Appendix A
Clebsch—Gordan and Racah Coefficients

In this appendix we summarize the formulae describing the coupling of two or
more angular momenta required in our analysis of atomic, molecular and optical
collision processes. This leads to the introduction of Clebsch—Gordan coefficients,
Racah coefficients, 6-j symbols, 9-j symbols as well as higher order 3n-j symbols.
For a detailed discussion of these topics reference should be made to specialized
monographs on angular momentum by Wigner [965, 967], Biedenharn et al. [106],
Rose [797], Edmonds [284], Fano and Racah [308] and Brink and Satchler [139]
and to the reprint volume by Biedenharn and van Dam [107].

A.1 Clebsch—-Gordan Coefficients

Let us consider two independent quantum systems, or parts of a single system, with
angular momenta denoted by the angular momentum operators Jj and J». For exam-
ple, J1 and J, may be the orbital and spin angular momentum operators of a single
particle or they may be the orbital angular momentum operators of two different
particles. The Cartesian components of these operators satisfy the commutation
relations (with h = 1)

[Jlx’le]zijlza [lea le]zijlx’ [le’Jlx]zijlya (A1)
03 /11 =0 (A2)
and
[Vox, Joyl =1doz,  [J2y, Jozl = idox, 2z, Jox] = iJ2y, (A3)
133, J2:1 =0, (A4)

and they commute with each other so that

Ji. 321 =0. (A.5)
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We denote by v, (1) and ¥j,m,(2) the simultaneous angular momentum
eigenfunctions of these quantum systems which satisfy

TV imy (D) = j1G1 A+ DYy (D Tz, (1) = mijm, (1), (A6)
where
my=—ji,—j+1,...,j1, (A7)
and
I3V jomy @) = j2Ga 4 D jomy )+ T2z jomy (2) = mavrjymy (2, (A8)
where
my=—j,—jp+1, ..., . (A.9)
Simultaneous eigenfunctions of the operators J2, J., J% and J; are then given by
the product ¥ j, s (1) ¥ j,m, (2). We now define the total angular momentum operator
of the two systems by
J=Ji+J2, (A.10)
and the z-component of this total angular momentum operator by
Jo = Jiz + Jos. (A.11)
The operators J2, J3, J* and J, form a set of commuting operators. Let us denote by

V¥, j»jm(1, 2) the coupled eigenfunctions which are simultaneous eigenfunctions of
the operators J2, J2, J* and J,. These simultaneous eigenfunctions satisfy

P jim(1,2) = j G+ Dy jpjm(1,2),

J Vi jim(1,2) =myj j,im(1, 2), (A.12)
where
J=lr—=pl lh—pl+1L .+, (A.13)
and
m=—j,—j+1,...,j. (A.14)

The (21 + 1)(2j> + 1) simultaneous eigenfunctions ¥, j, jm(1,2) of the oper-
ators J?, J2, J* and J, are related to the (2j; + 1)(2j2 + 1) product
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eigenfunctions ¥ j,, (1) j,m, (2) of the operators J%, J1z, J% and J;; by the unitary
transformation

Vjijnjm(1,2) =Y Gima jomal jm)yjumy (DY joms (2). (A.15)

mimy
The expansion coefficients (jim1 joma|jm) in this transformation are called vector

coupling or Clebsch—Gordan coefficients. These coefficients vanish unless (A.13)
and (A.14) are satisfied and

m=mji+ mj. (A.16)
To define these coefficients unambiguously, the relative phases of the eigenfunctions

Yiim (D jom, (2) and ¥, j, jm (1, 2) must be specified. We adopt here the phase
convention of Condon and Shortley [227] where

Urjtje2ljt + j2 j1 + j2) = 1. (A.17)

With this choice of phase the Clebsch—Gordan coefficients are real and satisfy the
orthogonality relations

> Gimjamaljm)Gimy jama| j'm') = 8 Sy (A.18)

mimy

which reduces to a single summation since (A.16) is satisfied, and

> Gumjomal jm)Gim' jam | jm) = 8yt vy (A.19)

jm
Using (A.19) we can invert (A.15) to yield

Vjimy DV jomy (2) = Y CGima jama | jm) ¥, o jm (1, 2). (A.20)
J

The Clebsch—Gordan coefficients satisty the following symmetry relations

(imyjamaljm) = (=D 271y —my jo — ma|j —m), (A.21)

= (=D T2 (Gomy jimy | jm), (A22)

o (20N .
= (=1/r—m <h) (jim1j —m|jp —m2), (A.23)
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, 2j+ 1N\
=(—1)ﬁ+’”2<2j1+1) (j — mjamalji —my), (A.24)
241\ .
= (=1)fi=m (2]72 +1> (imji — my)jama), (A.25)
, 2j+ 1\ .
=(—1)/2+m2<ﬁ> (o — majm|jimy). (A.26)

The Clebsch—Gordan coefficients also satisfy
(j10520]j0) = 0, unless j; + j» + j is even, (A.27)
and
(jim100[jm) =8}, j8m m- (A.28)
Equation (A.27) gives rise to the parity selection rule in applications.
The symmetry relations satisfied by the Clebsch—Gordan coefficients can be sim-

plified by introducing the 3-; symbols defined by Wigner [967]. These are defined
by

JU 2 T3\ _ o \ji—jemsn IR P o
(m1m2 m3>_( D Qja + D7V2Gimy jomalj3 — m3).  (A29)

The 3-j symbols are invariant under an even permutation of the columns, while an
odd permutation is equivalent to multiplication by (—1)/1*/2%J/3, Thus

(—1)d1 2+ s Ui B _ (i B\_ (232
mip mp m3 my my m3 mp m3 my
_ (B 2q (A.30)
m3mymy )’ ’

Also the analogue of (A.21) is

<j1 2 j3):(_1)./1+jz+/3( o ) (A31)

mp mz m3 —mjp —mz —m3

The orthogonality relations satisfied by the 3-j symbols are

L .y
Z Ju J2 J3 JU J2 J3 ) _ r: —lg. ,
<m1 my m3> (m1 my m%) =@s+h 813/35’"3’"3 (A.32)

mima
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and

Z(2J3+1)(.]1 J2 ]3)(]1 J2 ]3>=8m1m/18m2m’2- (A33)

' mip mo ms m'y mh m3
Jzms

We conclude this section by giving the following closed expression for the Clebsch—
Gordan coefficients (see Wigner [965])

(jimy jama|jm)

_ [(21' + DG+ =G = h+ G+ 2 = DG +m)(j — m)Y}
U1+ 2+ 7+ DG —mD(G1 +m)!(j2 — m2)!(j2 + m2)!

o Z(_l)/(+j2+m2 . .(jz-llr]é +m% — O —my fK)! .
- k!G—j1+ 2 =W +m—)lk + ji — jo —m)!

X Sy +my s (A.34)

where the summation is over all integral values of x such that none of the factorial
arguments is negative. The explicit values of the Clebsch—Gordan coefficients when
Jj2 =1/2 and j, = 1 are given in Tables A.1 and A.2, respectively.

Table A.1 Clebsch—Gordan coefficients (jj m — m» % ma|j m)

j my =1/2 my =—1/2
1/2 1/2
. 1 j1+m+% / j]—m+% /
J1+ 3 25 +1 2ji+1
1/2 1/2
. j1—m+% / j1+m+% /
J1— 3 T T 2h+T 2j1+1

Table A.2 Clebsch—Gordan coefficients (j; m — mo 1 ma|j m)

j my =1 my =0 my = —1
1 [<j1+m>(jl+m+1> 172 Gr=m+0Gr+m+0) 1"/ Gi=mGi=m+n 7"
CATDCHTD EHESNUTESY CHTDEHTD)
it _[(jwm)(jrmﬂ)]l/z m [(jl—m>(jl+m+l> 172
2j1(i+1) [j1Gi+D]Y2 2j1Gi+D)
-1 [M 2 [h=mGem Gram+h(+m ]2
1 2ji2ji+D N2+ 21 ZH+D
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A.2 Racah Coefficients

We now consider three independent quantum systems, or parts of a single system,
with angular momenta denoted by the operators J1, J» and J3. We can write the total
angular momentum operator J as

J=Ji+J+Js. (A.35)

However, there is no unique way of carrying out this addition. For example, we can
first couple the angular momentum eigenfunctions ¥, ,,, (1) and ¥ j,u, (2) belonging
to J; and J; to form eigenfunctions of J3» = J; + J2 according to

Viijpjiomip(1,2) = Z (Jimy jomal jrom12) ¥ jimy (DY jom, (2) (A.36)

mypma

These eigenfunctions can then be coupled with the angular momentum eigenfunc-
tions v ;4 (3) belonging to J3 to form eigenfunctions of J according to

Vim(j12) = Z (Jrzmua jams| jm) ¥, jy jiompy (1 200 jymy (3). (A.37)

miams3

Alternatively, we can first couple ¥, (2) and ¥ ;5 (3) to form eigenfunctions of
J23 = Jo + J3 according to

Vs jsinamaz (2, 3) = Z (Jama jam3| j23maz) ¥ jymy Q)Y jims (3) (A.38)

moyms3

and then couple these eigenfunctions with v, (1) to form eigenfunctions of J
according to

Yin(3) = Y Gimyjaamazl im) W jumy (D jmy )V oy jpsmas (2. 3. (A39)

myma3

Finally, we can first couple v, (1) and ¥}y, (3) to form eigenfunctions of
J13 = J1 + J3 and then couple the resultant eigenfunctions with v j,,,,, (2) to form
eigenfunctions of J.

These three representations of the eigenfunctions of J are related by unitary trans-
formations. For example, we can write

Vim(j12) = Z R(j23, 12)¥jm (j23). (A.40)

J23

The Racah coefficients W are then defined by the equation (Racah [764-767])

R(j2s, j12) = [2jo3 + D(2j12 + DIYV2W (i jajja; jizj23)- (A41)
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We can derive a relation between the Racah coefficients and the Clebsch — Gordan

coefficients by expressing v/, (j12) and ¥, (j23) in terms of ¥, (1), ¥ jym, (2)
and v/ j,n, (3). Equations (A.36) and (A.37) yield

VimGi2) = Y Gimyjamiz — miljizmin) Giamua jsm — mia| jm)

mymi2

X wjlml(l)wjzmlz—ml(z)wj3m—m12(3) (A42)

and (A.38) and (A.39) yield

Vim(j3) = Y (jamajamaz — maljosmaz) (jim — ma3 jozmaz| jm)
mama3

X wj1m*m23(1)szm2 (2)1/’j3m237m2 (3). (A.43)

Substituting (A.42) and (A.43) into (A.40) and using (A.41) gives

> [@e+DQS + DIV2W(abed: ef ) (bS] [ + 8)(acf B + Slear + B +6)
f

= (aabfBlea + B)(ex 4+ BdS|ca + B+ 6). (A.44)

Using the properties of the Clebsch—Gordan coefficients given by (A.18) and (A.19)
and by (A.21), (A.22), (A.23), (A.24), (A.25) and (A.26) we obtain the following
additional relations

(e + DS + DIY2W(abed; ef )(aafB + S|ca + B+ 8)

= Y (aabplea + B)(ea + pdS|ca + B + 8)(bBAS| fB + 5). (A.45)
5

where B + § is a fixed parameter, and

[2e + DS + D12 W(abced; ef)

= Z(aabmea + B)(ea + BdS|ca + B + 8)(bBdS| B + 8)
ap

X (acfp + dlca + B+ 98), (A.46)
where « + B + § is a fixed parameter.
It follows from the above definitions that the six angular momenta in

W (abcd; ef) satisty the following four triangular relations

Alabe), A(cde), Alacf), Abdf), (A.47)



614 Appendix A Clebsch—Gordan and Racah Coefficients

a

Fig. A.1 Tetrahedron illustrating the triangular relations satisfied by the arguments of the Racah
coefficient W (abcd; ef’)

where, for example, the notation A(abe) means that the three angular momenta a,
b and e form the sides of a triangle. These four triangular relations can be combined
by representing the six angular momenta by the sides of a tetrahedron as illustrated
in Fig. A.1.

The Racah coefficients satisfy certain symmetry relations under the 24 possible
permutations of the 6 arguments which preserve the 4 triangular relations. These
symmetry relations, which result in at most a change of phase, are given by

W(abcd; ef) = W(badc; ef) = W(cdab; ef) = W(achd; fe) (A.48)
and

W (abed; ef) = (=) T/ =4~ dW(ebef; ad) = (=) TP =W (aefd; be)
(A.49)

together with the symmetry relations which can be obtained by applying the above
symmetry relations more than once.
The Racah coefficients also satisfy the orthogonality relation

> Qe+ D@f + DW(abed; ef )W (abed: eg) = b, (A.50)

and the sum rules

Z(—l)a+b_e(2€ + DW(abcd; ef )W (bacd; eg) = W(agfb; dc) (A.51)

e

and

Z(Zg + D)W (d'gdc; ac YW (bgec'; b'c)W (a' g fb; ab)
4
= W(adbe; cf)W(a'db'e; ¢’ f). (A.52)

Hence when there is a sum over a product of several Racah coefficients it is
often possible to reduce the number of terms in the product. Finally, if one of the
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arguments of the Racah coefficient is zero we can use the symmetry relations and
the following result

(= l)f_h B daab(scd

Wlabed:01) = 15 2 Ga + D112

(A.53)

to simplify the expression.

A.3 6-j Symbols

The symmetry relations satisfied by the Racah coefficients can be simplified using
the 6-j symbols introduced by Wigner [967] which are defined by

{ﬁ jﬁ jz } = (= )IFREEEBW (i jajs ja; 3 J6)- (A.54)

The 6-j symbols are invariant under any permutation of the three columns, i.e.
nppl_Jiesinl_Jiaianl_Jli2ins
Ja Js Je Js Jo Ja Je Ja Js J5 Ja Je

:yuwﬂ:{bﬂn} (A.55)
Ja J6 J5 J6 J5 J4

They are also invariant under interchange of the upper and lower arguments in each
of any two columns, i.e.

{ﬂﬂb}zyuwﬂ:{kﬁb}{Mﬁv} (A.56)
J4 J5 J6 Ja J2 J3 J1 J5 J3 J1 J2 J6

A.4 9-j Symbols

In many applications we need to transform between two coupling schemes involving
four angular momenta. This occurs, for example, in the transformation from jj-
coupling to L S-coupling for two particles possessing both orbital and spin angular
momenta. In this example the total angular momentum vector of the first particle is
given by

j1=41+s1 (A.57)
and of the second particle is given by

j2 =40 +ss. (A.58)
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The total angular momentum of the two-particle system in jj-coupling is then
given by

J =j1+j2. (A.59)

Alternatively, the total orbital angular momentum vector of the two particles is
given by

L =14+ 4, (A.60)
and the total spin angular momentum vector is given by
S =51 +s3. (A.61)

The total angular momentum of the two-particle system in LS coupling is then
given by

J=L+S. (A.62)

The transformation between these coupling schemes is related to the 9-j symbol
introduced by Wigner [967] by the following equation

< (L1s1)j1, (C2s2) jo; IM|(L1£2) L, (s152)S; IM >

L1 51 1
=[Q2ji+DChr+DRL+DRS+D1"*{trsr jot. (A63)
LSJ

which is independent of the total magnetic quantum number M. The 9-j symbol in
the curly bracket in this equation can be written as the sum over products of three
6-j symbols by expressing the bra vector in (A.63) in terms of the ket vector in
(A.63) through repeated use of the recoupling transformation defined by (A.40) and
(A.41). We obtain in the general case

J1 J2 Ji2 5 Jv 3 g || J2 ja joa
J3 Ja Jss Z( ) (K+){]24] ;<}{j3KJ34}
J13 )24 ] K
y {m J i } (A.64)
K J1 J2

An even permutation of the rows or columns of the 9-j symbol leaves it unchanged
as does the transposition obtained by interchanging rows and columns. An odd per-
mutation of the rows or columns causes the 9-j symbol to be multiplied by the
factor

f= (_1)]1+j2+j12+j3+j4+j34+j13+j24+j_ (A.65)
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The 9-j symbols satisfy the orthogonality relation

J1 2 Ji2 o J2 i
E Qi+ DQRj3a+DQ2jiz+ DQRjaa+ 13 j3 Jja jaa J3 Ja J4
L o . gy
J12Jj34 J13 J24 ] J13 Joga J

_s (A.66)

j13j{38124j£4
and the sum rule

e J1 J2 Ji2 Ji g3 i3
D ()P Q iy + 1) (2joa + 1) 3 3 Ja J3a g s J2 oa

1323 J13 joa J1a ja3 J
J1 j2 Jji2
=1\ Ja J3 J34 (- (A.67)
J14 ja3 J

When one of the arguments of the 9-j symbol is zero we can use the symmetry
relations and the following result

B 191 v
FrO Qe+ DQf+ DIV |dcef ‘

to reduce the 9-j symbol to a 6-j symbol times a factor.

A.S Higher Order 3n-j Symbols

We conclude this appendix by noting that in the theory of electron and photon inter-
actions with complex atoms and ions with many open shells, it is often necessary
to consider the recoupling of more than four angular momenta. For example, in
the case of recoupling five angular momenta, 12-j symbols arise whose properties
have been discussed by Jahn and Hope [498] and by Ord-Smith [708]. However,
we will not discuss these higher order 3n-j symbols further here but remark that in
practical calculations they can be evaluated in terms of sums over products of Racah
coefficients by repeated use of (A.40) and (A.41), and general computer programs
have been written for this purpose by Shapiro [870], Burke [154] and Bar-Shalom
and Klapisch [56].
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