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By means of the atomic-beam —magnetic-resonance method we have measured the P3/2

level hfs and the P3/2 and P&~2 level gz factors of the Bi (6p) ground configuration. Our

experimental results are: A( P3/2) =491.028(1) MHz, B( P3/2) = 978.639(9) MHz, C( P3/2)
= 0.0193(5) MHz, g~( P&&2) = 0.6654(2) and g&( P3/2) =1.26083(12). In order to interpret these
measurements, we have examined the fine structure and the hfs of all the (6p) levels. Our

calculations show that the inclusion of spin-spin, orbit-orbit, and spin-other-orbit inter-
actions do not improve the theoretical fit to the observed fine structure intervals. The effects
of core polarization and relativity can be estimated by writing the dipole hfs Hamiltonian in

the form

Z=2p)gsI'g; [(r& );f;—v"10 (r c);(sC); + (r );s;].
This analysis of the dipole hfs yields a value (~ )+,(hfs) =1.02x10 cm compared to the fine

structure result(r )8&(fs) =1.25xl0 cm . With these results we find Q= —0.383(40) b and

n = 0.55(3)p,„b.

I. INTRODUCTION

The ground electronic configuration of bismuth
is (6s) (6p)' which gives rise to the five levels
S3f ~, D», ,,&~ and P», ,,&~. The ordering of

these and nearby levels is shown in Fig. 1. The
isolation of these p' levels from the levels of
other bismuth configurations and the parity-selec-
tion rule for electric dipole transitions leads one
to expect the P and D levels to be metastable.
Although electric quadrupole and magnetic dipole
transitions between the levels have been observed, '
our measurements show that the lifetime of each
of the P levels isof the order of a msec or longer.
It is probable that the lifetime of each of the D
levels is even longer.

The experimental part of our work is the mea-
surement of the g~ values of the P», and 'P, &2

levels and the measurement of the hfs of the P»&
level.

In order to properly interpret these measure-
ments we have found it necessary to examine in
detail the fine structure (fs) and the hfs of all the
(6p)' levels. This effort has been aided by a num-
ber of recent accurate hfs measurements involving

this configuration. ' Our analysis shows that one
can obtain a nuclear electric quadrupole moment
and a nuclear magnetic octupole moment consis-
tent with all the measurements in the (6p)' levels.

II. APPARATUS AND EXPERIMENTAL
METHOD

The atomic-beam apparatus and detection sys-
tem have been described previously. ~' In brief,
the metastable atoms in the beam were produced
by cross-electron bombardment of the ground-
state beam and detected by causing the refocused
beam to strike a cesium coated surface and de-
excite. The electrons produced by the resulting
Auger deexcitation of the metastable state were
amplified by an electron multiplier and recorded;

The source of the bismuth atoms was a molyb-
denum oven heated by electron bombardment. In
order to minimize the number of bismuth mole-
cules in the beam, the oven was preferentially
heated at the top near the slit and intentionally
cooled at the bottom by conduction to the oven sup-
port. In this way, it was expected that the higher
temperature near the slit would produce more
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TABLE I. Experimental low-field hfs data: Pzi2
level (all units are MHz).

TABLE III. Experimental intermediate-field data:

P&i2 level (all units are MHz).

Transition

(Z, m) =-=- (~', m')

(6, 3) = =(5, 4)

(6, 0) = =(5, -1)
(6, 2) = =(5, 3)

(6, -1}= =(5, -2)

Frequency

3599.416

3598.903

4.05

4.05

ap[(5, m)
= (5, m+1)]

3.682
6.213
6.214

11.289
11..299

&v t(4, m)
= =(4,m+1)]

3.739
6.3065
6.309

11.466
11.476

av(Mg)

83.658
141.093
141.123
256.557
256.663

(6, 1) = -=(5, 2)

(6, -2) = =(5, -3)

(6, 0) = =(5, 1)
(6, —3) (5, —4)

(5, m) = —(4, m+1)
(5, m) = = (4, m+1)
(5, m) = = (4, m)

(5, m) = -= (4, m)

(5, m) = =(4, m)

(5, 0) - --=(4, 1)
(5, 0) = ==(4, -1)
(4, m) ==- (3, m + 1)
(4, m) =-= (3, m + 1)
(4, m) = =(3,m+1)
(4, m) = = (3, m)

3598.390

3597.877

2251.034
2251.039
2251.039
2251.045
2251.038

2251.234
2250.827

1311.932
1311.924
1311.920
1311.935

4.06

4.07

6.46

Lines overlapped in very small fields.

The deviation from the single-configuration inter-
mediate-coupling value of 1.2515 (see Sec. IV A)
again indicates the presence of interconfiguration,
etc. , effects.

The transit time of the metastable atoms down
the apparatus implies a lower limit of about 1
msec for the lifetimes of the P3i2 and P&i2 levels.
This is consistent with Garstang's calculated
values of 5. 7 and 16 msec, respectively.

IV. DISCUSSION OF RESULTS

A. Wave Functions

TABLE II. Zero-field hfs intervals: P3/2 level.2

4vlE==- 9'-1)]
(MHz)

3598.648(5)
2251.038 (6)
1311.930(11)

The 6P configuration of Bi in intermediate cou-
pling has been considered by several authors. y 9&'

In their work only the electrostatic and spin-orbit

Experimental intermediate-field data: P3i2 level (all units
are MHz).

m $ m Zp[(6, m)
= (6, m')]

op(Mg)

6, 4

5, 3

5

4

5, 3

4, 2

6, 4

5

6, 4

5

5, 3

4, 2

64.482
63.851
64.126
63.507
57.390
56.904
53.753
53.529
53.097
53.747
53.531
53.312
53.095
52.877

293.365
293.365
293.242

293.242
264.700
264.700
246.440
246.440
246.440
246.422
246.422
246.422
246.422
246.422

interactions were included. Since their calculated
energy levels and g factors showed significant dif-
ferences from the observed values we redid the
analysis including the additional spin-other -orbit, "
spin-spin, "and orbit-orbit' interactions in hopes
of improving the agreement with experiment.

All the additional terms in the energy matrix are
expressible in terms of a single radial integral
MD. The complete matrix elements are given in
Table IV where Racah's choice of phases'3 has
been followed. A least-squares fit to the energy
levels treating the radial integrals as adjustable
parameters yields the values I'2= 989.0 cxn ',
/=10, 093. cm ', and MD=2. 19 cm '. The results
for E& and g are essentially the same as those in
TAS; Mo is small and positive as expected. The
fit to the observed data is, however, not signifi-
cantly changed (Table V), implying that configura-
tion mixing is responsible for the discrepancies. The
configurations most likely to perturb the (6s) (6P)
arethose of the type nsn's(6p), where n( 6, n') 6,
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TABLE IV. Nonzero matrix elements for the p configuration in intermediate coupling (p SLY I II(p S'L' JM).

(sx,J, s'I;z)

2 2
D5/2, D5/

4 4S 3/2, S3/2
4 2

3/2~ 3/2
4 2

3/2~ 3/2
2 2
+3/2 +3/2

2 2
&3/» D3/2

2 2
D3/» D3/2

2 2
Pi/2) Ptl 2

Electrostatic

3E 6E
3Ep —15E2

0

0

3Eo

0

3EP- 6E2

Spin-orbit

0
--,'v 5g~

0

Spin-other-
orbit

—37Mp

0

15Mp

0
—

2 Mo

2 ~5Mo

2 0

25Mo

Spin-spin

0

0

0
—6~5Mo

0

0

0

0

Orbit-orbit

0

60Mp

0

0

40Mp

0

0

40Mp

Total

3Eo 6E2 37Mo

3Ep —15E2+ 60Mp
—gp+ 15Mo
—6~5Mo

3Ep+ 2 Mp

--,~5g, + 2 ~5Mo

3Ep —6E2+ 2 Mp

3Ep+ 65Mp

and (6s)' (6p) n'p. Only the first kind, which cor-
responds to core polarization, will have a large
effect on the hfs since unpaired s electrons are in-
volved. Both kinds of configurations may perturb
the fine structure, but we have not tried to esti-
mate the size of this perturbation as this seems a
formidable task. In Sec. IVB, we will examine
further the effect of core polarization on the hfs.

In Table VI, we give the intermediate coupling
coefficients for the J= —,

' levels in terms of the LS
basis and jj basis sets." With the LS basis set,
we have

2 I 2+a/,
~

Pg/2m)+a~
~ Ds/, m) .

With the jj basis set, we have

!
3=333m ma 2 m) = c,„(-„-„-,),/, + c2 (a, s, a ), ,

&sm+ C3N(&p &, 2 3/2

where (we list only the m = —, functions)

3 3 3 3/2 1,3/2 1/2 .-1/2

3 3 j 3/2 1 I 3/2 -1/2, 1/2
(a, a, .), , —

~3O ip p p ]

2 3/2 1/2 -1/2
0 3Q s/2 3/2 1/2

3/2 1 3/2 1/2 1/2
(a, 2, 2)„,=

~6 [p „p p ],

and [ ]—= antisymmetrize. The transformation be-
tween the two basis sets is given in Appendix A.
We use these wave functions in the following hfs
analysis.

B. h fs Interaction Constants

The zero-field hfs intevals for the 'P3/2 level
can be written to second order as

b.v(6 5)=62+ 3B+ '~ C+It '(Wt —WI ),

hv(5 4) = 5A-+~B — s C+It '(W W ')

TABLE V. Intermediate-coupling results for the (6p) configuration of Bi.

Level

2
D5/2

4S 3/2
2
+3/2

2
D3/2

2
+1/2

Energy
(cm ')

15438
0

33 165
11419
21 661

Expt-Calc
TAS

—305
377
184

—235
—22

Expt-Calc
Present work

—149
304
244

—316
—84

Expt

1.20

1.6433'(2)
1.2608 (1)
1.225
0.6654(2)

8J
LS

1.2005
2.0023
1.3311
0.7995
0.6659

gJ
TAS

1.2005
1.6379
1.2519
1.2461
0.6659

Present work

1.2005
1.6371
1.2514
1.2473
0.6659

C. E. Moore, Atomic Energy Levels, Natl. Bur.
Standards Circ. 3, 467 (1958).

These columns give the results of a least-squares fit
to the energy levels using the values E2 = 990 cm
=10100 cm, and Mp=0 cm given in TAS Sec. 3

'R. S. Title and K. F. Smith, Phil. Mag. ~5 1281
(1960).

dPresent work.
'P. Zeeman, E. Back, and S. Goudsmit, Z. Phys. 66,

1 (1930).
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TABLE VI. Intermediate coupling coefficients for the

(6p ) configuration of Bi.
TABLE VII. hfs interaction constants and second-

order energy corrections for the Ps/2 level (all units
are MHz).

C1

C20,

Csa,

4
Ss/2

0.753 39
0.538 35
0.377 60
0.173 49

—0.309 81
—0.934 84

2
Ps/2

0.307 06
—0.795 79

0.521 95

0.982 55
0.11910
0.142 87

2
Ds/2

—0.58148
0.277 28

0.764 85
—0.067 07

0.943 31
—0.325 07

A

B
C

Uncorrected

491.026 (1)
978.569(9)

0.0207(5)
W,

'"= 0.049
= 0.096

8 (2) =0.114
8"3"= 0.056

Corrected

491.028 (1)
978.639(9)

0.0193(5)

b,v(4~3)=4A —3B+ 3, C+I4 '(W4 W3 ), (4)

where A., B, and C are the nuclear magnetic di-
pole, electric quadrupole, and magnetic octupole
hfs interaction constants and

g is given by Schwartz. '
The constants A, B, and C are given by the fol-

lowing formulas:

Wz =&(.v &l&P 3yJ&MJ I&~.IP 3y'J'IMz)
I

A(nJ)= I (pII I3lpII) (o.JJ Q;(x;)alnJJ)

&& [W(yJ) W(y—'J')] '

is the second-order energy contribution due to
other fine-structure levels. [W(yJ) —W(y'J')]
is the fine-structure separation and the prime on
the summation means that y'O'WyJ; p and y
stand for all other nuclear and electronic quantum
numbers necessary to specify the state. Ne-
glecting the second-order terms we get the uncor-
rected values shown in Table VII.

The significant second-order energy contribu-
tions come from the other (6P)' levels. They can
be calculated from a knowledge of the 6p electron
dipole and quadrupole interaction constants in
conjunction with the wave functions of Table VI.

Following Sandars and Beck's" and Bordarier,
Judd, and Klapisch's' relativistic treatment of
hfs using LS-coupled states, we have

(SLJ, S'L' J')

( D)/2, DP2»
2

'

2

2 4
(D5/» Ss/2»

2 2( D5/» Ds/2)

( Ss/2, Ss/2)
4 4

( Ss/» Ds/2»
4 2

( Ds/» Ds/2»
2 2

( Ps/» Ps/2)
2 2

2 2
( Ps/2, P)/2)
2 2(...,' „,)

(p SIJill(X4lip S'L'J')

( v' T33) (4a' +a")
—2(,g 3) (a' —2a"' —a")

2( J$) (2a'+6a"' —2a")
3( v f) (10a' +16a"' —a")- -'(& -') ("—2."'
3 ( J$) (49a

' - 80 a'" -4a")
v 15a'

(v'2) a"

(p SLJI+4Z; lip S'L'J')

TABLE VIII. Nonvanishing reduced matrix elements of
(i) ]gff for k = 1, 2, and 3 in the p configuration.

(k) 3

=l Q,.X,. +-.' (lgl"' Q;Z-"'

+ T„"' [Z; T.(i)"'].44+ "~ ~

X& and Z&~ ' are given explicitly in terms of va-
lence-electron radial integrals in Refs. 15 and 16;
in Appendix B we derive the form of [T,' '(i)],«
for a p electron. The nonzero reduced matrix
elements of g, [T,43'(i)],« for l'3= 1, 2, and 3 in the
p' configuration using the LS basis set are given
in Table VIII where the individual electron inter-
action constants a', a", and a'" are defined by
Breit and Wills' and b, &2 and F3~2 are defined
by Lurio, Mandel, and Novick. '~ The parameter

( D5/» Ps/2)
2 2

2 2
(D5/2 Pu2»
4 2( Ss/2, Ps/2)
4 2

( Ss/2, P(/2)
( Ds/2, P3/2)

2 2

2 2

( Dg2, Dg2»
2 2

S„, D„,)4 2

2 2
(Ds/» Ds/»

( Ps/2 Ps/2»
2 2

$ (J $)qb3(3
-$(J $)b3i3

5(1—q) bs/2
—

s «5(1 —&)bs/2

~OS (5+4&) bs/2

(4+ 5g) bs/2

(p SLJll Q;T4 (i)]@flip S'I'J')
1—12(v' ~5) cs/2

1-- 4&7 c,/,0
1

2(g 5 )cs/20
1-- 2~35 c„,0
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B(nJ)='4v' —,
' (pII (I I ) ' pIi)

x(«&l &~(Zi)

3

Z B(n, ~=-s')= o,

3
C(n& J 3) 3 Cs/2.

(9)

=21(el —)) ( )(aJ 1 r; "l'll. )). (7)

C(nJ) = (pII I(T.)(()'I pri)

x (nzJ Q, [T,(3)] ()' nJJ)'

o g ) (a~
1

nr(R)"' ez)

where 0 is the nuclear magnetic octupole moment.
From Table VIII and Appendix A, we have

A( Ds/2) = —, a'+ —,
' a",

These equations follow from the fact that the inter-
mediate-coupling coefficients for either basis set
of wave functions are the elements of a unitary
xnatrix which transforms the starting basis set of
wave functions into the intermediate-coupling wave
functions. Hence c;/, (and a;/) satisfy the e(lua-
tlons gicij cik pic/i cki —5 jk .

For a pure p' configuration, the ratios a "/a' and
a'"/a' can be estimated if one knows the relevant
relativistic and normalization correction fac-
tors. '

& Specifically,

a" F„, C"
a' F3/2 C'

A(n 2) =+ [(50a, + 49a„+45aks —4V5ae a„a) a'

—(5a', „+4a„'„-4 v 5 a, as, )a"

+8(10a, —loa~ +v 5 a, as ) a"']

= (1+ 3 csa) a' - cs, 3 a" -4+cs (c„-c, )a

A( Pi/2) = a

a('D„,) = o,

B(n ', ) = 3 ak
—[2(1 r/) a, + M— 5(1+—,

'
3)) a~ ] bs/2

=[(CSa Cia) —2FS'OCsa(C(a+ CSa)] t)3/2 )

a('p„,) = o,

C( Ds/2) = —2c3/2
2

C(n-', )= [ak + —'as (a„+4v~5a, )]cs/2

2 4 2 2= (Cia —
3 C2a+ Csa)C3/2 ~

(8)

Itt Ctt
5
16 Ct 3/2

TABLE IX. Parameters and results of core-polariza-
tion calculation.

From g =1.55 Schwartz (0 = 2.49)

1.245 1.14

alI

a
14.86 12.5

a I II
—0.394 —0.362

a'

We can estimate C"/C' in two ways: (i) from our
experimental value for i& = —(C "/C') S/Rs/, = 1. 55
(see below), and (ii) by extrapolatirig Schwartz's
calculations' of 8 for p electron configurations to
Z=83 [8(Bi)=2. 49]. The results are shown in
Table IX; Z, = Z —4 was used throughout. The ex-

C( Pi/2) = 0

The dipole constant results agree with the previous
work of Breit and Wills; the sign difference with
the quadrupole constant work of Schuler and
Schmidt' is explained by our choice of phase for
the P3/2 level wave function which is the negative
of theirs.

Several coupling-independent predictions can
be made from the results of Eq. (8):

3

Q A(n, J= —,')= 3' a' —-', a",

fr om 736 MHz

a'
from
& .c&

I
aav

& oore

736 MHz

736 MHz

Reference 17.

—0.91x 10 cm

0.94x10" cm '

832 MHz

891 MHz

862 MHz

—1.00 x 10

1.10 x 10 cm
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perimental dipole hfs for all five of the p levels
can be fitted to within several percent by the values
a' = 351 MHz, a"= 11 310 MHz, and a'"= —678 MHz.
These experimentally determined hfs constants
yield the ratios a "/a'= 32. 2 and a'"/a'= —1.93,
in disagreement with theory. This result is not
surprising since an analysis of other heavy ele-
ment p-electron hfs (viz. , T/) has shown that core
polarization of the s- s' type has a drastic effect
on the hfs. Bleany, ' Sandars and Beck,"and
Woodgate have discussed the effect of core polar-
ization and relativity on hfs. They show it is better
to parametrize the hfs in terms of three different
radial integers, (s. ,s), (s,c), and (s, '). In
their notation we would write

X =2pp, oI Q, [(s,');1;

—v 10(r, '); (sC"');"+(s,');s;],

where p. is the nuclear dipole moment, p. ~ is the
Bohr magneton, and i sums over all electrons. A

comparison with the previous form of the P' hfs
dipole Hamiltonian yields the correspondences:

-3 1

= 2. 05&&10 cm

(sac) 18 ( ~ +2+ +~

small (-7%). It is unfortunate that the calculation
is so sensitive to the value of C "/C'. Average
values of (s ') for the p electrons, (s s)», can be
obtained from the a',„results and are listed in the
Table. The fs yields the value (s ')»= 1.25x10'
cm ', supporting the larger value of a'.

The experimental quadrupole interaction con-
stants can all be fitted by a single parameter,
b, i2= —801 MHz with g=1. 55. This is shown in
Table X and. is consistent with the assumption of
configuration interaction involving only single elec-
tron excitations.

The experimental values for the single electron
dipole and quadrupole interaction constants can
be used to calculated the W»'( Psiz) and then the
corrected values of A( Psi z), 8( Psi z), and C( Psi z).
These are given in Table VII. The corrected octu-
pole interaction constants for the P3i2 and Ssi2
levels can be fitted fairly well by c3i 2= 0. 0210
MHz (Table X).

C. Nuclear Moments

Our result for the magnetic dipole moment un-
corrected for the diamagnetic shielding effect
p = 4. 21(14) is-4% larger than the nuclear reso-
nance value p, = 4. 03771 pz. The corrected values
are 4. 25(14) and 4. 07970 p„, respectively.

A value for the electric quadrupole moment can
be obtained from the expression

= 4. 165&&10 cm
(12)

bsiz
e'(s" ')»It(Z, )

(13)

(s,')= +, (10a'+16a'"-a")Ih
QP, g

= —1.62x1026 cm 3,

where a is in units of Hz and p, =1.08. In the ab-
sence of core polarization and relativity, (s,')
would be zero. It is interesting to see if we can
separate out the s- s' core-polarization depen-
dence, since this only contributes to (s,') and
other types of core polarization have a small ef-
fect on the hfs, i. e. , for those cases in which
this kind of analysis has been done, (r,') = (s,c)
to within a percent when relativistic corrections
are included. Using the theoretical a ratios in the
expressions for (s',') and (s',c) and writmg (s',')
=Ih/pij, o+z (10+ 16 a"'/a' —a"/a') a'+ (s '), „we
obtain the values shown in TaMe IX (to calculate
(s' )„„in the second column, we used the aver-
age a'= 862 MHz). The agreement of the two values
for a' as derived from g is striking; however, the
spread in a', using Schwartz's values, is still

2

7 c3)2 P, QP E
a' I Z T (14a)

2 2zicsiz eQ &o &

b3]2 Pg Z T (14b)

2
] p5 C3/ 2 Qp BZ)
8

~
&a Z2

P
(14c)

Taking b»z= —801 MHz, (s ')»=1. 135x10 cm '
(obtained by averaging the fs value with the hfs
value), and Z,. = 79, we get Q=-0. 385(40) b for the
nuclear moment without the Sternheimer correc-
tion. The quoted uncertainty is derived solely
from the uncertainty in (y )». This value is in
good agreement with a recent optical measure-
ment" which gives Q= -0. 379(15) b.

We can deduce a value for the magnetic octupole
moment from the following relations:
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TABLE X. Experimental and calculated hfs interaction constants for the (6p) configuration of Bi (all units are MHz).

Level

2
D~)2

4
~3/2

2
+3/2

2
D3/2

2
&u2

Exp

2502
—446.937(1)

491.026(1)'
—1230+
11310

Calc

2550
—439

504
—1166
11310

Exp

300 (100)
—305.067 (2)

978.639(9)
—657 '

Calc

—305
967

—662

Exp

b

0.0183(1)'
0.0193(5)'

b

Calc

—0.0419
0.0173
0.0204

—0.0126

S. Mrozowski, Phys. Hev. 62, 526 (1942); 69, 169
(1946).

No measurements.
'R. J. Hull and G. O. Brink, Ref. 3. These are their

corrected values; the uncorrected results are A=
—446.942(1) MHz, B=—304.654(2) MHz, and C=0.0165(1)
MHz.

Present work. These are the corrected values.
'H. Schuler and T. Schmidt, Z. Physik 99, 717 (1936);

E. U. Mintz, J. Franklin Inst. 222, 613 (1936); F. M.

Kelly and L. O. Dickie, Bull. Am. Phys. Soc. 11, 456

(1966).

where all interaction constants are in Hz, and f~
is in cm . In (14c), c is the velocity of light.
Extrapolating Schwartz' s results gives F/T = 0. 850,
R/T= (R/F) F/T= 0. 977, and HZ, /T= (Hg.,./F) F/T
= 82. 6. Taking p, = 4. 08 p.„, we get the following
values for 0: from (14a) 0. 63pz b (for a'= V36
MHz) and 0. 53g„b (for a'= 862 MHz); from (14b),
0. 52p,„b; and from (14c), 0. 56',„b. These re-
sults are impressively consistent. Averaging the
values from the different methods gives 0= 0. 55(3)
&& p,Nb.

The Bi ~ nucleus has one 6ks&3 proton outside of
closed proton and neutron shells. Thus one would
expect the single-particle model to be fairly re-
liable. Assuming the nuclear multipole moments
arise from the 6k3~3 proton alone, then gives
p, = —,', (12g, g, ) p~=2. 6-2p.„, Q= +, (r$„= --0. 221b,
and A= $43 (Vg, g,)(r )Np, -„=0.126p,„b, where
we have used g, = 1.000, g, = 5. 586, and (r')„
= 0. 304 b from electron scattering data. These
values are seen to be somewhat smaller than, but
of the same order of magnitude as, the experimen-
tally derived values.

It is known that if one chooses g, =2 in the single-
particle model calculation of p., then one obtains
very nearly the experimental value. If we use
g, = 2 in the single-particle model calculation of
0 we obtain Q= 0. 45'.„b in much better agreement
with experiment. Perhaps there is some signifi-
cance to this observation.

also choose the sign of the square root in the ex-
pression for R(k3) given by Inglis and Johnson
such that each intermediate-coupling wave function
goes over to the pure LS-coupled wave function
(as g - 0) with a + 1 phase fa.ctor. This requires
we use a minus sign for the k= 1 square root in

R(k3). The typographical errors in Inglis and
Johnson are corrected in the paper by I indgren
and Johansson, ' but note, that for our choice of
phases, R(k2) = —(&3+ Sx) R(kS). Finally, we note
that in pure jj coupling the state which connects
to p(4S3&3) has the coefficient c, = —1. With the
above conditions we find

Ct ~ 3gg (2a« —Sap~+ V 5a «)
c3~= —3 (v 5a, —2' ),

c„=—3~3 (2a, +3ap +~5a„);1

a =y3 (Ct -v C3 —C3 ),
1

ap g3 (ct + c3 )

i IS I
a3 = 3v3 (ct +2q-c3 —c3 ) .

The parameter ~ takes the values 1, 2, and 3
since there are three J= —', states.

APPENDIX B

APPENDIX A

We will write the LS-coupled wave functions for
the p' configuration using the phases given by
Racah. This requires that the sign of all 'P wave
functions given in matrix table (6m) ' of TAS, and
the signs of all elements of the p spin-orbit inter-
action table of TAS be multiplied by -1. We

According to Sandars and Beck,"we have

where U&
k8' &'" is a Hermitian unit tensor operator

of rank k, in spin space, k, in orbital space, and
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k in the combined spin-orbital space; and Finally, using

(, „), (2k, +1)(2k,+ ) g I(2.
(2k+ 1)'/2

1 1 k,
(B2)

&p'sLJI
I ~ L ""'I

I p s'L'7)

S S'1
= (2J+ 1)M( 1. I. 2'

3
The R superscript denotes relativistic states.
The reduced matrix elements are given in Refs. 17
and 18.

We consider the case k= 3 for a p electron. Be-
cause of the triangle condition on the coupling of
angular momenta and the fact that only terms with

k, + k, + k even contribute, the sum in E(1. (Bl) re-
duces to just one term: P " '"U& ""'. From
E(1. (B2),

11 1
2 2

]
33 3

2 2

x &p'sL
I I Z v,".

I I
p's'L'&

S S'1
= (2m+1)+ I. I.' 2 &p'sLI

I

v"
I
Ip's'I. '&,

/

where (p'SL
I I

V'
I

Ip' S'L') is given in Ref. 12, we
obtain the results shown in Table VIII.

Rx (P&l& I I &!
I I&3/2) ——10W3c3/P .
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