab initio calculations.
The idea behind our theory is to use equation (14.26) to the projections on zeta
of all operators of magnetic origin (like MSO and EL-SO operators), not just the
proportional ones. Taking the N-dependence of the inner product into account, we
obtain in a configuration [N]"™ the following contribution of U =MSO to (:

[MSO:2(1)] = 5((k+1)/(k+2))(2l+k+2)(2l-k)

x (L] c® z) [3-0(k,0)(4l +2)] (14.29a)

() : 2(1)] = (‘“' * 2)(]\[4{ 1) 11 +1)(20+1)2 (14.20b)

41 + 2)( 4l

(1) 2(1)] = ( (0 1) P+ 1) (2 +1))2 (14.29¢)

[2(0) :2(I')] =0 (14.29d)

Q- (N)(l)(N)_l (N-1). (14.29¢)
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The contribution to ¢ thus becomes:

AC=(N-1)> a(k,l) N*(aa;aa) (14.30)

with

v k- ) BB B0 o )

(14.31)
The coefficients a(k,1) are given in table 3.1 for p, d and f electrons.
We will work out the contributions to ((a) from direct MSO matrix elements in
INI'M in more detail. The n—particle ranks of the MSO operator in the shells [V and
I'M are n(l) = 1,n(l") = 1 and, for the spin-orbit operator z(1), m(l) = 1,m(I") = 0
respectively; the inner products should be taken in I[’.

[MSOpr : 2(1)] = (4" + 2)I(1 + 1)(21 + 1) N°(ab; ab) (14.322)

[2(1) : 2(1)] = (40 + 2)1(1 + 1) (20 + 1) /2 (14.32D)

o=|(DRE) RN - (1432

The final result can thus be written:

Ac(a) =~} (4% 2) -4(20" +1) N°(ab; ab) (14.33)

Table 14.1: The coefficients «(k,l) appearing in equation (14.31) for the intra-shell MSO con-

tributions to (.

k= 0 2 4
p shell -3/2 — —
d shell -7/4 0 3/14  —
f shell 11/6  1/6  5/66

14.4 Choice of orthogonal operator sets

A useful way to extract information from an observed set of atomic energy levels is
to fit them to the eigenvalues of an energy matrix in which the strengths of the vari-
ous interactions among the particles making up the atom in question are determined
by a collection of parameters. The rows and columns of the matrix are labeled by
a finite set of electronic states (usually one or more complete configurations), and
the influence of the omitted states is reproduced by effective operators acting solely
within the finite set. These effective operators may themselves be parameterized,
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and if one proceeds to a sufficiently high order of perturbation theory one can expect
to introduce as many parameters as there are independent non-vanishing elements
in the matrix. The fitting of atomic energy levels by orthogonal operators has a
number of advantages: the addition of a new operator entails minimal adjustments
to the strengths of those already brought into play, and the mean errors are smaller
than they otherwise would be. An advantage of the method lies in the fact that
we can replace an infinite number of physical interactions from arbitrary orders of
perturbation by a set of finite well defined contributions. What we lose, however,
is specific information about the physical importance of the operators. In partic-
ular, we do not know the order of perturbation at which the operators first arise.
Apparently one must explicitly consider the perturbative processes to retrieve this
information.

One problem with the new set of operators, which has been mentioned before
[Judd and Leavitt, 1986], is the fact that most operators have contributions from
low- and high-order effects at the same time. The result is that nearly all operators
are significant. This is a problem when, as in the present case, some operators are
difficult to determine in particular configurations. It would be advantageous to have
particular operators determined by higher-order effects and others by low-order ef-
fects so that the operators could be introduced, and perhaps neglected, in batches.
There is no unique choice of an orthogonal set (each ‘rotation’ will yield another
one) and we use this freedom to satisfy the following criteria for [N’ configurations:

1. Due to the fact that the related operators belong to mutually orthogonal sub-
spaces, [ — [ and [ —[" interactions can be covered by different parameters.
The [V core of an [V’ configuration is thus described by the same parameter
set as the corresponding [V configuration.

2. For the [ - [ electrostatic interaction, the principal (first-order) and the sec-
ondary (higher-order) effects are described by separate operators. A method
to work out such a separation is illustrated for pd and fp configurations by
[Klinkenberg and Uylings, 1986]. It enhances the ‘descriptive power’ of the
parameter set, as the secondary operators can be neglected to a first approxi-
mation in a partially incomplete spectrum.

3. All operators are normalized in batches, i.e. at their first appearance the inner
product of an operator with itself is made equal to that for the main operator
of a group:

e two-electron electrostatic operators have the same normalization as the
unit operator eg,;

e three-electron electrostatic operators in f? have the same normalization
as the two-electron f — f operators. In the d—shell, however, the three-
electron operators share the normalization of the orthogonalized Trees
operator 77 = of in d3 and as eg, in d2s;

e magnetic operators have the same normalization as the spin-orbit opera-
tors z; and zp in [? and [l’, respectively.
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In this way, a complete set of operators is subdivided into groups and subgroups in
a tree-like fashion. At the first level, there is a branching into three orthogonal sub-
spaces for the electrostatic, the spin-orbit and the spin-spin effects. At the second
level, the operators are sorted according to the number n of electrons they act upon
(in most practical cases, n = 2, 3,4 for the electrostatic, n = 1,2 (and possibly 3) for
the spin-orbit and n = 2 for the spin-spin space). A third branching yields a distinc-
tion into the order of perturbation theory. When the operators are written in second
quantized form, one can see that in general n-body operators occur in the (n—1) or-
der of perturbation theory for the first time. It is useful to make the same distinction
according to first and higher order effects within the group of two-particle operators
as well [Klinkenberg and Uylings, 1986, Hansen et al., 1988b, Uylings et al., 1989].
With the above construction, one has a measure of the physical content as well as
of the relative importance of the parameters.

With respect to the traditional Slater-Condon approach of parametric fitting, only
the average energies F,,, the spin-orbit parameters (; and the configuration inter-
action parameters R¥() are retained. The matrix elements of the other operators,
defined on group theoretical or algebraical grounds, need only be given in their par-
ent configuration, i.e. the configuration where they first appear like two-particle
operators in [? or {I’. The matrix elements of these operators in configurations with
more electrons are then found by the expansion formulae given below in section 14.6.
The operator set for equivalent electrons in the p—, d— and f-shell is described in the
below subsections. The parent matrix elements (or reduced parent matrix elements
for spin-orbit and spin-spin type operators) will either be given directly in tables or
by referring to the relevant literature.

14.4.1 The p-shell

In addition to the zero-particle unit operator e,,, there are two electrostatic two-
particle operators in p?. Unlike [Dothe et al., 1985], the operator o, was chosen
to cover the complete first order Coulomb interaction, in line with the approach
followed by [Klinkenberg and Uylings, 1986]. It is not difficult to see that o is
proportional to the traceless Slater operator f2?(p,p); what remains is a Trees-like
two-particle operator e, that is easily orthogonalized. All electrostatic matrix ele-
ments are given in table 14.2. Normalization of 0, and e, to the length V15 of e,y
is assured by dividing the entries by the constant n given below the column.

Table 14.2: Matrix elements of the electrostatic operators in p?

SL e, 02 ey,

5P 1 -1 1
1S 1 4 6
D 1 1 -3
n 1 V2 V6

In addition to the usual spin-orbit operator z, for (,, there are two two-particle
operators z. and z3 of tensorial character t(11)0, They are defined in a similar fashion
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as the corresponding double-vector operators in d? [Hansen and Judd, 1985]. Their
reduced matrix elements are given in table 14.3.

Table 14.3: Reduced matrix elements of the double-vector operators in p?

v Zp Ze 23
3P 3p -3v3 =332 -3\/15/2
15 3p -3v2 6 0

3P 1D 3\/5/2  3/2V/5 -9/2

The spin-spin operator z; has only one non-zero reduced matrix element
(3P || 21 |3P) = 10v/3. The length of all magnetic operators in p? equals /12.
The physical content of these operators is given in equations (14.67), (14.68) and
(14.69). Unlike the case of the d— and the f-shell, no additional three-particle
electrostatic operator appears in p3.

14.4.2 The d-shell

The electrostatic two-particle operators oo and o}, currently used in dV configura-
tions, were first defined by [Klinkenberg and Uylings, 1986]; the conversion of the
associated parameters to Slater integrals is given in equation (14.60). They are
supplemented by two Trees-like operators e/, and e’ﬁ, apart from the normalization
introduced by [Judd et al., 1982]. The matrix elements are given in table 14.4; again,
normalization to the common length v/45 requires that all entries are divided by the
constant n at the bottom of the relevant column.

Table 14.4: Matrix elements of the electrostatic operators in d?

SL  eg 09 05 el e/’B
1S 1 56 0 0 12
3p 1 T 21 -14 1
D 1 11 9 -54 -3
S 1 T -9 6 1
G 1 11 5 30 -3
n 1 140 V140 /560 +/20/3

The orthogonal two-particle fine-structure operators for the d—shell were given
in two tables by [Hansen and Judd, 1985]: in table 1 the 5 spin-orbit type operators
Ze, 23, 24, 25 and zg and in table 2 the 3 spin-spin type operators 2, zo and zy. In
the present tapes, these magnetic operators are all normalized to the length /120
of the spin-orbit parameter (; in d?>. The MSO and EL-SO contributions to the
corresponding A; parameters are found in equation (14.64).

In d® to d7, 4 electrostatic three-particle operators t;---t, make their appearance.
The first two of and o}’ were introduced by [Judd et al., 1982]; o} = t; is actually
the orthogonalized version of the original Trees operator with parameter 7.

The newly introduced second three-particle operator oy’ differs from the later 5 by a
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factor v/110/3 such that \/110/3 (1[of'[¢)") = (1b|ta|0") for reasons of normalization to
the length v/162750 of ¢; in d. As a result, the reverse is true for the corresponding
radial parameters: the current 75 is a factor \/W/?) smaller than the values origi-
nally published before [Hansen et al., 1988a]. The mean error reduction of ¢; and ¢,
turned out to be that significant [Uylings et al., 1984, Hansen and Judd, 1985] that
they became the only orthogonal operators introduced later by Cowan in his pro-
gram suite [Cowan, 1981]. [Hansen and Judd, 1985] added two more three-particle
operators t3 and t4 to include higher order effects; the associated parameters T3 and
T, are an order of magnitude smaller.

Using their orthogonality and equation (14.8), the contributions to the two 7" pa-
rameters can be found for all relevant single particle excitations { - d and d — I’ to
second order. Except for the s - d contribution, which is a direct consequence of
the definition, the angular coefficients have not yet been found in another way.
The overlap between the 3d and the g and ¢ continuum orbitals is most favorable for
high angular momenta states with energy large enough to penetrate the centrifugal
potential barrier. In Fe VI, the 3s - 3d contribution is dominant, as the n = 3
orbitals have become ‘near degenerate’.

Table 14.5: Second-order contributions AT} o< RER* [AFE to the 3-particle Trees
parameter in Fe VI (3d3)

Exc.(kk") 22 24 44
s—3d -12.067 - -
3d — s 0.209 - -
3d—d -0.198  0.405 -0.129
3d—g 2.391  0.710 -1.107
3d—1 - - 0.037
Total calc. -9.727

Fitted value -8.452

A set of 12 four-particle operators fi-+-f12 appearing in d*, d® and df was defined

by [Judd and Leavitt, 1986]. They are normalized to unity in d*. Just like the op-
erators zy, t3 and t4 introduced in the above, these operators only describe third
and higher order effects and have no contributions from the first and second order
perturbation theory. Still, the impact is not negligible: the mean error ¢ in Co VI
e.g. is reduced from 21 to 4 cm~! by their introduction. Moreover, most parameter
values are well determined and show regular trends in the iron group.
A batch of 16 possible three-particle magnetic operators of spin-orbit type may
still be added, but [Hansen et al., 1997] showed that only the four operators la-
beled by the irreducible representation (11) of SO5 are significant. As demon-
strated in table 13.1, the accuracy of the description is then comparable with the
errors of the experimental levels. A meaningful determination of these higher or-
der effects, however, usually requires a complete set of experimental energies and
configurations that are not too much distorted by strong configuration interaction.
[Uylings and Raassen, 1996] gives an impression of the use of the d—shell operators
in the iron group.
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14.4.3 The f-shell

[Racah, 1949] replaced the scalar products (C’l(k)CQ(k))(O) appearing in equation (6.3)

by the linear combinations eq, eq, e and e3 to which well defined group-theoretical
labels can be attached. In the current set of orthogonal operators, the traceless
version e} is used [Judd and Crosswhite, 1984] instead of e;. The three operators
e, e and e were introduced earlier by [Judd et al., 1982] to orthogonalize the
generalized Trees operators. Finally, all two-particle operators are normalized in f?

to the "length’ v/91 of the unit operator 1 = eq, = €. In this form, they are given in
table 3 of [Judd and Crosswhite, 1984] or table B.III of [Klinkenberg and Uylings, 1986],
and repeated in table 14.6 for completeness. For normalization each entry has to be
divided by the constant n found on the bottom line of the same column.

Table 14.6: Matrix elements of the electrostatic operators in f2

SL ey el € es3 e e’

CD

o 5 5
1S 1 108 0 0 0 0 -18
sp 1 -9 0 33 -11 -1 -1
1D 1 17 286 -11 -33 0 3
S 1 -9 0 0 0 2 -1
¢ 1 17 -260 -4 -12 0 3
SH 1 -9 0 -9 3 -1 -1
S| 17 70 7 21 0 3
n 1 /270 /11880 /1980/13 +/1980/13 +/18/3 +/90/13

Most of the orthogonal two-particle magnetic operators happen to be defined
already in the sixties by [Judd and Wadzinski, 1967] for the spin-spin interaction
and [Judd et al., 1968] for the MSO/EL-SO operators.

After normalization to the length \/504 of the spin-orbit operator zy in f2, the spin-
spin operators z;---z4 may directly be incorporated into the orthogonal operator set;
their reduced matrix elements are given in [Judd and Wadzinski, 1967].

The reduced matrix elements of the 8 spin-orbit type operators z5---z15 are found in
[Judd et al., 1968]. Only 215 had to be orthogonalized:

2’12 =212 — 4/5 * 214 (1434)

which seems more straightforward than the definition of the combined operator z.
by [Crosswhite et al., 1968]. In fact, the corresponding parameter A}, turns out to
be relatively important and quite stable in the fit. These 8 operators are again
normalized to a length V504,

The orthogonal three-electron operators needed to describe single electron excita-
tions from and to the f—shell were already defined on group theoretical grounds by
[Judd, 1966]. From the six operators to,13,t4,ts,t7 and tg, only t5 needs to be ad-
justed to remain orthogonal to es, see equation (6) of [Judd and Crosswhite, 1984]:

_N—Qe
2 7072 3

(14.35)

t5
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Table 14.7: Parameter values of the 4f" orthogonal operators in Pr III, Pr IV, Nd IV and Nd V.

Pr ITI(f*) B-spl | Pr IV(f2) B-spl | Nd IV(f®) B-spl | Nd V(f2)  B-spl
E.. 19709.2 10202.8 24892.1 12248.6
E] 4924.8 60446.9 6393.5 7101.1
E, 2191.5 2526.1 2671.0 2915.5
Es 4942.9 5899.7 6197.9 6835.0
E/ 301.7 236.7 224.5 225.6
E,IB 0 6.0 7.6 8.0%
E'7 448.1 290.0 261.0 250*
T, 122.7 64.4
T3 14.7 14.8
Ty 24.5 16.0
Te -49.5 -54.7
T, 60.3 60.2
Ty 51.7 53.0
Cr 660.7 7114 764.6 813.4 892.4 944.0 998.4 1047.7
As 2.7 2.7 -2.4 -2.0 -3.8 -2.6 -3.7 2.2
Ag 4.5 4.5 4.2 3.6 4.4 4.5 4.4 4.1
As -2.3 -2.3 -2.8 2.4 -0.8 -2.8 0 -3.0
Ag 4.6 4.6 5.7 5.0 5.1 5.8 5.7 6.3
Ag 1.3 1.3 5.4 5.1 4.3 4.8 5.9 7.8
A -3.8 -3.8 -2.6 -2.2 -2.8 -3.0 -2.3 -2.0
A 51 -5 42 -35 38 -4.6 35 -3.7
Al 105 -9.0 6.0 48 82 7.0 6.7 Al
A 0.2 0.2 0.3 0.3 0.3 0.3 0.4 0.3
A, -0.6 -0.6 -0.8 -0.7 -0.8 -0.8 -1.0 -0.9
As 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Ay -1.2 -1.2 -1.7 -1.5 -1.7 -1.7 2.2 -2.0
o 14.2 6.9 7.6 3.8

14.5 Orthogonalization of inequivalent electrons

Associating the orbital angular momenta [ and [’ with electrons from shell a and b,
one finds from equation (5.39):

(11(SL) || {(ata) ) (bib) k)00 || 11/(5'L1))

L oR) (11 Kk
=[t)[S, L, S, L' [k, b, 6/ K'Y 1w} QU 1K (14.36)
S S t) (L L' t

In the above, the tensor rank ¢ equals 0, 1 and 2 for electrostatic, spin-orbit and
spin-spin effects, respectively. For reasons of Hermiticity, the permutation phase

P =rk+k+r"+k must be even. Given the values of [ and I’, each allowed
combination of {k,k, k', k'} then yields another orthogonal operator.

The orthogonal set of operators found from equation (14.36) is used as a basis to
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start the construction of a final set of orthogonal operators in which a distinction is
made between stronger and less important operators, occurring in first and higher
order of perturbation. In the iron group, the standard deviation for orthogonal
operator fits of 3d"4p configurations is frequently reduced to well below o = 10
cmL

14.5.1 The electrostatic case

Orthogonal parameters for the two-electron electrostatic interaction in I’ are found
as a special case of equation (14.36) for ¢ = 0. The subject has also been discussed
by [Dothe et al., 1985]. They introduce the orthogonal operators e,y for the config-
uration pd but remark in conclusion that it may well be advantageous to separate
the p — d interaction as a first order effect from the higher order electrostatic ef-
fects attributable to the interaction with many far-lying configurations. We want to
investigate this point more thoroughly. If a’ and bf are the creation (or mutatis mu-
tandis annihilation) operators corresponding to [ and [’ respectively, the operators
exk, Via their matrix elements, are defined by:

(U(SL)lew|ll'(SL))

21, g']% (ll’(SL) ‘{(ata)nk (bTb)nk}(OO)O‘ ll’(SL))

K k]% (_1)S+L+n+k(_1)l+l’+1

Sl |l " L
I e

where k and k are ranks in the spin and orbital spaces respectively. Here, the factor
2[1,1']'/? ensures that the ’length’ of the operators, defined as the inner product
[exr : €k ]2, be equal to that of the average energy operator E,, = egy. The allowed
values for k and k are: k=0,1 and 0 < k <2[_, with [. the smallest value of [ or [’.

In order to avoid square roots in the entries, the common normalization factors 7,
are given below each column: e/, = 1. - €.

Il
\V]

NN =

o~
o~
~

X
—

N[ =D =

Table 14.8: Matrix elements of operators e, for dp

€0 €0 € €1 €02 €1
1p 1 3 3 9 7 21
1D 1 3 1 3 -7 21
1p 1 3 2 -6 2 6
3p 1 -1 3 -3 7 -7
3D 1 -1 1 -1 -7 7
3F 1 -1 -2 2 2 -2
Tk 1 V3 2 23 2V7 221

Mutually orthogonal linear combinations of the e/, are now to be found such
that one batch of operators covers the first order /I’ interaction (given in terms of
the classical Slater operators f* and ¢g*) while the remaining second batch (so-called
effective operators) account for the higher order interactions.

We label them ¢ (“Coulomb”) and s (“Sack”) respectively.
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In fact, f* turns out to be directly proportional to ef,.

As for all operators, (e}, :e},) =3- (e, : ey, it follows that

(eor —€1x) ¢ (eor —€1x) =4+ (e, s eqr) and (ef, —€,) : (3-¢ef, +ej,) =0.

Three out of six operators may therefore directly be assigned:

Eoy = €ly,c1 =€l and s = (3-¢e); +e;).

Furthermore, all exchange g* angular matrices can be written as a linear combination
of the operator pairs (ef, —€},):

2l<

g~ = Z QL (e:),~€ - 6’1%) (14.38)
k=0
For the case I’ = pp’:

90(pp/) = _1/6(660 - e,10) + 1/24(661 - 6’11) - 1/72(662 - 6'12)
g*(pp") = =1/15(ego — €19) — 1/120(ep; - €41) = 1/1800(egy — €12) (14.39)

As ej, and e, are already assigned, the remaining operators to consider are:

€lp; €15 and (ef; —€fy).

Elimination of the factor (e}, —e};) from ¢° and g2 (by considering ¢° + 5g%) then
yields the required ratio 30 : 1 of €/, and e}, to be used in co. We find ¢y = (30€],+€},)
with the orthogonal counterpart (24ef, — e},). Hence, the second Sack-operator s,
must be composed of (e}, —€],) and (24e}, - €},), and obey the condition s,:¢° =0
(or equivalently s, : g2 = 0). It thus follows that (e}, —€};) is not orthogonal to s,
and in order to obtain a correct ¢z one has to add a term with (24e}, - €},).
Finally, we end up with, except for normalization:

C1 = €y Cy = 30€], + €]y c3 = 9(egy —e1y) — (24eq, - €l,)
first order Coulomb interaction]
51= 3eg, + €1 s2 = (egy —€1y) +4/9(24e}, - €],)

[additional higher order operators]
The ’building blocks’ are indeed mutually orthogonal: (e, —el;) : (3ep; +€f;) =0
and (30e], +€},) : (24e}, - €},) = 0.

For the case (I’ = dp:

g'(dp) = =1/15(ego =€) + 1/20(egy — 1) — 1/60(ef, — €i,)
g°(dp) = =3/70(ego — €1o) = 3/140(eg; — €}y) = 3/980(egy — €15) (14.40)

Elimination of the factor (ef; —e€};) from g' and ¢* (by considering 3¢' + 7¢®) then
yields the required ratio 7: 1 of e}, and €/, to be used in co. We find ¢y = (7€}, +€},)
with the orthogonal counterpart (4ej, —e},). Hence, the second Sack-operator s,
must be composed of (e, —e};) and (4e}, - €},), and obey the condition s, : g! =0
(or equivalently ss : g3 = 0). It thus follows that (e, — e};) is not orthogonal to sg
and in order to obtain a correct ¢z one has to add a term with (4e}, - ef,).

Finally, we end up with, except for normalization:

ci=ep  c=Tep+el, ez =11(ep; —efy) - (dejy —epy)

[first order Coulomb interaction)]
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s1= 3€g; + €y s2 = 5(ehy — €hy) +2(def — ely)

ladditional higher order operators]

The ’building blocks’ are indeed mutually orthogonal: (ef; —ef;) : (3ef, +¢€j;) =0
and (7ej, +€l,) : (dej, —€efy) = 0.

Table 14.9: Matrix elements of the ¢; and s; operators for dp

€av C1 Co C3 S1 So
Lp 17 42 5709 -27
'D 1 7 0 55 3 63
vl 12 27 38 -6 18
3P 17 -4 63 3 15
3D 1 7 0 33 1 -19
3F 1 2 -9 42 -2 -10
i 1 2V7 V231 2517 23 2141

Table 14.10: Matrix elements of operators e/, for df

€00 €10 €o1 €1 €02 €12 o3 €13 €04 €1y
1p 1 3 8 24 24 72 6 18 66 198
1D 1 3 6 18 6 18 -3 -9 99  -297
A 1 3 3 9 -11 -33 -4 -12 66 198
g 1 3 -1 -3 -15  -45 4 12 -22 -66
1H 1 3 -6 -18 10 30 -1 -3 3 9
3p 1 -1 8 -8 24 -24 6 -6 66 -66
3D 1 -1 6 -6 6 6 -3 3 -9 99
3F 1 -1 3 -3 -1 11 4 4 66 -66
3G 1 -1 -1 1 -15 15 4 -4 222 22
3H 1 -1 -6 6 10 -10 -1 1 3 -3
Tk 1 V3 26 6V2 2vV42 6V/14 23 6 677 623

Five out of ten operators may therefore directly be assigned:

Eow = €fg,C1 = €0y, C2 = €}y, 53 = (3-€f, +€)y) and sq = (3-€)3 +€i3).

The actual values of the «,; coefficients may always be established by projecting
the g* operators one by one onto the orthogonal e, basis, e.g. with the program
PARCALC based on equation (14.8).

Next, the g¥ may be added to eliminate (ef; —e7,) and (ej; — €;3). The orthogonal
counterpart (yej, — ¢€},) of the remaining contribution (aej, + bej,) to the Y, ¢* is
subsequently used as a new building block for s;.

Taking ¢, = ef, we try (e, —e};) as the second Coulomb operator, which requires
s1 = (3e), +€};) as its orthogonal counterpart. Elimination of the factor (ef;, —€};)
from ¢g* (by considering ag? + fg*) then yields the required ratio of e}, and e}, in
c2. We find ¢y = (15}, + €},) with the orthogonal counterpart (8¢, - ef,) . Hence
the second Sack-operator s, must be composed of (e}, —e};) and (8¢}, - €},), and
obey the condition sy : g2 = 0 and sg : g* = 0. It thus follows that (ef; —e};) is not
orthogonal to sy and in order to obtain a correct c3 one has to add a term with
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Table 14.11: Matrix elements of operators e’ for dh

€0 €10 €01 el €02 €1 €03 €13 €04 €14
o 1 3 12 36 52 156 91 273 39 117
e 1 3 8 24 0 0 -91 -273 -91 -273
1H 1 3 3 9 -35  -105 -56 -168 84 252
I 1 3 -3 -9 -33 -99 96 288 -36 -108
1K 1 3 -10  -30 30 90 -30 -90 6 18
3F 1 -1 12 -12 52 -52 91 -91 39 -39
3G 1 -1 8 -8 0 0 91 91 91 91
SH 1 -1 3 -3 -35 35 -56 56 84 -84
3] 1 -1 -3 3 -33 33 96 -96 -36 36
3K 1 -1 -10 10 30 -30 -30 30 6 -6

Nk 1 V3 2V/15 6V5 2273 6v/91 21365 6V455 691 6v/273

(8e1g — €12)-

The normalization, by which ¢; : ¢; = s; : s; = 4[[,1’], greatly facilitates comparison
of the magnitudes of the associated parameters.

The results of this procedure for dp-electrons is given in the above table (14.9).

For M =1 when [’ is highly excited and thus IV’ close to the ionization limit, the
only [l" operator with an appreciable contribution to the structure will be ¢; = ¢f,.

Even this parameter will usually be much less important than (;, which indicates
that the intermediate jK-coupling scheme may be used to attain more 'unambigu-
ous’ level assignments.

To transform S L-matrices to jK-coupling, one may first recouple from SL to LK-
coupling with equation (2.41) and multiply with the recoupling coefficient (2.40)
from LK to jK-coupling; alternatively, one may directly employ the recoupling
identity (2.49) to arrive at:

(S1L1(J0), U [K] 550 | (S1,5)S (L1, 1) L; ) =

1
[Jl,K,s,LP~<—1)L1”’-L-{Sl e ‘]1} -(—1)%“‘51-{51 (14.41)

' K L J

b{l\’)l»i
=
~—

14.5.2 The magnetic case

Using equation (14.36) with ¢ = 1 to find spin-orbit type dp-operators, 12 indepen-
dent orthogonal combinations z; can be classified [Uylings and Raassen, 1996].
The first two (k, k,x’, k") = (1,1,0,0) and (0,0, 1,1) are directly proportional to the
matrix elements of (4 and (,, respectively. To retain an understanding of the phys-
ical content, the EL-SO operators are projected onto the remaining 10 operators.
EL-SO is a perturbative effect arising from Brillouin-type substitutions p — p’ and
d — d'. The ranks of the Slater integrals involved being 2 (direct), 1 or 3 (exchange),
there are 6 independent EL-SO operators in second order (see section 15.5 for more
details). These operators are projected on the basis operators z; and subsequently
orthogonalized. The resulting operators are named Z}; Z;p, turns out to be the
largest in most cases.
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With the multiplication numbers 7; of table 14.12 included, one obtains e.g.:

Cd -z
Cp = M2z
Sq - Lp = T3-%3

Sp'Ld = 7’]4'24
ZI%P' = Te" <6

For pp’ configurations, the operators zg and 219 do not appear and one is left with a
set of 10 independent orthogonal operators to fully describe the spin-orbit effects.

Table 14.12: z;(dp) tensor ranks. The numbers 7; multiply all entries 2; to avoid square roots.

2 k k K K ;i

z 1 1 0 0 -=-3/10
2 00 1 1 -V/30
23 1 0 0 1 7V/30
24 01 1 0 7J/10
25 1 2 0 1 14V210
26 0 2 1 1 14210
2z 1 1 0 2 702
28 0 1 1 2 70V/2
Zo 1 3 0 2 707
210 0 3 1 2 707
12 1 2 90/7V/35
219 1 1 1 1 1415

Spin-spin operators are directly defined by equation (14.36), with (k,x’,t) =
(1,1,2). The operators are labeled S/; the most important cases (k, k") = (0,2),(2,0)
and (4,2) are included and cover all the direct spin-spin dp—interactions associated
with NO(pd; pd), N°(dp;dp) and N2(dp;dp), respectively.

14.5.3 Three-electron operators

The account for perturbing configurations to second or higher order is to introduce
such schematic operators as (pfpfdf ppd)(oo), (dfdTpf ddp)(oo) or (dfdTsf dds)(oo).
From ds and d?, we find six electrostatic operators for d?s: eg,, ¢4 and four opera-
tors that describe the d? structure. As there are seven terms in d2s, we expect one
new three-electron operator, labeled t44s.

To see how such an operator t44, arises, consider the Coulomb excitation of an s
electron of d?s into an unoccupied d or g state. This can be accomplished by an
operator of the type (dfgt ds)(oo). Returning with the adjoint operator in second-
order perturbation theory, one obtains the product (stdf gd)®”- (digf ds) . Us-
ing equation (5.14) for the interchange of the virtual g electrons, one is left with a
residue of the form (stdf ddt ds)(oo). The dd' tensors can be rearranged to yield
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the two-electron operator (sfdf ds)(oo) together with the anticipated three-electron
operator (stdfdf dds)(oo). A more detailed study is presented in section 15.3.

The three-electron electrostatic p?d operators ¢; introduced by [Dothe et al., 1985],
turn out to be orthogonal to all two-electron pd operators but not to the two-
electron p? operators. The corrected orthogonalization procedure reduces all entries
of t; and t5 to zero, so these operators are removed from the operator set as their
effects will already be absorbed by the existing p? operators. All current ¢! opera-
tors are normalized to a length of \/240; the required multiplication factors w.r.t.
to [Dothe et al., 1985, Hansen et al., 1987] are found in table 14.13.

Table 14.13: Multiplication factors for the parameters values of the three-electron operators ¢

and the four-electron operators f; w.r.t. [Dothe et al., 1985].

t;  Value fl - Value

th /60 fl +/105/2
th V24 fy \/245/2
tt /120 fi \/15/4
tt /56 fi\/245/2
o V1176 ff \/45/4
t, V28 fe V15
ty  +/35/6

th, \/35/2

t, \/735/2

In addition, the four-body operator f introduced by [Hansen et al., 1987], is not
orthogonal to three (out of five) of the dp operators. The operators fI, fi and f§
are removed from the operator set, also for reasons explained in that article. The
current f/ operators are normalized to /480, with the parameter multiplication
factors given in table 14.13.

14.6 Towards higher N

Matrix elements of orthogonal operators are, unlike the matrix elements of the tra-
ditional Slater-Condon operators, usually not given by closed angular momentum
formulae. Instead, they are defined in their parent configuration, i.e. the most ele-
mentary configuration where they first occur. To find the required matrix elements
in more general configurations, expansion formulae are needed to express them in
terms of the matrix elements of configurations with lower occupation numbers.
Depending on the complexity of the cases at hand, this can either be done directly
or recursively. Both types of expansion formulae are given below.

Occasionally, conjugation properties may be used as well, but care should be taken if
the operators correspond to a mixture of odd and even quasispin ranks as mentioned
in section 5.10.
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Expansion of matrix elements of n—particle operators in [V can be done by uncou-
pling one of the electrons from the [V shell:

o) = (M) S @l el @)

n

olog
N - - !/ ! !
= Noa > (W {lo) (NGl HallN ') (¢ [3") (14.42)
olod
Similarly for magnetic operators with k # 0, using equation (3.51a):
(INSL || Hy, || INS'L') = N S (INSLYINTES Ly ) (IS LA N S'LY)
N-n S1L.SI L,
_ S1+l+5”_ _1\Li+I+L 1o l' S kS . L k L
( 1) 2 ( 1) [S,L,S,L]Q S{ % Sl Lll l Ll
(NS Ly || Hy || INTRSTLY)
(14.43)

For the special case of the zero-particle unit operator e,, = 1, equation (14.42)

reduces to 6(1, ") = Xyg (V{|0) (¢'[}0") - (¢, ¢"), which is just the completeness

cfp sum rule (5.145).

The progression as a function of N of the [N’ operators, now originally defined in

their parent configuration /l’, is carried through by a chain calculation analogous to

equation (14.42):

(N7 AT W) = < 3 (A1) (N1 | G ) (o)) (14.44)
olol

where the coefficients of fractional parentage for inequivalent electrons are
introduced, as defined earlier in equation (5.169).
For a general operator T with rank n in the IV shell and rank 1 in the I’ shell, the
more detailed chain formula becomes thereby:

N ! !
(NSO VSLITIN(SI)USL) = - 3, [Sp,Lp]- (71"

TN Sy 1,,80L,,S, Ly
, AL [S S 3 Lo Lor fS; S 3| Ly LU
'[Slvsl’Ll’Ll]z'{sp S, %} {Lp L, l} {Sp Sy 5 \Ln Ly 1
(I S{Ly {1V S Ly ) (I STLA{|IN 1S5 LY ) - (1N (S Lo ) IS, Ly | T [N (S5 LY)US, Ly )
(14.45)

This is readily generalized to IVI'M configurations:
N

N-n S3L3,9% LYy, SpLy
Sg Sl ) L3 l Ll
S Sp L L2 Lp
_ 17/ - 1T S, 3 SI L, l L,
(I SV L {IN Sy L) (1Y STLA{IN1S5L5) - { § égé S;} . { LS L; Lzlo}
(I (S5 La) 1M (SaLa) Sy Ly | T 1IN H(S5LE)IM (S3L5) Sy Ly )

(IN(S1Ly) U™ (SoLo) SL| T [IN(S{LY) ™ (S5L4)SL) = [S,, Ly]

P

_(_1)51—S£+SQ—S£ . (_1)L1—L’1+L2—L,2 . [517817[/1,[/1]% {

(14.46)
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The comparable expression for magnetic k # 0 operators:
N 1 1
(IN(SILO)USL || G || IN(SiL)US'L ) = ——+ > [S,L,8,L']2-[S,, Ly, S), L]

- ’ P> PprHp
N-1 Sp,Lp,Sh, Lty

1 1 1 1
‘(_1)SI+L1+S+L+§+Z . (_1)31+L’1+S’+L’+§+l . [517 S{’ Ly, L’1]§ . (_1)§+S;+S+k . (_1)Z+L;+L+k

.SlS%.LlLl"S{S’%‘L’lL’l"SkS’_Lk’L’

Sy S 3| Ly Lo 1 SpoSy 5 \Ly Lyl Syos S| \Ly 1Ly,
(1N S Ly {1V TSy Ly ) (1N STLA AN LSS LY ) - (INTH(Sa Lo) USy Ly || G || INTH(S5L4)IS, LY )
(14.47)

Again, generalization to [VI'M configurations is straightforward:
N 1
(IN(S1Ly) U™ (SoLo)SL || Gur || IV (S1LY) UM (S5L5)S'L) = 1 > [S,L,S, L2
Sp,Lp,S}, L,

'[Sp, L..S L/]% . (_1)51+L1+S+L+52+L2 . (_1)S{+L’1+S’+L’+S§+L’2 . [Sla 517[117 Lll]

pr~po P

1 o ,
.(_1)§+Sp+5+k i (_1)Z+LP+L+k . (lN 51L1{|1N_153L3) (lN S{Lll{”]\f—lSéLé)

JS1 S S| [Li L Ly [S; S Sy fLy L Ly [S kS| [L kL
Sy S35 \Lp Ls I Sy Sy 5 \Lp Ly 1 Sy 5 Sl Ly 1L

(PSS L) IV (S2L)S, Ly | G [ 1V (SSEAM (S515)S,T4)

N

(14.48)

Another, compared to a chain calculation possibly more direct way to proceed is to
un- and recouple the [I’ matrix elements from the {VI’ configuration, after a fourfold
(spin- and orbit, bra and ket) application of equation (2.40). In this alternative for a
direct calculation, one calculates (two-particle) reduced matrix elements for higher
N from the matrix elements in its original two-particle configuration:

1
(N (S1L) V(SL) |G |1V (STL)V(SL)) = N - 37 [S1, 51, L, L1]2

51 Ly

PRI R R
213 S S 1 s s, I L L, I L L,
(I S Ly {118y Ly ) (1Y S{LY{|IN Sy Ly ) - [Sp, L] - (1 Sy Ly | G |1 S, Ly )

(14.49)

The corresponding formula for magnetic operators with £ # 0 is slightly more
complex due to the additional uncoupling equation (3.51b):

1
<lN(SlL1)l,(SL) || G”, || lN(S{Lll)l,(S,L,)> = N Z [SluL17517L,175P7LP7S[,)7L1’)]2
S1L1
Seses ST 3 S| [S1 b s [S kS
SO AR S S GO | W A
SpLg:S;L; 3 Sp 5 S S S, S8,

1 Toorrsrn |La 1 L L, | Lj L k L
. 1 7% . (_\Di+Lp+L ) ER O L. —
[S,L,8", L']2 - (-1) {l' L L,,} {l, L L;} {L; L, Lp}

(VS Ly VST Ly ) (Y S{L{JIN Sy Ly) - (10 SpLy || G || 10 Si L2 )

[N

(14.50)
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The generalization of the above towards [NI"™ configurations is straightforward:

(IN(S1Ly) U™ (SoLo) SL| G [ IV (S{LY) UM (S4LE)SLY = N-M Y Y

S1L1S2 Ly

(lN SILI{UN_IS_IL_I) (ZN S{LII{UN—IS_IL_I) . (llM SQL2{|ZIM_1S_2L_2) (l’M SéLIQ{ll,M_IS_QL_Q)
[z Se s I a1

-y (-5 5|8, S, S Si|-(-)" L, L, L L

SyLs S, Sy 1L Ly Ly 1 1

1
’ [SlaL17527L27S{7L,17S§7L’2]2 ’ [SP7LP] ' (ll, SPLP|G”'|HI SPLP>
(14.51)

Again, a small extension is found for k # 0 magnetic operators:

(IN(S1Ly) UM (SoLo)SL || Gy || IN(S{L) UM (SRLY)S' Ly =N-M . »°
S1L1 Sz Ly
-(lN SlLl{”NflS_lL_l) (ZN SiLi{uN—ls_lL_l) . (l'M S2L2{|ZIM715_2L_2) (l/M Séle{U/MflS_ZL_Q)

S_l S_Z 513 S_l 52 Sl3 L_l L_2 Ll3 L_l L_2 L13
SN II790 /17 FR U5 S SR O I N O S AR P 00 Y A (e 4
S1aL13 S S S)lsr s s \Ly L, L)\ oLy L

/ / s k9 L k L
(=1 S13+S,+S | -1 Lig+L,+L | S. S L.L'2
s comeen st S oM EE T

i 1 I rQrys
'[SlaLla527L2asiaL,1aS£7Ll2]2 ’ Z [Svap7S;)7L1,)]2 (ll SPLP || Gll’ || I Spr>

Spr,S;,L;,
(14.52)

Leading to 15j-symbols of the third kind, not much is gained by carrying out the
summation over (Si3, L13) analytically.
The case M =1 has already been treated in equation (14.50).

With the magnitude in the parent configuration [l’ given by 4[l,1'], equation (14.21)
yields the below result for the operator magnitudes in every [NI'M configuration:

(G:G1""" = (N4f 1) : (MM_/ 1) AL (14.53)

Similar to the two-electron case, the [2l’ electrons can be uncoupled from the bra
and ket [NI'"M configurations to retrieve the expressions for the three-electron T2y
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operators in higher N and/or M configurations:

(IN(S1Ly) U™ (SoLa) SL|Tiap | 1N (S{ L) UM (S5LE)SLY = sN(N=1)- M Y S %

SLSy Ly S'L!

(NS L INTES L) - (NS LISy Ly ) - (1M Sy Lo {1718, L)

(N SILA NS L) - (INTE ST LIV RS Ly ) - (UM SRLA{ UM S, L)

Sy S S (S8 S (L L oLy (L L L

- > [SisLas] -4 S L Spp Sy 5 Shri Ly U LypsL. UL
S1sLas S13 Sp S S13 Sp S L3 Lp L

i 1 1
(-1)551 . (1) H5 - [S|L, 81, Ly, Sa, Lo | - [S7, L7, S, LY, Sg, L)% - [S, L, S, L']?

SOLS|(Lo1 L[S 3 S| (L1 T

5 S S|\l Ly L) |5 S S\t oLy
’ Z [Svap] <12(SL) 3 SpLy | Ther| lQ(S'L,) ! Spr)
SypLy

(14.54)

Given the magnitude in the parent configuration [2{’, equation (14.21) provides the
operator magnitudes in [VI'M configurations:

[7:7)""" = (fvl ) 3) : (MA‘Z_' 1) (T T (14.55)

14.7 Conversion of operator sets

Given the equation (14.8) or, more generally, (14.26), it is straightforward to trans-
late conventional or ab initio calculated parameters into their orthogonal counter-
parts. By contrast, the reverse generally requires a full matrix inversion.

Let the matrix A = A;; comprise the elements with row index ¢ of a set of operators
with column index j, then the translation matrix T for two parameter sets, 1 and
2, is given by T = A(1)A~1(2), or in index notation:

Ty = Ay (1) A1(2). (14.56)
The required relations between parameters Fi(2) and F;(1) then become:
Fi(1) = TuFi(2). (14.57)

As an example, we give the matrix elements of the conventional operators for d? in
condensed notation:

1 126 126 -12 5
1 63 -84 -10 0
1 =27 36 -6 0
1 36 1 8 0
\ (1) (441) (441) (1) (1)
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0 24 88 36 108
0 210 350 -910 630
1 0 -504 1512 -756 252
Aji = 0 -5 -15 > 15 (14.59)
1 0 -160 100 -36

(5) (200) (280) (200) (280)

Relations between Cowan’s most relevant parameters [Cowan, 1981] and their or-
thogonal counterparts are given below:
50 1

Oy = 3 M(F2(dd)+F4(dd)) (14.60a)

, 1001 (., .

04 = = M(F (dd) - F(dd)) (14.60b)
;o 201 c

Os+ 0} = v F2(dd) (14.60c)

[Racah, 1952] and Trees introduced the concept of effective operators,
in (N defined as:

(INSL|a|INSL)
(INSLIQINSL)

L(L+1) -«

1
Z—L(N—V)(4l+4—N—V)-B - [N=2,v=0,2]:

= (20+1)-6(L,0)-8 (14.61)
These operators became a standard extension of the Slater-Condon theory in the
d-shell with matrix elements (d? SL|&, Q|d*> SL) = (0,5)(2,0)(6,0)(12,0)(20,0).
In the f-shell, [Rajnak and Wybourne, 1963] introduced similar operators:
(PNl Heal N0y = 60,0 [L(L+ 1) -+ G(Ga) -+ G(Ry) 7] (14.62)
Here, G(G5) and G(R;) are the eigenvalues of Casimir’s operator for the groups Gy
and Ry, used by [Racah, 1949] to classify f-shell states unambiguously with labels
U = (ujuz) and W = (wywyws) respectively, see chapter 13.
In terms of these labels, the eigenvalues are given by:

1
(urus| G(G2) |ugus) D [ul + U Uy + US + DUy + 4u2] (14.63a)
1
(w1w2w3| G(R7) |w1w2w3) E [U)l (w1 + 5) + U)Q(U)Q + 3) + U}3(U)3 + 1)] (1463b)

Table 14.14: Matrix elements of the conventional effective electrostatic operators a, 3 and v in

f2

SL  UW & 126(Gy) 10G(Ry)
1S (00)(000) 0 0 0
3P (11)(110) 2 12 10
1D (20)(200) 6 14 14
3F - (10)(110) 12 6 10
1G (20)(200) 20 14 14
SH (11)(110) 30 12 10
17 (20)(200) 42 14 14
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The two-body magnetic dd parameters have both MSO and EL-SO contributions:

A(dd) = —%Mo(dd) —MQ(dd) , = (P?(d L)+ gP“(d R d’))
Ay(dd) = i\/Z(MO(dd) - —Mz(dd)) 938\/2(132(61 Sy - gzﬂ(d . d’))

Aq(dd) % I(Mo(dd) 7M2(dd)) 29\/§(P2(d—>d’)—gP4(d—>d’))

As(dd) ;\/Z(Mo(dd) M?(dd)) 18\/;(}32@ S - gp4(d S d’))

Aodd) =~ [5 (S50 d) - Zaraa)) + 136\@(P2<d»d'>+gp4(d»d'>)
A(dd) - 6\/7 (lMo(dd)— M2(dd))
Ay(dd) = \/7 M?(dd) (14.64)

2 ’ k . !
Here (see section 15.5): P*(d - d') = C(dd') " (dd; d)

d—d' Edd’
1 l _ 1 2
Olszmﬁ-(;(zs)ecds = 1—0\/§-G(ds) (14.65)
Ci(d = 1 F?(d G(d 3G3d 14.66
() = (57 - (56 ) - 56 )) (14.662)
L (14, ,
Cy(dp) = ﬁ(— (dp) + G(dp>) (14.66h)
L (47, _g , .
Cy(dp) m( G (dp) - 5 G*(dp) (14.66¢)

For pVV configurations, the first order parameter Oy and the effective parameter E,
are used. The contribution of F?2(pp) is given by:

O, = %\/E-F2(pp) (14.67)

For the two-particle magnetic operators A. and As, one obtains the below first and
second order contributions:

A, = i\f( 5M°(pp) + PQ(}Hp))

A; = i\/g( 37M0(pp)+ Pz(p—>p )) (14.68)
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where the EL-SO contribution (section 15.5) P?(p — p’) is given by:

2¢(pp") R*(pp; pp’)

P2 p— p/ —
( ) p—p’ Eppl

2
Aq = —5\/ 15- M°(pp) (14.69)
In pVs configurations, two-electron ps interactions make their appearance as well:
_ 1 ! 1 1
Cis = s 2¢§ Gl(ls) - C,s = 6¢§ G (ps) (14.70)

Contributions to the mutual spin-orbit parameter A, in ls configurations, are
frequently dominated by the second order effect called EL-SO, discussed more fully
in section 15.5. From equation (5.108), one finds:

___6 -1(7.. 0f1etey L p 7
Ao = 2l+1W (Is;sl) + AN"(ls;1s) 4l+2P(l ") (14.71)

where again P!(I — 1') is defined as:

20 (MY RY(Ls: sl)
Ey

Pl(1 > 1" = 6(L,1') ;f
N
More specifically, for ps configurations, one obtains:
1
Amso(ps) = =2- W (ps; sp) + 4AN"(psips) - =P (p = p') (14.72)

A numerical example for ds configurations is worked out later in the text in equation
(15.56) and the below table.

6 0 .
A, = 2\/(%_ D@3 - NO(1s; 1s) (14.73)

Of course, the parameters also receive contributions from higher-order effects, so
the above equations should be regarded as providing first, possibly second, order
contributions rather than their entire values.

14.8 Parametric fitting

As in many branches of atomic physics, the challenge of the calculation lies in find-
ing an efficient way to include correlations and, secondary, relativity. The power of
a particular approach varies considerably with the type of system at hand. Roughly,
we may distinguish two cases:

(i) The element is 'light’ (Z < 20) or contains less than three electrons outside closed
shells. This results in energy spectra with a few, relatively well separated levels.
Here, correlation determines the eigenvector composition of the levels to a consid-
erable degree. As electrostatic effects dominate the description of the system. the
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mixing is limited to terms with the same SL-value. Nevertheless, massive config-
uration interaction (CI) calculations are necessary to include the right amount of
correlation.

(ii) The energy structure is 'complex’; i.e. there are several d— or f-electrons out-
side closed shells. The configurations contain quite a number of levels of the same
J-value in a relatively small energy interval. Here, the eigenvector composition of
the levels is mainly determined by the (non-diagonal) magnetic interactions and the
spacing between the levels. In the orthogonal operator approach, the focus lies on
the second case. To calculate energy spacings in complex systems as accurately as
possible, an effectively complete set of orthogonal operators has been introduced
[Hansen et al., 1988b, van het Hof et al., 1991a]. Explicit configuration interaction
can be included in this approach by full diagonalization of a more-configuration
space [Uylings et al., 1993]. Purely ab initio approaches are seldom sufficient to de-
scribe complex spectra, i.e. spectra from atoms with more than two electrons or
holes outside closed shells. Often a large number of close-lying levels is involved in
these systems. The correct LS-coupling fractions therefore critically depend on an
accurate determination of the energy spacings. An alternative is to use experimental
data in the description as well. In the classic semi-empirical approach used e.g. by
Racah, one proceeds as follows:

(i) the usual Hamiltonian including all important interactions is set up,

(ii) the radial parts of the energy operators are, after an initial estimate, treated as
free parameters,

(iii) the eigenvalues of the Hamiltonian are fitted to the experimental energy levels
by adjusting these radial parameters iteratively,

(iv) the final eigenvectors, yielding the level composition in terms of the applied
coupling scheme (like LS-coupling), are used to calculate transition probabilities if
required.

A weak point of the above procedure is the interdependence of the parameters. Ad-
dition of a new parameter (associated with a different physical effect) may change
earlier parameter values as the new operator may in part have the same angular
structure as some of the older ones. This instability and the associated errors on
the parameters are reduced in the orthogonal operator approach [Judd et al., 1982].
"In this approach, the introduced orthogonalization of the conventional Slater-
Condon operators increases the accuracy of the parameter values obtained in the fit
and improves the stability of the fitting procedure. The stability of the fit offers the
possibility to fit parameters one after another and extend the operator set to include
a number of small effects, such as two-body magnetic and three-body electrostatic
interactions. This method has been successfully applied to the 3d-, 4d- and 5d-
spectra and has resulted in reduction of the mean deviations of the fits by an order
of magnitude or more compared to the parametric descriptions based on the con-
ventional Slater-Condon approach. The accuracy of the fits permitted experimental
determination of the mentioned small effects. These effects have been systematically
studied in the 3d- and 4d-spectra. In the bd-spectra, three isoelectronic sequences
have been studied systematically with the orthogonal operators.” [Azarov, 2018§]
Replacing step (i), a basis set of independent operators each with its own angular
structure is constructed (the various allowed angular symmetries may e.g. be de-
termined by group theory). In this way, no unintended effects will be mixed into
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the parameter values. This facilitates ab initio calculations of the parameters and
allows the determination of less important effects as well. One may think of the or-
thogonal operator method as defining a linear space of operators whereupon physical
effects are projected by means of a fit; the coefficient on each orthogonal axis, i.e.
its parameter value, yields the strength of the effect.

14.9 Completeness

Each complete set of operators is shown to yield a unique joint solution to level
energies and level compositions. Consequently, an operator set which consists of
more operators than the number of levels in the configuration is not overcomplete.
In principle there is, in addition to the level energies. sufficient physical information
dependent on the level compositions (g factors, line strengths) to determine all pa-
rameter unambiguously. If, in practice, the experimental information is incomplete,
theoretical or empirical knowledge of the parameters can readily be used to reduce
the number of parameters to be varied.

Complex bound systems like free atoms and ions can accurately be described if
the strengths of the model energy operators are adjusted so as to obtain an opti-
mal agreement between the measured energies and the eigenvalues of the Hamilto-
nian. Orthogonal operators are introduced in this fitting procedure both to minimize
the correlation and, thereby, the mean error of the parameters [Judd et al., 1982,
Hansen et al., 1988b], and to facilitate comparison with ab initio calculations
[Uylings and Smid, 1987, Hansen et al., 1987].

A set of orthogonal operators consists of suited linear combinations of conventional,
for instance Slater-type, operators, completed with effective higher order operators
like three- and four-electron operators.

The principal, though not fully independent, questions to be answered are the
following;:

e What is the meaning of a least-squares fit (LSF) involving more parameters
than level values?

e Which of the numerous 'perfect energy fits’ is physically acceptable and by
what criteria does one select the correct solution?

e What information is hidden in the ’superfluous’ parameters?

14.9.1 (Over)completeness

Consider the Hamiltonian of a configuration (or possibly more configurations of the
same parity), with matrix elements explicitly written in terms of an arbitrary "pure’
coupling scheme such as SL coupling. Because good quantum numbers, and the
corresponding symmetry restrictions on the system, only exist as an approximation
(except, in the absence of strong external fields, the total angular momentum J) |
every mixing between basis states is allowed, i.e. each off-diagonal matrix element
may be non-zero. By definition, a set of operators is said to be ’complete’ if the
number of operators equals the number of independent matrix elements, including
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off-diagonals, so quite generally M > N in our context. When only the N energies
are used as experimental input, there is an infinite number of sets of M parameter
values which describe them perfectly.

To be specific, let the Hamiltonian be defined by:

M
(b|H| k) = Y (b]04] k) P (14.74)
i=1

In the above, O; is an angular (orthogonal) operator and P; is the associated radial
operator strength, which is treated as a parameter. In the parametric approach,
only the angular matrix elements depend explicitly on the basis states. Each uni-
tary transformation UHU ! of H rotates the basis states |k) towards a new coupling
scheme, and leaves the values of P, unchanged. If, on the other hand, the strength
P; of one or more operators is changed, we will after diagonalization end up with
different compositions of eigenvectors in terms of the same basis states |k). Such a
different 'intermediate coupling’ therefore describes a different physical situation: a
different set of parameter values may possibly yield the same energies, but never the
same set of eigenvectors. Returning to the questions posed in the introduction, we
can conclude that the answer to all three of them lies in the physical significance of
the level composition. Even for M > N, there exists only one ’correct’ solution since
the level compositions can, at least in principle, be determined from other observ-
ables than the energies. The so-called 'overcompleteness’ or 'overparametrization’
is a consequence of the fact that the experimental information is limited to energy
values alone.

Each complete set of operators can be shown to yield a unique joint solution to level
energies and level compositions. Consequently, an operator set which consists of
more operators than the number of levels in the configuration is not overcomplete.
In principle there is, in addition to the level energies, sufficient physical information
dependent on the level compositions (g-factors, line strengths) to determine all pa-
rameters unambiguously. If, in practice, the experimental information is incomplete,
theoretical or empirical knowledge of the parameters can readily be used to reduce
the number of parameters to be varied. The noble-gas configurations p°s have been
used to illustrate these points [van het Hof et al., 1991b].

14.9.2 The use of the parameter set

Although mathematically sound, the use of complete sets may still raise points to
be clarified.

(i) If the condition of full knowledge of the system (energies and compositions) is
satisfied, which hardly ever is the case in practice, one may wonder what purpose is
served describing such a system semi-empirically.

(ii) If this condition is not met, one may wonder if application of a complete set
is not impracticable and whether the predictive power of such a set, if part of the
spectrum is experimentally unknown, is not inferior with respect to a conventional
set with considerably fewer parameters.

In reply to (i), if all experimental data of a system are present, the goal to under-
stand the system in the sense of performing ab initio calculations that conform to
the experiment with sufficient accuracy, still remains. A parametric calculation is
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a means of translating the experimental data into quantities that are traceable to
theory. It is possible to calculate each parameter independently as the sum of the
projections of 'theoretical’ operators derived for instance from perturbation theory,
onto the basis of orthogonal operators. For every particular ab initio calculation,
one can therefore select the parameters of interest.

Secondly, parameters (unlike experimental data) provide the possibility to compare
systems like dV configurations isoionically as a function of N, such as the seemingly
different configurations d® and d* [Hansen et al., 1988b].

Thirdly, it is likewise easier to inter- or extrapolate the parameters than the experi-
mental data themselves from one atomic system to analogous (isoionic, isoelectronic)
spectra that are not yet completely known.

In reply to (ii), if the experimental data are incomplete, it is obvious that one cannot
vary all the parameters; however, there are several ways to proceed.

(a) Direct truncation of the parameter set, i.e. fixing several less important pa-
rameters to zero. In this way, one can always obtain an equivalent (same number
of parameters, same scope of description) of the older, conventional parameter set,
with the additional advantage of having an orthogonal, and thus more independent
and stable parameter set.

(b) A more sophisticated approach is to fix the less important parameters to their
ab initio values. Although these values may sometimes be hard to calculate (con-
tributions from higher order perturbation theory), they are usually more plausible
than zero. Especially magnetic effects can fruitfully be added to the Hamiltonian in
this way.

(c) Another possibility is to fix parameters at inter- or extrapolated values from anal-
ogous spectra. An example of the superiority of orthogonal operators in this respect
is the prediction made for the 3d® configuration in Cu VII [van het Hof et al., 1990].
In some cases, experience with other spectra can be combined with ab initio calculations,
by extrapolating the ratios between fitted and calculated values as scaling factors.
Finally it should be mentioned that, on occasion, other stratagems characteristic to
the system under study, like varying parameters in a fixed relation to others, can be
used.

14.9.3 Truncation of the basis

In principle, a bound-state eigenvector is composed of all possible model states of
the same parity belonging to a particular atom or ion. In practice, the eigenvector
space is partitioned into a model space P consisting of a relatively small number
of configurations (frequently one) and an orthogonal space @ of far-lying configura-
tions. Effects of the far-away configurations on P can be accounted for by so-called
‘effective’ operators, that formally act only within P. Therefore, the strength of
these operators (i.e. the associated parameter value) is zero to first order. As in
our construction the number of real intra- P operators is relatively small, a complete
set is mainly characterized by the presence of ‘all’ effective operators. In this ap-
proach, the energies can always be satisfactorily described, but the eigenvectors are
inherently approximated by the truncation of () states. This procedure is therefore
justified only if the distance between the configurations A € P and the configurations
B € Q is ‘large’ compared with the energy spread of A, in which case only the repul-
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sion has to be described and eigenvector mixing between A and B can be neglected
in an energy description (in principle, one should use effective dipole operators for
transitions). Comparison between experimental and elementary theoretical results,
as well as purely theoretical arguments can be used to mark the departure from the
single configuration model.

(i) The number of spectral lines is larger, and their intensities deviate from what
would be expected on theoretical grounds.

(ii) Fitted parameters deviate markedly from extrapolated results or theoretical
predictions: the parameters apparently adapt to effects they were not meant to de-
scribe. This situation is analogous to that discussed in subsection (14.9.1): it is true
that the energies are described satisfactorily, but the eigenvectors, and thereby the
predictions of other observables, are deficient.

(iii) Sum rules for g factors fail.

(iv) Hartree-Fock calculations predict either the proximity (energy overlap) of
another configuration B, or large interaction integrals between A and B (orbital
overlap), or both. This leads to a transfer of B from ) to P. Especially in several
times ionized systems, this situation is often encountered in the set of configurations
with equal principal quantum numbers, called the Layzer complex. As suggested by
Brillouin’s theorem, interactions are often larger if A and B differ by a two-particle
substitution than by a one-particle substitution.

If B is transferred to P, the effective operators of A only describe the effects of the
remaining configurations in (). The contribution of B to these effective operators
(actually to all operators of A) will thereby be subtracted from the corresponding
parameter values. If V,p is the interaction operator between the configurations A
and B, this contribution is found from the projection of the perturbation operator

_ VABVBA 4 VAB [VBB7VBA]
Es-Ep (Es-Ep)’

U (14.75)

14.9.4 Conclusions

It is argued that for a Hamiltonian consisting of angular operators and associated
radial parameters to yield correct energies and level compositions, a complete opera-
tor set should be used in the construction, even though the number of operators may
exceed the number of fitted energy levels. With complete experimental information
lacking in most cases, this is a more philosophical than practical point, but it shows
that there is nothing principally wrong in dealing with complete sets. In practice,
one can always neglect the smaller effects, or add them as non-variable quantities
derived from empirical or theoretical knowledge.



Chapter 15

Perturbation theory

The omission of interaction between configurations is the chief defect of the model
based on a central-field potential. The residual Coulomb interaction not only splits
up each configuration into terms, but it also connects like terms in different con-
figurations. If the levels of two or more configurations overlap or interact strongly,
the only appropriate technique may be to diagonalise their combined matrix. A
notation of the type (3d + 4s)® implies that eight electrons are assigned to the six
orbitals provided by the five 3d states and the single 4s state. We are thus left with
a superconfiguration 3d® + 3d"4s + 3d64s2.

In perturbation theory, the eigenvector space is divided into a model space P
containing the configuration A (or a small number of strongly interacting configu-
rations) under study and an orthogonal space @ of far-lying configurations B.

A symbolic graphical picture of perturbation theory, with the number of arrows
indicating the 0,1,2,3... order, is given below:

O\ N\ /\@

Vaa Vag-Vba Vag-Vee-Vea Vea-Vaa

To be able to deal with a group of levels simultaneously, the Rayleigh-Schrodinger
formulation is used.
Following equation (10.19):

Q=1-P=1-) la) (a| with @ |a)=0and Q |v) = |v) (15.1)

a*v

the corresponding projection operators are given by:

P=>" la){al (15.2a)

aeP
Q = Z 18Y (O] with its resolvent: R = Z M (15.2D)
3P sp £a—Eb
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The second-order energy and transition corrections, with A € P and B € (), are then
respectively:

(Aa|H'|Ad') = Z(EA Ep)” ZAa|VAB|Bﬁ)(Bﬁ|VBA|Aa)
BEP

(Aar'|Cy) = > (BEa-Eg)” ZAa|VAB|Bﬁ)(Bﬁ|rBO|CV)
BEP

When formulated in second quantization, the operators automatically select the
relevant states |Bf3) from the Q-space, and yield zero otherwise. Therefore, one can
extend the summation over S to a summation over all states, the additional ones
yielding only additional zeros. This enables the use of the closure relation:

(AalH'|Ad') = Y (Ea-Eg) ' (Aa|VapVialAa')
B¢P
(Aar'|Cr) = Z (Ea- EB)71 (Aa|Vaprece|Cy) (15.3)
B¢P

The principle perturbation terms are: Vg = (Cap — Uap) + Zap where C represents
the Coulomb interaction, Z the spin-orbit interaction and U the potential used
to generate the zeroth-order wavefunctions. Uup only comes into play with single
electron (Brillouin) excitations nl — n'l, when (C' -—U) or (Z - U) rather than C
or Z are to be used. This will introduce cross terms in the perturbation expansion
such as:

2y <Aa|UAB|BEﬁ)_(gﬁ|CBA|AO/>
B A B

The second quantized form for Uyap is given by:

Uss = -6(L1) [1,1]2 (alb)©0 (qU/]D) (15.4a)

In the Hartree-Fock average of configuration approach, a natural choice for pertur-
bation theory, with A = INI'M and B = [N-1[’"M+1 the off-diagonal potential matrix
element becomes:

{a|U]b) = (blU]a) = o(1, l)l(N 1) {Caaiav) + M (Cap) + 3 Ne (Cacipe)

C

0 (Lewin o,

=0(l, l)[(N 1) (R (aa,ab) - kZ(:) 2+ 1) (il + 1)R (aa,ab)
0 {Loew iy,

+M (R (ab,bb) — IZ(:) 2+ 1)(dl + )R (ab,bb)

0 (L ey
+ZC:NC (R (ab,ac) - Z Gl 0+ )R (ab, ca) (15.4b)

as defined earlier in equations (10.8a) and (10.8b), (Cap.ca) is the average Coulomb
interaction between the electron pairs (ab) and (cd):

YsrlS, L] (lLilo(SL)|Clsls(SL))
ZSL[Sv L]

(Cabied) = (15.5)
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The notation HJ is used to indicate an n-particle operator of the kth-order Hamilto-
nian in the below. Terms like (F4—FEg)~'CapCpa give rise to two- and three-particle
electrostatic operators in second order, written further below as Hz and H3.

As for both the angular and the radial parts, by far the most dominant contributions
to the two-particle parameters in [V configurations come from terms with a radial
factor RO(1l;1I")RF(Il;1I")(E4 — Eg)~'. Here, the angular coefficients all turn out
to be proportional to the coefficients f*(1,1) of the Slater parameter F*. This can
be calculated from the corresponding general formulae (e.g. [Uylings, 1985]), but
it can be understood more easily by considering the individual cases, graphically
represented by their Feynman diagrams in figure 15.1 (the circled cross denoting the
potential interaction). Here, lines with a double arrow represent valence electrons,
lines a single upward arrow represent virtual electrons and with a single downward
arrow closed shells electrons. The topologically equivalent angular momentum dia-
grams are given in figure 15.2.

nl nl nl 4 nl 1 nl nl 4
_________________ nl L e e e e = — =

nl 1 n'l n'l n'l |
---------- nl Fomme - nl Foo-®

nl nl nl 1 nl nl 4

Figure 15.1: Feynman graphs for the two-particle (a), the three-particle (b) and
potential (c) operators that appear in the second-order Hamiltonian for an nl — n'l
excitation.

LA LA LA I\ LA LA

A
AT

(a) (b) ()

Figure 15.2: Angular momentum graphs corresponding to the cases (a), (b) and (c)
of the topologically equivalent diagrams of figure 15.1

After the removal of the zero branches (the factor [I]-! is canceled by (I | C© || 1)*)
figures 15.2(a,b) reduce to the form indicated in figure 15.2(c) , which is precisely
the graphical representation of f*(I,1). Realizing that unlike (/2|C|i?) the matrix
elements (I2|C|Il’) and (12|U|Il') carry a weighting factor v/2 and that in addition
there are two possible choices for the zero line, we see that the first two terms have
angular coefficients 4f%(1,1); the potential term has the coefficient —4f%(1,1) as a
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result of the factor of -2 that occurs in the second-order energy expression. From
equation (14.26) it can be seen that the N-dependence of the three-particle contri-
bution is given by @ = (g)(g)/(g) = (N -2); the R° term in (nl|U|n'l) according to
equation (15.4b) is prefaced by (N —1); recall that closed shells can be neglected in
this equation. In summary, the contributions of the three terms to the two-particle

parameters are:

S AR U W) RF(U ) [1+ (N =2) - (N-1)] (Ba-Ep) ' =0 (15.6)

The three dominating contributions therefore cancel for all values of N and only
smaller ones are left, e.g. (d|U|d") simply becomes -2/63 - (N - 1)[R?(d?;dd") +
R*(d?;dd")]. Similar cancellations of unphysically large contributions connected
with the occurrence of R? in the radial factor also occur in the third-order calcu-
lation. This result indicates the danger involved in arbitrarily selecting some large
contributions of a particular radial class without calculating them all.

15.1 Two perturbed levels

Given that two levels with initial energies E; and Es (assuming F; > Fy) are per-
turbed by an interaction F', the equation to solve becomes:

Ei-) F |
jo By- A~ 0 (15.7)
with the solution:
E,+E Ei - Ey\?
A2 = 1; 2i\/( 12 2) +[F? (15.8)

The perturbed eigenvalues A; and A, retain the center of gravity: 1(E; + E») =
$(A\1 + X2). Both are repelled by an amount A w.r.t. their original energy value:
/\1—E1 =E2—)\2:A. Or:

%(El—EQ) = %(}\1—)\2)—A (159)

It follows: F?2 = A(E) — Ey) + A% or F2=A(\; - \p) - A2
The eigenvectors are determined by:

(Elﬁ: A EZF_ A) (g) - (8) with 02+ C"™ =1 (15.10)
yielding:

¢ - F?FfQA? and € = F2A+2A2

F? = (172_;(?22 (15.11)

Therefore, finally:

A (M= X2)-(1-C?)
F2 = (M =-X)2-C*(1-C? (15.12)
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Without loss of generality, one may take F; =1, F5 = 0 and express the energies A
and F' in terms of the unperturbed energy distance E; — E5. Put differently, the
quantities displayed below are actually A/(E; — Ey) and F/(E; — Es).

Both A and C? are a function of F2:

A = L(Vi+aF-1)
2F2
2 _ 15.13
1+4F2 —~\/1+4F? ( )
It follows:
limA=0 limC? =1 lim C”? =0
lim A=F-3  limC?=3  lim C%=3 (15.14)
254 -
— A
--- Limit
2 o
012
1.5 1
1 |
0.5 |
0

0 05 1 15 2 25 3
- F

15.2 [V configuration

The following definition from [Rajnak and Wybourne, 1963] (RW) and [Racah and Stein, 1967]
(RS) is adopted:
P(kK' l1ly,15l)) = AERF(1yly,lsly) R¥ (I1ly, 15ly)

< LI C* L)L CR L) (L CY ) (L CF L) (15.15)

As an example:

10 (R*(sd, dd))*
7 E,-Ep

The Trees operator [Trees, 1963] T is associated with an inner shell excitation [’ - [
from

A = 2N o B = 441N+l Now, according to the basic perturbation equation
(15.3), the quantity to be calculated is: VagVpa(E4 - Ep)~L.

Using equation (5.77) for the Coulomb interaction, one finds:

P(22,22,20) =

Vg =2- Zk:(—l)k[k']_%Rk(aa;CLC/) <l I o) I l> (l I o) I l/) {(cTa)(Ok)(aTa)(Ok)}(OO)
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and

! l ! 4 ! ! !
Via =23 (-1)F KT 2RY (aasac) (1| C* [ 1) (1] ¢ | 1) {(ala) @) (ale) )}
kl
Next, the operator product is reduced by means of equation (5.12):

[{(CTa)(ok)(aTa)(Ok)}(OO) {(a‘ra)(Ok’)(aTC)(Ok’)}(OO)] N [{aT(aTaT)SL}S3L3 {(aa)sfya}SsLs](Oo)

Using equations (5.16) and (5.17), one obtains for the pure three-, two- and
one-particle matrix elements:

((SaLsws) HE\(Ss L)) = ~3(Ea - Ep)”
< 3 [S.L.SL L] (USDICESD) IS L)ICIES'L))

SL,5'L

{553
X

5 1}{§ b ’}3} (P (S Lava){P(S1)) (P(S' L)} (3 L))
2 2172 ! ! Lo ! -1 k l l
(I*(S2Ly) | H3l (SQLQ)):—ZZP(kk;,ll,ll)(2(—1) S (kE") k] {L2 z z}

N[N

2

(15.16a)

EoUol
kol ko1l kol
o (D)
Eovoif \\La 11 Ly 11 L E
(15.16b)
(L|H3 1) =[] %P(kk',zz,zz') (25(%) (k]! - {IZ ll, ﬁ} ) (15.16¢)

For the Trees operator, I’ =0 and [ = 2. In fact, as AE~! = —-(E, - Ep)~h:
 (R*(sd,dd))®  P(22,22,20)
352(E, - Ep) 1750
Here, (SL) = (S'L’) = (02) and (sd(*D)|C|d*(3D)) = -2/7/35 - R2(sd,dd). For the

angular n-electron matrices O3, Oy and O; of the Trees operator, one obtains:

(d*(S5Lsvs)|Os|d® (SsLavi)) = 210-6(Ss,5)(-1)"

x  (d3(S3Lsvs){5D) (3D|}d*(SsL314)) (15.17a)
(cz2(52L2)|02|d?(SQLQ))=—700{L22 ; ;} (15.17b)
(d |O4] d) = 70. (15.17¢)

Below, the contributions to the A = [V configuration deriving from all accessible

configurations B are explored to second order.

Here, every electrostatic operator in which an [? pair is participating in the Coulomb

interaction, will be seen to satisfy the joint formula:

H: = (Ea-Ep)™ Y (B(SL)|C|'1"(SL))” Hsp (15.18)
SL

where there is no restriction on I’ and [”.
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15.2.1 B =['4'+1]N+1

The one-, two- and three-particle parts of the Coulomb interaction Cj;,; have already
been considered in the above equations (15.16).
Some relevant Feynman diagrams are given below. Downward lines refer to closed

shells electrons.

—— —— 2 ---®

Therefore, only the two-particle contributions of the Coulomb interaction Cyryy
and the potential are considered below.

(P(SL)|H3|I>(SL)) = -46(U") (B4 - Ep) ™

x ([z]—l S C® 1) (2017 5(k,0) = 1) REVL 1) - (n’l’|U|nl))

k

, 2 kKl
x;(l | CEY 1) RY (V1) (—1)L{L l l}. (15.19)

15.2.2 B=[N-1I

In this case, there is a potential contribution present if I’ = [; as illustrated by
equation (15.6), closed shells are removed from U by cancellation. The Feynman
diagrams were given earlier in figure 15.1:

<P<SL>|H3|F(SL>>=—2ZP(W’”’”'){§ | lz’} {IZ | ll,}

kk'

AS(I) (Ba - Eg) S (1] €@ | 1)2(—1)L{§ / g} (nl|Un'y RE(LI) (15.20a)
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(I3(S5Lsvs) | Ha|l?(S3L34)) = 3(Ea — Ep) ™"

x Y [S,L,S’,L’]% (B(SL)|lCl(SL)) (1 (S'LY|Ci*(S7L"))

SL,S'L

18 S\t L L o )
x{i o f} {z I 1'3} (13(S3Lavs){|I*(SL)) (I*(S'L)|}P(S5Lsv4))
2 2
(15.20b)
Notice the similarity between the equations (15.16a) and (15.20b).
15.2.3 B =1N2["l"
[ % l
ll \ y l//
13 1
LS A N A A
2 2172 _ / 18144
(I*(SL)|H31I*(SL)) = 2;}9(/{;/«;,11,15 ){L ’ l}{L l, z} (15.21)
15.2.4 B=[N"2]"?
kL Ul |k 1 U
2 2172 _ / 111
(I*(SL)|H3)I*(SL)) = ;P(kk,ll,ll){L g z} {L g z} (15.22)

15.2.5 B = [!4'+1]nmdl"+1N+2

(lQ(SL)|H§|l2(SL))=—22P(kk’,l’l”,ll){§ " l}{k " l} (15.23a)

o -
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(l|H21|l)=_2(21+1_N>ZP(kk’,l’l”,ll)(26(/@/#)[]{]‘1—{5 ll ’Z}) (15.23b)

15.2.6 B =4 [N+2

E Ul (kU
2 2172 _ 1oy
(P(SL)|H3|1*(SL)) = %P(kk,ll,ll){L z z'} {L z z'} (15.24a)

(l|H21|l>=_(2l+1_N)ZP(kk’,l’l’,ll)(Qd(kk’) [k:]-l—{g 5 ’Z}) (15.24b)

2+1) &

15.2.7 B =4+ N

In this case, the Coulomb matrix element (I'l(SL)|C|l"(SL)) contains both direct
and exchange terms. As a result, the product C'C' includes three radial factors:
P(kE" UL, P(KE',I',1"1) and a cross term M (kk'), defines by RW and RS:

M(kE') = AEYRE(ULU™) RE'LI
< (e Ene® ey e ey i) e (15.25)
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(P(SL)HZP(SL)) = -4 P(kk', I'L,1"1) 6(kE') [l{:]‘l(—l)L{k l l}

2, Ll
P A N I AL

_1\k "N(_1\L
Y CIEVCOICIR VA S P

L 1 1
+2 P(kE VLU (1)1 k17 (15.26a)
k! I 1k

(ILEH) = - 25 POkk! 11 171) 8(kK') [K] 1]
kk’

Y CIRYC0) NG

~ 2% P(kK 1LY §(RR') K]0

—28(I'1") (Ba - Eg) [ (0l [U|n"1")

x (2[1,1’] RO =Y {1 o™ l')QRk(zl",z'l)) (15.26b)
k

Again, note the similarity with equations (15.16).

15.3 Three-electron operators in [?/'.

Below, we will associate the radial orbitals a,b,c and v with the orbital angular
momenta [,1’,1,1", the first two referring to open shells and the last two to closed
and virtual shells, respectively. We consider the two-particle excitation cb — a? in
detail as a running example of the general method, and give the formulae for the
other excitations in appendix A. Numerical applications are given in 17.3. Actually,
it is an exception that a two-electron excitation yields a three-electron operator, but
this is readily understood from the schematic form of V,5Vg4:

(cfabfa)(atbafc). The combination (cfec) is coupled to zero ranks and removed
while the remainder is rearranged towards (afafbf)(aab), with a phase (-1)” =1
because of the even number of permutations P. We multiply V4 and Vgs by
joining their graphical expressions given in the below figure 15.27, while extracting
the numerical factor from the two Coulomb graphs as in 5.84:

A N fr N o o RBE(cb;aa) R¥ (aa; be)
k,zk,‘*(—l)’“ e e @ e® (e e ) Ei-Ep

As prescribed, ¢ and c are coupled to zero. Both the creation and the annihilation
operators are coupled to the angular momenta SsL3 of the terms of [2l’, anticipating
the standard three-particle matrix element from equation (5.18).
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The resulting graph 15.27 is reduced by standard graphical algebra [Lindgren and Morrison, 1982].

| —=>¢— o

(15.27)

Using a "Hamiltonian’ line (that passes through every vertex once) along the route
of the consecutive red node numbers, we obtain the graph of figure 15.28 with all
the nodes now on the periphery. Figure 15.28 can be cut over the two dashed lines

to yield three 6j-symbols.

7
l X
6
: 2
Schematized graph 15.27. (15.28)

Multiplying the result with the corresponding spin-expression for which k = k' = 0,
we obtain the final equation:

(P(SL)'(S3Ls) [T (cb — a*)|1>(S'L')I'(S3L3))

=2 2(LI CE D e e® e yr)

k!
LepesalS 3L
g (_ +5'+
X[S,L,S,L] (1) {Sl S %}
L LU (L 1w (cb aa) R¥' (aa; be)
{k / l}{k l }{L . } i (15.29)

15.4 Third order

The symbolic graphical picture of perturbation theory is repeated below:
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— oSN

Vaa Vap-Vpa Vag - Vee-Veoa B VBa-Vaa

In third order, one finds therefore:

(Aa|Hs|Ao) = 3 (Ea-Ep)" (Ea-Ec)™ Y. (AalVas|BB) (BB|Vec|Cy) (Cy[VealAd)
B,C¢P B,y
S (Ea-Ep) 2 Y (Aa|Vap|BB) (BB|VsalAa) (Aa"|VialAd)
B¢P B,a’

After closure, this gives for the leading ’diagonal’ third-order correction:

(Aa|H3|Ad') = > (Ea- Ep) 2 ({(Aa|VapVepVealAd') — (Aa|VapVEaVaalAa'))
B¢P
(15.30)

Except for some terms in the I’ = 0 case, the interactions for the configurations A
and B are the same: Vpp = V4. Thus, one can reformulate equation (15.30) as
follows:

H, - Vg [Ves, VBa] (15.31)

(Ea- Ep)’

As a result, passive closed shells will not appear in the above.
Five terms («)...(¢) remain in Vy4:

Via = L8, L]2 (I2(SL)|CI(SL)) { (bTbT)SE (bb)sE} (@)
SL
(L1 Ut (bTb) ) ()
= VS LE (S L|CI(S L)) {(blal) S (ba)ys' } ) ™)
sL
— = SZ[;’,[SII L//]% <l2(S//L//)|C|l2(S//L//)) {(aTaT)S”L”(aa)S”L"}(00) ((5)
+ I3 072 (iU nl) (ata) ™ o
(15.32)

15.5 EL-SO: Electrostatic spin-orbit effects
In second order, the most important spin-dependent operators are given by:

(Es-Ep)'WapVpa = (Ea-Ep) ' (CapZpa+ ZapCpa-UapZps—ZapUpa)
= Hy(ZC) - Hy(ZU) (15.33)

These perturbative mixed electrostatic-magnetic contributions are called EL-SO
effects. The off-diagonal potential matrix elements are given equation (15.4b).
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In many cases, especially with lower ionization, EL-SO proves to be dominant over
the MSO effects discussed in chapter 14. As a consequence of the properties of the
spin-orbit interaction, EL-SO only connects members A and B of the same channel
or Rydberg series (including the continuum), so B differs from A by a single electron
substitution (n/e)l — (n'/[e")l’, where the orbital angular momentum is conserved:
[ =1, B is a Brillouin excited configuration.

Assuming 6(7,1"), only excitations a — b between configurations

A=INI"M(N #0) and B = IN-1"M+L(M + 41" +2) with a magnetic connection ((a,b)
will be considered. Closed shells ¢(N = 4l + 2) and virtual shells v(M = 0) will
appear as special cases. For practical purposes, effects involving a third shell will
only be considered for those cases.

EL-SO is schematically illustrated in figure (15.3):

A URID cary o+ ) BRI
A A A A

Figure 15.3: Graphical representation of EL-SO.

Using equations (3.51b) and (5.89), off-diagonal spin-orbit matrix elements are
calculated straightforwardly, e.g.:

(IN(SL) || 2(a,b) | IN"(S1L1), U'(S'L')) = 6(1,1) - ¢(a,b) - =3V/N - (INSL{[IN-'S, L)

I R R RCCECRE

'(_1)Sl+%+S+L1+l+L . [S, L, SI’LI]% {
2
(15.34)

1
2

Yielding an additional minus sign in the angular factor because of the positive
denominator, the radial factors have the form P* = f, 2((a,b)R*/(Ep — E4) and
T = ¥5 2¢(a,b) (b|U|a) /[(Ep—E4). Candidates for the Slater integral are: RF(aa;ab),
RF¥(ab;bb) and finally R*(ac;bc) plus RF(ac;cb); these three cases will be labeled in
the operators Hy(ZC'), Hy(ZU) and the radial integrals P*, as (a), (b) and (c),
respectively.

To exemplify the general course of the calculation, we put one of the above terms,
i.e. CapZpa, into second quantized form for A = [V and B = [V-11' (associating v
with [’):

1
CanZpa=Y2-[K] 72 (L C® [ 1)’ {(a'a)® (alv)®} ™ R¥(aa, av)
k

(1 + 1) (21 + 1)/2)% (via)) . ¢(a,v) (15.35)
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Following the prescription given directly above section 5.1, this operator may be
converted to an operator acting within configuration A only.

Interchanging v and vt, the operator part is recoupled after application of equation
(5.14) to a two-particle operator:

_1 1
2 . 2

OABZBA=Zk:2~[k,%] (L] c®™ | l)Q-(l(l+1)(2l+1)/2) - RF(aa,av) - {(a,v)

K+k

> [K]%-{]; ! [z(} {(ata) @ (afa) O} (15.36)

As an example, the matrix elements of CupZpa+Z45Cra in [? are, after application
of equation (5.39) and summing over K using equation (2.18):

(P(SL) || Ho(2C) || P(S'T)))

:—3((l(l+1)(2l+1)/2)%[S,L,S’,L’]%{€ Y }} {? S }}

2 2

x;(z | c® 1) P’“(a)((—l)L{i ; ;} +(—1)L'{Z ﬁ é})*

(P(SL) | Ho(2C) || P(S'L)) = = {P(SL) || 2(0) || P(S'L))
3 | LAPSDlalP(SL)) + <l2(S’L')|Ck|l2(S’L')>] S R

k

(15.37)

Alternatively, equation (15.37) may also be derived directly by graphical second
quantization. In anticipation of equation (5.37), (afaf) is coupled to (SL), (aa) to
(S'L") while (vv') is coupled to zero for use of equation (5.14).

The numerical factors from (5.84) and (5.89) are 2%, (I | C® | 1)* R*(aa, av) and

1
(I(1+1)(20+1)/2)2 ¢(va), respectively; in addition, the reduced matrix element
(5.37) yields a factor —6 and the conversion of R¥()-(() to P*(a) a factor 2.

+ +

i

+ (15.38)
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Placing the nodes on the periphery and multiplying with the associated spin

symbol for which k =0, this yields:

+ L -
l L 1
[ Y 1
* > - -[S.L.§ L)
k [ l
+ l +

The graphs are reduced by JLV3 to:

_pysetpry Lo g JL L 1L ]SSt it
el T ) s

2 2 2

The final result after taking the numerical factors into account, becomes:

(P(SL) || ~CapZpal AE || P(S'L))

[l

<SP ) P (<—1>L{§ | 5} )

2

:-3((z(z+1)(2Z+1)/z)%[S,L,S',L']z{L L 1} {? o

This corresponds exactly to the first term of equation (15.37); the second term is

derived in much the same way.

The exchange term Z,5Cp4 for [I’ configurations is selected as a second example of

graphical second quantization of EL-SO operators:

+ S -
3 S/ 1
3 N Y
N >
+ 1 +
2
1
)
2 2
(15.40)

(15.41)

(15.39)
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Similar to the preceding example, this reduces to:

1
- 1 - - 3 -
I I k i : 0
oY 1 1y
+ > - -[S,L,S" L']2- + > -
1 L ! 1 S 5
A 2 o8 (15.42)

Combined with the associated numerical factors from equations (5.36), (5.86) and
(5.89) plus reordering of the ket state, this yields:

(IW(SL) || ZagCra | W' (S'L")) = =3 (=1)*" - (=1)%+L+5" . [S L, S, L']%
-<Z'<z'+1><2r+1>/2>%-<(bv>-{ﬁ b }} {S i 1}

2 2 2

S new r)’{é, § ﬁ,} R¥(avba)  (15.43)

kl

The expressions for (II'(SL) || z || 1'(S'L")) (6.25) and (II'(S'L")|g" |l (S"L")) (6.14a)
are readily recognized in the above.
Combined with C'4pZp4, one arrives at a general expression for EL-SO operators:

(((SL) || Ho(ZCO) [ (S'LY)) = = (' (SL) || 2 || H(S"LY))

% [zk: (IW(SL)|cpll'(SL)) + <ll,(S’L’)|Ck|ll,(S’L’)>] . ibﬁv % (15.44)

For the dp two-particle magnetic EL-SO operators, the contributions originate from
p—p' and d —» d' excitations. An example of the first:

(dp(SL) | Ho(ZC) || dp(S'L")) =~ ({dp(SL) || 2 || dp(S'L"))
. - e 2¢(pp")R¥()
"3 [; (dp(SL)|ck|dp(SL)) + (dp(S'L")|ck|dp(S'L ))] : ipﬁp, N
(15.45)

For dp EL-SO, the operator tensor rank k equals 2 for the direct part, and 1 or 3
for the exchange. These operators may be projected onto the spin-orbit orthogonal
basis operators defined in section 14.5.2.

EL-SO effects are expected to be particularly large in systems with an inner shell
hole, if parity (/) # parity(l) notably for excitations [ — I’:
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<l4l+llN(S Ll)SL ” Z(ll ) ” l4l(SQL2)lN(SlL1)S3L37 s’ L>
1
5

(_1)N ’ (_1)1+51+L1+S3+L3 : [527 L27 S37 L3

( )Sg+ +S ( 1)L3+Z+L [S S/ L L]% { }{

Given the above expressions, the contributions of Ho(ZU) and Ho(ZC') can subse-
quently be calculated from equation (14.26) as projections to (. Adding the results,
we see that the unrealistically large contribution from P°(a) to ( is canceled, which
is characteristic for a central-field perturbation theory:

AC(a) = (N—l)(l——)];)B(k ) P*(a) (15.47)
and
Ac(p) = MU +21))( ),;) Bk, 1) PF(b) (15.48)
where

Core® |y’ (41 + 1)k(k + 1)
Blk.1) = 2020+ 1) (41 + 1) ((2l+1)_ Al(1+1) ) (15.49)

The coefficients 5(k,1) are listed in table (15.1) for p, d and f electrons.

Table 15.1: The coefficients 8(k,l) appearing in equation (15.47) and (15.48) for the EL-SO
contributions to ((a) and {(b).

k= 2 4 6
p shell -3/100 — —
d shell 11/504  -5/252 —
f shell 43/2340 19/5148 -875/66924

For the ¢ contributions involving interactions with a third shell ¢ not directly in-
volved in the excitation a — b, only two special cases: M =0 and N =4[+ 2 are
investigated. They yield similar results, with only contributions to {(¢):

M=0:
N
AC(e) = ) > v(k,1,1.) P*(c,exch) (15.50a)
k
N=41+2:

M

AC(c) = (1 - m) 31k, ) P (e exch) (15.50b)

=

=3-6(1) (I(1+1)(20+1))?

%SSI l‘LL1
Ss Sy Ly

/)
i)

(15.46)
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where the "exch” in P* means that only the Slater integral R¥(ac;cb) contributes
and ~y is given by:

W(+1)+1.(l.+1)-k(k+1)

® | )2
D) LIe® ) (15.51)

V(ka l) lc) =

Combined MSO and EL-SO effects can be compared to experimental orthogonal
parameters, see table 15.2:

Table 15.2: Values of one- and two-body magnetic operators in Fe VI 3d3

Fit(1) DF DF+Breit B-splines Fit(2)
Ca DHT78.63 636.97 579.56 598.09 594.52

A, 0 4.43 2.95 3.16 2.84
Aj 0 0.18 2.07 1.97 241
Ay 0 4.39 4.37 4.31 3.86
As 0 1.64 7.18 7.05 6.86
Ag 0 2.33 -9.22 -9.08  -9.85
Ay 0 -0.12 0.41 0.88 0.90
A, 0 0.12 -2.31 -2.73  -2.90
o 28.3 73.4 14.2 5.8 1.9

Table 15.3: Values of one- and two-body magnetic operators in Os VI 5d3

DF DF & B B-splines  Fit

Ca 4387 4280 4619 4546
A, 298 30.9 0.00 21.6
A; 54 6.3 0.00 24
Ay, 83 8.1 0.00 4.2
As; 64 9.6 0.00 4.3
Ag  13.2 13.5 0.00 11.7

It has been known for some time that the inverted fine structure of the 2D states
of Na-like ions is due to the spin polarization of the core by an electrostatic exchange
effect [Lindgren and Martensson, 1982, Lindgren and Morrison, 1982].

This spin polarization effect is in our framework given by a second order contribution
to the fine structure parameter (,q with a =2p,b=p’ and ¢ = nd, equation (15.50):

A :lyf 2C(2p,p’)Rl(2p7nd;nd,p’)_ii 2¢(2p, p') R*(2p, nd; nd, p')
s 2p—p’ Ep — €2 3 T3poy

Epl - €2p
(15.52)

As opposed to the first-order fine splitting, this effect is larger and negative, hence
the inversion. The same effect is responsible for the inverted fine structure of the
3s3d(®D) term in Mg-like systems; in this case, the interpretation is complicated by
additional 3s3d two-particle magnetic effects such as mutual spin-orbit and spin-spin
interaction. Some details of the calculation and a comparison with the experiment
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are given in table (15.4).

A similar effect in the 3s23d(?D) term in neutral Al is vastly overshadowed by a
magnetic correlation in the 3s3p?(2D) perturber [Uylings and Buurman, 1990].

It should be noted that the sign of the second-order contributions is not always nega-
tive: EL-SO corrections in the 3s3p(3P) term of Al* raise the fine-structure splitting
(3Py—3P;) -and thereby (3, in the absence of a two-body sp-parameter A~ from
the first-order value 101.6 cm~! to 124.1 em™!, to be compared with an experimental
value of 123.9 cm~!. Other approaches give 125 cm™! [Konovalova and Kozlov, 2015]
(CI+AO) and 122.4 cm~! [Cheng et al., 2010] (RCI).

Table 15.4: Second order contributions to the 3d fine structure splitting in Al* and Al1%*,
compared with experiment. Two-particle mutual spin-orbit (MSO) and magnetic correlation effects
(due to 3d— d’ excitations) are included in the first case; here, the splitting is taken between the
J=1and J =3 levels.

Al* 3s3d(®D)  Al?* 3d(*D)

First order HF 1.284 3.461
2p - p’ -2.556 -6.032
MSO 0.670 -
3d—d' -1.182 -
Total calc. -1.784 -2.57
Experiment -2.02 -2.29
Relativistic® -2.17 -3.41
Other theory? - -2.96
* MCDHF

b [Lindgren and Martensson, 1982]

Another important example of EL-SO effects is found with:
A((p) =C¢(p, MSO) + {(p,EL-SO). Here:

2 / 2 . !
((p.EL-SO) = - 3 C(p,p")R*(pp; pp')
25 p—p’ Epr —&p
.\ ;{ 2¢(d,d")R'(dp;pd’) 3 2¢(d,d") R®(dp; pd’)
d—d’ Eqr —EG 7 Jd-ar Eq —Eg
20(n.n' 0(m- ! 1 2(n. 0 2(m- /
s ;C ¢(p,p" )R (pp;pp’) 1 ¢(p.p")R*(pp; pp') (15.53)
p—p’ Ep —&p 5 Jp-p' Ep —Ep

The second most important magnetic effect in d”~'s configurations is given by the
two-body parameter A, [Uylings et al., 1989].

Recall that, to compare parameter values T' (of operators ¢ ) with the results of
ab initio perturbation theory, one can project the perturbation operators onto the
orthogonal model operators by means of inner products, assumed to be taken in
their parent configurations by means of equation (14.26):

T- ;(%)P (15.54)
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This results in the below second order expressions for A, and Ag:

1 2 ! 2 . !
Apeo = —OW(ds: sd) + ANO(ds: ds) - —yf C(dd') R (ds; ') (15.55)
5) 10 Ja-a Edd’

4
A = —=N%ds:ds 15.56
TV (s ds) (15.56)

The W*- and N* integrals are defined in equation (5.97).
Numerical values for Fe VI and Ga V are given in table 15.5:

Table 15.5: First and second order contributions to the Ans parameter in Fe VI and Ga V,

compared with experiment.

Fe VI (3d%4s) Ga V (3d®%4s)

-6/5- Wt -0.18 -0.26
4.NO 1.78 2.24

3d - d’ 1.60 4.06
Total calc. 3.20 6.04
Experiment 2.98 6.59

The parameters of the 2-particle magnetic interaction (spin-orbit type) of the
ds-type (Amso) in the 5dV=16s and of the dp-type (ZF,) in the 5dV~'6p configura-
tion, as well as the parameter of the 3-particle electrostatic interaction (Tyqs) in the
5dN-16s configuration, are usually well defined with small uncertainty. The high
order parameters A, and Tyqs are very important for theoretical description of the
5dN-16s configurations as they improve the fit to the experimental levels consider-
ably. The obtained values of the two parameters are in reasonable agreement with
those obtained in the neighboring ions.

15.6 EL-HFS: CP-C effects in hyperfine structure

As mentioned in section 3.8.2 already, a single parameter (r~3) does not suffice to
adequately describe the effects of configuration interaction and relativity on the
hyperfine structure. Relativity will be discussed later in section 22.1.

In addition to an extended model space and similar to the approach of EL-SO,
second order perturbation theory may be used to describe the remaining EL-HFS
effects of core polarization and correlation (CP-C):

(Ba- Bp) WVasVia = (Ba- Ep) ™ (CapT) + TS Cra - Uss T - T$)Usa)
(15.57)

Here, T®) = ¥, , F(R! with according to equation (5.53):

1

FORE = [k, k]2 (a || F&9 | b) (aTb) "™, T® is the electronic part of either the

magnetic dipole operator T™M: (kk) = (10), (12) or (10) or the electric quadrupole

operator T®): (kk) = (02),(11) or (13). The second order perturbation terms will

therefore involve the off-diagonal reduced matrix elements:

1
(all &9 11 0) = ~[r, k]2 - apg (b5F) - /< (15.58)
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In equation (15.58), a®*(b%F) are the well known hfs interaction parameters defined
by equations (3.87) and (3.102), obviously now in off-diagonal form. The coefficients
[ are found in equations (5.66) and (5.59).

Further on, the S"F—integrals defined by S*F = [k, /{:]_% (a || F&F) || b) are specified
relativistically in equation (22.17) .

The complete expression for the first order hyperfine interaction in terms of second
quantization is given in equation (5.67). In second order, two- and even three-
particle hfs operators make their appearance, in which case the usual (1 + A) cor-
rections do not suffice and one has to throw equation (14.26) into battle to find the
required contributions to the first order parameters. To this end, only the reduced
matrix elements of the second order operators in their parent configurations are
needed: they will be given explicitly in the following subsections.

As T® is a one-particle operator, the excited configurations B are related to con-
figuration A by a single electron excitation only.

The four pertinent excitation classes are [Bauche-Arnoult, 1971, Bauche-Arnoult, 1973]:
core — virtual, core — valence, valence — virtual and valence to — valence.

15.6.1 Core — virtual

In graphical second quantization, the first class C ABT](;% for ¢(31) » v(31’) -where
C4p contains both direct and exchange terms- is depicted by:

(15.59a)

and:

(15.59b)

With the numerical factors taken from equations (5.79) with (5.84) and SKF =

1
[k,k]72 (c || F*R) || v), followed by application of equation (5.12) and (5.14) to re-
duce the first graph to a 6j—-symbol and using JLV2 for the second, the final second
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order perturbation contribution becomes:

CABTé?« + TA%OBA _ k+k/+1 l l k - (kl) (k') ’
SBT3 )R T ) (1 )
RF'(ca,av) - Stk (kk)t
';iv AE ‘(ala)

4 * 5(/{:, O) = (k) / (k‘) j Rk(ca,va) ° ng .i. (Rk)t
+ @k 1) (tc®qey-(r)c® | . NG (a'a) (15.60)

Being directly proportional to the first order term —S&F - (afa)™)!

second order correction:

, this gives the

+k'+ [ 1 k 7 / ! ! Rk’ ca, av ng
SZ;G_)SZ;ﬂ_Q.;(_l)kk L{l’ 7 k,}.(l”(j(k)||l).<l||(](k:)”1>.$cw ( AE)
4-6(k,0) RF(ca,va) - S&r

ke E® - e® ). DY
(15.61)

1
Dividing both sides by S%* and using S(a,b) = [k, k]”2-(a || F#¥) || b), this matches
exactly the expression given by [Judd, 1963] for S%F — (1 + A)Srk:

a-2f iy Ui'[Z(—n‘“‘“’”‘{l | k} (TN ) o o). B a)

o (a || FOR [ a) |5 rlk AE
2-0(k,0) - R¥(ca,va)
22 tne® N e® gy /s
’ (2k+1) ( | | ) < | | ) AL
(15.62)

Derived along the lines of Many-Body Perturbation Theory, [Lindgren and Morrison, 1982]
give an equivalent expression (p 351). Equation (15.62) is the dominant CI correc-

tion to the hyperfine structure: it covers both the spin polarization for (kk) = (10)

and the Sternheimer effect (orbital polarization) [Sternheimer, 1986] for (k&) = (02).
When [ =1"=0 and t = 1, equation (15.60) specializes to the well-known expression

for the hyperfine spin polarization of the core by the inter-configuration Fermi con-

tact term with S =¥, sgl):

_C’ABT](B?1 + T\ Cpa _ —[l]_% ' ‘i 2R (Asnd,nln's) - S3d.s (aTa)(w)l
AFE ns—n's AFE
Y 8m 2RY(nsnl,nin's) - (nslo(r)|n's) g
3 Tns—on's (2l + 1) -AE
(15.63)

where in the last line, equation (5.66¢) and S(a,b) = (87a2)/(3v/2) - (a|0(r)|b) are
used. Given that non-relativistically (ns|d(r)|n's) = ¥s5(0) - W,y5(0), the
corresponding contribution to the Hamiltonian becomes thereby:

a® (m) 8w 2R (s nl nln's)  Uns(0): s (O0) g1y vy

HD - — oL 27
hfS 2 mp

I 3 ns—n's (2l + 1) WAV
(15.64)
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Derived by more conventional tensor operator techniques, this expression was given
earlier by [Bauche and Judd, 1964]; using second quantization in the uncoupled
form, the same result was derived by [Judd, 1967]. Comparison with equation (3.86)
immediately gives the important spin polarization correction:

a? (me)ﬂg 2R (nsnl,nin's) - (ns|o(r)/r?|n's) (15.65)

10 _ =
O = 2 I 3 Frsonts (20+1)-AE

my
For [ # 0, the first order contribution to a!? is purely relativistic and the above
spin polarization term is expected to dominate in most cases. In fully relativistic
calculations, 87/3 - W;,(0) - U,y5(0) = 2 (s |6(r)/r?|n's) is to be replaced by

-4/3 - f0°° (FrsGus + FrsGrs) [r? dr; the correspondence between the first expres-
sion as the non-relativistic limit of the second is worked out in some detail in equation
(22.24).

15.6.2 Core — valence

A core — valence excitation ¢ — a is written schematically in second quantization as:
{(cfa)(afa)} (afc) + (cfa) {(afa)(afc)}. Application of equations (5.11) and (5.12)
then yields both a one- and a two-particle operator. How to use graphical second
quantization in such cases is exemplified in the next subsection.

The two-particle reduced matrix element in {2 becomes:

(P(SL) | ~(CanT) + T CE)AE | P(S'L)) =

1 ! ! !
—2¥ Al FUP a)'[S,L,S',L']i'{f 1 S;} A(ED)E Sl T ) e )
c—a 2 2 2 K
, CpoL Uk L L1 [Lk D
R apt|ens [l I C A
R (aa,ac)-AF [( 2 {k z z} {l z zc}+( 2 {k z z} {l z ZH
(15.66)

Application of equation (5.11) yields an additional one-particle term after an iden-
tical recoupling as depicted in graph 15.59a, with a instead of v. Obviously, the
operator expression is quite similar:

CapTO + T C 1
L BaTLAB BA:2_ [/@,k] 2-(cHF(””’“)Ha)-AE_1
AE c—>a
[k

Z(—1)'€+1-{§ z k} () CEY L) () C® ) z).Rk’(ca,aa).(afa)(“’“)t(15.67)
kl (&

1
Dividing the above by the first order operator —[k,k]™2 - {a || F*%) || a) (ata)"™™"
gives immediately:

(c | F&h) || a) w1 (U1 K ) o R¥ (ca, aa)
_ (L mn _ . B (ca,a0)
iy (a || F&M) | a) ;( D™ 0w (fe I CE W) - (N CE ) —77

(15.68)
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For the Brillouin excitation ¢ - a with [. = [, the configurations A and B are
connected by the potential matrix element (15.4b) as well. The pertinent single
particle operator is:

[{(cTa)(OO)(aTc)(”k)}(Kk) + {(cTa)(’“k)(aTc)(OO)}(Kk)] =2-[3, l]_% : (aTa)(Kk) (15.69)

The corresponding potential term becomes:

1 K
(UasTS) + TQUsA) [AE =2 Y [5,K]72 - (alUle) - {c || F || a)- AE™! (ala) ™"

(15.70)

With equation (5.30) and the potential matrix element given by equation (15.4b),
the reduced matrix element of 15.70 becomes:
S’} {L k L’}
3 I 11
(Lhcw )

: [Ro(ca, aa) - k'Z;o @+ D)l + 1)Rk/(ca, aa)] (15.71)

(PSLY 1 (UasTS) + TS UBA) [AE | B(S'L)) =

1
4 (c|| F®M |l a)- AET-[S,L, 8", L']2 - (-1)~+ {

c—>a

wi— U

o= X

Use of the correct potential in this a priori spherical model therefore automatically

cancels the dominant spherical deviation R°(ca,aa) in equation (15.66), in addition

to some corrections for the higher ranks &’

Unfortunately, this effect has frequently been overlooked in the literature [Bauche-Arnoult, 1971,
Bauche-Arnoult, 1973, Dembczyniski et al., 1985].

15.6.3 Valence — virtual

As usual in perturbation theory, the spin-angular matrix elements of single elec-
tron core — valence excitations are, except for a minus sign, identical to valence
— virtual excitations. The latter is schematically displayed as {(afa)(afv)} (vta) +
(afv){(v'a)(afa)}. To demonstrate the course of the calculation, the class TIg%CB A
for a valence to virtual excitation a — v is considered below:

(15.72)

A pure two-particle operator in normal form {(aTaT)(SL)(aa)(S'L')}(Kk) is found.
Parallel for the orbital and spin quantum numbers, the graph is reduced to a product
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of two 6j-symbols, with the result:

l _1. / / l _ I{+k+S’_ S K S, . L, l’U l . L, k L
SRR NG N N N R

2 2 2
The final second order reduced matrix element in /2 thus becomes:

(P(SL) | ~(CanTS) + T Ca)AE | (S'L)) =

I /l S S’ K+ ! !
2% Aa] FU® H’U>'[S,L,S,L]2'{l 1 ;}'(—1) AL ST e )
a—v 2 2 2 K’
, Lo, 0 Lk L 0 [k L
. pk . -1 (_1)S. v . _1)5. v .
B (aa,av)- AE [( 2 {k z z} {z z zv}+( D {k z z} {z z l}]

(15.73)

As expected, equation (15.73) bears a close resemblance to equation (15.66), except
for a minus sign and an interchange of the two RHS terms.

As is usual in perturbation theory, Brillouin excitations nl - n,l, with [, =1

entail a potential correction, represented by the single particle operator:

[{(aTV)(OO)(VTa)(”k)}(Kk) 1 {(aTv)(”k)(vTa)(OO)}(Hk)] =-2-[3, l]_% : (aTa)(Kk) (15.74)

The corresponding potential term becomes:

1 K.
(UasTS) + TQUA) [AE = =2 % [, k]72 - (alU[o) - (a | F&9) || v)- AE (afa) ™"

(15.75)

Using equation (15.4b) for the potential, this yields the required reduced matrix
element:

(B(SLY | (UanTih + TS UsA) [AE || 2(S'L)) =

1 14 /
-4 (CL “ F(Hk) “ U)'AE1'[S>LvS,7L,]§'(_1)H+k.{§ If ‘811}{1; I; IZ}
v 2 2 32
Liew
| po e .
[R (aa,av) k/Z;o 21+ 1)l + 1)R (aa,av) (15.76)

As expected, the potential cancels the large term containing R°(aa,av) in equation
(15.73) exactly and corrects the remaining terms.

The final resulting two-particle operator is neither orthogonal nor proportional to
the single particle first order term: the projection formula (14.26) has to be used to

find the contribution with the N-dependence Q) = (g)(i)(f)_l =(N-1).
According to equations (5.31) and (5.53), or alternatively equation (14.43), the cor-
responding first order reduced matrix element in [? is given by:
K S’} {L k L’}
IR U

(15.77)

(B(SL) || F& | 12(S'L")) = =2 {a || F*9) || a) [S,L,S’,L']%(—UM{

NI,
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1
According to equation (15.58), (a || F**) || a) = =[x, k]2 - a®f - f*F for the magnetic

1
dipole interaction or —[x, k]2 - b - f* for the electric quadrupole interaction.

For configurations [V’ with two open shells occupied with electrons a and b, a - v
or b — v excitations bring both direct and exchange Coulomb interactions into play
with associated Slater integrals R¥ (ab,vb), R¥" (ab,bv), R¥ (ab,av) and R*"(ab,va);
these four cases are labeled below ap,ag,bp and bg. They all give rise to two-

particle operators of the normal form {(aTbT)(SL)(ab)(S'L')}(Hk). As an example,

the exchange term of —C'y BTgA J/AFE for b — v excitations is explored in some detail:

(15.78)

After reducing the graph, one obtains the result:

" " (Hk‘) " l l
[{(aTV)(Ok )(bta)(Ok )}(00) (V]‘b)(nk)] — (_1)L+k +1+k+k [k’"] 3. [S, L, S/L/]2

_ S k5 L k L L 1, 1 11y (kk)
[%]1{1 1 1} '{l’ / lv} '{k"’ r l} -{(aTbT)(SL)(ab)(SL)}

2 2 2

The reduced matrix elements of the above four cases are given below:
((SLY || ~(CanT) + T Cpa)™® JAE | 1(S'L))) =

£ fal P o) (5.2, 05 { b s e )

kl

/ / L k L L 1, U L' k L
pk A1y v _
R IR R R S R R

(15.79a)

NI,
N = CQ

K
1
2

(1(SL) | ~(CanTy+ T |AE | 11(S'L)) =

Lo falFe v)'[S,L,S’,L’]%~{S ; S} (FDSEE S OO ) (] 0% | 1)

2 b) k!

” Lol U L k L/ L, U Lk L
k ) “1| (_1\S+5" v i v )
R (ab, bv) AE [( 1) {k” l l’} {l I lv} + {k" l l’} { I lv} :|
(15.79D)

N
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W(SL) || =(C4sTY + T )P IAE || 1(S'L)) =
(SL) || =(CapTpy + TypCpa)’? |AE || UI'(S'L')
1 /
)f (b PP v)-[S,L,S’,L’P-{S S} (—1)rrhes. Z(l | CEY (1 o)) L,)
b—v

1
2 2

, L, [Lk L L, v [k L
- N v . _)LAL v :
R (abjcw) ar [{k, l l} {ll ! lv} +( 1) {k, ! l} {l’ ! l”}]
(15.79¢)

[T

(1(SL) | ~(CapTg)h + TH3Cua) " [AE | W(S'L)) =

PRGN v>-[s,L,S',L'ﬁ {S ; S'} (—1)h L (L CRD ) (1) ¢ ) 1)

2 2 2 k"
. L i, 1| [Lk L 28 PR S P
. pk CAE! v : -1)5+5". , :
R" (ab,va)-AE Hk,, I l} {l’ I lv} +(-1) {k// I’ l} {l’ l lv}]
(15.79d)

It is gratifying to verify that Hermiticity as prescribed by equation (3.46) is
satisfied in all cases.

Brillouin excitations necessitate the implementation of potential terms (15.75).
Using equations (5.32), the pertinent reduced matrix elements become:

S\ (L k L'
Vv

(LU %) l’)QR"""(ab, bv)] (15.80a)

(1(SL) | (UanTih + Ti3UBa) AE | 1(S'L)) =

a—>v

1 ! ! 1A
-2 (CL || F(lik‘) || ’U) AEL. [S’ L, S,, L’]E . (_1)l+l +S'+L +/-e+k{

NI,

o= X

: [Ro(ab, vb) - =

kl/

W(SL) | (UasT® +TOULL) JAE | 10(S'T)) =
ABL BA ABYBA

1 , / !
_ 2$ <b H F(nk) H ’U> -AE—I . [S,L,S/,L/]E(—l)l” +S+L+k+k ‘? ’f ‘Sl' [: k L,
B 3 03 3) ("L
-[Ro(ab, av) = IS [LUTHL o)) l')QR’f”(ab, va)] (15.80b)
kll

As always, the R°(ab,vb) and the R%(ab,av) terms cancel exactly in addition to
some corrections in the exchange terms.

The above contributions may again be compared with the corresponding first order
expression:

1 , /
(W(SL) || F) | 10(S'L)) = =[S, L, 8", ']} - (=1)* {S 5 S}

-[(—1)“’{? ; [;'} (all PO | a) + (- 1>S+L{L ' ﬁ,} (bl PO | b)] (15.81)
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15.6.4 Valence — valence

Valence—valence excitations concern single electron excitations a - b and b - «a
between open shells. With A = [NI’M this corresponds to B = [N-1["M+1 and
B = [N*1['"M-1" regpectively. The EL-HFS operators are represented schematically
by expressions like: {(afa)(a'b)} (bfa) + (a'b) {(bfa)(afa)}. Reduction to nor-
mal form now gives rise to both three- and two-particle operators. Below, graph-
ical second quantization applied to the second term shows t}}e,recoupling to a
pure three-particle operator [{(aTaT)(SL)bT}(S3L3) {(aa)(S/L')b}(S3L3)](”k), anticipat-
ing equation (5.42):

(15.82)

1
= _[57 L7 S,a le 537 L3a S{;: Lg]i

1
= % : [57 L) S,’ Ll? 537 L3’ Sé’ Lg]Q

L l—l+S’+Sg+L3+m+k A A
(=172 {zwk:' Ly 1 L
(L L s\ Ly L[ 5 &
S ToS[\Ly 1 k[1S, 1 s

(15.83)

NN
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After multiplication with the factors from equation (5.42), (5.79) and (5.84), the
corresponding reduced matrix elements combined with the first term become:
(P(SD(S3L5) | ~(CanTi) + T CoaY ™ AE s | P(S'T)I(S5LE)) =

1 1
2(@ ” F(mk) “ b) . [S,L,S',L’,Sg,L;g,Sé,Lé]Q . (_1)l—§+53+L3+/€+k
SIS (L) c*) ) 1) - R¥ (aa,ab) - AET

kl

Jepsft vEV e v ny sy SV 1g L) [ 8 S
PoroRf\Ly L L[S L s \Es v k[1Ss Lok
eyt L e [y S Ly D) 5SS
PoloR[\Ls L L[S L oSl v k1S, L o«

(15.84)

Remember that with an a — b excitation, equation (10.13a) implies AE = ¢;, — &,.

A two-particle operator {(aTaT)(SL)(aa)(S'L')}(Kk) arises from the second term of
equation (5.11), which is equivalent to considering b as a virtual electron. The
reduced matrix element matches therefore exactly equation (15.73):

(PSLY Il ~(Cap TS + TCpA) [AEL | (S'L))) =

1 ! ' !
2(a || F&9 | )-8, L, 8", '] - {S A S} (LRSS O Y L) e 1)
2 2 2 k!
, L U 1 L k L' LU L' k L
Pk . -11(-1)S. . -1)%. .
R (aa,ab)- AE [( 2 {k: ! z} {l z z'}+( 2 {k: z z} {z z z}]

(15.85)

Still more operators appear when considering a second schematic expression:
{(a’b)(b'b)} (bfa) + (a'b) {(bfb)(bfa)} — (a’b’b’)(abb) + (a'bt)(ab).

(112(SL)SsLs || ~(CapTH) + TS CEA)™ [AE, . | 1P(S'L)S5LS) =

l l 14 U
2{(a || FU) || b)-[S,L,S", L', Ss, Ls, S5, Ly]2 - (~1) "2 *Ss+hsrnsk

S e ey | c® | vy RY (ab,bb) - AET
kl

.[(_1)5,{L/ ! l,} {L/ I Lg} {s' 1 53} {Lg k L3} {Sé K 53}

korovf\Lor orfs I ol oot s 1
L LU\ [L v Ly [S 5 S5\ [Ls k Ly [Ss & S

-1)% 3 2 3 3 3 3 4

In fact, the (atb?)(ab) term derives from two different (bb') annihilations that were
unnecessarily treated by [Bauche-Arnoult, 1973] as two separate operators d3 and
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d4 in their table 4. The reduced matrix element of the combined operator becomes:

N

(1 (SLY I ~(CapTi) + T Cpa) " [AEwy | W(S'L)) = {a || F&9) || 0)-[S, L, 5", L]
' L v L k L

_1\5'+L _1)YS+Ly(_1)\S . .

[( 1S (14 (-1)5E)(-1) {k ’ l} {l l, l,}

M M R 1557

Hermiticity according to equation (3.46) is thereby directly manifest.
For the Brillouin case [ = I’, potential contributions (UABT( )4 Tjg% UBA) make their
appearance again. The schematic expression [{(aTb)(OO) (bra) )} 4 { (atb) (k) (bTa)(OO)}(Kk)]

reveals a one- and a two-particle part. The graphical second quantized recoupling
of the first two-particle term is given below:

wi= U0
[T
N |—

kl

S’} A=D1  CE  e(E| CEY Y - R (ab, bb) - AET

+

(15.88)

The reduced two-particle potential matrix element thereby becomes:

(1(SL) | (UasT + T3 UsA) JAE | 10(S'L1)) = ~5(1.1%) - (a]U] )
! ! l
DS ] (a || O | b) - AETT S, LS, L]2 - (_1)H+k{f
2

A

(15.89a)

= X

After one (bb') annihilation, the reduced one-particle matrix element becomes:
(1(SLY | (UasTS)y + TSQUpA ) JAEwy | 1/(S'L)) = =2 6(1,1') - (a|U]0)

(-1)* {a || F&9 || b)- AE-[S, L, 8", ]2 - (-1)~+k{5 A *Z} {? ' [Z}
S (15.89Db)

N

Considering next b — a excitations from the initial configuration A = [N]"™ it is
clear that all the foregoing a — b equations can be adopted directly with the obvious
substitutions @ <> b,[ <> I', N <> M and the phase-factor from equation (2.36).
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To verify this point, an example of the direct calculation is carried out below:

+ +

(15.90)

Comparison immediately reveals that graph 15.90 is topologically equivalent to
graph 15.82 and can likewise be reduced to a product of three 6j-symbols each
in the spin and orbital space. After multiplication with —AFE-! times the fac-
tors from equation (5.44), (5.79) and (5.84): 2[/‘1,]{3]% : —[m,kz]_% (b F&R) | a) -
2R¥ (ab,bb) (L[| C*) || 1) (1" || C*) || I'), the corresponding reduced matrix elements
combined with the first term become:

(12(SL)(S5Ls) | ~(Cap TS+ TSHCA) ™ DB | WP(S'L')(S5LE)) =

l ! l ! U
2 (CL ” F(Kk) ” b) ’ [S,L,S,, Lla 537L37 S{%?Lg]2 ’ (_1)l IEAR A
SHENCE Y e® 1) - RY (bb,ba) - AET
k’
A INETIT I
! / !/
A A P s SN\ L 1) |s S 3
(- roroL [t L[5 5 S| LY k Ls| [S; kS
I U k[ |Ls ' L[|Ss 3 S[|I" L s 1
(15.91)
As stated above, equation (15.91) may also be retrieved from equation (15.84) with
the substitutions a <> b,] <> I’ and the phase-factor (=1)(5s*+£s)=(53+L3) from equation

(2.36). This procedure can be followed to find all the required b - a cases from the
corresponding a — b equations.



Chapter 16

Fano-Weiss theory

The long-range interaction between a series of bound and continuum nl/el states and
a perturber coupled to this channel, is formulated by [Fano, 1961] for the continuum
and [Weiss, 1969] for the discrete region; [Smid and Hansen, 1983] combined their
theories with application to the rare gases. Due to Brillouin’s theorem, intra-channel
interactions are absent if the series members are calculated from a frozen core, see
equation (10.14a). Remains a bordered matrix to diagonalize, with no other non-
diagonal matrix elements than those between the perturber and each of the series
members:

Ep an ‘/(n+1)l
an Enl 0

16.1
Vinery 0 Egsiy (16.1)

where E), is the diagonal energy of the perturber, E(,.) is the diagonal energy for
the (n+k)l series member and V{;,.1); is the non-diagonal matrix element connecting
the perturber with the (n + k)l term.

Thus, eigenfunctions of the perturbed states are of the form:

¢ =Cldp+ ) Coybmi+ f(ffl ¢ de (16.2)

The perturber energy is shifted by a quantity F'(F) and the eigenvalues, E, of the
matrix (16.1) must fulfill:

V2 V2
E-E,=% —lm_ PV/ £ de=F(E 16.3
=Y s PV [ e de= F(B) (16.3)
where the principal value of the integral is taken when necessary.

E\? vril vz _ (E)? / _
() (1+;m+zﬂvfmda)_(cp) (1-F'(E)=1  (16.4)

Including the continuum, the perturber percentages in this framework, are given by:
(CEY = (1- F(E))™ E<0 (16.5a)

2
(cF)’ i

- . E>0 (16.5D)
(E-E,- F(E))®+ 72V}
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Using B-splines to describe the whole Rydberg channel, the continuum is
effectively included in the higher discrete states and as a result, all integral and/or
continuum effects are circumvented.

In fact, the equation:

V2
E-E,= ; E_—mlml = F(E) (16.6)
then reduces to standard perturbation theory cut after the second order because the
intra-channel interaction is negligible.

Neglecting off-diagonal spin-orbit interactions, the actual term splitting Av¥ of
bound states is found from the weighted average of the unperturbed splittings Awv,
(of the perturber) and Ay, (of the channel:

2

v
AVE = (CF)? (Ay + Tm Aym) 16.7
( p) D Zn: (E_Eml)2 l ( )

The absorption probability from a ground state ¢y exhibits a characteristic broad,
asymmetrical Fano-Beutler profile.

The contributions of the perturber and the series interfere positively on one side of
the resonance £ = E, + F(E) and negatively at the other side:

(07 [ 7| do) = a® (oF | 7| do) + Y. bE (0F, | 7| o)

The energy dependent coefficients a and b, have different signs at different sides
of the resonance.

In the present discussion, the matrix elements connecting the perturber with the
series are all proportional to the Slater integral R!'(nsmd;np?).

In the rare gases Cl I, Ar IT and K III (group 17 elements), one finds:

Vind = (ns np® 25 |C|ns*np*(*D)md 25) = —\/2/3 R'(nsmd;np?) (16.8a)
in the group 13 elements Al I, Ga I and In I, one finds:

Vina = (nsnp?(*D) *D|C|ns* md *D) = —\/2/_15 RY(nsmd;np?) (16.8b)
similarly, for the group 12 elements Zn I, Cd I and Hg I, one finds:

Vina = (np? 'D|C|nsmd 'D) = V4/15 R (nsmd;np®) (16.8¢)

16.1 Fano theory for the nsnp? perturber

For the ns?md (D) series in Al I, Ga I and In I (n = 3,4 or 5, respectively and
m >n), the interaction with the nsnp?(2D) perturber is given by:

Vina = —\/2/15 R'(nsmd;np?) [Uylings and Buurman, 1990]. The second order result
from equations (2.40), (3.54b) and subsection 15.2.3 is identical to equation (16.6):

2 RY(nsmd;np®)* 2 R'(nsmd;np?)?
15 Find AE 15 Fma  Ea-Ep
(16.9)

(sp”(*D)’D|H3| sp*(*D)’D) =
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More generally, the Coulomb interaction between ns?ml (2L) states and a nsnl’?(?L)
perturber equals (viz. subsection A.9 for N =2):

7 l !
(ns®ml SL|C|nsnl®(S'L') SL)) = §(SL,40)-6(L,1)-(-1)" - [L,U]2-(" | ¢ | 1)
! l 7
(=151 [9"]2 - RY (s1;17%) (16.10)

Before [Uylings and Buurman, 1990], the fine structure of the 2D series has not been
considered theoretically, although the behavior over the series: the lowest member
has a smaller splitting than the succeeding one, and notably the magnitude of the
effect seriously deviate from what would be expected in a normal Rydberg series
(being ’too large’ by a factor of 10 in In, 20 in Ga and 250 in Al).

The contributions of the second term in expression (16.7) being at least an order of
magnitude smaller than the experimental values, the perturber apparently exhibits
a relatively large fine splitting. The source of the perturber fine splitting is found to
be the two-body magnetic [MSO+EL-SO] s-p interaction; EL-SO constitutes here
95% to 99% of the effect.

"YR(ps; sp')

€p/ - €p

2
Ay, = 5W°(ps; sp) — 10N (ps; ps) + 1—52 j <(ep (16.11)
p/

The W* and the N* MSO integrals in the above are defined in equation (5.97).
10

1.2 :

— R'(nsmd;np?)
o
oo
T
|

0'27 | | | | | | [
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Figure 16.1: Theoretical (HF vs. Fano) and experimental 3s?md energies.
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Figure 16.2: Theoretical®? and experimental FS 2D splittings.

@ This work; ® [Papoulia et al., 2019].
The calculation will be performed for Al I, core charge Z =13, effective core charge
Zor = 1; [-value of channel: [ =2. E(limit) = 48278.5 E(perturber) = 44501.3
Electron configuration of the perturber is given by:
shell s 2s 2p 3s 3p
occupation 2 2 6 1 2
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EHF Cg ZC’}% Eth Eexp

35577.8 | 0.32049 | 0.32049 | 32197.7 | 32436.3
41127.7 | 0.18365 | 0.50415 | 38838.8 | 38932.1
43725.5 | 0.08551 | 0.58966 | 42396.9 | 42236.2
45131.7 | 0.04364 | 0.63330 | 44333.5 | 44167.9
45975.5 | 0.02480 | 0.65809 | 45468.3 | 45345.0
46520.8 | 0.01535 | 0.67345 | 46181.3 | 46094.0
46893.2 | 0.01015 | 0.68360 | 46655.9 | 46593.7
10 | 47158.8 | 0.00706 | 0.69065 | 46986.7 | 46941.3
11 | 47354.7 | 0.00511 | 0.69576 | 47226.2 | 47192.4
12 | 47503.4 | 0.00382 | 0.69958 | 47405.0 | 47379.7
13 | 47618.9 | 0.00293 | 0.70251 | 47541.9 | 47521.1
14 | 47710.4 | 0.00230 | 0.70481 | 47649.0 | 47632.6
15 | 47785.6 | 0.00185 | 0.70665 | 47734.6 | 47721.3
16 | 47857.6 | 0.00168 | 0.70833 | 47806.9 | 47793.0
17 | 47940.9 | 0.00190 | 0.71023 | 47881.1 | 47850.9
18 | 48039.9 | 0.00223 | 0.71246 | 47968.7 | 47900.1
19 | 48151.6 | 0.00269 | 0.71515 | 48073.6 | 47940.7
20 | 48310.8 | 0.00289 | 0.71804 | 48185.5 | 47975.1
Additional perturbers like nsnp(3P)mp?D (and nsnp(*P)mp?2D) were later empha-
sized by [Komninos et al., 1995]. Here, with S; = 1,3 the spin of the nsnp(13P)
limit:

© 00O Uk w3

Vo (5113 - [2-8(50,0) R (sd: pp') ~ R (s p'p)] (16.12)

1
d = \/_1—5
16.2 Fano theory for the np? perturber in Cd

In the case of Cd, the perturber is [5p? 1D) and the series: |5smd D).
that satisfies equation (16.6) for m = 5,6, ..:

V2
E-E,= —md__ - [(E)
8 m:%,:ﬁ,.. E - Emd

To calculate the energies of the 5smd series as perturbed by the 5p? state, intra
channel interactions are neglected and the below Hamiltonian is diagonalized:

Eye Vsqg Ve

Vsa Esq 0
Vea 0 Egg

In the present case, V,,q = \/4/15 RY(5smd;5p?).
The second order result from subsection 15.2.3 is again identical to equation (16.6):

4 R'(nsmd;np?)? 4 RY(nsmd;np?)?
200DV H21 2 (D)) = —— ’ - ’ 16.13
<p ( )| 2‘p ( )> 15 Fnd AFE 15 Tnd Ea-Ep ( )

The program 'Fano’ returns the following result:
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Figure 16.3: Theoretical (HF vs. Fano) and experimental 5smd energies.

Channel: 5s md (m=5,6,..,¢) 'Ds.
E(limit) = 72538.8 cm™!
E(perturber) = 80813.0 cm™

Electron configuration of the perturber is given by:
shell Is 28 2p 3s 3p 3d 4s 4p 4d bp
occupation 2 2 6 2 6 10 2 6 10 2

Experimental and calculated energies with their percentages are calculated as:
Hsmd EHF Cp2 ch Eth Eexp
60637.8 | 0.08306 | 0.08306 | 59218.2 | 59219.8

)

6 65845.4 | 0.04765 | 0.13071 | 65164.0 | 65134.9
7 68242.5 | 0.03103 | 0.16174 | 67845.7 | 67837.1
8

9

69547.2 | 0.02054 | 0.18228 | 69299.7 | 69292.5
70336.0 | 0.01402 | 0.19630 | 70172.7 | 70175.9
10 | 70849.4 | 0.00988 | 0.20618 | 70736.6 | 70741.9
11 | 71202.1 | 0.00713 | 0.21332 | 71121.8 | 71119.5
12| 71455.4 | 0.00520 | 0.21852 | 71398.3 | 71393.6
13 | 71646.9 | 0.00394 | 0.22246 | 71607.7 | 71596.3
14 | 71802.3 | 0.00377 | 0.22623 | 71773.3 | 71748.9
15 | 71932.6 | 0.00602 | 0.23225 | 71899.8 | 71869.2
16 | 72039.1 | 0.00723 | 0.23948 | 71980.6 | 71964.1
17 | 72123.1 | 0.00181 | 0.24129 | 72053.5 | 72040.7
18 | 72187.4 | 0.00034 | 0.24163 | 72129.5 | 72103.2
19 | 72231.7 | 0.00010 | 0.24173 | 72192.7 | 72151.7




Chapter 17

CI versus perturbation

An effective parameter set is based on the assumption that the effects of configu-
ration interaction on the configuration under study can be accounted for by per-
turbation theory. In principle, they allow CI to be included to infinite order in
a perturbation expansion. However, it is well known that if the interaction with
a configuration of equal parity is very strong, either by proximity or by orbital
overlap, it is more realistic to include this interaction explicitly. This is because,
if a strong mixing exists, the choice of which of the mixed terms to include in a
single-configuration fit becomes arbitrary. However, the explicit inclusion of these
interactions means that it is difficult to determine all the effective parameters at the
same time with the direct CI integrals and the parameters describing the excited
configuration.

The merits and pitfalls of using orthogonal operators in systems with strong
configuration interaction are illustrated by a study of a number of (5d + 6s)" con-
figurations (N = 8,9) ranging from Ir to Pb. Both the perturbational and the full
diagonalization approach are applied. Criteria are given to indicate the regions
where either operators based on perturbation theory or explicit configuration inter-
actions are dominant. In both regions, orthogonal operators describe the (ground
and) excited states well, provided they are extended by interconfiguration operators
in the case of lower ionization, where full diagonalization of the three (5d + 6s)¥
configurations is required.

Ab initio calculations using second order perturbation theory show satisfactory agree-
ment with the results from fits to experimental energy levels, except again for the
lowest ionization stages, where perturbation theory breaks down.

In both the even and odd parity systems, three configurations may be included in
the calculations: (5dN +5dN~16s+5dN-26s%) and (5d™V~16p+5dN~26s6p+5dN-36526p).
Interaction between the configurations in these cases is added explicitly. The interac-
tion integrals, parameters of yet unknown configurations and some of the parameters
of the studied configurations are kept fixed at the predetermined values.

It turns out to be a good approximation to exclude interactions treated by complete
diagonalization from the perturbation expressions: both approaches can then be
combined to describe excited state interactions.

216
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17.1 Where do orthogonal operators come in?

Parametric fitting with orthogonal operators can be used to extract second- and
higher order effects from experimental data of complex atoms [Hansen et al., 1988a).
In contrast to (near) closed shell systems, small but theoretically interesting effects
like three- and four-body interactions manifest themselves in the structure of com-
plex spectra, and can be isolated one by one by fitting orthogonal operators with the
corresponding angular definition. With orthogonal operators, the reference states
are (only) distinguished by their angular behavior, whereas the radial parameters
are taken equal for a configuration as a whole. In this respect, the procedure is con-
sistent with the configuration average approach [Froese Fischer, 1977, Cowan, 1981]
or the average level formalism [Grant et al., 1976] but, due to the fitting, corrected
to all orders of perturbation theory. With large configuration interaction effects,
the efficiency is increased by including more configurations into the first order. If
the fitting process converges to physically realistic values, one may assume that the
eigenvector composition as well as the (experimentally unknown) predicted level
values are quite accurate. Like the energies, the transition probabilities are not
calculated state-by-state but for a whole configuration at the time. In addition
to the fitted eigenvector compositions, one has to rely here on ab initio calculated
transition integrals. The effect of configurations outside the model space as well
as the state dependence of the orbitals are basically neglected in this procedure.
Both effects are usually small and can in principle be dealt with by perturbation
theory. In summary, the orthogonal operator method is most effective for complex
spectra, where the number of relevant configurations and the term dependence of
the orbitals are comparatively small. Starting with ab initio calculations or extrap-
olations, perturbation effects up to infinite order are subsequently embodied in the
fit.

17.2 Two classes of configuration interaction

Interactions between configurations can somewhat arbitrarily be partitioned into two
kinds, usually called strong and weak configuration interactions. With the strong
interaction, the interacting configurations are assumed to lie close enough to ‘see’
each other’s energy structure. Such a system has to be diagonalized as a whole,
which means that those configurations will be included into the reference or model
space where the zero and first order calculations are carried out. Weak configuration
interaction, on the other hand, refers to the effects of many far-lying configurations.
In this case one may construct operators that accommodate the totals of these
interactions within the original model space. These so-called ‘effective’ operators
are usually less important than the pure single configuration operators, although
they frequently dominate over two-particle magnetic effects. The physical content
is found in the net result of a large number of small interactions with far-away
configurations
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17.3 Interplay explicit and implicit CI

Below, we derive from equation (14.8) the complete second-order expression of Tyqs,
the only three-electron operator in the d?s configuration. The first two terms were
originally omitted [Uylings et al., 1989, van het Hof et al., 1991a]. Summation im-
plies both summation over virtual discrete states and integration over virtual con-
tinuum states. The energy denominators AFE, are defined as Eg — E4 and, as a
result, they are normally positive.

_ 2 . ! 2 2. ! 2 . ! 4 2. 14
T - V7 18y R2(ds; sd’)R?(d?; dd") 0y R2(ds; sd’) R*(d?; dd")
735 d—>d’ AEd/ d—>d/ AEd/
2 L0 D2 L 2 L 2
8 R2(ds;dd’")R?(ds; d'd) oy (R2(ds;d'd))
s_>dl AEdl S—>d’ AEd/
R*(ds; dg) R(ds; gd) (R(ds; gd))?

2

gy i (17.1)
2

The second line of equation (17.1) describes (to second order) the net effect of the
s = d and the d - s excitations from the d¥-!s configuration, i.e. amongst others
the interactions with the configurations dV and dN-2s2, respectively; their contribu-
tion should be omitted if these interactions are included into the first order already
by a more-configuration approach. As the four-particle parts of the two interactions
cancel each other exactly, only a three-particle part contributes to Tyqs.

oy AE,

Table 17.1: Second order contributions to the Tyqs parameter in MnV, Fe VI and Ga V, compared

with experiment.

Mn V (3d%4s) Fe VI (3d%4s) Ga V (3d®4s)

3d - d’ 33.3 27.8 37.0
4s — d' -111.8 -118.7 -99.0
4s - g 3.0 3.0 2.3
Total calc. -75.5 -87.9 -59.7
Experiment -82.0 -91.2 -58.6

Table 17.2: Second order contributions to the Tyqs parameter in Ir I and Bi VII, with and without
the 5d < 6s interaction.

Ir I (5d%6s) Bi VII (5d%6s)

5d — d’ 56.98 25.75
6s —> d' -26.30 -69.20
65— g 474 1.03
Subtotal 25.94 4242
5d <> 65 703.00 98.90
Total 729.00 56.50

Although the magnetic 5d? parameters are considerably larger than in correspond-
ing 3d- and 4d- systems, they are less important than Tyqs and A, and the current
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amount of experimental data does not allow to fit them reliably. Therefore, they
are frequently fixed to their ab initio values in the fits.

Finally, spin-spin effects are neglected throughout; they are expected to be negligi-
ble in systems with high Z.

A complication in fitting the three lowest even configurations for neutral to six times
ionized systems is that only a limited amount of information about the 5dV-26s2
configuration exists; even in the other two configurations there are several energy
levels unknown. Therefore one cannot vary all parameters freely and constraints
have to be introduced. Except for the I- and Il-spectra, the average energy of the
5dN=26s? configuration is derived from the Hartree-Fock energy difference with the
5dN-16s configuration whereas the other 5dV-26s? parameters are linearly extrapo-
lated from corresponding 5dV and 5dV-16s parameters.

For the single configuration approach, the agreement between fitted and ab initio values
of Tygs Tuns from very satisfactory to poor in the direction of lower ionization, the
serious discrepancies starting with the three times ionized systems. Apparently we
witness the breakdown of the (second order) perturbation theory in favor of a full
diagonalization of explicit configuration interactions.

17.4 Turning point in the validity perturbational
approach

Most calculations in complex (3d +4s)Y systems have been carried out within the
single configuration approach. Is this approximation justified and, if so, by what
criterion? Below, we formulate a criterion for the introduction of more configura-
tions in the model space and investigate this criterion with the (5d + 6s)" systems.
First, one has to identify the candidate configurations for strong interaction with
the reference configuration: they have to possess the same parity, lie ‘nearby’, and
differ in no more than two single electron states with a reasonable overlap of their
respective wavefunctions. Then, the normalized values of the effective parameters
and the interaction integrals are compared to see their relative importance. This
may be done in advance of a full study of the system if ab initio or extrapolated
parameter values are used. To compare an effective parameter Py, acting within
configuration A with a strong interaction effect between the configurations A and
B described by a Slater-type RF-integral, the average magnitude of the angular co-
efficients should be equal.

We introduce the quantity Puyong = (RF)%/Eap with Esp the energy difference
between the centres of gravity of A and B. Then the quantities NyeakPweax and
Nistrong Pstrong, With N the angular ‘length’ of the operator defined by p; : p; = Nfé
are to be compared.

For the present system, we take Tyqs and Ao as Pyeak and use the two integrals
R2(5d5d;5d6s) for the interactions 5dV < 5dV-16s and 5dV~16s < 5dN 2652
respectively, to form Piyong-

The turning point of the normalized Pyeax and Psyong are seen to take place around
the ITI-spectra. For lower ionization, full diagonalization of the three strongly inter-
acting configurations is clearly indispensable, while for higher ionization the ‘weak’
correlation operators dominate and perturbation theory alone may be sufficient.

IRl
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Compared to corresponding 5d-systems, the RF-integrals in the 3d-systems are
roughly four times as small, whereas the relevant energy distances are about twice
as large. As a result, Piyong 18 in the order of 25 times smaller in 3d-systems than in
Sd-systems, while Pyea is comparable in magnitude: it therefore seems justified to
describe many 3d-systems with effective correlation parameters in the single config-
uration approach.

To investigate the validity of the above criterion, we considered the behavior of the
mean error o of the fit as a function of ionization stage in three steps:

(i) the three interaction integrals are set to zero to see the effect of the effective
operators alone.

(ii) The effective parameters are set to zero to study the impact of the strong inter-
action alone.

(iii) Both the interaction integrals as well as the effective operators are used in the
fit.

The turning point of steps (i) and (ii) takes place in the vicinity of the ITI-spectrum
for N = 9 and is shifted towards the IV-spectrum for N=8; this shift reflects the
fact that the relevant N = 8 configurations have a broader spread in energy which
enhances the importance of a more-configuration description.

17.5 Conclusion

We conclude that it is possible to meaningfully combine perturbation theory
(using effective parameters) and a diagonalization approach (using interaction
integrals) into one description of an atomic system.

Satisfactory agreement between ab initio and fitted values of the effective parame-
ters can be obtained if the interactions accounted for explicitly by diagonalization
are omitted from the (perturbative) ab initio calculation.

Using (5d + 6s)N (N = 8,9) systems as an example, the breakdown of the purely
perturbative single configuration description can actually be followed (in a direction
from high to low ionization) in three different ways:

(i) comparison of the ab initio and fitted values of an effective parameter (here Tyqs)
that includes a contribution of the interaction with the nearby configurations;

(ii) comparison of (normalized) parameter values of an effective parameter and a
parameter (R¥)?/Ep associated with a strong configuration interaction;

(iii) comparison of the mean error of a fit using effective parameters only with a fit
using explicit interactions only.

All three methods show the breakdown point for the same ionization stage (here the
[1I-spectra). Higher order electrostatic and magnetic effects (described by effective
orthogonal operators) can only be determined reliably if the first order model is
reasonably accurate. In cases of close-lying configurations of the same parity, this
implies a more-configuration model as starting point.



Chapter 18

Core polarization

The electric field of valence electrons induces a dipole moment opposite to the
original dipole moment. This core-valence effect reduces the transition probability.
A non-penetrating valence electron ’far outside’ the core carries an electric dipole
moment d = —er, producing an electric field E = —d/r3 at the nucleus. This induces
in the ’dielectric’ core an electric dipole moment:

ag B =-——2= (18.1)
This effect yields the above mentioned reduction:

d—»d(1—%) (18.2)

r3

Therefore, one may include core polarization into the transition integral by means
of the replacement:

()

Ta

where the cut-off function W3 was introduced by [Laughlin, 1992] in his model
potential approach to avoid unphysical infinities at r = 0:

Wn(i) - 1—exp(i)n (18.4)

« «

Here, the cut-off radius r,(nl) is equated to the radius for which the partial norm
of P, equals 99%:

fo P2 dr =0.99 (18.5)
An alternative cut-off procedure is used by Migdalek and coworkers [Migdalek and Baylis, 1978]:

Qq

(12 +13)

(18.6)

r—-rll- 3
2

Here, the cut-off radius rq corresponds to the mean radius (r) of the outermost core
orbital.
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A similar procedure was introduced by P. Quinet and E. Biémont, e.g. [Quinet et al., 1999].
They employ the replacement:

f Pan'Pnll/d’f’—>
0

f Pan 1—— Pll/dT——/ PanP/l/dT (187)
(r2+r2)2

The cut-off radius r. corresponds here as well to the expectation value of r for the
outermost core orbital.

In fact, all of these procedures boil down to scaling the dipole transition integral by
80 to 90%.

The static dipole polarizability ag4 of the core is defined as:

2 « {clr|v) - {vlrlc)
=—= 18.8
td 3 c; Ec— &y ( )
Therefore:
1 J || rCO || v T’
Qg = __Z Z|7 | | 7' J') 2
2J+1 45 E(J)-E(®'J)
2 n nl T P e dr
- Y S Y ey yf [y Pt P ] (18.9)
3 20+1 g, - Enl — En/lr
In the case of hydrogen, this simplifies to:
2 1 2
g = —= (Ls|r|np)” (18.10)

3 lsonp €15 —Enp

More in general, the polarization correction to electric multipole transition integrals
is given by:

.
Dk(r)=rk-0(k)(ﬂ)-[1 Q,H W%H(T )] (18.11)
Where:
[(W]r* e ‘I’|r’“|\If’
=2 18.12
A 2‘( Egr — (18.12)

For hydrogenic atoms, the polarizabilities ag and a4 are for k = 1,2 given by:

(2k +2)!(k +2)
22k+1 . Z2k+2 . k(k + 1)

ay, = (18.13)

Bearing in mind that 1024 cm? = 6.74833 a3, this yields the exact value
aq =2 =4.5 (a3) for hydrogen:
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Table 18.1: Comparison of various hydrogen dipole polarizability calculations.

B-splines HF+B-spl+HUP | RCN+B-spl+HUP Analytical
Discrete: | 3.66424935360687935 3.6635 3.6501 3.663257890309
Continuum: | 0.83575064639396738 0.8365 0.8513 0.836742109691
Total: 4.50000000000084673 4.5000 4.5014 4.500000000000

Figure 18.1: Individual contributions from continuum orbitals in the calculation of the hydrogen

polarizability.
T T s B-splines —
Te+00+ B-spline + HUP -
Niny RCN + HUP -
1e-10+
1e-20] it
1e-30 T T T
1e-06 1e-04 1e-02 1e+00 1e+02 1e+04 1e+06

E (a.u)

Likewise, the hydrogenic quadrupole polarizability is found to be o = 22 (af).

Various neutral closed-shell atoms are known to support bound states; the electron
binds to the closed core to form a one-electron negative ion. The valence electron
induces a dipole moment (18.1) in the core and interacts with this induced moment
as a kind of self-energy. The binding force is provided by the polarization potential
of the core —1ay/r*, this being the classical interaction of a valence electron with
the induced dipole field. The effect may be described approximately by adding a
phenomenological polarization term Vi = —3ava/r* = 5(ag = 1) /16 to the HF poten-
tial and solving the modified Schrodinger equation. Here, oy and «y are the static
dipole and quadrupole core polarizabilities and (; is a dynamical correction term.
The contribution to the orbital energy ¢,,; of high angular momentum Rydberg states
becomes thereby:

AE1p01 = _%ad Zél (T_4> - %(aq - 6B1) Zg <T_6> (1814)
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where the expectation values are calculated from hydrogenic radial functions. Values
for ag and (a,—603;) may therefore be obtained semi-empirically from the difference
between experimental term energies F,; and the eigenvalues ¢,;.

In this form, V,q is less valid for penetrating low angular momentum electrons and
singular for ns states, and again a cut-off procedure becomes necessary:

1 ay r 1 a, -6 r .
Vpol = —5 F W6 (E) - 5 1 6 Wg (—a) [Laughhn, 1992] (1815&)

1 oagr? 1(0g-66) -1
2(r3+1r3)2 2 (r®+1))?

Vool = [Migdalek and Baylis, 1978] (18.15b)

In reaction to an electric field FE, a polarizable medium will adjust its potential
energy with an amount AE given by:

AFE = —%Oédﬁ

This so-called Stark effect is found under varied circumstances:

AE = -laq,E° d.c. Stark effect (18.16a)
AE = -i1oq,E° a.c. Stark effect (18.16b)
AE = -a4 (r‘4> internal Stark (core-valence) effect (18.16¢)

Table 18.2: Values of the dipole polarizabilities ay (and their cut-off radii r) in the iron group

elements.
3d2 3d3 3d4 3d° 3d6 3d7 3d8 3d9
II Sc Ti Vv Cr Mn Fe Co Ni
aq(3p) | 3.54(2.5) 2.68(2.4) 2.07(2.2) 1.63(2.1) 1.31(2.1) 1.06(2.0) 0.87(1.9) 0.72(1.7)
aq(3d) | 5.88(4.1) 5.86(3.5) 5.52(3.3) 5.10(3.1) 4.68(3.0) 4.29(2.9) 3.39(2.6) 3.61(2.7)
II1 Ti Vv Cr Mn Fe Co Ni Cu
aq(3p) | 2.50(2.4) 1.95(2.2) 1.55(2.0) 1.25(1.9) 1.01(1.8) 0.83(1.7) 0.69(1.6)
aq(3d) | 3.23(3.0) 3.08(2.9) 2.89(2.7) 2.69(2.6) 2.50(2.5) 2.33(2.4) 2.16(2.3)
v Vv Cr Mn Fe Co Ni Cu
agq(3p) | 1.82(2.0) 1.46(1.9) 1.18(1.8) 0.96(1.7) 0.80(1.7) 0.66(1.6) 0.56(1.6)
ag(3d) | 2.16(2.5) 2.00(2.4) 1.86(2.3) 1.72(2.2) 1.60(2.1) 1.49(2.1) 1.35(2.0)
Cr Mn Fe Co Ni Cu
aqg(3p) | 1.37(1.9) 1.11(1.8) 0.91(1.7) 0.76(1.7) 0.63(1.6) 0.53(1.6)
ag(3d) | 1.56(2.1) 1.42(2.0) 1.31(2.0) 1.21(1.9) 1.12(1.8) 1.04(1.8)
VI Mn Fe Co Ni Cu
aq(3p) | 1.05(1.7) 0.87(1.7) 0.72(1.6) 0.61(1.5) 0.52(1.5)
ag(3d) | 1.17(2.0) 1.08(1.9) 0.98(1.9) 0.90(1.8) 0.85(1.7)
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Table 18.3: Example of a B-spline calculation of oy in Fe VI.

Length form Velocity form

35 = np 0.011 0.010
3p - ns 0.035 0.028
3p - nd 0.827 0.808
aq(3p) (0.873) (0.846)
3d - np 0.041 0.040
3d - nf 0.165 0.151
aq(3d) 1.079 1.037

18.1 Core and valence excitations

The calculation of transition probabilities now proceeds in three steps:

(i) Calculation of the eigenvectors (expanded in pure |SL.J) coupled states) of both
the even and the odd system.

(ii) Ab initio calculation of the transition integrals from fully relativistic Dirac-
Hartree-Fock (MCDHF) wavefunctions [Parpia et al., 1996].

(iii) Calculation of the final transition matrix by transforming the pure SLJ tran-
sition matrix, including the above transition integral(s), by means of the fitted
eigenvectors.

Due to the large amount of possibly unknown levels, the fitting procedure is inher-
ently restricted to a limited number of strongly interacting configurations.

Energy effects from configurations outside the model space can be fitted with
‘effective’ operators based on perturbation theory. Still, the eigenvectors will be
truncated to the components of the model space only. The resulting transition
probabilities, very sensitive to correlation, therefore remain somewhat defective.

It is the aim of the present paragraph to include correlation with the large number
of configurations outside the reference space with second-order perturbation theory.
Let [¥) and (¥’ refer to the full odd and even states of the system, to be approxi-
mated by the model states |a) and (|, respectively:

) = (o (@7 18) (BIVIa) | 5~ @IV (ol e)
(]9 = o) + 5 L 4 5 R (18.17)

In principle, the above summation runs over all states 5() with the same parity as
a(a’) that are not included in the model space.

Perturbation theory seems to be a good approximation to the diagonalization ap-
proach, even when the interaction strength would favor the latter over the former
method. In summary, application of perturbative corrections in addition to diago-
nalizing the most relevant configurations seems a promising way towards calculating
accurate transition probabilities with orthogonal operators.

A simple example with (o/| = (5d°|, |a) = [5d®6p) and |y) = |5d®6s) would be:

 (5®IV[5d6s) (56| x [5d°6p)

U'|r W) ~ (5d° r |5d%6
(W) = (5| [5d"Gp) T

(18.18)
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The results turn out to be in quite good agreement with the results from the full
diagonalization procedure:

(W' v | W) » (5d°+5d6s| r |5d°6p) (18.19)

The iron group elements are complicated by the fact that the n = 3 shell is not
closed so that core excitations such as 3s - 3d or 3p? — 3d? are possible within this
shell; the effect of the 3s? - 3d? excitation is usually much smaller. Due to the
good overlap between electrons with the same n value these interactions are very
large and significantly influence the energy level structure of, for example, the 3dV
configurations.

[Quinet, 1995] pointed out that for the calculation of oscillator strengths, the explicit
introduction of core excitations is important when considering transitions out of the
open 3d" subshell but it is crucial when considering transitions out of the full 3pf
subshell.

The transitions from (o/| = (3p53d| - |a) = |3p®3d?) provide the simplest example
of this effect. Here, the even system should be extended by |v) = [3s3p%3d?) and
I7) = |3s23p*3d3), while |B) = [3s3p°3d?) and |B) = |3s23p33d*) are included in the
odd system. The contributions of the v configurations are dominant, as they yield
allowed dipole transitions with the same 3d — 3p radial dipole integral.

In summary, it is vital to include 3p? — 3d? core excitations in the calculation of the
3pB3dN — 3p53dN+! transition rates in iron group elements.

Similar considerations underline the importance of the 5p? - 5d? and 42 — 5d? core
excitations, in the computed radiative lifetimes of W VIII [Prince and Quinet, 2015]
with lifetime changes of about 20%.

Likewise, the 3s - 3d core excitation plays an important role in £2 transitions rates,
as it corresponds to an allowed quadrupole transition from 3s23p83d.

Another striking example of this effect is given by the (o/| = (3p®3d®| — |a) = [3p°3d°)
transitions, where especially |y) = |3p*3d'?) should be included in the calculation.

18.2 Use with orthogonal operators

Transition probabilities (gA) are calculated from the final fitted parameter values.
Intensities of the spectral lines (Int) are commonly obtained by measuring the plate
darkening, converting optical density to spectral intensity and subtracting the spec-
tral background approximated by a spline curve. For isolated, unperturbed and
unsaturated lines originating from the same upper level or from close upper lev-
els, agreement between gA and Int is usually quite good. Taking into account the
Boltzmann factor describing the decrease of population for levels with increasing
energy, agreement between the presented gA and Int is good throughout the entire
list. Different exposures may have different 7" values and thus different Boltzmann
factors, exp (-E/kT).

The conventional (Cowan code [Cowan, 1981]) and orthogonal methods of semi-
empirical (LSF) calculations of the energy level structures, level compositions and
transition probabilities are compared below. Transition probabilities are calculated
using eigenvectors obtained in the LSF. Since the level mixing depends strongly on
the separation between levels, it is essential that this separation is described accu-
rately. In complex spectra, the separation is often of the same order as the mean
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error of the fit or even smaller. However, one cannot describe the level structure in
detail when the spacing between levels is smaller or comparable to the mean error.
In that case, the calculated eigenvector composition becomes unreliable.

Transition probabilities, calculated by means of the orthogonal operator approach
show much better agreement with experimental intensity numbers than values ob-
tained from the conventional method. This is especially true when close lying levels
are considered:

”However, difficulties arise when a much larger number of strongly interacting levels
have to be included in the same calculation, either because they do interact strongly,
or because they are quite high-lying in energy and all levels with lower energy also
need to be included in the calculation. Tons with open d-shells are particularly chal-
lenging, and we consider now some calculations which have proven and continue
to prove difficult for theorists in their attempts to provide oscillator strengths of
sufficient accuracy, and with an accuracy which can be substantiated. In this in-
stance though (the Fe II lines 2507.5 and 2509.1 A, from the close 3d54p/5p levels
90042.884[6 Fyo] and 90067.357[1Gy»]), the upper levels were so close in energy that
small modifications to the fine-tuning corrections leads to very different mixings and
therefore oscillator strengths. Extrapolation such as a fine-tuning process, needs to
be undertaken very carefully, moving from the ab initio calculation in small steps.”
[Hibbert, 2018].

Despite the high accuracy of the experimental as well as the orthogonal operator
technique discrepancies between the methods remain. Possible error sources in the
compared results are as follows.

(i) Inaccurate values for the ab initio calculated transition integrals or other contri-
butions to the transition matrix from neglected valence CI effects. In our approach
an average level (AL) approximation is used. This means that the transition integrals
are not term dependent to this order, just like the energy parameters. Most fitted
(electrostatic and magnetic) interactions differ from the ab initio calculated value,
resulting in scaling factors. The same might be true for the ab initio calculated
transition integral. Another approach to model the core polarization, such as a dif-
ferent calculation of the polarizability ay or another choice for the cut-off radius, will
affect the value of the transition integrals, but only in the order of a few per cent.
Valence effects are accounted for by applying extended CI, but may also be covered
by means of perturbation theory [Uylings and Raassen, 1995]. The latter was not
applied here. No deviations may occur from the third power of the wavenumber
that appears in the expression for the transition probabilities, since the accurate
experimental wavenumbers are used in the theoretical model.

(i) Inaccurate eigenvector compositions, especially for the small contributions, re-
sulting in deviations for intercombination lines (AS = 1). We expect that thanks
to the small deviations between the experimental and calculated energy values the
eigenvector compositions are optimal within the model space of configurations used.

18.3 Illustrative examples

In [Uylings and Raassen, 1996], using data on the Ni V and Fe III spectra, two
examples of comparison of the conventional and orthogonal methods are given. The
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mean error can be interpreted as the "blobsize’ used by painters (Seurat and others)
of the art-movement "Pointillism’. They used blobs for their painting and could not
paint objects smaller than the blobsize. In the same way we cannot describe level
structures in detail when the spacing between levels is smaller or comparable to the
mean error.

In the Ni V example, the observed separation (22 cm™!) between two 3d>4p levels
was five times smaller than the mean error of the conventional fit, resulting in the
calculated spacing between the levels 13 times larger than the observed one. The
orthogonal method resulted in a mean error of two times smaller than the actual
level separation and the calculated spacing between the levels close to observed. For
the two methods, the mixing between the levels differed enormously; and so did
the calculated probabilities of the transitions from the two considered levels. For
these levels, the calculated percentages of the same eigenvector components differed
by the factors of 0.57 and 4.0 for the leading and second components, respectively.
The calculated probabilities of the transitions differed by a factor of up to 1500. In
fact, the conventional method failed to predict three of five strongest lines for the
first level and two of five strongest lines for the second level. In the Fe III example,
the observed separation (46 cm™!) between two 3d°4p levels was about three times
smaller than the mean error of the conventional fit and two times larger than that for
the orthogonal operators fit. Despite the fact that the calculated splitting for these
two levels was about the same (near 28 cm™1), the eigenvectors differed considerably
between the two methods. For these levels, the calculated percentages of the same
eigenvector components differed by the factors of 0.59 and 4.2 for the leading and
second components, respectively. This was due to the better description of the
positions and spacing of the neighboring levels in the orthogonal calculations. For
eight transitions from the two considered levels, the probabilities differed by a factor
from 0.1 to 10 between the two methods.

Table 18.4: Two close lying levels in the J = 4 matrix of the 3d®4p configuration of Ni V,
calculated by the conventional and by the orthogonal method

Conventional method, mean error full fit o =120 cm™!
Exp. Calc.  Diff. Eigenvector composition

206010.3 296645.1 274.2 68% (*D)°D +22%(*P)5D
296897.0 296925.4 -28.4 91% (*G)3G

Orthogonal method, mean error full fit o = 5.4 em™
Exp. Calc.  Diff. Eigenvector composition

296919.3 296645.1 2.3 45% (‘D)’D +22%(*P)5D
296897.0 2969254 6.1 59% (*G)3G+ 25%(*D)°D
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Table 18.5: Two close lying levels in the J = 5 matrix of the 3d°4p configuration of Fe III,

calculated by the conventional and by the orthogonal method

Conventional method, mean error full fit o =139 cm™!
Exp. Calc.  Diff. Eigenvector composition

139509.2 139407.4 101.8 49% (2H)3I +21%(*F)3G
139463.0 139378.4  84.7 40% (2H)3I +32%(*F)3G

Orthogonal method, mean error full fit 0 =12 cm™!
Exp. Calc.  Diff. Eigenvector composition

139509.2 139504.1 5.0 83% (2H)3I+ 6%(‘F)3G
139463.0 139476.0 -13.0 44% (2H)3I +29%(*F)3G
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Chapter 19

Dirac-Breit equations

The Hamiltonian for an N—-electron system is given by:

H =% hi+} hi (19.1)
) 1<j

Electromagnetic interactions are included in minimal coupling by the replacement

of the kinetic momentum operator p — @ = p — gA, with ¢ = —e the electron charge.

As an intermediate step towards full relativity, one may consider the minimally

coupled Schrodinger-Pauli equation for an electron moving in an electromagnetic

field described by a scalar potential ® and a vector potential A:

[ (p-qA)’ +q® - p,-Bly=Ev (19.2)

Here, 1) is a two-component spinor and p, = —pup 0. The Schrodinger-Pauli equation
is the direct non-relativistic limit of Dirac’s equation. It can be derived from the
Schrédinger equation by the substitution p? - (o - 71')2, see further below.

It demonstrates that the electron spin is, contrary to common belief, basically of a
non-relativistic nature.

For full relativity, the one-electron Dirac operator with ¢ = a1 is used for h;:
hi=ca;-p;+ (B —1)+1V; with V; = -Z/r; + U; (19.3)

The four Hermitian operators § and a anti-commute and their squares are equal
to 1. The three components of the polar vector operator a are given by the Dirac
matrices ;. The «; are related to the usual Pauli spin matrices o; of the axial

vector operator o = 2s, with the properties -0 =3-1, |o;| = -1 and Tr(o;) = 0, by:
0 g;
a; = (G'i 0 ) (19.4a)

The scalar matrix operator g is given by:

8= (é _01) S (B-1) = (8 _02) (19.4b)

For the two-particle relativistic energy operator h;;, the usual Coulomb-Breit
interaction [Breit, 1929, Breit, 1932] is used; it is the sum of the Coulomb term and

231
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the zero-frequency limit of the transverse Breit interaction:

1 a;-a; (a;-ry;)(age-r;y)
hy = — - “J+ J 33 J (19.5)
Tij 21 27’ij
The ket state is represented by the column vector ¢ = (;Iz)
A E DI
Inljm) = (i ()/7] (D) jm) withl=l+lasj=l+35, or: [=2j-1=j+3.
(19.6a)

Similarly, the Hermitian conjugate or bra state 1 is represented by the row vector:

(nljm| = ({(st)jml[Fp(r)/r]; =i{(s0) jm|[Grj (r) 7] | (19.6b)

F,; and G,; are the large and small radial components, normalized as:

[z a1 (19.7)

F,; and G,; are calculated self-consistently as one-electron wavefunctions of the
Dirac-Breit Hamiltonian. The projection operators B, = %(1 + () may be used to
select either the large or the small component.

1,J2, L2 and S? all commute with the single electron Hamiltonian (19.3), and so
does any operator constructed from them.

As o-L =J2-1L2-82 the operator K = —(1+o-L)=—-(1+2S-L) will therefore
commute with the Dirac Hamiltonian.

With K| jlm) = k-| jlm), the eigenvalues satisfy x = — (1 +i(+D)=1(l+1)- %):
k=-)U1=10+1)-j(G+1) -2 > ke=F(j+2)asj=l=x1>j=|x-3:
ko=lfor j=1-3 and k, = —(I+1) for j =1+ 3. In each case, k(k+1) =1(l+1).

It should be noted that some authors, e.g. [Armstrong and Feneuille, 1974], define
x with an opposite sign; & = —x and % = & still holds of course.

Except for specifying the total angular momentum, s therewith also defines the par-
ity (=1)! of the state: [ =j + s =JF 1. As (-1)! = (1)}, or equivalently x = &,
the small component y has the opposite parity of the large component ®.

The four operators H,J?,J., K now form a complete set of mutually commuting
operators with eigenvalues E = —¢,,,7(j + 1), m,k. The Dirac equation conserves
total angular momentum, but not its separate spin and orbital parts.

The (2 x2) Pauli spin matrices form, up to a factor 2, the Cartesian components
of the spin angular momentum s, the first row and column corresponding to m, =
Therefore, the resulting identification is s() = 6™ or s = 1o

1(0 1 1{0 —i 1(1 0
S“E(l o) Sy‘ﬁ(z' o) 32‘5(0 —1) (19.8)

For any two vector operators a and b commuting with o, the below identity applies:

(0-a)(o-b)=(a-b)l+ioc-(axb) (19.9)

1
3



233

It follows directly that (o - e,n)2 =1, (o -p)2 = p21 and, using equation (1.3):

(0-7)" = w-qo-[(VxA)+(AxV)]
= 71-2—qo'-B (19-10)

The substitution: p? - (o -7)° = (72 - ¢o - B) in the Schrodinger equation yields
the Schrédinger-Pauli equation (19.2).

In a constant magnetic field B with A = 3 (B xr) (see section 22.2), expansion of
72 keeping only linear B-terms for weak fields yields:

w2 p?—qLeB > (o0-m) = p?—q (L+ o) B (19.11)

thus retrieving the atomic magnetic moment (L + o) = (L + 2S) used in section 3.7.

Equation (19.9) may also be put to use to find the effect of (o - p) occurring in
equation (19.3):

"'L] (19.12)

(@p) = (0 e)(o e p)] =i (o e) e v- T

Recall that Vf(r) = (df/dr)e, - e,-V =0/0r and —-(o L) = (K + 1), so:
(o-e.)|km) = —|Em) (19.13a)

(-p) S)em) = i (L g () -
(o-p)F[r|km) = %(i—ermg) |Km) (19.13b)

Equation (19.13b) turns out to be yet another version of the gradient formula and is
used to derive a set of coupled first-order differential equations from equation (19.3):
hpy = E yields [ap+ (B-1)/a+a(V - E)]1 =0, or in matrix notation:

a(V-FE) (o-p) Flr|em)\ _ R

( (op) &(V—E)—Q/oz) iG/r ]Em)) =0 (19.14)
Flok-Flr+(a(V-E)-2/a)-G=0 (19.15a)
G'-k-Glr-a(V-E)-F=0 (19.15Db)

In the Pauli limit o - 0, F,; - (1- }1042 -T) P, after renormalization with the kinetic
energy operator T’ = —1d?/dr? + [(1 + 1)/2r? and, using a(V - E) < 2/a:

Gnj = 50(Pl + K- Pyfr) (19.16)

The reader is referred to [Froese Fischer et al., 2016] for a topical review of the
ab initio multi-configuration methods in this field.

Alternatively, the Pauli spin matrices are also directly related to the 4 by 4 Hermitian
and traceless matrices y# satisfying {v*,~v"} = 2¢g*, with 799 = a; or 7y = far.

The known metric tensor g, is given by:

1 0 0 0
o -1 0 0
9w =10 0 -1 0
00 0 -1

(19.17)
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where v, = g7 = 70 =7° and v; = —".

70=($ _01)=5=5‘1=74 vi=(0 ‘Z;’) (19.18)

The v* appear in the covariant form of the Dirac equation:
(7" (ih0,, —eA,) —mc] =0 (19.19)

The Dirac representation of the four contravariant gamma matrices is:

10 0 0 0 0 0 1
o o1 0 o0 o o 10
T7lo 0 -1 0 T 1o -1 00
00 0 -1/ 10 00
0 0 0 —i 0 01 0
0 0 i 0 0 00 -1
2 _ 3 _
T o i 0 o0 TTl-1 00 o0 (19-20)
- 00 0 010 0

To define a pseudo- or axial vector and a pseudoscalar that both appear in PNC, the
product of all four gamma matrices is used: 7> = v5 = iy9y1~2~3, where {7?,v#} = 0.

0

1| (01

0 _(1 0) (19.21)
0

The upper or lower position of the index 5 is therefore of no significance. Whereas
i is a scalar, 1Tv51) is a pseudoscalar as it changes sign under parity inversion.
Similarly, while 7,1 yields a (polar) vector, ¥Ty;7,1 classifies as an axial or
0 —iUi

pseudovector. Other conventions such as ; = and 5 = £Y717273 are

0 -
-1 0

lower component of the relativistic wavefunction.

also in use, where e.g. 75 = . Apparently, 5 interchanges the upper and
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Reduced matrix elements

The matrix elements of an operator set between the large and small components
of the wavefunctions (19.6), may always be written as (a sum of) diagonal or anti-
diagonal contributions.

For a diagonal operator with respective matrix elements uﬁ) and ug;) one finds for
the reduced matrix element:

(P TD || q) = (lugi || u® || 1255) fo ERU(r)dr+ (L || u® | l_zj2>[0 G1GoU(r)dr
(20.1a)

and for an anti-diagonal operator with respective matrix elements vg) and vé?:

(P VO q)=i{lj || v® | 1_212)[0 FGoV (r)dr—i(lij || o@ | l2j2>f0 FyGV(r)dr
(20.1b)

[Grant, 1970] names the diagonal operators from equation (20.1a) type A and the
anti-diagonal operators from equation (20.1b) type B, respectively.

Both the product of two diagonal and the product of two anti-diagonal operators
yield a diagonal operator. The product of a diagonal and an anti-diagonal operator
is anti-diagonal with w9 = u11v12 and wa; = ugsv91. The same is true for the product
of an anti-diagonal and a diagonal operator, but here wis = ugv12 and wa; = u11v9;.

20.1 Diagonal

An important example of equation (20.1a) for U® = f(r) - C®:
(i 1 F@)-CO I lgs) = (g I €O o) | CREf(r)dr
(L 1 €| l_zjz>j;wGle‘f(7’)d7“

(1G9 ) [T (RF+ GiGa)- f(r)dr

+

Lo L gt g o0
= (—1)J1 2 '[]1;]2]2 (fll 0 jf) L (F1F2+G1G2)'f(7’)d7"
2 2
TP S it g
= ottt (4§ ) 202
2 2
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In the last steps, use is made of equation (3.51b) and identity (C.52) from [Brink and Satchler, 1968],

Appendix II:
J J' /
AT

l++‘ Y4
(3L 1CON55) = (D25
S N
(-1)y"2-[4,5' (_jl 0 ]1) (20.3)
2

2

NI
NI—

As a result, (7 || C® || j7) explicitly depends on j only as long as [ +¢ + 1" is even.
By definition:

'/Ooo(FlFQ-FGlGQ)'f(T) dT:Uf (204)

and Uy, is used for f(r) = r*, such that Uy = 1 if bra and ket are equal. An important
example, in accordance with the WE theorem for k = ¢ = 0, being:
1

(37 10 3077) = 8(7.57) - []2 — (817 1 1] 385) = [/]2 (20.5)

20.2 Anti-diagonal

A second, somewhat more complicated example of physical interest is the anti-
diagonal operator V® = f(r) (aC®)" with k =t, + 1.

With differing conventions and notations, the reduced matrix element is calculated
by a number of authors [Bhalla, 1970, Grant, 1970, Grant, 1974, Armstrong, 1966,
Armstrong, 1968, Feneuille, 1971, Lindgren and Rosén, 1974].

Below, equation (20.1b) and subsequent techniques are applied to find the more
explicit expression (20.10) for the reduced matrix element of this operator:

(301 1 f(r)(aC®N)D || Lyjp) =
i(%h]& | (cC®)®) | %[2]'2)'/0 F1Gy- f(r) dr—i(%l_ljl | (eCEN® | %lﬂé).[o G Fy- f(r)dr
(20.6)

In turn, (115 || (cC®)® || 4175} is found from equations (3.49), (C.55), (C.56) and
(C.57), with (% | o %) =/6:

L1 9
1 |2 2
(307 1 (@DCOYO Y3157y = (51 oD 1 5) - (LI PN )[4, 51241 1 &
J t
t
0

a0 G (4 0 ) o (4 4
.{5(k,t—1)-[mﬁ'—ﬂ.(t(%—n)-%+5(k,t+1).[n+ﬁ'+t+1]-((t+1)(2t+3))-%}
(20.7)

The following recursion formula is a direct result of the above:

L (@ g - s =t @1 N2 ) ey

(20.8)
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To substitute equation (20.7) into equation (20.6), use is made of & = —x and —(-1)! =
(-1)!. The following abbreviation is introduced:

fo (FiGyx BGY) - f(r)dr = B} (20.9)

The two RHS terms of equation (20.6) are redistributed to express (j | f(r) (aC(k))(t) I j’>
in terms of these integrals:

a-/mFng-f(r)dr+b-/ooG1F2-f(r)dr:%(a+b)-E}+%(a—b)-E;
0 0

For the case k=t - a =b, and only E} is retained. Ej is used for flr)y=rk.
The three options k =t,t+ 1 are listed separately below.

(35 | F(r)(@COD)O || Ly =i 4,712 - (12t - 1))

'(—1)j'%+t'(_j; J é) ~[(m—m’)E}—t~E}] (20.10a)
e Y O RN LGN E A (20.100)
(305 1| F(r)(@CEDYO | 10j7) = [j,513 - (¢ + 1) (21 +3)) 2

-(—1)3"—%“&(_]'l J é) -l(/{—/@')E}“+(t+1)E;] (20.10¢)

Examples of frequent interest are found for {1kt} = {101}, {110} and {111}.
The case {1kt} = {101} and f(r) =79 =1 yields V() = v and turns out to be closely
related to the velocity transition operator or the linear momentum operator:

(s 4r7) =il (o (4 ) B -5 o
2

For the important case f(r) = r*, it is often imperative to work out the non-
relativistic approximation of the integrals E; = Ef.

Substitution of the Pauli limit G; - fa (F'+ k- F/[r) yields after integration by
parts 1:

Ef - %Oé' (k1 + Ko —k)- / FiFy-r*tdr (20.12a)
0

E;;*—%a'(m—liz—k)'/ F1F2‘7“k_1d7“+04’[ Flel'deT (20.12b)
0 0

For E*, and [ = I’ = 0, the boundary term at r = 0 does not vanish; the non-relativistic limit
becomes: EY, > -1a (5(T)/r2> as derived in the below equation (22.23).
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It will be interesting to use equations (20.11), (20.12a) and (20.12b) plus the relation
k(k+1)=1(l+1) to find the non-relativistic limit of (%lljl | o | %lgjg):

. /et . .t vl 71 o d I(I+1)=-U'('+1
(a1 407) = -ia- G0 () [ - R D
2

—% dr 2r

(20.13)

On the other hand, the linear momentum reduced matrix element is,
from equations (3.51b), (7.47) and (C.52), given by:

. . . L7 O I B
(e 47 = (0F gt 3T gnen )
2

./‘“Pm [d _l(l+1)—l(l +1)] P dr
0

dr 2r
R | R | /°° [d I(l+1) —l’(l’+1)]
— . 1)\ . P _ = Plld 2 14
¢ []7] ]2( 1) 2 (_% % O) 0 nl dr o0 n/l7 AT ( 0 )

Comparison of equations (20.13) and (20.14) yields the important non-relativistic
limit of the Dirac matrix operator?:

(307 el 515" = —a (5l T p Il 51'57) (20.15)

The substitution a; - —ap; in equation (19.5) yields the orbit-orbit term (5.122).

For the case {1kt} = {111}, the angular part may by means of equation (3.49)
and identity (C.55) due to [Brink and Satchler, 1968], be reduced to:

3 03 1
(3 1 (™) 1 3r7) = (B1eD 13- @I e N[z P
j g
ok (071
- b (47 (20.16
2 2

As before with k = 0, equation (20.16) is a straightforward special case of equation
(20.7) for k = 1.

20.3 Continuity equation

The standard form of the continuity equation reads:

dp
- . = 20.1
5 +V-(pv)=0 (20.17)

The continuity equation for the local conservation of the Dirac charge-current
operator j# = ect)iyOyh = {cp,j} is given by:

. 0 .
0" =L 4v.j=0 (20.18)
ot
2The minus sign is the consequence of the now widely adopted sign convention of the small
component Gp;.
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According to (19.6), ¢ = (i) is a four-component spinor consisting of a large com-

ponent @ and a small component .
Furthermore, p = 91 = |12 is the charge density and j = c9T%y%) = ¢fcar)p the
current density. Apparently, cac may be regarded as a relativistic velocity operator.
After multiplication with a = ¢!, it follows:
9 (Y1)

a-——2+V-(¢Ylarp) =0 20.19

o (vlav) (20.19)
If the bra and ket involve different wavefunctions v; and v¢, the continuity equation
still applies, but now w.r.t. the transition current density:

o (o]
a-%+v-(¢ga%‘) =0 (20.20)
0/0t is a diagonal operator that explicitly factors out the harmonic time dependence
exp(—iEt) of the wavefunctions. Given that (kymi|kamsa) = (K1 mq|Rema), this
yields the following result:

o 8(%—1;”2) “ia-(By-Ey)- FIF%QG@ - —7.% Tk (FLFy + GhGa) - (5 marea ms)
(20.21a)
As V-« is an anti-diagonal operator, one obtains:
V-(dlays) = v-(dloxa+x]od,)
= (0-9®]) X2+ (0-Vx]) D2+ @] (0- V x2) +x] (07- VD)
- 5 [(G1F2 - RG) + L (RG GlFQ)] - {f5r 7z )
(20.21b)

where equation (19.13b) is applied fourfold to the second line.

Adding the terms 20.21a and 20.21b and dividing by —i/r? - (k1 mq|k2 ma) gives the
continuity equation for the transition current density in terms of the pertinent radial
integrals:

R1 — R2

d

d_(FlGQ_G1F2)+ '(F1G2+G1F2)+l€’(F1F2+G1G2) =0 (2022)
r

Equation (20.22) can e.g. be employed to translate transition amplitudes in the

Coulomb gauge to the Babushkin gauge and demonstrate their theoretical

equivalence.
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Transformation

Given that, according to equation (5.27):

11
_ (k) R 0 EE
(1) 11 2"B) ™ 1 g (31'")) = = [k, K12 - [, 3"#12 4 1 Uk (21.1)
goJt
and the result corresponding to equation (5.20):
®) )
(p Il (p'a)"” Il a) = -[1]2 (21.2)
plus the elementary SL — jj recoupling following equation (2.37), one finds:
11
(k)1 1z 2 " )
(@)™ =S [ k2 |1 E k| (pla) 213)
i it

where primed quantum numbers refer to the ket state and s + k + ¢ is even for
reasons of Hermiticity.
Obviously, combination of two out of the above three equations yields the third.

The operator (a*b)(”k)t may thus be interpreted as a sum over j-dependent creation-
annihilation operators pf/q that operate on the (25 + 1) eigenstates ¢ = |nljm) of
a (central field) Dirac electron. Neglecting coupling of the small components, it
follows that p' is a tensor operator with ranks (sl)j.

In analogy to its non-relativistic counterpart in equation (5.53), each relativistic
j-dependent one-electron operator may be written in terms of second quantization
as:

FO =173 (p | 7 || g) (p'a)"” = ~5(p.0) (p'a)"” (21.4)

From equations (5.68) and (5.69), it follows that a every ’complete’ one-particle
operator is given by:

(rk)t

k)t _ —[/@,k]‘% (a]l F&9 | b) (alb) =-S5(a,b) (aTb)(nk)t

(21.5)
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implicitly defining the radial part as:
1 [ele]
S(a,b) =[5, k172 (a || F@ | b) = / a(r)R(r)b(r) dr (21.6)
0

To find the relativistic expression for S(a,b) as a sum over j-dependent relativistic
radial terms S(p,q), one multiplies both sides of equation (21.1) with:

1 1
1|2 2 F
=S(a,0) Y [5,5' 1211 Uk
3J’ gt

and applies the orthogonality of 9j-symbols, equation (2.19), yielding

171
1|2 2 R
S(a,b) =%, 4,5 k. k]231 ' ki S(p.q) to finally arrive at:
g Jt
11
1 12 2 F .
S(a,b) = [L172) 05,4k k1250 1 ky (oIl FD |l q) (21.7)
i jogt

Comparing equations (21.3) and (21.7), one concludes that both the spin-angular
and the radial part are transformed in the same way in terms of the underlying
j-dependent, relativistic quantities. To include full relativity, however, it suffices to
replace just the radial parts by means of equation (21.7).



Chapter 22

Electromagnetic fields

Consider an atom exposed to an electromagnetic field, described by Maxwell’s
equations B = Vx A and E = -V® - 0A/0t where ® and A denote the usual
scalar and vector potential, respectively: A, = (®,-cA). The Hamiltonian for the
interaction of an electron with the corresponding vector potential A reads in au:

H = —(a)‘IZai-A(ri) (22.1)

The Zeeman effect is produced by a constant external magnetic field, whereas hy-
perfine structure is produced by the nuclear magnetic point dipole. The expressions
for these effects turn out to be quite similar. To derive relativistic formulae from
equation (21.7), the Hamiltonian is to be converted into tensor operator form first.
The Hamiltonians of both the hyperfine structure and the Zeeman effect are split
into an electronic and a nuclear (or external magnetic) part. According to equation
(21.5), the electronic part is written as:

T = 0= - S gk (ata) () (22.2)

rk rkk,nl

For the magnetic dipole hyperfine structure and the Zeeman effect, ¢ = 1.
For the electric quadrupole hyperfine interaction, described by the quadrupole term
in the expansion of the electrostatic potential, t = 2.

22.1 Hyperfine structure(2)

This is the relativistic sequel of section 3.8. The below derivation of the magnetic
dipole and electric quadrupole interactions is based on their relativistic Hamiltonian
expressions, transformed to second quantized form by equation (21.7) and equation
(20.1b) or (20.1a), respectively.

22.1.1 Magnetic dipole

Using the expression for the potential of a nuclear magnetic point dipole gives:
2
A(r) =a? (v B = 5 )
r r
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and p; = (pr/I) - I one arrives at:

o2
Ay = % 5 (Ixr) (22.3)
Again using a-(bxc) = —(axc)-b with r; = fr’iCi(l) and equation (3.17) for the cross

product, one obtains the magnetic dipole interaction in spherical tensor form, in au:

1) A1)
as 'O
HDZ—Z'\/é-%-aZ %.](1)

7 %

(22.4)

In accordance with [Andersson and Jonsson, 2008, Li et al., 2020], the electronic
part is now taken to be:

(6]
7O = —iv/2.a ) ( . (22.5)
i T

Again, equation (20.1b) is used for this anti-diagonal operator:

(01 T ) q) ==iv/2-a- (417 | (aDCO) 0= | L1j7)

= 2-a((%lj I (0(1)0(1))(1) I %l_j’>/0°°r‘2P}Gj' dr — <%l_j I (0(1)0(1))(1) [ %lj')foooerij’ dr)

The (anti-diagonal) radial integrals P;; are defined by:

oanl'Gnl" +Gnl'Fnl"
Py = fo S S gy~ g (22.7)
Finally, equation (20.16) with (=1)" = —=(~1) is used to find:

R S g1
(I TD 1 q) = v2-a-[5,5]2 - (-1)"- (_ﬁ !y 1) Py (22.8)
2 T2

In second quantized form, the electronic magnetic dipole operator is given by:
TW =~ 5k (ata) ™ with k+k odd (22.9)

Kk
After application of equation (21.7), one arrives for the magnetic dipole case at:

11
i1 S A PN I
jj/ j jl 1 2 2

Using equations (5.66) to put Hp into second quantized form, the magnetic dipole
hyperfine Hamiltonian is effectively written as:

Hp = % (T . 1M) = _% S 5k (afa) ™t 1)
rkk

1 ()
D (a01 1= (10)2 -0l (i) + ald s§1>) T (22.11)

i nl i
with g7 in nuclear magnetons and a%F in cm~!, the parameters are defined in equation
(3.87): arF = 3.1825571 x 1073 - iy /T - (r=3)"F

nl*

(22.6)
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22.1.2 Electric quadrupole

The electronic part of the electric quadrupole interaction is the diagonal operator:

T = -3 ¢P)y;3 (22.12)

A direct application of equations (20.2) and (20.3) now yields:

PITD 1) = (31 -CP - | 515)

T A
(—1)]2-[m]2-(9 . ]) Ty (22.13)

N [—

Here, the (diagonal) radial integrals 7; are defined by:

% Fyt; Futyr + Gt Gty
Tjj,:fo U e = U (22.14)

In second quantized form, the electric quadrupole operator is given by:

T7T@) - _ Z S (affa)wc)2 with k + k even (22.15)
kk

In combination with equation (21.7), this gives for the electric quadrupole case:

Sif = MR e (22.16)

oL e~
h\- ~N|—
N R
—~~
|
—_
~—
=
|
N
—_—
.
<o
[\
SN—
|
Q\

22.1.3 S integrals

The quantities S* may be identified from equations (22.9) and (22.15), and com-
pared to equation (5.66) for the dipole part and equation (5.58) for the quadrupole
part, to extract the required relativistic expressions for (7"3)2?: from the proportion-
ality factors.

Below, the contributions of the six parameters to the radial electronic part are
written using the explicit expressions from appendices C.1, C.2 and C.3.
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As usual, the signs + and — refer to the cases j =1+ % and j=1- %, respectively.

1 o
2'm'[(l+1)P++—P+_—lP__]

1

2
] (22.17a)
1
2

SY = —gﬁ- [20(1+1)(20 +1)]

ey [2[ (L+ 1)(2[+ 1)

nl

(20— 1)(20 +3)

=a2-[l(l+1)(2l+1)r-(r‘3)12 (22.17b)

(20-1)(20+3) nl

S10 _g [2(21 + 1)]% . ﬁ . [(l +1)2P +20(1+1)P,_ + l2P__]
_ a2.[2l2+ 1]5 () (22.17¢)
o [HBER] 0o
~ 2 9 02 [ 200+ 1)(20+1) B 3102
R T D e e R (22.170)
S=2 [0+ ) NE m [+ 2)T,s 3T, ~ (1~ )T_]
1 _3\11
:\/ﬁ'(r ) (22.17¢)
s L[6(-D)II+1)(1+2)(20+1)]2 1
Sni “S[ (20-1)(20+3) ] ey [P DT AT T
1 _3\13
=ﬁ.(r ) (22.17f)

The hfs operators are now fully defined by equations (21.5) and (22.17), but the
partitioning of S'} and S!? into a prefactor and (r‘?’)ff is somewhat arbitrary,

as they both vanish in the non-relativistic limit. Here, we follow the convention of
[Lindgren and Rosén, 1974], later adopted by [Biittgenbach, 1982], to multiply these

operators, next to the existing factor [k, k]~ 2 due to relation 5 57 between the U, (k)

and the wi( wh)t operators, with an additional factor of (3/ 10)2. The partitioning of

[Feneuille and Armstrong, 1973] seems in fact more elegant, but has not commonly
been used.

22.1.4 The hfs parameter (r—3)

Based on a formalism of equivalent operators rather than on the more transparent
framework of second quantization, [Sandars and Beck, 1965] derived explicit expres-
sions for the effective radial parameters a"¥ and b*F appearing in equations (3.87)

1 2 [ Il+1)(20+1) a
S —gl ] 1) 20+ 1)(20-1) Py — (20 -1)(20+ 3) P, + 21(21 + 3) P__]
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and (3.102), in terms of relativistic expressions for (r*?’)f:.

In 1982, the work of Sandars and Beck was summarized by [Biittgenbach, 1982].
Although unfortunately not explicitly formulated, both Sandars and Beck and Biittgenbach
defined P;; (or Gy,;) with an opposite sign. Therefore, all their magnetic dipole ex-
pressions differ from ours by an overall minus sign; other than that, their results
agree with the results of section 22.1.3, derived within the overarching structure of
second quantization.
In our notation, the Fj;  integrals of Sandars and Beck are given as:

2

Fry=e— = .
a(k+ kK +2)

Jit =

P (22.18)

The expressions for (7“*3)27 are readily recognizable in the above results directly
derived by second quantization.

for [#0:
(T‘_?’)S; z_z'm'[(l+l)P++_P+—_lP——] (22.19&)
(r3) = % : 2 : (2T11)2 [2(1+1)(20 = 1) P, — (20 - 1) (21 + 3) P,_ + 21(21 + 3) P__]
(22.19b)
g\0 22 1 9 )
(r®) | = 3 e LI [(1+1)*Pp +20(1+ 1) Py_+ 1PP__] (22.19¢)
(r3)" = @le [(1+2)(20 - )T, + 6T, + (20 +3)(I - )T_] (22.19d)
g\ 2 6l(l+1) 3
U= @ l5(2z ¥ 1)] [+ )T = 3T = (1= )T (22.19)

2 [ 21(1+2)(1-1)I(I+1)

() =~ (20+1) | 5(20 +3) (20 + 1) (21 - 1)] (2= Tee + 4T, = (2 3)T-]

for 1=0: (22.19f)

R 2199
_3\10 2 2 8 f Fnans 2 <5(T)>

:——-—P = —— d —)N— =\ — 221 h

<r >ns o 3 g 3 7“2 T R 3 7’2 s ( 9 )

Likewise, the off-diagonal contact term appearing in spin polarization, is given by:

(0 [(r)1©| ngs) = — o fomw

dr - N-R: g(nls o(r) n23> (22.20)
3o 3

r2

r

Non-relativistic limits

The non-relativistic limit of the magnetic dipole terms is either found from equation
(20.12a) or directly by inserting the P-integrals reduced to their Pauli limit, using
Gj —> 2a(F'+ k- F[r). Considering the function f = F/r, it follows:

oo o0 rF
1 [f2] = / ff dr with [’ = (— - —) and therefore:
2 B 0 roor?
F21™  [=F(F' F ©(FF'  F? _ F(r)? 5(r)
L = - - _ =1llp= B SV IS B B S
2 [7‘2]0 /0 7’(7" TQ)dT /0 (7’2 r3)dr 2(0 lrl—r>% 72 ) 2(7“2 )
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For [ #0, (6(r)/r?) = 0 and therefore [["FF’-r=2dr = [["F?-r=3dr = (r-3):

©2-F(F' - 1)-F
P++—>%ozf ( (l2+ ) /T) :—a-l-(r"%) (22.21a)
0 r
> F(2-F'=-F|r _
P o [TEET g, o) (22210)
oL %Q/MQ-F(F -;l-F/T)dT =Oz-(l+1)~(7’_3) (22.210)
0 r

According to equation (20.12a) the expressions (22.21) for [ # 0 all correspond to:
Pjj = E*) — %a- (k+K' +2)- (r‘3> (22.22)

From equations (22.18) and (22.22), it is now readily verified that all Fj; integrals
used by [Sandars and Beck, 1965] indeed tend to (r~3) in the non-relativistic limit.

Substitution into the (kk) = (01) orbital term (22.19a) gives: (r*?’)?l} - (r=3).

The similar substitution into the (kk) = (12) spin-dipole term (22.19b) yields again:
(r3)12 > (r9).

For the contact term (kk) = (10), the result is: —3(f, FF'[r2dr - [;°F?[r3dr),
which becomes zero for [ # 0.

For [ = 0, it can directly be seen from equations (22.17) that both the orbital and
the spin-dipole term vanish .

The non-relativistic reduction of the contact term in the last step in equation
(22.19h), may be derived using G, = G,,s = 3o (F' - F/r):

e B ()3 )

72 r3

The non-relativistic limit of the off-diagonal contact term (22.20) is found in a similar

way:
2 re(2RF, (F\EF) 2 F 1™ 2
<n15|(r‘3)10‘n25>~§/ ( 1 2_( 1 2))d7’=—§[ 1 2] :§<n15 o(r) n25>
0 0

r3 r2 r2 r2
(22.24)
For the electric quadrupole terms, non-relativistic limits are obtained from:
Toy=T, =T_ ( _3>
Using this, it is straightforward to find from equation (22.19d): (r=3)% — (r=3).,
In the remaining two parameters, the non-relativistic contributions of T}, cancel:
_3\11 _3\13
(r=3),, = 0and (r=3) - 0.
In summary, for the non-relativistic case one finds for [ # 0:
—3\0L _/ —3\12 _ -
(= = - (),
() = 5)2 = (r%),, = 0. (22.25)
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22.1.5 Extended nucleus

For contact interactions that take place inside the nucleus, the point nucleus model
may easily be oversimplified.

1
Nuclear size effects are determined by the RMS nuclear radius (r2)2, where:

<r2> = % f p(r)-r* d3r (22.26)

Instead of the point nuclear model, extended nuclear descriptions can be used, the
most important being the homogeneous and the two-parameter Fermi charge distri-
bution:

Po Po
) ) 22.27
p(?") 1+€(r—c)/a 1+exp [41H3(%)] ( )

In the Fermi distribution model, ¢ = a-4In 3 is the surface thickness; typically, ¢ » 2.30
fm for all nuclei with A > 9. In addition, ¢ is the half-density radius: the distance
to the r—value at which the nuclear charge density is one-half of its maximum.

5 7 3 7
02 = g . <fr2> — g . a2ﬂ'2 — (7’2) = 5 . C2 —+ ga2ﬂ'2 (2228)
3 a?m2\
= 1 22.29
Po 4mc3 ( i c? ) ( )

el l').‘",(‘u

1. - ~
0.9+ \

0.5¢F

0.1+ S
0 r

0 1 2 3 4 5 [ 7 8 9 10

For nuclei with A > 9, the following empirical (in the unit fm) is commonly used:

1 1
(r?)? =0.836- M2, +0.570 where My =A-Z-m,. (22.30)
The homogeneous case is retrieved for t=a=0—-> R=c.

Then, py represents the homogeneous charge density of the nucleus:

Z

o= —— (22.31)

Vi(r) = 2 (ﬁ . 3) (22.32)
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N

Thus, in the homogeneous model one obtains (r2) = 3R?/5 - ¢ =+/5/3-(r?)2.

In table 22.1, the dominant radial hfs parameter a}’ calculated from equations
(22.19h) and (3.87) is much closer to experiment with an extended nucleus:

Table 22.1: The hfs parameter aég in cm™! for Bi VI and T1 IV compared with experiment.

MCDF* MCDF® Expt
BiVl 3.3 2.75 2.87(3)
PbV 329 2.92 -
TIIV 717 6.40 6.43(5)

¢ MCDF, point nucleus model

® MCDF, two-parameter Fermi nuclear charge distribution

22.2 Zeeman effect(2)

For a constant magnetic field By, one may choose the vector potential:
A(r) = 3(Boxr). This choice may simply be verified for By = By k with the
Maxwell equation B =V x A:

i k
A(r)=110 0 By|=-(3yBo)i+ (32B)j~
T
i ik

B=vxA=|0/0x 00y 8/0z|=(1By+1iBy)k=Byk
_%yBO %J/’BO 0

This leads to the following relativistic Hamiltonian for the Zeeman effect:

N 2 (1)
Hy=-1(0)"'Y a;- (Byxr;) =-1. V2 (?"i (agl)q.(”) . B(()l)) (22.33)
5 a

where in the last step, use is made from a-(bxc) =-(axc)-b with 7; = mC’Z.(l) and
equation (3.17) for the cross product and Hyz, like Hp in equation (22.4), is given
in au.

Again in accordance with [Andersson and Jonsson, 2008, Li et al., 2020], the (anti-
diagonal) electronic part is defined as:

] , €] y
(PINODTa) = 5= (30 I r (a®CO) ™ | 415') (22.34)
The radial integrals that arise are defined as:

Dy = %fo 7 (Fyij Gty + Gy Foyr) dr =1 EY (22.35)
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Equation (20.1b) gives:

(31 w000 | 27)
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=i (3071 (D) 517) [TrEGydr-i (3051 (6DC) Y | 41y} [TrGydr

Equation (20.16) with (-1)! = =(=1)! is used to find:

~

(p I N Q):g .37 - (1)1 (_% ;7% 1) Dy

(22.36)

(22.37)

Radial factors S associated with a relativistic tensor operator F(%)t are defined

by equation (21.5):

skt _ _ Kk ( )(H’f)t

After application of equation (21.7), one arrives at:

l\)l»—l

an__ Z ]j

O, e~

|

~

i Z}(1y('
j1

) Dy (22.38)

Here, the three allowed values are kk = 01,10 and 12. As the non-relativistic atomic

magnetic moment is given by fi = —ugM®) =

_% . (L(01)1 + gSS(lo)l),

it is immediately clear that the spin-dipole term xk = 12 is purely relativistic.
Obviously, equation (22.38) bears a striking resemblance to equation (22.10), and

the three radial factors may be written accordingly:

SO = —éﬂ' [20(1+ 1) (20 + 1)]%
U+ 1)@ +1)E
e

S}L?=—%-[2(21+1)]5-m

1
2l+172
P

- I(1+1)(20+1) ]2

(20 +1)2

1

I+ 1)(20+1) :
‘[(25—1)(2“3)]

9 1
M‘iihm—DW+$].W+U2

200+ 1)(20 -

[+ 1)D,, - D,_

1)D++ -

~ID_]

(21 -

(22.39a)

[ +1)*Dyy +20(L+ 1) Do+ *D__]

(22.39b)

1)(20+3)D,_+20(20+3)D__]

(22.39¢)

Equations (22.17) transform into (22.39) by the substitution a2 (r=3)" . P, —

nl 73

1a**- D;;s, bearing in mind that the Zeeman operators for kk = (10) and (12) carry
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an additional factor of two.
Summarizing, the relativistic expression in tensor operator form is written:

Hy=Bo- SO = By 3 (ala)
K,k

K,k
= By {5 (ala) " + 510 (afa) """ + 51 (afa) " }(22.40)

Hy; =—ji-By=Bg- M ™ may be rewritten to facilitate comparison with its non-
relativistic counterpart:

1
Hy=Bg-1 (a01L<01>1 +[2a" + (gs - 2)] SUOT - 2(10)2a"? Y (sc<2>)§1>) (22.41)

where the a** coefficients are related to the S%¥ factors through equations (5.66):

4 1

Ol = _a,m.[(lJrl)DH_DJr__lD__] (22.42a)

a0 - _Si . ﬁ {1+ 12Dy, + 21+ 1)D,_ + PD__] (22.42D)
8}

o - %.(2li—1)2~[2(l+1)(2l—1)D++—(2l—1)(2l+3)D+_+2l(2l+3)D__]

(22.42¢)

1
The Landé g-factor is defined as: g; = [J(J+1)(2J+1)] 2 -(aJ | MO || ).
To find a relativistic expression for the g-factor, it suffices to replace the
non-relativistic form M ](Vl ])% = (LOD1 4 g, - SUOT) with its relativistic equivalent:

1
M = (a01L(01)1 +[2a10 + (g, - 2)] SO0 - 2(10)2a2 5, (so@))g”).

22.2.1 Non-relativistic limit

The non-relativistic limit of the Zeeman terms is found from equation (20.12a) with
kE=1:

D]]l = iO& . (K, + /{, — 1) (2243)

This leads to the radially independent expressions:

D.. - iaf[)“é S [F(F' = (1+1)- F/r)]dr = -1a- (20 +3) (22.44a)
D, - ia[g‘” r[FQ2-F' - FJr)] dr=-1a (22.44b)
D._=la fom 2 [F(F' +1-F[r)] dr=1a-(20-1) (22.44¢)

Inserting the above non-relativistic expressions into equations (22.39) and (22.42)
yields:

1
2
Soll _ |:l(l+1)(2l+1):| >a¥l=1 (22.45&)
" 6
1
510 - [2l2+ 1]2 Sal0=1 (22.45b)

S2=0 -a?=0 (22.45¢)
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These results may have also directly been retrieved by comparing equation (22.40)
with the second quantized form of the non-relativistic expression for Hz using equa-
tions (5.66) and dropping the QED! correction 3(gs —2)o™ = (g, - 2)SM for the
moment so that g, - 2:

Hy, = _ﬁ.BOZBO.%M(l)
1 1
I(l+1)(20+1)72 20+172
- -B,- [(+ )é + )] (aTa)(01)1+[T+] (aTa)(lo)l (22.46)

To compare all of the above with [Armstrong and Feneuille, 1974], one should be
aware that they define both x and G,;; with the opposite sign; they use Gaussian
CGS units in which the Bohr magneton g corresponds pp/c = %a in atomic units.

!The operator %(gs -2) (g

0. . . . .
_U) in question is sometimes called Schwinger’s QED correction.



Chapter 23

Transition probabilities(2)

The transition operator T' for the transition between two electron states is once again
given by the interaction of the electron in question and the field of free photons given
by the scalar potential ® and the vector potential A:

T=|-(a)™ Zai «A(r;) + O(r;) |- exp (—iwt) (23.1)

Recall that A, = (®,-cA), satisfying A, = [(0/0ct)? - V*] A, = 0.

In the following, the harmonic time dependence is factored out and only spatial
components are considered. According to equation (8.22), the vector potential for a
photon (w, k) with a polarization vector e (equations (3.10)) is given in the Coulomb
(transverse) gauge by the plane wave description:

A(r,w)=e-exp(ik-r) (23.2)
while the scalar potential ®(r,w) vanishes. Thereby:
T=-(a)") (o;-e)exp(ik;-r;) (23.3)

Next, the vector potential A may be expanded in terms of Vector Spherical Har-
monics (VSH, equation (3.8)), separating radial and angular dependence.
First, the plane wave expansion is used:

exp(iker) = ¥ [4n(2)+ D)2 - ja(kr) - Yao

2 ] alkr)- s (23.4)

The radial transition operator may therefore be expressed in terms of spherical
Bessel functions of the first kind jy(kr) = jx(wr/c) = ja(awr).

They are related to the ordinary Bessel functions by: jy(kr) =+/m/2kr - J)\+% (kr).
They satisfy the recurrence relations:

(% . A: 1)‘”(“) = k- ja(kr) (23.5a)
(—% + %)jx(lﬁ") =k jae1(kr) (23.5b)

253
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It follows directly from the above:

4 . 220+1
In-1(kr) + jaaa(kr) = . I (kr) (23.6a)
. . 20 +1 dja(kr
Mjr-1(kr) = (A+1)jaa(kr) = o jti(r ) (23.6b)

In the long wavelength approximation kr << 1, they reduce to the below first term
of the Taylor expansion:

, kr)? ‘ kr _
Ja(kr) ~ ﬁ = ji(kr) ~ 3 and jo(kr) ~

(kr)?
15

(23.7)

Multiplication with egl) and use of equations (3.9) and (3.8) now yields the required
expansion of a plane wave in terms of VSH:
1
ST [Am(2A+1)]2 - G (kr) - Vi - e
)

i [4m(2A + 1)]

KA
Here also, [Brink and Satchler, 1968, Grant, 1970] and [Feneuille, 1971] put equa-

f(q) in appendix C.4:

egl) exp(ik-r)

N =

ga(kr) - (A0 1g|Kq) Y ke (23.8)

tion (3.9) to use, with the pertinent 3j-symbols (())\

(K)
afll)C’é)‘) > (1g A0|Kq) - (a(l)C(/\))q
K

;(—1)K+q.[K]%.(A 1 K) .(a<1>c<x>)ZK> (23.9)

23.1 Vector multipole fields

However, the required result can be found in a more direct way by application of
the three vector field operators V, (V x L) and L to the below spherical tensor form
of the scalar potential field [Edmonds, 1957]:

O =i -[L]-jo(kr)-CF (23.10)

This operation yields three mutually orthogonal multipole fields directly associated
with the longitudinal, electric and magnetic vector field, respectively:

AL AS, and ATy, Both @1 and the three vector potentials Ay satisfy the
Helmholtz wave equation with wave number k:

VQ(I)k + k,2q>k =0

V2A, +k2A=0 (23.11)
With the same normalization as ®r,,, one obtains :

cAL,, = (ik)'V®Ly (23.12a)
cAS,, = [k; L(L+ 1]_1 (VxL) Dy (23.12b)

cAT = [\/L(L+1]71L<I>LM (23.12¢)

!The vector potentials cA rather than A are used here for agreement with [Grant, 2007).
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From equation (23.11), it follows that they are interrelated as:

AS =k (Vv x ATy, (23.13a)
ATy =k (V x Agy) (23.13b)

The properties of (V)SH, listed e.g. in equations 5.9.14-23 of [Edmonds, 1957], are
now utilized to find the effect of the three operators Vv, (VxL) and L on j(kr)Y:

Vic(kr)Yim = VoLl [\/E'JL—l(kT)YLL—lM +VL+1 ']L+1(]€T)YLL+1M]
(23.14a)
. L(L+1
(VxL)jo(kr)Yin = iky\/ 2(L 1) [VL+ Jr-1(kr)Y i — VL ]L+1(/€7”)YLL+1M]
(23.14b)
L
LjL(kJT‘)YLM = [L(L + 1)]2 ']L(kT)YLLM (23140)
Below, the VSH below are written in a slightly adapted version [Grant, 1974]:
1 1
(1) (k) (2 _ (_1)1+k-L ( 4 )2 (k) p(1) L4k—L ( 4 )2 .
(PP =D 7)) (e = ohe1) YHM
(23.15)

Alternatively, [Bhalla, 1970] uses T} = (=1)"**=£-Y 1;s and [Lindgren and Rosén, 1974]
1
CLE = (47 )2k +1)2 - Y s = (CR® M)

Combining equations 23.12 and 23.14, the vector multipole fields are finally 2:

1 - L
CALy = i VLEL-1)]Zjp (k) (W OED) P
1
(L4 1)L+ 3)] 2 (br) (€O CED) D (23.162)
1
CASy = —iE (L 1)(2L - 1)]Zjp (k) (D CED) D
1
—iL+1[L(2L + 3)]§jL+1(k3T) (6(1)C(L+1))§\j) (2316b)
Ay = =iH(2L+1)jy (kr) (eDC@) D (23.16¢)

AL, and A¢, have parity (1)1, while ®7), and A, have parity (-1)%.

A9, and AT, are transverse as V-A§, =V A7, =0, which can directly be seen
from equations (23.12).

Similarly, A% ,, turns out to be longitudinal: V-cAl, =ik-®py and Vx AL, =0.

As a result, both Al and @1, do not contribute in the Coulomb gauge V- A = 0.

In the Coulomb gauge, with the gauge parameter G =0 [Grant, 1974], the

expansion of a plane wave traveling in the z—direction becomes [Brink and Satchler, 1968],
equation (4.47):

etV exp(ikz) = \/_ S (qA7 +AS,) (23.17)

ZExpressions 23.16 all agree with [Grant, 1974, Grant, 2007] except for two misprints in the
longitudinal potential in the last reference.
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However, the potential A, = (®,-cA) is not uniquely defined, as gauge transforma-
tions A, -» A, + 0,A, with OA =0, leave the Maxwell equations unchanged.

In terms of spherical tensors: Ap = G- ®ppexp (—iwt).

The potentials in any gauge then become:

A
(I)LM i (I)LM + % = (1 —i/{GL)q)LM
AS, — AS,, —-VAL =A%, +GLAL,, (23.18)

23.2 Multipole radiation matrix elements

The multipole expansion of the transition operator 7'=® — ca - A is written as:

T=5 TW e 7We L TEm S (ra —arcAl ) —a- (cAS,, +cATy)  (23.19)
L L

Electric multipoles can be found in any gauge of choice by adding G- T to T(Ee,
Judging from equations (23.16), 7" may always be reduced to operators of the type
Ia(kr) (a . (e(l)C(’\))g\j)) = jxa(kr) (aC(’\))E\j) with A = L, L + 1. The corresponding
matrix elements may therefore directly be evaluated with equations (20.10).

The occurring radial integrals are defined as in [Bhalla, 1970]:

k)\
Ef (23.20a)

If(k')=f0 (PG GiEy) jalkr)dr s (omsy - E5

and for the matrix elements involving the scalar potential to be included in 7(5)!:

k)\

SR 23.2
(2A+ DI Us (23.200)

Ta(k) = fo (FLFy + G1Gy) ja(kr)dr »

Combining equations (20.2) and (23.10), one obtains:

Gt 47) =-#Ga e () (25.21)

_1 1
2 2

Inserting (23.16) into (23.19) and application of equation (20.10) yields the following
reduced transition operator matrix elements:

~

. . Ir. gt iv_L 9" L
(1790 407 ==L Py ()
2 2

[(/{ -k +1f,)-LI; +(L+1)I;,,+ (2L + 1)JL] (23.22a)

. e L Tr. gk 1. (7 4L
(407 1 T8 | 403") = =i, 512 (-1) QL(’ : 0)

(52 2

N

N =
N |—=

[(k—&)If +(L+ 1)1;+1]] (23.22b)

[(k=&)7 = LI ]+ (Li 1)
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| . | . o l . i L
(317 1 7O | él'j’)=2L”'[L]'U>J']2<‘”l(] : 1)']Z

Z1o 1
2 2
2L +1 1 g 1 ] L
=" —="[j.j']2 —13—2+L(9 J ) k+K)-I; 23.22¢
LA W S KR (23.220)

where in the very last line, equation (C.9a) has been used to comply with Grant’s
radial factor MJ%L,) [Grant, 2007] in all three cases 3:

. . . i v L 4" L L
(307 | 7O | 177) = [P (1) ( i 0) M (23.23)
2 2
For reasons of parity, [ + 1’ + L is even for electric multipole radiation and odd for
magnetic multipole radiation.
One is now in the position to apply equation (21.7) and find the radial factors S(*)

associated with relativistic tensor operators T(+k)L = —G(L) (aTb)(”k)L:
11
1 12 2 F
SE =L 23 [, 4k k)20 U Kk (30| T5 | 15") (23.24)
i j § L

The full matrix element of the transition operator is written (%l Jm |TJE4L )| SU5'm/ )
Fermi’s golden rule then gives:

. L) - 2 _ . \ |2
g2+ A = Y 2k |(Gumal TS Ljoms )| = 26+ (L] |(a | TP | )| (23.25)
mimse
In the non-relativistic formulation, the usual transition operator TJS,I}%) is purely the
electronic part whereas relativistically, the EM field factor ¢;™ is already automat-
ically included. The relativistic transition operator TX) appearing in equations

(23.22) is related to its non-relativistic analogue T]E,L]% by this factor ¢7™ as:

TE — com. T]E,]}%) or equivalently for the radial factors: S — c5™. S](VLR? (23.26)

Using Vz,y € N: |[(-=1)7-4¥* = 1, comparison of equation (23.25) with equations
(7.72) and (7.80) yields in the long wavelength approximation:

¢ = (23.27)

1 1

il kE [L+1]5 4 oo L bl kL [L+1]§
. nda: - = . .

CL- | L R AR OV YT I

23.3 Electric multipole radiation(2)

To conserve the freedom of choice for any given gauge transformation T(X)e —
T@e + Gp, - TWE the matrix element (315 || T || 117j7) should vanish identically.
[Grant, 1974] proved this with explicit radial integrals for the first time.

The recurrence relations (23.6) may be used to avoid mixed ranks in j)(kr) and
express (305 | T || 31/5') in terms of jz(kr) only:

2L +1 .foo(FlGQ-l-GlFQ)
0

Ip  +1Ip, = 2

. g (kr)dr (23.28a)

3The quantity M;]L,) originally introduced by [Grant, 1974] differs from M J(jL,) by a minus sign.
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2L +1 o0 d .
/ (FlGQ—Gng)'—]L(/CT) d’l“
k 0 dr

2L+1 < d ,
- = fo 3 (FiGa =G Fy) - i (kr) dr (23.28D)

-LI; (+(L+1)I;,,=-

Using the above in equation (23.22a), the matrix element of the longitudinal
transition operator is rewritten as:

| 5 | . L ,,_l . -7 L 2L+1
(303 1 7@ 30737) = =it (5. 517 (1Y 2”(j J 0)’ £

N | =
N

R1 — Ra

[0 [E (F1Gy -G Fy) + (FGo+ GiLFy) + k- (FLFy + Gng)] - jr(kr)dr

(23.29)

The expression in square brackets equals zero as it matches exactly the LHS of the
continuity equation for radial integrals (20.22): (%lj | T %l’j’) vanishes indeed!

The gauge parameter GG, can assume the values G = /L + 1/L for the Babushkin
(B) or length gauge and G, = 0 for the Coulomb (C) or transverse gauge, leading
to the length and the velocity formulation, respectively.

In the Babushkin gauge, the contributions of /7_; (important in the Coulomb gauge)

are eliminated and (%lj I TéL)e | %l’j’) is replaced by:

2L +1 1 g1 9" L

LT ) = - it == "1j,J']2 —1”2+L(] j )

(315 1 757 1 405) LA S W
l(n — k) IF + (L +1) (I, + JL)] (23.30)

The radial factors S(D¢ associated with T = —S(De (afb) "™~ are subsequently
found by application of equation (21.7) for (kk)L = (0L)L:

Sl 1 ek A
sww=@¢]2ZUJ%%GU””TL{?§

33’

N

}@UHT“”HaT) (23.31)

23.3.1 Babushkin gauge

Using equations (20.3) and (23.23) plus the fact that [ +1'+ L + 1 is always odd,
S(L)e reduces in the Babushkin gauge to:

!

1
(Le  _ 4L 2L—+1 ? (L) / C i g
A l2L(L+1)] (LN 645

a3’

N[ b{

}Un—ww;wa+1xqﬂ+Jm

™~

(Q(Lili)i)!!lzLéZil)rU e ll)Z[j’jl]'{Zj' jz }'UL (23.32)

g’

N

In the above last line, the long wavelength limit is used plus the fact that J;, makes
the dominant contribution.
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This then yields the following result, to be compared with equation (7.70):

1
k)" 2(L+1) |2 oo o0
B.NR L-DI|LEL+1) al 1) . Piby-rtdr (a'b)

1

i) [L+172 2 [’ 0L)L
o [@L—Ql)] (1] C® 1)), (al)

e . 7D (23.33)

The first LHS factor of the last line satisfies equation (23.27) exactly.
By Fermi’s golden rule (23.25), the electric multipole transition probability thus
becomes in a.u.:

2L +1) - (2m)2L+
L(2L+1)(2L- DL - 1)!!

go- Aoy = ( ) o2, |(j1 I 7(L) I j2)‘2 (23.34)

Here, T(X) can either be the non-relativistic transition operator T](VLR) or the
corresponding relativistic expression given below. In the non-relativistic limit, the
G1Gy -l term in Uy, may be discarded and the summation over j,j’ in equation

rolod

2
The correct relativistic analogue L(X) that replaces the length formulation of the
multipole transition integral Lg\,L})% in an SL-coupled framework is thus found from

equation (23.32):

(23.32) can therefore be carried out independently: .. [4,j']- {] J L} =2.

L5

N

2
. 9" L o0
'Z[JJ]'{‘;, jl } ./o (FiFy+ G1Gy) -rtdr

1
35’ 2

} U, (23.35)

Il
N[
L
.
.
i
—
= .
— =
N

LX) is an inherently ’long wavelength’ quantity; letting go of this approximation
but still neglecting I7,,, the expression for the multipole transition integral will be
given by:

+17

2
2L + 1! (i L
L(L):%.%.ZU,]].{‘Z’% %}.JL (23.36)

JJ

!

with the obvious non-relativistic limit:

LY - fo PPy -rhdr (23.37)
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23.3.2 Coulomb gauge
In the Coulomb gauge, the radial factor S(X)¢ becomes:
1
1 ]? AR
gL _ L ANl - I
3

l— (Lz 1)% [(Ii -k}, - L[Z,l] + (Ll_;_ 1) [(’f K ) +(L+ 1)Ii+1]]

h

} (LEL (k= K)Ef]

(23.38)

U [ L 2 o
(2L(— 1))!! lQL@; 1)] (e ) 2 .41 {zj y

7

JJ

|

The long wavelength limit is again used in the last line. Comparison of equations
(23.32) and (23.38) reveals the relation between the relativistic transition integrals
of the two gauges:

Up< k' -[LE;_, - (k- K)Ef_] (23.39)

The Uy, and E7 integrals are defined in equations (20.4) and (20.9), respectively.
The relativistic replacement in the velocity formulation of the multipole transition
: (L) . B :

integral V7 in an S L-framework becomes:

2

_ o o j L _

Vo -y S (B - e L) (25.40)
33’ 2

In the non-relativistic limit, the Coulomb transition integral becomes after

application of equations (20.12a) and (20.12b) with £ = aw = a(es —£1) > 0:

Vi = [L ./OOOPIPQI e = 10+ 1) =1+ 1) = L(L = 1)] _/Oooplpz : rL‘QdT]
(23.41)

23.4 Electric dipole radiation(2)

For the electric dipole radiation L = 1, the expression in the Babushkin or length
gauge becomes:

3
ll T(l)e ll,., - ,7 .
(3 N TE N 305) = =i 75 135

N =

(1) ( J J% (1)) [(5 SR+ 2T + Jl)]

1
2
(23.42)

where in the long wavelength limit I3 = 472/15\% - E¥ are relatively small.
The radial quantity $$¢ in 7G)° = -4 (atb)“" is found from equation (23.32):

2
e . / < . 1 N T+ -
s = a0 - S e e ]
33" 2
) an (+2)2U+ 1)y + J1o + 121+ 3) Sy
~ 22\/5‘(1 ” oM ” l) ( )( ()2l1+ 1)(21[+3)( ) 1
(1+2)(2l+ 1)Uy +Up o + 120+ 3) Uy -

(21+1)(20+3)

i3 k(L] CW | 1) -

R

(23.43)
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Without loss of generality, I’ =1+ 1 is taken here in above last lines.

23.4.1 Non-relativistic limit

The non-relativistic limit SJ(B v 1s directly obtained by equating the fraction in
equation (23.43) to L), = [ P, Pyrdr:

Shnr=31V3-k- (LI CV | 1) L{ (23.44)
In the Coulomb gauge, equation (23.41) gives for L = 1 the known velocity form
(7.36), to be compared with Lg\%:

(1): 1 °°P i_l(l-ﬁ-l)—l/(l’-}—l):lpud — —yo% [i l—>]P/Id 2 4
VNR wl nl|:d’l" 2T n/I AT = W 0 nl d’l"+7" n’l T( 3 5)

Substituting L =1 in equation (23.34), the non-relativistic electric dipole transition
probability becomes in a.u.:

go- A = 4-(2m) 0% (s 11 T | ]'2)|2 (23.46)

This corresponds exactly to the original non-relativistic expression (7.7), except for
the conversion from a.u. to SI by the factor fe?/h-a?-108.

The substitution 7 ](\[11)% - T }(21) using equation (23.35) or (23.40) for the transition
integral yields the completely relativistic form.

23.5 Electric quadrupole radiation(2)

In the Babushkin gauge, one finds for the radial electric quadrupole factor:
51 o)
S5 = 22[5] (L@ )y [j,j']-{{, ) 1} l(f@—%’)]§+3(lg+<}2)
i 2
1
(Zk)Q 172 (2) / Y ]
=] reenn s e,

33’

— =

.02
z} Uy (23.47)

2

Given the triangular condition {/I’2} and the parity condition of even [ + 1’ + 2,
I" is restricted to: I’ =1(+0),1 + 2.

23.5.1 Non-relativistic limit

The non-relativistic limit Sgg\e,  is obtained after the summation over j and j’ under

the assumption the L »=[ PiPyr?dr is j-independent:

e ik ,
SR = (Vl (LI cpry-Ly (23.48)

The velocity form corresponding to the length form LE\% is directly obtained from
equation (23.41):

V& -1 [ [plp' rdr-2{(1+1) -1 +1) -2} - [P1P2dr] (23.49)
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For P, # P, this reduces to:
o0 d 1
A\ Pl(TE+§)P2dT
o0 d
f Pl(r—+l+2)P2dr
0 dr

-foopl (ri—zu)gdr (23.50)
0 dr

V]\SQI% @'=1n

2
VJ\(”% ('=1+2)

I
EI& I E |

2
V]\(”% '=1-2) =

while for P, = P,, the non-relativistic velocity formulation yields an indeterminate
result as: VJS,QI% =w [ [y (P?) -rdr+1] ~ 0/0. Derived from the off-diagonal hy-
pervirial theorem, equations (23.50) were already given by [Godefroid, 1978].

Substituting L = 2 in equation (23.34), the non-relativistic electric quadrupole tran-
sition probability becomes in a.u.:

1 . NE
g2+ Aoy = — - (27)° - 0°- (71 1750 11 52)| (23.51)

This corresponds exactly to the original non-relativistic expression (7.77), except for
the conversion from a.u. to SI by the factor fe?/h-aj-1010.

The substitution T](\,Qgi - T}(f) using equation (23.35) or (23.40) for the transition
integral yields the completely relativistic form again.

23.6 Magnetic multipole radiation(2)

The magnetic multipole transition operator 7)™ is given in equation (23.22c);
parity requires that [+’ + L is odd.

The radial factors S(™ associated with 7™ = —GL)m (aTb)(Vk)L are found by
application of equation (21.7):

1 1
(Lym -1 - N A (Lym || 1j7.:1
S = (LI 2) [ wk]2-0 1 ky (Bl INT5™ | 315)
i7’ j i L
11,
1 1 2 2 !
UL Y g k]2 {1 T k(1) (Jl /) f) i
33’ j j° L 2 T2
L+1 . L 5 3 v
L+1 1 1 2 2 ; i
GO R ¥ PO R LA A S RGO E A Y
(2L-1)!! = I -1 -1

(23.52)

In the last line, the long wavelength limit I} = k%/(2L + 1)!! - E} is used.

Here and in the following, tensor ranks (vk)L with v = 0,1 instead of the usual
(kk)L are used to avoid confusion with the quantum numbers .

Allowed values are: (vk)L =(0L)L,(1L-1)L and (1L + 1)L. Non-relativistically,
only the orbital term (vk)L = (0 L)L and the spin term (1L - 1)L remain, as can
be seen from equations (7.82).
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23.6.1 Non-relativistic limit

In the non-relativistic limit, equation (20.12a) gives:
Ef > ta-(k+rK - L) [[CFiFr 'dr. This implies that the summations over j, j’
can be carried out explicitly for all allowed values of (vk):

Zwy{% : O} (1) ( % f) (w4 w - 1)

7 j 4 L
:_2[25f(1r+1)(;2;z;+11)(2L 1)]5 {1 Ll—/l 5} AL cE D ey (23.53)
33 1 "L
> 1. {l I } (-1 (_1 ! 1) (ks -L)
i3’ j j L 22
[y e 25530
S :
Z[m-{l 0 L+1} (-1)'- ( ’) f) (ke =1) =0 (2655
i’ j i L 22

As expected, the (vk)L = (1L + 1)L case vanishes in the non-relativistic limit.
The above summations are less standard but may be verified with any dedicated
computer algebra package.

Combining all of the foregoing, one obtains for the non-relativistic orbital term:

1
pLm L+l L .2[25/(541)(2l/+1)(2L—1)]§' I UL
orb,NR 27 (2L-1n! L+1 1 L-1 U

(L CcED ) (aTb)(OL)L : /OOFle rEdr
0

D=

kL TL+172 2 L ety (D)
: %a'@,;_m[ [ i e -npE s ()
= MY (23.54)

where in the last lines, use is made of equations (7.81), (7.82a) and (23.27).
A similar derivation now with equation (7.82b) follows for the spin term:

(Lym 4 iLED ‘_[3(2L—1)]%_l2(L+1)(2L+1)F

spin,NR — 24" (2L -1)!! 2L +1 3(2L-1)

(l ” C(L—l) ” l/) . (aTb)(lL—l)L ] /wF1F2 rI1dr
0

N

Ll gL TLe173 2 1 ()
S A . =NE L-1 (L-1)
o G [ ] g [beL-DE T (L+1)(CDs)
= o MW (23.55)
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As expected, T]E,LR)m =cl-M ](VL}% with M ](VL}% identical to the non-relativistic magnetic
multipole operator given in equation (7.81).
The relativistic analogue of the magnetic multipole operator is now given by:

1 11
2 S[LEv+D2k+1D)]2 .. |2 2 Y i L (k)L
M@ == el k(-1 E;-(a™b
22| CeDeLD ;[‘“] i L (D% 5 y) Bie(a'b)
(23.56)
Note that this expression contains, next to the orbital and the spin term, an expect-
edly small, pure relativistic contribution for (vk)L = (1L +1)L.
The relativistic replacement of the radial integral fooo F\Fyrl=1dr is somewhat more
subtle to find than in the electric multipole case.
For the orbital case, comparison learns:
1
A0+ D2+ 1)(2L-1)12 (1 U L _ o _
lo. . . (L-1) 4 77\ . L-1
Lo 2[ - ] Uy o e ey [T AR
i1l
2 2 P
NI R R EAE A (23.57a)
33’ j 4 L 2 T2

Given the relativistic integrals F7, only an elementary computer program is needed
here to calculate the replacement of f0°°F1F2 rl=1dyr.
Similarly for the spin case:

1
2 o
1, [2(L+1)(2L+1)] -(l | CED | l’)-/ FFyridr
0

2 3(2L - 1)
i1
o 2 2 ; v L
-2 L5140 U L-1 -(—1)“(_‘7% _j% 1) -F;} (23.57b)
37 igL

With the equations (23.53), it is straightforward to check that the LHS and the RHS
of both the above replacements are equal in the non-relativistic limit.

Note that if the j—dependency of £} is not negligible, the relativistic analogues of
foooFng rL=1dr will differ between the orbital and the spin term as a result of the
different j—dependent weighting factors in the two cases.

23.7 Magnetic dipole radiation(2)

For magnetic dipole radiation, substitution of L =1 in equation (23.52) yields:

~ D

1
2
[

S0 = VR[] AT ff coe(h 2 ) (23.5%)

11
i g T2 T2
Equation (23.58) closely resembles equation (22.10) or (22.38), again with the three
allowed values vk = 01,10 and 12. Both the magnetic dipole radiation and the

Zeeman effect originate from the same magnetic dipole operator, and are therefore
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strongly interrelated. As the non-relativistic atomic magnetic moment is given by
ji=—lp- M](Vl})% = =5 - [LOD1 + g,SO0O1] the spin-dipole term vk = 12 turns out to be
is purely relativistic again.

Comparing equations (23.20a) and (22.35), it follows that in the long wavelength
approximation:

I =ik -Ef = %k:-Djjf (23.59)

-3

Comparison of the S—integrals (22.38) and (23.58) yields therefore:

S = /2. ak - §%*F written below for each combination of sk : (23.60)
(1 l 2
r 2
SO = /2 ak- e 1)6(2 : 1)] -a” (23.61a)
] 1
2]+ 172
SO - 2 k- l; ] -al? (23.61b)
] 1
[1(1+1)(20+1) ]2
SUP™ = 2 ak- -a? 23.61
i V2:a |Qi-n@+3)| (23.61c)

where the a** coefficients are the same as in equations (22.42):

6 1

o - .- . + _Jt 7t

S P [+ D), -1, -] (23.62a)
2 1

o = ok @ [ D e s A DI PE (23.62b)
1 1 . ) )

a2 = R CTESITh [2(0+1)(20- D)7, - (20 - 1)(20 + 3) [T, +21(20 + 3)IT __]

(23.62¢)

To find the relativistic expression for the transition probability, one applies Fermi’s
golden rule (23.25) with:

TOm = 3 grkm (afa)(”k)l =12 ak- MY (23.63)
Kk

giving:

go- Azr = 22 k- |{ 1| a0 1 5\ 2

= a2 2m)teot (i I M 1 5)

(23.64)

1
where M, = (a‘”L(O”l +[2a10 + (g, - 2)] SO0 - 2(10)Za2 3, (sc<2>)§1>).

23.7.1 Non-relativistic limit

As to be expected from the earlier non-relativistic treatment resulting in equation
(7.85), If is radially independent in the non-relativistic limit:

1
Ifzé-ozk-(/wr/@’—l) - (23.65)
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1

If =~ ak-(2+3) (23.66a)
1

I, =—5-ak (23.66h)
1

If = ook (2-1) (23.66¢)

And similarly for the S—integrals:

1
1 1)72
SO = /3 ok [l(l + )6@ + )] L= (23.67a)
1
glom _ _ Q.Qk.[%;lr Ll (23.67b)
Sizzm _ —a?2=0 (23.67¢)

and therefore, as M) = —2% §%* (ata) ™! the magnetic dipole transition
operator (W™ becomes in the non-relativistic limit:

TWm - _ 3 grkam (afa)(”k)l - -1/2-ak- M) (23.68)
Kk

and by Fermi’s golden rule (23.25):

2

g2+ Apy = 20 K- |( 1 M 1) = B @my?o® - [(5 1 2 1 )

(23.69)

This corresponds exactly to the original non-relativistic expression (7.84), except for
the conversion from a.u. to SI by the factor fe?/h-a? - 108.

With [’ = # 0, the radial overlap integral f0°° P, P, dr may be replaced by its separate
relativistic analogues:

1 11
[ PPadren - 80,1 (a)! ° PRI (1) o Y B
o 17 ’ I(l+1)20+1)| & i -
1 11 9

oo , _1 1 2 . 2 2 o 7 ]/ 1 .
/P1P2d7‘<spin)—>5(l,l).(a) | S 1 oop o ) E

0 (21+1) = i -1 -1

(23.70D)

23.8 Magnetic quadrupole radiation(2)

For magnetic quadrupole radiation, substitution of L =2 in equation (23.52) yields:

S(Q)m —

~

101
i(1k)2 1 o, 5 5 V . 9 .
L NG R RS RGN S 1) B (@37
3V5 7 i g2 2 T2
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The three allowed values are (vk)2 = (02)2,(11)2 and (13)2; only (02)2 and (11)2
appear non-relativistically, as can be seen from comparison with equation (7.98).
To find the relativistic expression for the transition probability, one applies Fermi’s
golden rule (23.25) in a.u.:

2k |, . a2 (@) (2m)° . N2

= 27O ) = (5) B0 e ) (2572
5 2 15

where M (?) is given by equation (23.56) with L = 2. This matches exactly the non-

relativistic expression (7.97), when the prefactor fe?/h-aj-10' is added to ensure

that Ay isin s7! and o in ecm™!.

23.8.1 Non-relativistic limit

The non-relativistic transition probability is found by the substitution M ) > M®
where M ](VQ })2 is given by equation (7.98).

Assuming without loss of generality that I’ = [ + 1, the radial integral [~ Py Pyrdr
may however straightforwardly be replaced by its relativistic analogue:

1 1 1

fooFlFQTdT(orb)%—(a)_ll;‘rZ[j i 14t (2) (—1)l( A 2) By

0 I(l+1)(1+2)) 57 i 2 -5 -5 1) 72

(23.73a)
1 11
oo 1 6 2 o 2 2 1 . ] j/ 2

[ Fngrdr<spin>—>—(a)‘l ] Z[],]'] I 1+1 1 (—1)( 1 1) E;

0 5(0+1) e P2 -1 -1

(23.73b)
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Fine structure

We consider below the relativistic form of one of the common (orthogonal) param-
eters, namely the spin-orbit coupling constant ((a,b) given by equation (5.89):

Hyo = Y8 -1C(a.b) = 5(L1) (11 + 1)(2L+ 1)/2)% (ab) " ¢(a,b)

In order to find the contribution of the nuclear attraction to ((a,b), we use equation
(21.7) with (&, k,t) = (1,1,0), and calculate the reduced matrix element of the (even)
operator —Z[r:

ok N A
(pj 1 =Z[r I a5r) = 6(3,5) 512 (psl = Z[rlg;) = 6(5,57)[4]2 fo (L + GyGy) —-dr
The final result thus becomes immediately:

(@) =30 2360 S A [ G Zar ()

Only j-dependent terms in the integral survive summation over j.

In the Pauli limit, this means only G; ~ $a (F' + k- F/r) contributes.

After integration by parts, the well known non-relativistic limit appears, now derived
without any explicit reference to magnetic effects:

((a,b) = 30°Z /Oooa(r) =3 b(r) dr

Equation (14.33) being the most important part of A(, it may be interesting to
trace its relativistic origin. The contribution comes from the spin-own-orbit part of
MSO, and thus the relativistic Coulomb interaction; the result is found to be:

)+ 350G+ 1)
AC(G) = _Z(4l/+2)z ] l(l+1)(2l+1)

/ /(@+@1wJ%@+@%mﬁm (24.2)
0 0

In the Pauli limit, again only G; depends on j and therefore the integral

I ff(G?)l (r>)‘1(Fj2,)2 dridr, is the leading term surviving the summation over j.
Integrating by parts to remove dF/dr and carrying out the summations over j and
j', one obtains exactly expression (14.33) as the Pauli limit of equation (24.2).
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Deltafunctions

As a second example, we consider the expectation value [¥(0)|* of the operator 6(r),
that frequently appears in contact interactions. As:

o(7) =—$~V2(%) (25.1)
N.B.riO:V%(%):(%+%%)l:0
[O(F)dV = 4r [ §(F) - r2dr=1= [ 6(r)dr
1 4(r)

2

o(r)=0(r) = with: (5(7)) = |¥(0)]* and: (ns|d(r)n’s) = Uas(0) - ¥,s(0)

dr 7
so, for the non-relativistic Coulomb limit (xkk) = (00):

5(r) = o) - (@)@ L (70 Mg, (25.2)
47 Jo 72
with the relativistic expectation value:
) 4 1 o o(r
6y =301 .07 [T(Fea) i ar (25.3)

J
In fully relativistic calculations, one should take the finite extent of the nucleus into
account and replace §(r)/4nr? by a nuclear charge distribution p(r) e.g.:

(6(r)) = S (307 [ (F2+G2)-p(r) dr (25.4)

J 0

In the field of HF'S, the contact operator (kk) = (10) is, in analogy with the other
HF'S contributions and conform to equation (22.19h), frequently written as :

()= [ e Bisen, - 2 (2 255

3a r2 c”3

From hydrogenic considerations, one has:

lim (Mr = lim (dp’”(r))2 = 4233 < WO =m"" (i)3 (25.6)

r—0 r r—0 dr n3ag nao
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Chapter 26

Two-particle operators

For two-particle operators, a similar expression is found:

1 1 1 A §
S(abv Cd) = [t] 2 [k]Q [/{laklaﬁ27k2]2 ‘ Z ‘ []LL?jb?]C)jd]z
Ja-Jb-Je-Jd
1 1 1 1
7 3 Hhi1 3 3 ke
< (_1)n2+k1+k+t{’;1 /];52 ];} i lQC ey lzb l2d o
o Ja Je t) Ub Jda t
.. 0 ..
< (G 1 {AOBOY | g (26.1)

As long as I} + k + Iy is even, the reduced matrix element of the C®) tensor depends
explicitly only on j; and j, as shown in equation (20.3). Using this and the fact that
the instantaneous Coulomb interaction is an even operator, we obtain the relativistic
form of the Slater integral from equation (26.1):

oy 2

Jd

4

x f f dridry (FuFy+ GaGl), 8 r Y (FyEy + GyGla), (26.2)
0 0

=~

2
o . k7 ]
RF(ab,ed) = § ) [Ja,Jb,Jc,Jd]{jl 1 ?} {gs

JasJbsJesd ¢ 2

N |—

So in the most general case, the familiar R* integral turns out to be a weighted
sum over 16 relativistic integrals, each of which has the same non-relativistic limit.
If these integrals were independent of j (which in the Pauli approximation means
neglecting the G,’s) the prefacing factor can be calculated explicitly yielding unity.
With the above relativistic definition, the two-body Darwin term will be included
in the ”cross-terms” F,F.G,G4 and G,G.F,Fy in the above integral.
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Chapter 27

Relativistic core for B-spline
excitations

A desirable extension of the basic B-spline program is to improve the quality of its
results in more relativistic cases by including the capability of reading core orbitals
generated by the MCDF package.

The MCDF package generates multi-configuration core orbitals using the Dirac-
Fock equations. The Dirac-Fock equations are based upon the same principles as the
Hartree-Fock equations, but instead of using classical quantum mechanics, the Dirac
theory is used to build the equations. For the central force problem it is convenient
to write down all equations in a two-component form. This leaves us with two-
component eigenfunctions, referred to as large and small components that can be
retrieved from the output of the MCDF program. Actually, our (non-relativistic) B-
spline program is not designed to produce them directly. Using MCDF core orbitals
as input and including the most important relativistic corrections for the series will
however yield an equivalent improvement. It is therefore necessary to redefine the
Hartree Y}, functions as they occur in the Hartree-Fock equations (10.3).

27.1 Knot-points and interpolation of MCDF or-
bitals

The points r; on which the MCDF orbitals are calculated, are given by:
() = o (e i - 1) (27.1)
r(i)=—=|e —-e :
Z

Here, Z (NZ in the program) is the atomic charge: for high charge, it is important
to have sufficient points close to the origin. The sequence is not very different
from the sequence used in MCHF. The main difference is that the MCDF sequence
has points much closer to r = 0 than MCHF has. For a proper interpolation of
the MCDF orbitals, we can use the current routine that generates the knotpoint
sequence. Important though is to change the parameter PREFIST to a much smaller

65,1 65
value: (e 16716 — e 16)%1.1><10‘3.
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27.2 Redefinition of the R* and Y}, integrals

The MCDF core orbitals are composed from a large component F'(r) and a small
component G(r). From this, the relativistic definition of the Hartree function Y,/
of the traditional Y} integral, see equation (10.3), is given by:

‘zjb} fo i T%l (Fu(s)Fo(s) + Ga(5)G(s)) ds

1 R
;YkR(ab7T) = % Z [.]mjb] {‘gb

jazjb

=

(27.2)

As an example, the expression for the direct interaction for s-electrons |b) from the
core reduces to:

%YkR(bb,r) _ 5(k,0) fo " r’;i (F(5)? + Gy(s)?) ds (27.3)

These redefinitions are to be applied to the B-spline expression (11.11), with the use
of Bentley’s method [Bentley, 1994] without off-diagonal Lagrange multipliers:

1 1 (L CW | 1)
;Yo(bb,r)‘Bj> 2 X G e D@+ 1) BB

(27.4)

H;; = (Bi|HBN|Bj> + Z b <Bi
b

One concludes that the core itself is determined by the second term in the above;
equation (27.2) for equivalent electrons is inserted.

If a is associated with the channel electron and b with the core electrons, one uses
the expansion:

Vi (ab,r) =Y ¢V, (Bib,r) (27.5)

For the third term, one needs to calculate Y,#(B;b,r) with B; a B-spline. Given that
small components of B-spline functions are not (yet) defined and therefore neglected,
expression (27.2) now reduces to:

Lok 1 e I Lo ok
YEBL) =Y Taid {77 T [ Bis)R(s) ds (27.6)
b a o 1t

JasJb 2

There is no j,-value associated with the channel (with {|B;)} as basis), so the sum
over j, can be carried out directly by means of equation (2.11), and the above is
reduced to:

L) = 1S 1 [ B9 R(s) as (277)

For core s-electrons |b) this simply reduces to:

1

r

1
VB, 1) = ~Yi(Byb,r) (27.8)
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In accordance with equation (26.2), the relativistic R*-integral is given by:

<C(T) %YkR(abW) d(?")) :% Z [jc’jd] {LZ /; ‘;j}

'/Ow %YkR(abvr) (Fe(r)Fa(r) + Ge(r)Ga(r)) dr (27.9)

In the program Basis, only (Bi(r) |%YkR(ab,r)|b(r)> is needed. Again neglecting
small omponents and averaging over possible values of j,, this reduces to:

<B¢(r) %YkR(ab,r) b(r))z%Z[jb]-[lb]l [ %YkR(ab,r)Bi(r)Fb(r) ds  (27.10)

Again, for core s-electrons, the RHS factor prefacing the integral equals 1.
A similar expression is valid for all core electrons |b):

(Bi(r) %YkR(bb,r) a(r)> - [ w%y,f(bb,r)Bi(r)Fa(r) ds (27.11)
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Appendix A

Other useful Coulomb matrix
elements

A1 [N o [N22

(IN(SL)|C[IN72(S1L1),1*(SaLa) (S'L')) = \/AN(N - 1) - 6(SS") - §(LL")

~ ~ 1
DM O ) RNP%) - S L L, 8, 8] (-1) e (1)
k SL

Sy &+ 3 L L 1 I Ly | N N-1&FY\ (IN-1 &7 f|IN=-2
{S ERNN R PR B (IN SLAYN-LSL) (1N SLA|IN=28, Ly)

(A.1)

A.2 ['2]N & [N]12

(12 (SL L)V (S2La) SL|C [IN (S L)l (S1L1)SL) = (=1)%1+5275 . (~1)FreleL

TEE e R con- (A2

A3 N < N2
((NSL)[CIIY 2 5100, ) s0020, 1(S'L)) = VN(N =1)-6(SS") - 6(LL)
Z (l ” C(k) || l/) (l “ C(k) H l") -Rk(lz,l'l”) . (_1)L1+L12+L . Z 5(527512) . [L27L12]%

k SoLo

coefy B B s s (0 g sin)

(A.3)

275



276 APPENDIX A. OTHER USEFUL COULOMB MATRIX ELEMENTS

A.4 lNl' < lN‘ll”Z

(IN(S1Ly) U SL|C[IN"Y(S{LY) I"(S5Ls) S'L') = V2N - 6(SS") - 6(LL")
1
S DR W ey (v e® | 1)y - RHAV,12) - [ Ly, Si, Lo, So]2 (1N S1 L {[IN1STLY)

k
gfSy 1 4 Ly L U [l Ly U
(_1\1+S1+S P2 3 2 _1\L+L2+L] 1 2
(1) {51 3 s;}( DT {L2 z Lg} {z" 2 z"}

(A.4)

A5 IV« N6l

(I (S1Ly) I(SL) | C|IN-1(SyLa) s(SiLa) I"(S'L')) = VN - 6(SS") - 6(LL') - 6(Sy, SY)
LN CO | s) {1 CO ) RIAY, 817) - (1) B [L,)2 - 1]

Ly | L
'(—1)l . (ZN 51L11/1{|ZN_1S2L2V2) ' { l/2 L llll}

+VN-5(SS)-S(LLY (1| O 1) (1| ¢ || s) - RY(IV,17s) - (=1)F2*E (L2 [1]°2

" [ I U+1" / 1 S1+S! 52 Sl % N N-1
Ll L L2 (_1) ’[51751]2 (_1) L S Si % (l SlL1V1{|l SZL2V2)
(

A.5)

A.6 lNl’ PN lN_ll"l”’

(IN(S1Ly) I SL|CIIN=H(S{LY) 1" (SaLa) 1" S'L') = /N - §(SS") - 6(LL') - 6(S1, Sa)
1
D EDE( N CW ) C® | ) - R - [ Ly, Ly ]2

k

(0 ko vy [k U1
(1IN N-1qQrrr\.(_1\+L1+L] . (1 L2+ +L
(Y S S L) - (- {L2 L L1} (=)™ {L Ly Ll}

+\/N5(SS/) . (5(LL/) . Z (_1)k1 ) <Z H k) H l///) <l/ H k) ” l") -Rk/(]l/,lml")
k’

l k/ l’//
1 1
-(_1)51+S2-{§1 s 3} S0 L1, S0 L) ALy 1 LY (1N S LIV Sy
R Ly 0" Ly

(A.6)
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AT N2 < (NN spectator

(IY(SyLy) 17 2(SyLo) SL|C[I¥(Sy Ly) U (SiaLaa) 17 S'L') = /2 6(SS") - 5(LL)
Z (_1)k: . (l” ” C(k) H l’) <l" || C(kz) || lm> -Rk(l" 2’1/1///) . [S12,L12,SQ,L2]
k

S S L l/ L k l// l///
(_1)S1+1+S | 1 12(  _1\L+Li+Lo . 1 120 |
A Al (T I P MY

A.8 N « [N, " spectator

N [—

OD[\'HH

(IN(S1Ly) U (S1aLno) I"SLIC |IN (S)L3) I"™(S5Ly) S'L') = NV/2-6(SS") - 6(LL') - 5(Sh, 5)

/ 1 (i g
(1) 81,5512 { E SS} DR OW (1] oW |17} REQr )
2 2 k

, Lo(im Ly Ly (L L)k
(L1, L2 Lo, Lo ]2 {L 1" LQ} {l” ' L

(Y SILA IV SL) - (1N S{LA{|INTSL) - (L) FrEe etk {Lll [21 i }
SL

~NV2-5(SS")-S(LL)- > (-D)F (1] ¢ [y (1 ¢ | 1) - R (10,171)
k/

_ , L[S, Lt Ny , L (L Ly 17
'(_1)51 S'[51751a512a32]2 {S}; gv %1} '(_1)L Ll'[L17L1>L127L2]2 {l/l1 L122 L}

o (1§ s Kool

SN S L {[IVTESL) - (1Y S{LI{INTTSL) -4 3 " Ly L,

o b 512 Sl T

SL 2 [ L1 L

(A.8)
A.9 l/4l’+21N—2l// < l/4l’+1lN

(14 2N2(8, L) 1" SL|C|[’4l'+1lN(S{L’)S’L'> =0(SS")6(LL)(-1)Y/N(N -1)
(81,2802 I N 0@ 1) R )

S, S Ly 1" L
5Lt
! L 1L

(¥ (SN SD)) (VN ED{(S1L))
(A.9)

\.C,)2
[l
e

Z (_1)1+§+S . [

—

N[— DN
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A.10 l/4l’+2lN PN l/4l’lN+2

(l’4l’+2lN(SL)|C|l’4l’(S1L1)ZN+2(52L2)S,L,> — 5(85')5(LL')\/(N+2)(N+ 1) [S,L]_%

2
l +5+02 +L1+L2 / 2 l, l, L "/
[81. L, Son Lol ()55 ()P0 {1 | €9 1) (—1>k{l l k} RE(UT, 1)
-1 (11 L) (L L os - -
. S,L|2- ~ 22 b (NP2 G, L {IVHLS L) (VLS L{INSL

(A.10)

A.11 l/M+2lN <> l/MlN+2

(M2 (S Ly) IV (SoLo) SL|C 1™ (S1 L1 )IN*2(SoLo)SLY = 1/ (M +2)(M + 1)(N +2)(N + 1)
. Z Z (llM+2 S3L3{|ZIM+1§Z) (llM+1§Z{|llMSIL1) . (lN+2 52L2{|ZN+1S_1L_1) (lN+IS_1L_1{|lNSOLO)

SL S1L
N .
. (_1)SB+SO—S . [g, 5375_1’ 52]2 é S; Sob - (_1)L2+L1+L+L1 . [f, L37L—1’ Lz]

N—

S 1 S

2

) Lo Ly ' 1
SEne® - rearay-{ L T ok L (A1)
k Ly L3 ' 1

Graphically:
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A.12 l/4l’+2lN PN l/4l’+1lN+1

Assuming that parity(l")=parity(():

(2N (SL) | O [ N (S, L) S'L) = 6(SS)S(LL) ()N NV (4 + 2) (N + 1)
-[Sl,Ll]% : [%,z']f% S C® o) e® )R L)Y (NS Li{|IVSL) [ S, L]%
k SL

NN | =

 (a L, | L
- (VSN Sy Ly ) (1N SL{|INT Sy Ly ) (=1) 1545 {g gl} Ik
Salz DAL ULy

b ALY (COV A+ D)@+ 2)(N 1) [ L]E [T [S,L]72 - (1IN S L (VS L)
SOOI RTS8 B+ D+ 1)) () {ﬁ g f,}
(A.12)

A.13 [JAH2IN 5 pAUSLN 0
Given the condition that parity({”) equals parity(l’), one obtains:
(2N (SLY | C [N (S5 Ls) S1 Ly 17(S'L')) = 6(SS")S(LL) (-1)NINVAL +2

1 1
S CW (L O 1) REULIY - [0, 8172 [y, L, Ly ]2 - (-1 55
k

270

. i Lok U koL
32%5(51,52)(1NSL{|1N LSy Ly) (1N SsLs{ 1N 1:92L2){L1 L, L2} {L L L2}

’ / / _l l
SN CE (L) CEY ) - RN (VL) - [3,0,S3]72 - [Sh, Ly, Ls]2 - 6(S, S5)
k.l

_ - RTITAPT R A A O A O
> (VN SLIN T Sy Ly) (1N S5 Lg{[IN 1Sy L) (—1)H7+E L{Ls Ly L} {Ll Ls L}]

SoLo
(A.13)

A.14 l’4l'+1lNl” <> l’4l,+21N_2l”2

(1N Sy Ly) Sia3 L1231 SL| C| l’4l’+21N-2sgL' 1"285L5 SL) = (-1)N"1\/2(4l + 2)N(N - 1)
1
- [Sa, Lo, S123, Lias, S5, L3]2 - [3,1] Z( DR C® ey (L] c® |17 - R*(12,117)

/ 1 / " 1 - R
{55 %) {0 ) oo sneos ) sTen es)
2 SL
_ 1 S/ S Lé l” L123
. (_1)5123+S+Sé+3§+1+5 . {i 52 1§23} . (_1)L+L’2+Lé . i k I (A14)
2 2 L | L
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A.15 NI « [N]"2 [N spectator

1
The phase factor w.r.t. A.7 equals (=1)* = (=1)N - (=1)%2*27512 . (_1)L2+l'~La2,

D=

(I'1¥(S3Ly) S1aLna " SL|C |1V (S5 Lo) 1" 2(S5L5) SL) = (-1)¥V/2 - [Sia, L1, S5, L]

1 S S 1 7 L L
L S12+S+ . 12 2 (1 \Li+L+U" 12
( 1) 2 {Sé 1 5’2} ( 1) {Lg I L2}

Zk: (_1)k . (l/ ” C(k) ” l”) (l/// ” C(k) “ l”) 'Rk(l,lm,lﬂ2) A (_1)[/3 ) {[]2 lllll llllllr}
(A.15)
A.16 'INl" < [N]"2, |" spectator

The phase factor w.r.t. A.8 is the same (—1)%, see above.

N

(I'I¥(S3Ly) S1aLaa I SLIC|IN(S4L5) 1"2(S5L5) SL) = (-1)N - NV2- [Sia, L1, S5, Lj]
1
[Sa, Ly, S5, L5]2 - 3 (=1)F - (1" [ CW 1) (1| ™ | 17) - R (11, 11")
k
(_ 2S§+l—Slz—S_ _1\Lo+Lh+Lia+l'+L | Sé % Stz . Ly 1" Ly
( 1) 2 ( 1) {% S Sé L Lé

% Sy Sz Lo 1L N N-1GT N oryrfyN-1aT
DRE: =t ALy 17 Lyt (N SoLo{[INES L) - (1N SyLA{ NS L)
2

stz % STy
N 1 1 Siprs+t [S12 Sy 3
— (-D)V NV 5(8285) - [Sia, Lua, S L7 - [La, L]7 - (1) %2972 400 2 2
3 2
. Ls L/2 " . _1\K [ (k") " (k") RK 111 1111 . Lo K’ Lé
{Lg ¥ L} ;( DY CE ey et ) REQLIY) -
Tosr JL 1 L P R
SZLH)“L'{’“' L, 12} (I Sy Lo {|INES L) - (1Y S5LL{|INS L) (A.16)

A 17 2N o s [N

The parity condition is: (=1)H#+" =1.
(PPN (Sa L)l (SL) | C'] (sTV(S1L1)) SiLaz 1" (S'L')) = 6(SS")S(LL ) (-1)N V2N
l ll lll 3
'5([/127[/1)'{[/ Ll L2} (ZNSILI{‘ZN ISQLQ)

1 1 1 ,
[8(S10, ) - (I | CO (| 17) - RN sV, 07) - [5,1]72 - [Sy, La]2 - [So] 72 - (1) Fert

N |—

[SI72 (1)t
(A.17)

" 7 1
=6(51,8) (L U ) - R (Y1) - [5,07]7% - [Sha, L]



Appendix B

Some perturbation operators

Matrix elements of effective (2+41)-electron operators in the configuration 21’

The orbital angular momenta [,1’,] and [ are respectively associated with the or-
bitals a,b, ¢, and v (the latter two referring to closed and virtual shells).

For a two-particle excitation c¢b — a?, we thus obtain for the configuration %I’ the
final equation:

(P(SLYU(S5L3) |T(cb — a®)|12(S'L)'(S5L3))
=Y 2(LC® @ e e c® e )

Y
S L.S L % 1 S+S'+1 S %
X[ y Ly ] (_ ) S/ SS

L L Ul (L1 V) (L 1 U) RF(chbyaa)R* (aa;bc) B.1)
kol kL I |L' Lsg U Er-Ep '

All remaining three-particle operators arise from single electron excitations in the
second order of perturbation theory.

Equations (B.2) represent the a - v excitation, equations (B.3) the b - v excitation.
Below, the characters D and E indicate ’direct’” and ’exchange’ terms. Equations
corresponding to closed shell excitations ¢ - a and ¢ - b with [ = I are obtained
from equations (B.2) and (B.3) by adding a minus sign and replacing v with c.

N[N
—

(I(SLYU(S5L3)|T(DD + DD)|I(S'L")'(SsL3))
= Z {re® ey e ey e® ey e )

k,k!

5( ( 1)L+l’+L3 [L L/]%

l L’ - r N I I L |l " L
k L 1 "1k kL1
L L R¥(ab; vb) R¥ (aa; av)

U 3 U —>v EA—EB

(B.2a)
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(I(SL)U(SsL3)|T(ED + DE)|I(S'L")'(S5L3))
= 2(LCO ey cE (e e® ey e )

kK’ )
X [SaLaslaL,]%(_l)k{Sf S}
2
& l, k! 1 I Ly L
x(15{, }z (1)S'LZZ}ZL’I
kol l" AR A 1

y i RF(ab; bv)R’C (aa;av)
a—v EB

N | DO | =

h
w

(B.2b)

(I2(SL)(SsLs)|[U(DD)|I2(S"L')' (S5 Ls) )
=2 2( 1 CB (e e e e® ey e )

kK

N

% 5(57 S/) (_1)53+L3—(1/2+l’) (_1)5‘3+S—1/2 [L,L']

Ly L 1 K . Yoo
y v j R¥(ab; av) R* (ab; av) (B.3a)
I k l L’ b—v EA - EB

(IF(SL)'(SsL3)|[U(DE + ED)|I>(S'L")l'(S3L3))
=20 C® ey e e e® e e )
S

kE
1
2
s’ 53}

LU 1k l [k
X KL U ly;+5 K L U 1
U Ls L [" ' Ly L

y j,: R¥(av;ba) R¥ (ab;av)
b—v EA - EB

< [S.L, 5, L']2 <—1>S+S'{

o~ NN

(B.3b)

(P(SLYU(S5Ls)|U(EE)|>(S'L')'(S5Ls))
= Zk (Ll e® ey e ey e ey e )

X [S,

S

k L

X lll l
[ K

LI 17 D - )

I IV A N
U Ly|+|tr 11 L yf R(ab’ga)RE(““’b“) (B.3¢)
74 I A R 7 | R AT EB

NI —
N
@I

—
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1
2

(10(SL) I =~(CapTEy + TOHCE)™ [AB | W(S'LY)) = {all P || 5)-[S, L, L]

a—

= W

.{_ K 51”} .(_1)ﬁ+k+s'+L’ . Z(l | O ) [ l/) (l’ | ') [ l’)-Rk'(ab, bb) - AE.
2

11
2 2 K

LU [Lk L CfLrr Lok L
-— S- . —_ Sc .

(0(SL) | ~(CanT{a+ TS Cp)™AE | W(S'L)) = {all F™ || b)-[S, L, 5", L]

D=

a—

~{S 1 5;} (LRSI CEO V(1 O | 1) - R (ab, bb) - AET

2 2 k'

ny L U L k L' LU L' k L
_1\S+L+S'+L' ( _1\S . . ~1)5". .
(B.4b)

N



Appendix C

Special nj-symbols

C.1 3j-symbols

(J_ k J_) ) (27)!
=0 [(2j—k:)!(2j+k+1)!]%

1
2

(549 (gt
-7 07 (j+1)(25+1)

(—jﬂ' ; i) :(<J'+1>‘Z§jj+_1;22j+3))2

|=

(2, 0 o) -com
J 1 7 —(_1)-m m
(—m 0 m) =D ViGi+1)(2j+1)

1

[ 1 1+1 -1 l[+1 2
(0 0 0) = D [(2l+1)(2l+3)]

[t T
= (D [(25—1)(2“1)]

! +1 1 %
—1) = (D) l2(2l+1)]

—_
O =~
S =
o~
o |
—
N —
|

—_
O =~
[ —
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(C.2a)

(C.2b)

(C.3a)

(C.3b)

(C.4a)

(C.4b)

(C.4c)
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O =~
il
o~
|
oo+
—_
N —

N[ =0 —=

J
N

[-1

(-1)

2(20-1)(20+ 1) |

J
N =

[+2

(-1)

- (1)

— (_1)l+1

— (_1)l+1 i

_ I+1 (l B
= (1) '[21(2z

- (-1)"

- (-1)"

[ 2(20+1)(20+3) |

YD Vo P Y (R r

Il

Ve

|

—_

N—

<

T

Nl
DO | —
| =
[—
V)

1
P 1 2
J-m+3 :|

) = ()7 lZ(j 1) (25 +1)

l 2
l(zz 1)+ 1)]

1
ol
20 +1

1
2

l[+1 2
[(2l+ 1)(21+3)]

1

N | —

[ J(+1)(25+1)

]t r
G +1)

DN | —

. 2
T =2 ( I é) [Grant, 1961]
2

1

nI+1) 12
)(2l+1)]

[2(2[ 1)( 25+1 (21+3)]

I(1+2)
[2(l +1)(20+1) (20 + 3)]

[Brink and Satchler, 1968], recursion formulae Appendix I:

forodd [+ + L:

|
—_—
I
N
l\')le\~
=N
N—

I
—
|

JgoJ Ly
0

L GO ]
[L(L+1)]?
(1) 2" (s + w)

(L(L+1)]?

11
2 2
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(C.4d)

(C.4e)

(C.5)

(C.6a)

(C.6b)

(C.6¢)

(C.7a)

(C.7b)

(C.7c)

(C.7d)

(C.8a)

(C.8b)

(C.8¢)

(C.9a)
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For a + b+ ¢ even:

a b ¢ a b c\ clc+l)-ala+1)-b(b+1)
(1 -1 0) :(0 0 0). 2[a(a+1)b(b+1)]2 (C.9b)
C.2 6j-symbols
HHHES c
a el q\asbie C_%_a(a+1)—b(b+1)—c(c+1)
{1 ¢ b} = GOl 2/b(b+1)-c(c+1)
Lo

= G0 Vo )20+ 1) e+ 1)(2c+ 1) (C11)
a b c . 3C(C+1)=b(b+1)c(c+1)
{2 c b} =2(-1)* 1

[b(b+1)(2b+1)(2b—1)(2b+3)c(c+ 1)(2c+1)(2c - 1)(2c + 3)]2
(C.12)

L1 [ @-1)@i+3) ;
{2 1 l} _l30-l(l+1)(2l+1)] (C.13)
{% 3 S} =(-1)5-1.(23-8(S+1)) (C.14)
3 O -
> [S,S’]-{f 51: 1} =2 (C.15a)
S,S’ 2 2 2
> 15,87 (- 1)5-{5 Sl 1} =-1 (C.15b)
S,S! 2 2 2
S8, 87 (~1)5+5" {S o 1} =0 (C.15¢)
S,S’ 2 2 2
-1 3 1] 2-1 ;
{ 13 l} ‘_5[31(2“1)] (C.16)
4113 -1
{3 ! l} “l14<Z+1><2z+1>] (€17
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{zg% ; zf} :_%L(“iz)él“l)r (C.18)
{Hz% o é} :2(21+11)(Z+1)'[21(2“3)]% o
{“l% l_l% i} =2z_+11'l21(11+1)]§ (20
(55153 = ety (L2220 o
{ZJ}% " 2} =2<2z1+1>'lzai1>r .
{l_z% l_l% 2} :z(2z1+1)'[(2l+3;(l_1)]% o
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APPENDIX C. SPECIAL NJ-SYMBOLS

1

J
N

20+ 3

2(3(1+1)(20+1) | (C-:34)

+ D=

1
2

| D=
J
l\)l»—l

1)+ [ 2ll-‘_ 5 (C.35)

1
2

1
2

(C.36)

éé} [10(1 +l1+)(221 + 1)]2 (€.25)
éé} %[10(13521[ +(231 n 1)]5 (C.26)
i)
éé} _%[5(“1 (21+1)]§ (C.28)
—g%} l15ll(;zz+1 F (C.29)
éé} [15(l+1)(2l+1)r (C:30)
—g%} [55?21131)]5 (C.31)
%} [14(5+1 (2[+1)F (C.32)
1 [ 039

)3

Ay =

-

l3[(2l + 1)]

1
2
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{l ! l} :[6<l+1>l<2z+1>]2 (&30
{z—%é } l%%} :_%'l(5(1+21l)2211+1)]5 (C.38)
ARl o
{l+1% é %} _%[ (l+21l):231+1)]5 (C.40)
SRl ca1)
{Hz% i %} _%[ (l+21l)(21l+1)r (C.42)
i -ilsees) c:9
AR e o e
{C%L Cf% b—cé} = :2b((;b++11))(5cz22ca31)]% (C.45)
(143 3] - o [t E
R N ECR [T i)
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C.3 9j-symbols

Using equation (2.14) for the below ’stretched’ cases:

|

|l M L I L

— N =N =
N = =
—_—
1l
NeN =

~N|=
|

Sl

—
b\~ N[
~ =
SLvlw
—
—
[\] Q\'
N|— o=~
S~ NW
—

~

.

C N
—
b\%\)l»—t
~ DO
L nlw

—
—
= Q\'
N o~
~Nlw
—

~ N
S~ N|UT

T ] N N [ S N Ny Y [
<
NCRNJURN S R S
—— —— ———
Il
|
Sl
w

Il
|
N
—
2 N |—
[\
SLolon

.

%,_/
—

w M\'
N|— o~

}

.

[Brink and Satchler, 1968], Appendix II, only for even [ + 1’ + ¢:

~

{H i}-(l eyl Z'):<—1>“l-(—1>f+f'+t-(” y
2

_1
2

)

N[

(C.48)

(C.49)

(C.50)

(C.51)

(C.52)
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[Brink and Satchler, 1968], Appendix III, p 144-145:

a b c
{d . C} _ a(a+1)-d(d+ 1)—b(b+1)+e(e+11) x(—l)”g*b*d-{z Z ;} (C.53)
g g 1 [4de(c+1)(2c+1)g(g+1)(29+1)]2

For g = % and ¢+ d + e even, this yields:

1 a b c
\/6'[0,03,6]5‘(8 E]Z 8) {d e C} :(
11 9
2 2

assuming ¢ = k in the operator (c(VC®™)® | this gives:

_Cl) (C.54)

= SN

L 1 9
1 |2 2 T
VE- (=) - (L e® )Rz Tk :(_Jl I ’f) (C.55)
j j/ k 2 2
For the other cases t = k + 1, two more relations (with ¢+ d + e odd) are needed:
. B a b ¢
\/6-[c,d,e]5~(c bd ) -{d c 0_1}
0 00 11
3 3 1
1
(-1)"*2 . [(d-a)(2a+1) +(e-Db)(2b+1)=¢c] (a b ¢
(c(2c-1))2 22
) a b ¢
\/5-[c,d,e]5-(c+1 d ) -{d e m}
0 00 11
5 03 1
1
(-1)"*2.[(d-a)(2a+ 1)+ (e=D)(2b+ 1) +c+1] (a b ¢
= T 1 1 (C.57)
((c+1)(2¢+3))2 22



Appendix D

Tables of electric dipole transition

integrals

Table D.1: Values for the electric dipole transition integrals in Cr II calculated by means of

MCDF including core polarization

Cr 1l

3d*4p 3d34s4p

3d%4s?24p 3d*5p 3d*4f

3d°
3d*4s
3d34s?
3d*4d
3d*5s
3d45d
3d*6s

1.05
-2.96
-3.32

2.23
-1.06
0.607

.828
-2.740

292

246 345
.032 -
671 - -
6.30 -7.07
-6.87 -
-0.69  6.42
5.02 -
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Table D.2: Values for the electric dipole transition integrals in Mn II calculated by means of
MCDF including core polarization

Mn 1T 3d6 3d%4s 3d%4s? 3d%4d 3d%5s 3d5d  3d56s
3d84p 95 281 - 336 2.08 -0.82 0.8
3d44sdp | - 0.76  -2.62 - - - -
3d34824p | - . 0.62 - - . :
3d%5p | 0.239 0.025 - 6.37 -6.70 -5.48  4.97
3d54f | 0.291 - - 638 - 6.80 -

Table D.3: Values for the electric dipole transition integrals in Fe II calculated by means of
MCDF including core polarization

Fe 11 3d7 3dS4s 3d4s? 3dS4d 3dS5s  3d65d 3d66s 3dS4p? 3dP4sdd  3d54s5d
3d%4p | .863 -2.713 - -3.283 2.048 -0.803 0.564 0.685 _ _
3d%4sdp | - 0.703 -2.531 - : : ~ 2480 -2.940  -0.764
3d44s24p | - : 0.586 - - - - - - -
3d55p | 0.221 0.038 - 4938 -6.429 -6.119 4.780 - _ _
3d54f | 0.238 - - 5695 - 7180 - - _ _

Table D.4: Values for the electric dipole transition integrals in Co II calculated by means of
MCDF including core polarization

Co II 3d® 3d74s 3d64s? 3d"4d 3d75s 3d75d 3d76s
3d74p 79 -2.65 - -3.20 213  -0.79 0.57
3d64s4p - 0.65 -2.44 - - - -
3d%4s%4p | - - 0.55 - - - -
3d75p 0.22 0.03 - 4.88 -6.41 -6.00 4.89
3d74f 0.19 - - -5.56 - 7.32 -

Table D.5: Values for the electric dipole transition integrals in Ni II calculated by means of
MCDF including core polarization

Ni II 3d?  3d®4s 3d74s? 3d®4d 3d®5s 3d®hd 3d®6s
3d®4p 0.734 -2.593 - -3.11 221 -0.78  0.58
3d74s4p - 0.608 -2.402 - - - -
3d%4s24p - - 0.517 - - - -
3d®5p 0.211 -0.001 - 4.82 -6.39 -5.88  4.95
3d84f 0.160 - - -5.43 - 7.42 -
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Table D.6: Values for the electric dipole transition integrals in Ti III calculated by means of

MCDF including core polarization

Tilll| 3dd4p 4sdp 3d5p  3d4f 3po3d3
3d2 999 - 231 617  -1.02
3d4s | -2.880 .78%  .150 - -
4s2 - 2700 - . -
3d5s | 1.710 - 5830 - -
3d6s | 501 - 3550 - ;
3d4d | -3.270 - 3.790 -4.980 -
3d5d | -.625 - -5.690 3.640 -
4p? 780 -2.670 - - -

Table D.7: Values for the electric dipole transition integrals in Fe III calculated by means of

MCDF including core polarization

Fe I1I | 3dS

3d°4s 3d*4s?

3d4p | 681 -2.397 -

Table D.8: Values for the electric dipole transition integrals in V IV calculated by means of

MCDF including core polarization

VIV | 3ddp 4sdp 3d5p  3d4f 3p33d3
342 | 699 - 185 577 -0.8983
3d4s | -2.464 590 204 - _
4g2 - 2343 - _ _
3d5s | 1.326 - -4.835 - _
3d6s | .398 - 2.764 - ;
3d4d | -2.892 - 2.580 -3.770 -
3d5d | -.317 - -4.943 2338 -
4p? | 587 2325 - - -

Table D.9: Values for the electric dipole transition integrals in Cu IV calculated by means of

MCDF including core polarization.

CulV | 3

3d74s  3d64s2?

3d74p | 484 -1.967 -
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Table D.10: Values for the electric dipole transition integrals in Cr V calculated by means of
MCDF including core polarization

CrV | 3d4p 4sdp 3dbp  3d4f
3d? 538 - 153 533
3d4s | -2.159 .469 235 -
4s? - -2.067 - -
3d5s | 1.092 - -4.157 -
3d6s .340 - 2.128 -
3d4d | -2.430 - 1.924 -3.051
3dhd | -.128 - -4.334  1.842
4p? 465 -2.056 - -

Table D.11: Values for the electric dipole transition integrals in Mn V calculated by means of
MCDF including core polarization

Mn V| 3d® 3d%*4s 3d 4s?
3d24p | 492 -2.020 -

Table D.12: Values for the electric dipole transition integrals in Fe V calculated by means of
MCDF including core polarization

FeV | 3d' 3d%4s 3d%4s?
3d34p | 469 -1.966 -

Table D.13: Values for the electric dipole transition integrals in Co V calculated by means of
MCDF including core polarization

CoV | 3d° 3d*4s 3d34s?
3d%4p | 452 -1.901 -

Table D.14: Values for the electric dipole transition integrals in Ni V calculated by means of
MCDF including core polarization

NiV | 3d5 3d°4s 3d4s?
3d4p | 434 -1.841 -

Table D.15: Values for the electric dipole transition integrals in Cu V calculated by means of
MCDF including core polarization.

CuV | 3d7 3d%s 3d54s?
3dS4p | 419 -1.798 -




296APPENDIX D. TABLES OF ELECTRIC DIPOLE TRANSITION INTEGRALS

Table D.16: Values for the electric dipole transition integrals in Mn VI calculated by means of
MCDF including core polarization

Mn VI | 3d4p 4sdp 3dd5p  3d4f
3d? 436 - 129 516
3d4s | -1.942 0.386 0.243 -
4s? - -1.872 - -
3d5s 0.916 - -3.664 -
3d6s 2901 - 1.765 -
3d4d | -2.155 - 1.501 -2.558
3d5d -.016 - -3.852  1.400
4p? 385 -1.864 - -

Table D.17: Values for the electric dipole transition integrals in Fe VI calculated by means of
MCDF including core polarization

Fe VI | 3d® 3d%s 3d 4s?
3d%4p | 402 -1.831 -

Table D.18: Values for the electric dipole transition integrals in Co VI calculated by means of
MCDF including core polarization

Co VI | 3d* 3d%4s 3d%4s?
3d34p | 389 -1.781 -

Table D.19: Values for the electric dipole transition integrals in Ni VI calculated by means of
MCDF including core polarization

Ni VI | 3d5 3d%4s 3d*4s?
3d%4p | 375 -1.727 -

Table D.20: Values for the electric dipole transition integrals in Cu VI calculated by means of

MCDF including core polarization.

Cu VI | 3d5 3d4s 3d*4s?
3do4p | 365 -1.672 -

Table D.21: Values for the electric dipole transition integrals in Fe VII calculated by means of
MCDF including core polarization, ag4(3p) = 0.85(1.6) and aq(3d) = 1.01(2.0).

Fe VII | 3d4p 3d4f 3p°3d?
3d2 348 466 -.640
3dds | -1.717 - -
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Table D.22: Values for the electric dipole transition integrals in Cu VII calculated by means of
MCDF including core polarization, ag(3p) = 0.50(1.5) and aq(3d) = 0.72(1.7).

Cu VII | 3d° 3d%4s 3d%4s?
3d%4p | .322 -1.580 -

Table D.23: Values for the electric dipole transition integrals in Ge VII calculated by means of
MCDF including core polarization, ag(3p) = 0.321(1.24) and «y(3d) = 0.543(1.45)

Ge VII | 3d74p 3p®3d? 3d74f

3d® 297 -0.527 298
3d74s | -1.462 - -
3d64s? - - -

Table D.24: Values for the electric dipole transition integrals in Fe IX calculated by means of
MCDF including core polarization, a4(3s) =0.57(1.5) and a4(3p) = 0.78(1.5)

Fe IX | 3p®3d 3p°4s 3p°4d 3p®hs 3p°5d  3s3pf4p
3pb -0.623 0.252 0.181 0.090 0.106 0.162
3pS4p 0.271 -1.484 -1.589 0.581 0.171 -0.629

3pS4f | 0487 - -1.623 - 0.586 _
3p55p | 0.080 0.240 0.804 -2.791 -2.941 .
3pS5f | 0.249 - 0584 -  -3.159 _
3s3p63d | -0.640 - . : - 0.273

Table D.25: Values for the electric dipole transition integrals in Os IV calculated by means of
MCDF including core polarization

Os IV | 5d%6p 5d%6s6p 5d26s%6p

5d5 1.152 - -
5d*6s | -2.573 1.103 -
5d36s? - -2.519 1.059

Table D.26: Values for the electric dipole transition integrals in Os V calculated by means of
MCDF including core polarization

Os V | 5d%p 5d%6s6p 5d 6s6p
5d* | 1.061 - -
5d3%6s | -2.422  1.022 -
5d26s2 | - -2.38 0.99
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Table D.27: Values for the electric dipole transition integrals in Os VI calculated by means of
MCDF including core polarization

Os VI ‘ 5d%6p
5d3 0.9854
5d26s | -2.2989
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Table E.1: Values for the electric quadrupole transition integrals in Co II calculated by means
of MCDF including core polarization. For 3d"nd, the upper row gives the 3d—3d and the lower
row the nd—nd transition integrals.

Co II 3d® 3d74s 3dS4s? 3d74d 3d"5s  3d"bd  3d76s
3d® 1.60  -2.55 - -1.55 0.20 -0.66 0.09
3d74s | -2.55  1.31  -1.95 9.48 - 2.89 -
3db4s? - -1.95 1.12 - - - -
3d74d | -1.55  9.48 - 1.26 -38.26  -24.55 18.97
- - - 35.93 - - -
3d75s | 0.20 - - -38.26 1.27 34.47 -
3d75d | -0.66  2.89 - -24.55 3447 1.26 -141.78
- - - - - 139.25 -
3d76s | 0.09 - - 18.97 - -141.78 1.26

Table E.2: Values for the electric quadrupole transition integrals in Ni II calculated by means of
MCDF including core polarization. For 3d®nd, the upper row gives the 3d—3d and the lower row
the nd—nd transition integrals.

Ni II 3d? 3d®4s 3d74s? 3d®4d 3d85s  3d%5d  3d®6s
3d? 142 -2.29 - -1.37 0.14 -0.60 0.07
3d¥s | -2.29 1.18 -1.76 8.96 - 2.79 -
3d74s? - -1.76 1.02 - - - -
3d®¥4d | -1.37  8.96 - 1.14 -37.08 -24.07 19.98
- - - 34.54 - - -
3d®5s | 0.14 - - -37.08 1.15 32.86 -
3d®5d | -0.60  2.79 - -24.07  32.86 1.14 -138.55
- - - - - 136.58 -
3d86s | 0.07 - - 19.98 - -138.55 1.14

Table E.3: Values for the electric quadrupole transition integrals in Mn III calculated by means
of MCDF including core polarization

Mn III 3d> 3d*4s 3d34s? 3d*4d 3d*5s
3d° 1.58 -2.25 - -1.49 0.062
3d%4s | -2.25 1.34 1.24 857 -
3d34s? - 1.24 1.64 - -
3d*4d | -1.49  8.57 - 1.30 -24.3
3d*5s | 0.062 - - -24.3  1.30
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Table E.4: Values for the electric quadrupole transition integrals in Fe III calculated by means
of MCDF including core polarization

Felll | 3dS 3d°4s 3d%4s?
3dS | 143 -2.01 -

3d°4s | -2.01  1.23  -1.64
3d%4s? | - -1.64  1.08

Table E.5: Values for the electric quadrupole transition integrals in Cr IV calculated by means
of MCDF including core polarization

CrlIV | 3d® 3d%s
3d® | 145 -1.88
3d%4s | -1.88  1.26

Table E.6: Values for the electric quadrupole transition integrals in Ni IV calculated by means
of MCDF including core polarization

NiIV | 3d7 3dS4s 3d54s?
3d7 | 096 -127 -

3d4s | -1.27  0.86  -1.08
3do4s? | - -1.08  0.78

Table E.7: Values for the electric quadrupole transition integrals in Cr V calculated by means
of MCDF including core polarization

CrV | 3d? 3dds
3d? | 1.23 -1.46
3dds | -1.46  1.09

Table E.8: Values for the electric quadrupole transition integrals in Mn V calculated by means
of MCDF including core polarization

MnV | 3d® 3d%4s
33 | 111 -1.33
3d%4s | -1.33  0.98

Table E.9: Values for the electric quadrupole transition integrals in Mn VI calculated by means
of MCDF including core polarization

Mn VI | 3d? 3d4s
3d2 | 0.97 -1.08
3d4s | -1.08  0.87
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Table E.10: Values for the electric quadrupole transition integrals in Fe VI calculated by means
of MCDF including core polarization

Fe VI | 3d® 3d%4s 3d4s’
3d® | 088 -099 -
3d%4s | -0.99  0.81 -0.87
3d4s? | - -0.8T  0.74

Table E.11: Values for the electric quadrupole transition integrals in Fe VII calculated by means
of MCDF including core polarization

Fe VII | 3d* 3d4s
3d2 | 0.80 -0.84
3dds | -0.84 0.72
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Complex Atoms

described by orthogonal operators

This textbook aims at explaining the basic ideas and concepts underlying the
theory of orthogonal operators and its application to atomic spectroscopy.
Embedded between two more general parts on angular momentum theory and
relativity, the main principles are presented in chapter 14 of part II. With orthogonal
operators, standard deviations of energy fits are frequently reduced by an order of
magnitude and only elementary linear algebra is needed to project ab initio results of
any provenance onto an orthogonal basis of operators. The framework of orthogonal
operators is surely fortified with the support of Hartree-Fock calculations combined
with perturbation theory; B-splines are a strong tool to calculate the occurring one-
and two-electron excited states. These ab initio aspects are covered as well in part
IT for this reason. Second quantization in the coupled form as an elegant method
to handle a wide variety of angular momentum problems is used throughout the
book in all three parts. In part III, second quantization is also used to show how a
jg — SL transformation yields fully relativistic results in S L—coupling. Hyperfine
structure and electromagnetic radiation are treated in some detail to illustrate the
potential of this formalism.
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