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This paper describes calculations of t he t ransit ion proba bili t ies of forbi dden lines (mag
netic dipole and electric quadrupole radi ation) of la bo ratory a nd as trophysical interes t . 
R esults are given for Ti Ill, Cr II, Cr I V, Mn v, Mn VI, F e V I , Fe VII, Ni I , Cu II , Ga I , Ge I , 
Ge II, As I, As III, Se I, Br I , Br II , Kr II, Ier III, Rb III, In I , Sn I , Sn II, Sb I , Sb Ill , T e I , I I, 
I II, Xe TI, Xe III, Cs III, H g II, Tl I, Pb I , Pb II, Bi I, Bi II, Bi III, P o I , and Rn u . 

1. Introduction 

This paper presents the results of calculations of 
the t ransition probabilit ies of forbidden lines for a 
number of atoms and ions of astrophysical or lab
oratory interest . Nluch work has been done in the 
past on atoms in t he first two short p<?riod~ and t? eir 
isoeleetronic sequen ces, and selected lOns III the Iron 
group have also been studied . A. few addition~l ions 
in t he iron group need study , ChlOfly WIth a VlOW to 
astrophysical appli cations. These form the subject 
of sections 2 t hrough 4 of t he presen t p aper . . Ther~ 
have been few calculatIons on forbIdden Imes of 
heavier element s. Only a few arc of possible astro
physical interest; a number have bee ll obse1"l' ed in the 
laboratory . Cal culations of their tr am:ition pro b
abilit ies arc not difficult , and have been carried out 
for many atoms and ions, t he results being given in 
section 5 of this p aper. They include, it is thought , 
e\'ery C ~l,se in which one or more forbidden lines in a n 
atom has been obse1"l'ed in laboratory sources, and 
for which t ransition probabilit ies have no t pre
viously b een computed. 

A co mprehensive suney of this subj ect has recently 
been o·i \'en [1] 2 and in t hIS paper we shall only gIve 
such details a~ are immediately relevant to the indi
vidual atoms being considered . Unless otherwis;) 
ment ioned all obser ved atomic energy levels have 
been tak en from [2]. The procedure, now well 
established is to take t he quanturn mechanical 
energy Jll~trices including spi!l-orbit int.tn·action 
(and, where necessary, configur~tlO.n 1Oteractl.on). and 
determine t he parameters (radlal mtegrals) 10 these 
matrices so t hat t he eigenvalues of the matrices 
reproduce t he 0 bsen ed energies as accurately as 
possible. T he eigen ~ 'ectors provide t~e tr anSfOr!lla
t ion from LS-coupl1Og to mterm edmte couphng. 
The matrices of t he square root s of line strengths arc 
set up , t he transformation to intermediate coupling 

1 Norma lly a t University of London Observa tory, i\lliH lrI1
i1l Pa rk" London, 

N ."\V. 7, England, where par t of t his work ~\'as per.fOrlll~d: . lhe re ~ na lJlder was 
performcd w hile t he author was a t thc A t.oJll IC P hyslcs l? IVlSlOll , ~atlO lla l Bureau 
o f Standards el ur ing 1961 anel 1962, a nd IS a pa rt of project D E] E N D ER, spon
sorcd b y th e Ad vanced Research P rojects Agency, Department of Defense, 
th rough the Offi ce of Nava l R esearch. 

' F igures in brackets inelicate the li tera ture references on page 71-
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carried out, and the final line strengths conver ted to 
tr ansit ion probabilit ies. The total t r ansition prob
ability for a line is t he sum of t he magnetic dipole 
t ransit ion probability (Am) and the electric quadru
pole transition probabilit y (A q) . 

2. Lines of TiIII, MnVI, Fe VII, CrIV; MnV, 
and FeV! 

In Ti III , M n VI , and F e VII the transitions take 
place wi thin the 3d2 configuration . F e VII was 
studied by Pasternack [3]; the other two ions do no t 
appeal' to h ave been the subj ect of earlier forbidden 
line calculations. The spin-orbi t m atrix was taken 
from Conci on and Shor tley [4, p . 269]; t he electro
static energies were t reated as arbi trary parameters . 
The p ar a,meters ob tained by fi tting the theory to 
the obsenred energies are gi\'en in table l ' E eS) was 
estima ted using the theoretical formulas for electro
static energies [5] including an aL(L+ 1) correction 
[6]. The resulting calculated energies are gi \ren in 
table 2. The only signifLcan t comparison wi tit 
obsen ra tion is for the 3F and 3p term in tervals, for 
which the agreement is qui te good, showing that tbe 
in termedi ate coupling theory pro\'jdes a fair repre
sentation of the atomic fine structure. The line 
strength matrix for magnetic dipole radi ation WiLS 

obtained from formulae or SllOr tley [7 ], t he electric 
quadrupole line streng th ma t rix from P astern ack [3] 

T A BLE 1. Paramete1'S f or the 3d' confi(j1tTations in T i III and 
M n V [ 

(Units: 8 q in atomic units, others in Clll- I) 

P ara meter 'Ii III Mn VI 

E (3F ) 243 974 
E (I]) ) 8482 15446 
E (3P) 10657 18274 
E(IG ) 14398 25502 
E(IS) (32881) (57600) 

I 118 465 
s. 2. 45 0.979 

· 



T ABLE 2. Energy levels in the 3d' configura tions in T i III with correc tions by Garstang [8], and the radial 
and 1\1n VI in tegrals 
(U n i ts: em-I) 

Ti III 1\1n V I 

Leyel 

Obs. Calc. O - C Obs. Calc. O - C 

--- ---

3F , 0 3 - 3 0 10 - 10 
3F3 184 184 0 746 741 5 
3F , 422 419 3 1669 1663 6 

ID z 8473 8473 0 15336 15336 0 

3P o 10536 10535 1 17782 17772 10 
3P I 10604 10598 6 18057 18042 15 
3P , 10721 10729 - 8 18628 18652 - 24 

IG, 14399 14399 0 25511 25511 0 

ISO (32885) ------- ------- (57633) -- --- --- - ----

TJ\ BLE 3. Transition probabilities oj [Ti Ill ] and [1\1n VI] 

(Uni t s: sec-I) 

T i HI 1\1n VI 

T ra nsit ion 
3d" 

A m A q Am A o 

3F - 3F 2- 3 l.6 X 10- ' 1.4 X 10- 12 0.011 2.5 X 10- 10 

2- 4 ---------- 3A X 10- 12 ---------- 4.8 X 10- 10 

3- 4 2.7 X 10- ' 4.3 X 10- 12 0.01 6 6. 0 X 10- 10 

3F - ID 2- 2 0.0049 9.0 X 10- 6 0.14 l. 7 X 10- 4 

3- 2 .0095 l. 1 X 10- 5 .23 2.3 X 10- ' 
-!-2 ---------- 5.4 X 10- 5 ---------- 9. 0 X lQ- ' 

3F - 3p 2- 0 ----- -- --- 0.039 ---------- 0.087 
2- 1 2.7 X 10- 6 .01 4 3.8 X 10- ' .031 
3- 1 --------- - .025 --- - ----- - .050 
2- 2 1.9 X 10- 5 .0012 0.0035 .0028 
3- 2 7.3 X 10- 5 .0079 .013 .017 
4- 2 ---------- .027 ---------- .050 

ID _ 3p 2- 0 ----- ----- 5.5 X 10- 8 --- -- ----- 1.6 X lQ- 7 
2- 1 0.001 2 7.3 X 10- 8 0.020 2.8 X 10- 7 
2- 2 .0026 2.8 X 10- 9 .060 2. 6 X 10- 8 

3p _ 3p 0- 1 5.4 X 10- 6 -- - -------- 3.7 X lQ- 4 ----------
0- 2 ---- - ----- 1.1 X 10- 11 - - -------- 3.5 X 10- 9 

1- 2 2.2 X IO- 5 2. 6 X 10- 12 0.0024 1.1 X 10- 9 

3F - IG 2- 4 ---------- l.9 X 10- 5 ---------- 2.5 X 10- ' 
3- 4 0.0041 2.4 X 10- 7 0.12 3.2 X 10- 6 

4- 4 .0064 8.9 X I0- 6 .17 1.1 X 10- 4 

ID - IG 2- 4 ----- - -- - - 4.5 X 10- 4 ---------- 0.0010 

3P _ IG 2- 4 ---------- 3.2 X 10- 7 ---------- 8.5 X 10- 6 

3F - IS 2- 0 ---------- 0.0053 - - ------ -- 0.063 

ID -IS 2- 0 ---------- 6.7 ---------- 16 

3p _ IS 1- 0 0.098 ---- - ----- - 2.7 ----- - ----
2- 0 ---------- 0.028 ---------- 0.55 

62 

were ob tained from Wa \Te functions given by I'Vatson 
[9]. The values of Sq used are listed in table 1. The 
intermediate coupling tr ansforma tions and the final 
tr ansition probabilities were compu ted in the usual 
way. The results are listed in table 3. A m and A q 
deno te spontaneous emission tr ansi tion probabili ties 
in sec- I; the total tr ansition probabili ty is A ",+ A q. 

The r esul ts ob tained for Mn V I Inay be compared 
with those ob tained by P asternack for F e VII . The 
results show the usual trend of increasing transi tion 
probabili ties along the isoelec tronic sequence. 
P as ternack used Sq= 1.52 for Fe VII , b ased on a 
rather crude es tima te of cer tain screening constan ts . 
A bet ter estimate of Sq can now be obtained from 
vVatson's wave functions, b ased on an extrapola tion 
of Sq-y, along the isoelectronic sequence, Mn VI b eing 
the highest ion of this sequence for which wa\' e 
functions were computed. The resulting es t im ate of 
Sq is gi\' en in table 4 . The m agnetic dipole transi
tion probab ili ties obtained by Pas ternack are un
ch anged on a change of S q. The elec tric quadrupole 
streng ths mus t be m ultiplied by the square of the 
ratio of the n ew Sq to the old S q. The elec tric quad
rupole transi tion probabili ties must be mul tiplied 
by this same correction fac tor, which is gi\~en in 
table 4. P as ternack also performed calcula tions on 
Cr IV, r.1n V, and F e VI , for which the tran si tions 
take place wi thin the 3d3 configuration. vVe h ave 
compu ted impro ved values of Sq for these three ions 
from the wave fun ctions published by W atson. The 
values of Sq are given in table 4 together with cor
recting factors by which Pasternack 's electric quad
rupole transition probabili ties ar e to b e multiplied to 
take account of the revised S q. As for Fe VII , th e 
m agne tic dipole tr ansition probabili ties ar e un
affec ted by the change in Sq . 

Bowen [10] obser ved the transitions 3F 2 - lD 2 

(\6518.3), 3F 4-3P 2 (A5894.0), and 3F 3-3P 1(:\5776.4 ) 
of Mn VI in a planetary nebula. N o forbidden lines 
of Ti III appear to have been observed . 

T AB LE 4. R adial i ntegrals and correction jactors to be applied 
to certain transition probabaities 

(Units: 8q in atom ic units) 

Ion S<J Correction 
factor a 

F e VII b O. 84 O. 30 
Cr IV 1. 45 . 144 
1\1nv l. 10 . 185 
Fe VI . 89 . 24 

a T o be applied t o electric quadrupole t ra nsition probabili
ties published by P ast ernack [3]. 

bN ew wa ve j unctiotls co mputed by S. J. Czyzakof Wright
P a t t er son Air Force Base lindicate 5 0 = 0.80 forFo vII , lea di ng 
to a correction fa ctor 0.28. 



3. Lines of Cr II 

A complete study of the forbidden lines of ('r l[ 
would Jlecessitate ~1 ver y long investigation which 
the astronorn icnl importa,nee of t his ion is lmrdly 
suffi cient to justify. It so happen s that the on e 
multiplet of most importance can be simply treated. 
This i s the transition 3cl5 6S-3cNs BD. The foUl" 
stron gest lines of this multiplet were obseJ"\'ed by 
Thackeray [11 ] in the infrared spectrum of 1) Carillae. 
6S a nd 6D are the only sextet terms in their respecti\'e 
COil (igul"t1tions, and consequently there rtre no large 
off-diagonal matrix elements connecting them witb 
other ' terms. Experience (especially \vith Fe II 

[12]) has shown that in these circumstances, for a 
transition rtHowed in LS-coupling, magnetic dipole 
radiaLion is likely to be negligible and the LS-cou
pIing approxim ation will give excellent vrtlues for the 
electric quadrupole transition probabilities. The 
total multiplet strength is given in the appendix to 
the present paper. The indiyidurtl line stren gths 
were obtained, and converted to transition probn,
bilities . The radial integral 

IS q= ( 00 r2P (3d)P (4s) dr 
.J o 

was estil11<1ted by extrapolating Sq -~ fronc the values 
previously obtained for Fe II [12] and Ni II [1 3]. 
We adopted Sq = - 3.5. The resulLs are lis ted in 
table 5. 

TABLE .5. Eleelr£c qu(uil'upole trans ilion probabilities JOI' 
C r II :3d5 (IS - :3d"-J8 6 J) 

(Units: s~c- ' ) 

Lin e / 1 a 

O. 067 
.06!l 
.072 
. 077 
.083 

4 . Lines of Ni I and Cu II 

In connection with some intensity calculations on 
permitted transitions the writer undertook a study 
of Ni I, n,nd part of that work may also be used in 
c~11culations on forbidden lines. The lower levels of 
Ni I aJ'ise from the configurations 3elJO , 3cl94s, ~tnd 
3d84s2• The energy lC\rels have been fitted to the 
theory and parameters estimated in the uSUfll way. 
The formulae for the electrostatic energies were 
obtn,ineclfrom [4 , p . 299] and [5, eq (78)], c1n aL (L + 1) 
correct,ion [6] being added for the 3d84s2 configura
tioJJ. The configuration intem cLioll matrix clements 
were obtained from [14 , eqs (75) alld (8 1)]. The 
spin-orbit intcraction matrix clements 'were taken 
from [4 , p . 269] w'ith changes in the sign of .\ (for d8 

or d9 instead of d2 or d), and of the phase of ds 
(instead of sd). The adopted parameters are given 
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in t able 6. The configuration intel'ttct ion parameter 
H2 Wf\S neglected; a sLudy by R f\Ca/t f1nd S hadmi [15] 
showed that H2 is very small for Ni I r, lwd presum
~1bly also for N i 1. Table 7 gilres the observed ener
gies <t ncl t hose calculated from the pn,l'a ll1 eters in 
table 6. The Lande g-fn,ctors m'e also g i\'C' n. The 
o\'el'all agreement of obser\'}\t ion a,nd calculat io n is 
very satisfactory. The line strength m'1L1'.ices were 
obtained in the usual Wf\y [3, 7, 8, 16] and inkr
mediate coupling tmnsfol'l1111.tions canied out to 
obtain the final line strengths and tmnsition probn
bilities. The only problem which arose was the 
adoption of nUllleriC,tl values of t he radial integml s 

TABLE G. Adopted parametel's in N i I 

(UniLs: Sq in a tomic units. oLhers in em-I) 

d8s' r 650 
a 75 
A 8 18 1. 
R 1010 
C 4 L79 

dOs Po 1992 
O2 J 1. 8 L 
r' 604 

d'o Eo 14928 

s ,,(3d'O) 2.2 
s ,,(3d04s) 1. 6 
s'I(3d84s2) 1. 1 
S '1(3dlO - 3d04s) - 2. 9 
s ,,(3d04s - 3d84s2) - 2.2 

TAlll,E 7. Ob served and ealenlat ed energy levels and L ande 
g-facto1's 

Ene rgy levels Lande g-facLo rs 

T C' J'ln J 
Ca lcu- Ob- LB- Cale u-

Obse rved la ted se rved cou- la( ed 
pl iug 

em- I cm- I 

3d84s' a3]i' ,[ 0 7 1. 250 1.250 1. 250 
3 1332- 1332 ] 326- 13 10 1.083 1. 083 1. 0 83 
2 2217- 885 2214- 888 0.671 O. GG7 0.670 

3d04s a3D 3 205 207 1. 332 1. 3:3:3 1. 333 
2 880- 675 875- 668 1. 149 1. 167 1. 151 
1 1713- 833 1717- 842 O. 497 O. 500 O. 500 

3d94s aiD 2 3410 3411 1. 014 1.000 1. 016 

3d84s2 biD 2 13521 13491 1. 143 1. 000 1. 128 

3dlO alB 0 14729 14720 ----- - - - - ---- - ------

3d84s2 a3p 2 15610 15632 1. 356 1. 500 1. 370 
1 15734- 124 15726- 04 1. 497 1. 500 1. 500 
0 16017- 283 15991- 265 ------- ------- ------

3d84s2 alG 4 22102 22098 O. 99 1. 000 1. 000 

3d84s2 IS 0 ------- -- 51834 - - ----- ------- -- -- --



TABLE S. Tran8ition probabilitie8 of [1'\i I) 

Transition 

aID- bID 
(6F ) 

alD- alS 
(7F) 

a3 D- a3P 
(5F) 

a'D- a3P 
(SF) 

4- 3 
4- 2 
3-2 

4- 3 
3- 3 
2- 3 
4- 2 
3- 2 
2- 2 
3- 1 
2- 1 

3- 2 
3- 1 
2- 1 

4- 2 
3- 2 
2- 2 

3- 2 
2- 2 
1- 2 

4- 2 
3- 2 
2- 2 

3- 2 
2- 2 
1- 2 

2- 2 

2- 0 

2- 0 

2- 0 

2- 0 

4- 2 
3- 2 
2- 2 
3- 1 
2- 1 
2- 0 

3- 2 
2- 2 
1- 2 
3- 1 
2- 1 
1- 1 
2- 0 
1- 0 

2- 2 
2- 1 
2- 0 

2- 2 
2- 1 
2- 0 

0- 2 
0- 1 

(Units: sec- I) 

O. 062 

. 025 

O. 0070 

. 021 

O. 078 
. 0062 
.011 

O. 39 
. 17 

O. 15 
. 039 

.0022 

0.072 
. 063 

1. 4 X 10- 4 

6. OX lO- 9 
3. 6 X 10- 9 

1. 1 X ] 0- 9 

8. 4 X lO- 1I 
1.2 X I0- 7 

2. 7 X 10- 7 

3. 2X lO-8 
1. SX 10- 9 

3. 7 X 10- 7 

S. OX 10- 10 

3. 9 X 10- 9 

4.1 X I0- 9 

3. OX 10- 8 

1. 7 X 10- 8 

1. 7 X 10- 6 

5. 4 X 10- 7 

6. 7X 10- 9 

1. OX ]0- 6 

1. SX 10- 7 

3. 6 X 10- 8 

O. 0056 
7. 6 X lO- ' 
2. OX 10-< 

0.014 
.017 

4.5 X 10- 4 

O. 012 

1. 8 X lO-4 

O. 068 

0. 31 

2. 9X 10- 4 

O. 032 
.0056 

3. 9S X lO- 4 
O. 025 
. 0090 
. 031 

O. 074 
. 018 
. 0093 
. 092 
.012 
.053 
. 19 

O. 024 
4. 7 X 10- 4 

1. 1 X lO-5 

1. 9 X 10- 8 

6. 9 X 10- 7 

1. 2 X lO-6 

1. 3 X 10- 12 
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TABLE 8. Tran8ition probabilitie8 of [Ni I)- Continued 

Transition 

a3P- a3P 2-1 3. 2 X 10- 5 S. 2 X 10- 13 

2- 0 - --- - ----------- 4. 5 X 10- 10 

1- 0 O. 0012 --------------- -

a3F- a1G 4- 4 O. 32 2. 2 X 10- 4 
(3F) 3- 4 16 3. S X lO- 6 

2- 4 ---------------- 3. OX lO-4 

a3D- a1G 3- 4 ---------------- 7. 9 X 10- 4 

2- 4 ---------------- . OSO 

alD- alG 2- 4 --- -------- ---- - O. 44 

b'D-aIG 2- 4 ------------ - --- 4. I X 10- 4 

a3P-a'G 2-4 - --- ------------ 4. 3 X 10- 5 

a3F- ('S) 2- 0 ---------------- O. 17 

a3D- (IS ) 2- 0 - - - - ------------ S. 5 

a'D- ('S) 2- 0 ---------------- S4 

b'D- ('S) 2-0 --- - ------ ----- - 9. 9 

a3P- (IS) 2- 0 - ------------ -- - 3. 0 
1- 0 5. 4 - - ------------ --

for electric quadrupole radiation. These were ob
tained by extrapolation of results for various stages 
of ionization of manganese, iron, and nickel which 
had been obtained in earlier work. The adopted 
radial integrals are listed in table 6 and the transition 
probabilities in table 8. 

In Cu II we are only interested in the 3d1o and 
3Jl4s configurations, but the 3d84s2 configuration 
must be included in the calculations. Cu II has been 
studied by Racah and Shadmi [15], and we have 
adopted the numerical values of the parameters 
which they obtained. The Ni I work was followed 
so far as necessary for Cu II. Examination showed 
that there are no magnetic dipole transitions between 
3d1o and 3d94s. For electric quadrupole radiation 
ISO_3D 1 and ISO_3D 3 are strictly forbidden. The 
remaining transitions were computed in the same 
way as for Ni 1. The radial in tegrals for electric 
quadrupole radiation were estimated by extrapola
tion of Sq-y, from Fe II [12] and Ni II [13]. We 
adopted Sq(dIL d"S) = - 2.0, sq(d9s- d8s2 ) = - l.5: 
sQ(d"s- d"s) =+ l.O . The resulting transition prob
abilities are given in table 9 . 

The transition probabilities of Cu II are of interest 
in connection with observations of the spectrum of 
7J Carinae by Thackeray [17] . He observed the 
transition 3d10 ISo- 3d94s ID 2 at '-3806 . Our results 
show tha t this line is indeed the strongest forbidden 
line of Cu H , and explain the absence of the ISo-3D, 
line . The ISo_3D 2 line might be observable under 
suitable conditions ; but in 7J Carinae the relatively 
high densities of the gas (in comparison with plane
tary nebulae) would enhance the importance of colli
sional excitation and de-excitation Telative to radia
tive processes, and the ISO_3D 2 line would then be 
weaker than the ISo- lD 2 line by an order of magnitude 
because of its lower transition probability. 



TA BLE 9. T ransi tion probabilities oj [C u III 
(U llits: SCC- I) 

Trans it ion 

3clW ISo-3cl94s 31) , 
';';0- 3D , 

3cll O It:; o-3cl94s ID, 

3cl04s 3 Dr 3cl94s 3D, 
3D3- 3D, 
31) ,- 3D I 

3cl94s 3 D3-3cl94s I D, 
3 1) ,,- ID, 
31) ;_ 'D; 

/I. 

______________ 0.12 

______________ 1.9 

0.017 

.055 

O. 23 
.018 
.031 

7 .4 X 10- 9 

8 .1 X lO-8 
3.4 X 10-8 

2.1 X 10- 6 

3.7 X ]0- 7 
7.4 X lO- 8 

5. Forbidden Lines in Heavier Atoms 
(Z> 29) 

Transi tion probabili ties are It,,~tilabl e for only a 
very few forbidden lines of atoms with Z > 29. The 
rema in der of this paper will be devoted to present
ing some additional data on such transitions. The 
2D-2S doublets in Rb I and Cs I have been discussed 
in deLai l [4 , p. 256] and will noL be further consid
ered llOre . ResulLs h cwe pre"iously been obtained 
also for Pb I [18], Dr II [19], I I I [201, ICI' III [21 ], Rn 
Il [22[ , Xc II [22], and XC III [22[. 

5.1. np and np5 Configurations 

T h.e only obsel' nttion of the 2P3f2_2P J1 tmnsi tion 
\Vitil in IIIl np conngumLion appe,u's Lo be Lit ,1,t in 
Pb TI 6p ctt \7099.H, first obsel'\'ed by Walte rs [2:3 ], 
and id en tined ,md studied by Cole [241. The 
2P),'\l-2 P3/2 tntnsition in the np5 configumtion has been 
obsened in Jour C,tses : Xe J I 5p 5 aL \9487.8 a nd Rn II 
6p5 at \:3235.8 by Ed16n [22], I 1 5p 5 at \] 3149 by 
E sllbac ll and Fisiter [25[ and Kiess and Corli ss [26], 
and Br 1 4p 5 at >--27130 by J. C. Polanyi [pl'intte 
communication]. 

'J'mnsition probabilities ha\re been calculated from 
t he LS-coupling formulae for magnetic dipole line 
strengths given by Shor tley [7] and for electric 
quadrupole line strengths by Gal'stang [8 , eqs (3), 
(5), (6) and par. 5]. It is found that for np a lld np5 
con figura tions 

where 
2 r'" 

8q=5 Jo r2P2(np)dr 

and the factor (2/5) has been included in 8 q for p 
electrons (cf 8 q for d electrons) in accord,1,nce with 
custom [27]. P (np ) is the radial w,we function for 
an np electron. The transition probabilities ob
tained are listed in tables 10 ewd 11, where we have 
in cluded for complete ness the two values calculated 
by Ecl16n [22]. The estimation of 8 q is discuss 3d 
below. 

711- 0{G--G4----5 

1_-
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TABLE 10. Tmnsition probabilities jor np 2Pj->2p { 

( Units: sec-') 

Ion Con fi g. Am A" 

Ga I .Jp O. 0050 I .G X 10- 0 

Ge 11 4p .049 :~ .I X ] 0- 5 

A S IJ[ 4p . 2:~ 1.0 X J 0- ' 
In I 5p . 097 2.7 X ]()- • 
t:;n 11 5p .68 O. 00:35 
Sb III 5p 2. 5 . OJ 7 
TJ I Gp 4. 2 . I l 
Pb n 6p 25 1.:3 
Bi IH 6p 80 5 .9 

TABLE 11. T mnsition probabilities jor nps 2P~->2P: 

(Units: sec- I) 

Ion Config. 

131'1 .Jp" 0.89 8.3 X JO- 4 
:[(1' II 4 p5 2. 8 0.00:30 
Rb 1lI 'Ips 7. 2 .009'[ 
I I 5p5 7. 8 .055 
XeI[ 5ps " 2l .17 
Co IIi 5ps 48 .45 
Rn ][ Gp5 " 5:W 34 

a Th ese va lues have bee n g ive n p rev ious ly by Edl6n [221. 

5.2. npz, np3, and np" Configurations 

Obse l'ntLions of Lhe forbidden Ii no ISO_3p li n Pb 1 

6p2 etL M618 played an iIllpOl't<tnt part in Lile history 
of the subj ect, for it W,tS by Illeans or obsern1.Lions 
o( tile Zeeman eA'ect on this lin e timt Niewodnicz,LI1-
ski [28] first deillonsLmtecl Lhe oceurrence or m agnetie 
dipole rR,cliation . T ile line ID 2- 3P I (\73 30) was f1rst 
obser ved by WetiLers [231, \461H by G ieseler HIl e! 

GL'Ot l'i,1,ll [29], and by SUI' [30], ,tnd ID 2-3P O (M659 ) 
and ISO_3p 2 (\5:31 3) by Niewocl nieza,nski [:3 1], who 
also studied \4618 and >--7:330. M rozowski [32] 
found ID2-3P 2 (\9250 ). Mrozowski studied the rela
tive intensities 1 (4618 ): 1 (53 13 ) and 1 (4659 ): 
1 (733 0): 1 (9250 ). The Zeeman eiIeet of M618, 
M659 , \531:3, and >--7330 was studied by Jenki ns a.nd 
Ml'ozowski [33]. Gerjlloy [18] gH.Ye a detcl iled dis
cussion of the intensities , to be referred to aga in 
below. 

Forbidden li nes of Bi II Gp2 were observed by Cole 
and Mrozowski [34], and Cole [35], who obtained 
ISo- 3P I (\ 3241 ), 'So_3P2 (>--3683 ), 'D 2- 3P j(M850) , 
ID 2- 3P 2(\5914 ), and 3P ,_3PO(\7503), and studied 
the ir itypel'fine s truc ture. 

Forbidden lines of As T 4p3 zP 3/2_4S3/2(\5362) and 
2P ),'\l-4S3 /2( \5498 ) and of Sb I 5p 3 2P 3/2- 4S 3/ 2 (\5415) 
and 2Py,-'jS3 /2 (>--6098) were observed by Hults and 
Mrozowski [36]. r n Bi I 6p3 Toshniwal [37] found 
2D 3/2_4S3/2(>--8755), 2D 5/ 2_4S3/2(>--6476) , and 2P J1 - 4S3/ 2 

(M615), and Mrozoweki [38] made a study of these 
lines together with 2P 3/2- 4S3/2(>--3014 ), 2P3/Z-2D 3/2 



(M597), and 2p 3/z-2D5/2(A5640) which he found. 
Mrozowski made hyperfine structure observations 
which proved that all these Bi I transitions are pre
dominantly magnetic dipole radiation. For 1.6476, 
the best resolved line, electric quadrupole radiation 
was less than 0.15 of the total. Mrozowski also 
pointed out the need for more laboratory intensity 
measurements on the forbidden lines of Bi I and 
other atoms. 

Ruedy and Gibbs [39] found the lines lSO- IDz 
(1.7768) and ISO_3P l (M887) in Se I 4p4. Niewod
niczanski and Lipinski [40] found lSO- lDz (1.7909 ), 
lSO_3P 1 (1.5420), and lSo_3P 2 (M309 ) in Tel 5p\ 
A5420 being much stronger than the others . 
Mrozowski [41] observed lSo_3P 1 (1.3862 ), ID 2- 3P 2 
(M611 ), and 3p 1_3PZ (1.5940) in POI 6p4. Martin 
and Tech [19] found ISO_3P j (M042 ) and ID 2- 3P Z 

(1.8270) in Brn 4p4. Martin and Corliss [20] found 
lSO_3P1 (M460) and ID 2- 3P 2 (1.7283) in In 5p4 and 
Edlen [22] found ID z_3p z (A5846 .3 ) and 3P 1_3P 2 
(1.10206.5) in XeIII 5p4. KrIll ID z_3P 2 (1.6827) may 
be present in spectra of R S Ophiuchi [54], but later 
work cast considerable doubt on the identification 
[61] . 

General formulae for line strengths and transition 
probabilities in p2, p 3, and p4 configurations were 
given by Shortley, Aller, Baker, and Menzel [27]. 

T A BLE 12. Parameters in p2 configurations 

(Uuits: em-I) 

"-" "" - -
Gel Sn I PbI 

Parameter 

4p2 5p2 6p2 

E (,P ) _____ __ 1023 2839 11538 

Bin 

6p2 

19275 
E (1 D ) ____ ___ 7050 8070 16930 25808 
E(1S) ______ _ 16263 16554 25205 36618 
!----------- 921. 5 2247 7355 11789 

We have used their line strength formulae, but the 
parameters have been determined in the manner used 
by Garstang [e.g., 42]. The electrostatic parameters 
E e p ), E(1D ) and E (1S) (for p2 and p4 configurations) 
or E(4S) , E e D), and E e p) (for p3 configurations) 
and the spin-orbit parameter!; have been treated as 
adjustable. They have been determined by fitting 
the theory [4, p. 268] to the observed energy levels 
by trial and error followed by one or more least 
squares adjustments. The energies were taken from 
[2] except for In [20] and Br II [19]. The adopted 
parameters are listed in tables 12 , 17, and 21. The 
intermediate coupling wave functions are written in 
the form given by Shortley, Aller, Baker, and 
Menzel [27] : 

for p2 and p4 configurations, and 

for p3 configurations, where 1> and 'lr denote respec
tively the LS-coupling and intermediate coupling 
functions. The observed and calculated energies are 
listed in tables 13, 18, 22, 23 , and 24 , and the co
efficients in the wave functions in tables 14 and 19. 
One check which can be applied in a few Cflses is to 
calculate the Lande g-values and compare them with 
observed vflluBs. This was done for Gs I, Sn I, and 
Pb I and the results are given in table 15 . The 
general agreement of observed and calculated energy 
levels and Lande g-factors is very satisfactory, and 
lead us to think that the intermediate coupling 
theory provides a satisfactory representation of the 
atomic electron configurations. The radial integrals 
8q (defined as above with the 2/5 factor) needed in 
the formulae of [27] for electric quadrupole radiation 
were estimated as discussed below. Then the transi
tion probabilities were calculated, and are given in 
tables 16, 20, and 25. 

It should be mentioned that a number of authors 
have attempted fitting theory to observation for p n 
configurations, for example Te I, I n, and Xe III [20], 
Pbr [1 8, 43], Brn [19], Ger [44], Snr [45], and possi
bly others. Most assumed the Slater ratio between 
the term intervals, and thus had one fewer adjustable 

TABLE 13. Observed and calculated energy levels in p 2 configw'ations 

(Units : em-I) 

Level 
Ge I (4p2) Sn I (5p2) Pb I (6p2) Bi II (6p2) 

0 0 0-0 0 0 0- 0 0 0 0 - 0 0 C 0 -0 

3P O 0 - 3 3 0 - 17 17 0 -94 94 0 - 87 87 
3P I 557 562 - 5 1692 1715 - 23 7819 7860 - 41 13324 13380 - 56 
3P Z 1410 1408 2 3428 3420 8 10650 10802 - 152 17030 17147 - 117 
IDz 7125 7125 0 8613 8613 0 21458 21344 114 33936 33831 107 
ISO 16367 16367 0 17163 17163 0 29467 29482 - 15 44173 44190 - 17 
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Level 

3P , _________ 
3PZ _________ 
IDz _________ 

LS 
coupling 

1. 500 
1. 500 
1. 000 

TABLE 14. Coefficients in interm ediate coupling wave f unctions 
(pZ and p' configumtions) 

1011 a b c d 

Ge l 4pz O. 993i O. ] 148 O. 9968 O. 0799 
Sn I 5pz . 946:{ .3232 .982 1 · 1883 
Pb I 6p Z .7624 . 6471 . 9249 · :380:3 
Bill 6p z . 7206 .6933 . 9106 · 41 :33 
Se I 4p' .9910 - . 1342 .9916 - . 1297 
Brn 4p' . 9863 - . ]652 . 9861 - . 166:3 
Kr III 4p4 .9807 - . 1953 . 9784 - . 2065 
T e l 5p' .9617 - . 2743 . 947] -. 3211 
In 5p4 .9523 - .3050 . 9277 - . 3732 
X e III 5p' .9392 - .34 35 .9039 - . 4277 
Po I 6p' .8921 - .4519 .7495 - .6620 

TABLE 15. L ande g-factors in p Z configumtions 

Ge l Sn I 

Obser ved CalculaLed O-C Obse rved CalculaLed O- C 

1. 476 1. 500 - 0.02-1 1 . . 502 J. 500 0. 002 
1. 514 1. 493 . 021 1. 452 1. 448 . 004 
. D89 1. 007 - . 01 8 1. 052 1. 052 0 

T AB L E 16. T ransition probabilities for p Z configurations 

( l'nits: sec-I) 

Transition T ype Ge l S il l P bI " 

' So- ID z .11 a 1.1 0.05 0 .48 
lSO_3P , .liG 0.068 0.57 ]0 
'SO_3P , Am 1.0 7.0 78 
lDz_3PZ { .11m 0.097 0.52 12 

A a .0010 .0061 0.60 
ID z_3Pl { A m 0.050 0.46 14 

A a 3. 0 X lO- 4 .0043 0.46 
lDz- 3Po .!L a 3. 0 X lO-5 8.1 X 10-5 0.0017 
3PZ_3p , { A m 0.0082 0.062 0.1 8 

A q 8.3 X lO- 7 3. 6 X 10- 5 2.5 X 10- 4 
3P 2_3PO A G 4.6 X 10- G 5.9 X lO- 4 0.21 
3P,_3PO A m 0.0031 0.083 7.3 

Pb I 

Observed CalculaLecl 

1. 50 l 1. 500 
] .26D 1. 29 l 
] . 230 1. 209 

Bin 

1.1 
47 

270 
'J8 

:{.7 
56 

2.8 
0.039 
0.35 
5.6 X 10-4 

1.6 
35 

a In s ubstantial agreem en t with Gerjuoy [18], allowing for difference in Sa . 

TABLE 17. Parameters in p 3 configurati ons 

(Units: cm- I ) 

AS I Sb I Bi I 
Paramet er 

4p 3 5p 3 6 p3 

E ('S) _____ ___ 116 672 7493 
E (2D ) ________ 10919 9871 15348 
E (2P)-------- 18193 16407 21747 
.1--- -- ------- 1441 3183 10159 
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Level 

'S3/2 
2D3/ Z 

ZD 5/ Z 

zP I/ Z 

2 P 3/ Z 

TABLE 18. Observed and calculated energy levels in p 3 configurati ons 

(Un its: em-I) 

A s I (4p3) Sb I (5p3) 

0 C O- C 0 C O- C 0 
----

0 0 0 0 2 - 2 0 
10593 10587 6 8512 8495 17 11419 
10915 10919 - 4 9854 9871 - 17 15438 
18186 18193 - 7 16396 16407 - 11 21661 
18648 18641 7 18465 18453 12 33165 

Bi I (6 p3) 

C O- C 

- 129 129 
11652 - 233 
15348 90 
21747 - 86 
33064 101 

TABLE 20. Transition probabilities f OT p3 configurati ons 

(Units: sec- I) 

T A BLE 19. Coeffi ci ents in inteTmedi ate cou pling wave f unctions 
( p 3 con figm'ations) Transition T yp e 

A S I Sb I 

4p3 5p3 

a - 0.2021 - 0. 3572 
b - . 0279 - .1453 
c .9789 .9227 

a' - .0800 - .2053 
b' .9968 .9759 
c ' .01]9 . 0742 
a" . 9761 . 9113 
6" .0760 . 1629 
e" . 2038 . 3781 

Se I 
Parameter 

4p' 

E(3P) ____ ___ 1075 
E(ID) _______ 9402 
E(IS) _______ 22112 

r ----------- 1808 

Bi I 2P3 /2-ZP~ { Am AQ 

61)3 
2P 3/'2- 2D 5/2 { Am A Q 

ZP 3/2_2 D 3/Z {Am 
A" 

- 0.2466 
- .6032 

. 7585 
- .5494 

.7318 

. 4033 

. 7984 

. 3172 

.5118 

2Pw2D5/2 Aq 
2P WZ D 3/2 {Am A q 
2P 3/2-'S3/2 {Am A Q 

2P W ' S3/2 {Am Aq 
2D5/2-2D 3/2 {Am Aq 
2D 5 /Z- 'S3/2 { Am Aq 
2D 3/ Z- 'S3/2 {A,,, 

A q 

TABLE 21. Parametel's in p' configuTations 

(U nits: em- I) 

Br II Krm T e I In 

4p' 4p' 5p' 5p' 

1728 2549 2735 4133 
11759 14084 9765 12453 
27202 31890 21293 26310 

2785 3965 3954 5617 
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A s I Sb I Bil 

8.4 X 10- ' 0.065 8.6 
1.9 X 10- g 2.OX 10- 5 0.21 
0.31 1.5 23 

.13 0.33 10 
0.61 4. 0 120 

.062 0.17 4.5 
0.059 .058 0.050 

.32 1.1 1.2 

.10 0.1 9 0.51 
1.6 5.2 7.3 
l.O X 10- ' 7.8 X lO- ' 0.27 
0.69 3.3 55 

.0012 0.048 6.2 
3.4 X 10- ' .022 0.40 
4 .7 X 10- W 3.2 X 10- 6 4.0 X lO- 4 
0.0020 0.056 6.4 

.0033 .022 1.6 
0.073 1.1 31 

.0019 0.0075 0.21 

Xe I II Po I 

5p' 6p' 

5797 10611 
15083 17250 
32044 272\15 

7906 12341 



L(,n'1 

3P ? 
3p; 
3PO 
, I) ., 

IS; 

Level 

3P ? 
3p; 
3P o 
I I) , 

'S o 

Tran, it ion Type 

'So-' D , A il 
'SO_ 3]>, A il 
' S,,_3P , Am 
']), 3]>., {A m 

A il 
']),_31' , {Am 

A il 
, 1)2-31'0 A il 
e 31'0- 3'1' 1 Am 
31'0- 31', A il 
1 P ,_31', {Am 

A il 

TAB I, !,] 22. Observed and calculated energy levels in 4p' configmations 

( lJnits: elll-' ) 

Se [ Br II 

0 C O- C 0 C O- C 0 

0 - 3 3 0 6 - 6 () 

1989 ]979 10 :3 136 :H20 16 4.'")4S 
· 2534 2549 - J .5 3838 3S4n - I I 53 13 

9576 9576 0 1:20Sn 120Sn 0 J464'1 
22446 22446 0 27867 27866 1 33079 

T AB I"E 23. Ob,erved and calclilated en ergy levels in 5])' confignrations 

( Ulli ts: em- I) 

Tel I It 

0 C O- C 0 C O- C 0 

0 - 3n 3\) () 53 - 5:3 0 
475 1 47 J2 39 7087 6942 14.'i 9795 
'1707 4794 - 87 64 ·1·i') 6555 - 107 8131 

]0559 10562 - :3 13727 1372.5 2 ] 7100 
23 H)!) :23 1i')8 1 L 2050 1 29.505 - 4 37:398 

T ABLE 2~. Observed and calC ll lated energ!} levels i n P o l (6p') 

(lJni ts: em-') 

Ll'v<'i OiJ Sl' ly('d Calcu latrd O- C 

3P , 0 1:3 - J :l 
3P, ] 68:3 I 16782 49 
3P o 75 1 .~ 75·~ 6 - 32 
II ) , 2JG7\) 2 J671 8 
I~ O ·~27J 8 -127 10 8 

T ABL!,] 25. T ransit ion probabi lities f or ])' config urations 

( l ' nil s: see-') 

~(' 1 B r I I I\:r 1 1 I Te 1 I II 

2. 3 4. 0 4 .. 5 :3. 1 5.5 
O. 18 O. 43 O. 69 O. 79 1. 6 
7. 7 • 2:3 5:3 :37 b 84 
O. 62 a 1. 9 c 4. 7 3. 3 b 8. 8 
.0074 O. 022 O. 043 O. 077 O. 21 
. 11 .26 c O. :5:3 .20 .3u 

3.5 X lO- ' 7. 2 X 10- ' . 00 10 6. OX 10- ' 8.5 X lO- ' 
9. 2 X 10- 5 2. I X 10- ' 3. 7X 10- 4 4. 7 X 10- ' O. OO J 2 
O. 0085 O. OJ8 O. 02:3 1. 4 X ]O-Ii . 0040 
1. 8 X 10- 4 8. 7 X 10- 4 

:2: ~0:25 I 
O. oon .022 

O. ] 7 O. 57 2.2 7. 2 
3. 9 X 10- 5 2. 2 X ] 0- 4 7. uX 10- 4 0.0044 O. 020 

• (;i"l'll by Nlartill and T rc ll [19] w ith whom. \\'e agrce. 
b Gi\'en by :Vlart in and Corl iss [20], who obtained 99, 9.1, r csp ectively. 
c Gi\'C'll by Ostcrbrock [2 1] with whom we agree. 
d Gin ' lI by Ed lcn [22] and O~tc rbrock [21], with \\' hom we agree. 
e 3P o 31', ill Se J, Br II and I\:r I II , 3P, , 3P O in Te I, I II , Xe Ill , and Po 1. 
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K rlll 

C O- C 

1) - 8 
453 1 17 
:):3:30 - 17 

14643 1 
33074 5 

Xe III 

C O- C 

- 20 J 20 L 
9750 45 
84· I 'l - 283 

] 7J21) - 28 
37:3:33 G:) 

X C III 1'0 I 

-----
1:3 42 

:3. !J 4. 1 
2JO 410 

d 2J u(i 
0. 52 I). :3 

c . G2 O. :3 I 
.00J2 !). 4X 10- 4 

. 00:3 I 0.31 

. OU7 8. ] 

. 052 O. ] 5 
d ] 9 85 

0. 068 3.1 



parameters than we use. The writer h as gilTen 
reasons [46] for prefering to treat the term intervals 
~s unconnected by a Slater relation whenever this is 
feasible (as it is for pn configurations), and accord
ingly all the atoms have been treated in this way in 
t he present work on pn configurations. Our use of 
an extra adjustable p arameter results in a closer fit 
of theory and observation. In the only case where 
earlier work is comparable with ours [43] our resul ts 
agree closely. 

5.3. Estimation of S q 

The most uncertain part of the calculations is the 
estimation of the radial integrals Sq . For Gal, Gel, 
ASI, SeI, and Brr (and for Krr and RbII, which 
were needed for ex trapolation purposes) the self
consistent field with exchange waye functions of 
'Watson and Freeman [47] were used, and for Kr I as 
a check the wave function of Worsley [48]. For 
other 4pn configurations we assumed that the Rb II 

minus Kndifference in Sq-" (linear in atOJnic number) 
should be added to the ntlues of Sq-" for the neutral 
atoms to get the values for the corresponding ions, 
and by repeating the process values were obtained 
for doubly ionized atoms. Values of Sq were collected 
for many atoms in the 3pn [49 , 52] and 2pn [42, 50, 51] 
co nfigurations. These were used with the valu es for 
4pn configurations to extrapolate Sq-" to the 5p" and 
6p" configurations . In these yery rough calcula
tions consideration was giyen to the ,-ariation of the 
effective quantum numbers derived from the ener
gies and from the values of Sq for 2pn, 3pn, and 4pn 
configurations. Some smoothing was applied to the 
esti.mates within the 5p" and 6p n rows of atoms. 
The finally adopted values of Sq are listed in table 26. 
The \' alues of SQ for the 4pn configurations are thought 
to be reasonably reliable; the values for the 5p" and 
6p" co nfigurations are much less certain. 

2-
TABLE 26 . A.dopted vallles of s q--5r2 for p " conjig1l1'ations a 

(.~q in ato mic units) 

p p' p3 p4 p5 

4 I 5.54 3. 84 2.95 2. 48 2. 09 
II :3. 58 1.!l 1. 58 
III 2. 51 1.4 1. 24 

5 I 6.0 4.5 3.8 8. 1 2. 8 
II 4. 3 2. 4 2. 2 
III 3.2 2. 0 1.8 

6 I 5.3 4. 4 4. 0 3. 7 
II 4. 1 3.5 2. 1 
III 3.3 

a 4, 5, 6 are the principal quantum numbers, I , II, III are 
s pectrum numbers ; e .g ., 4p5 Kr II has sq--1.58. Atomic units 
used. 

5.4. Accuracy of Results 

The magnetic dipole t ransition probabilities do 
not depend on the radial integral Sq, and they are 
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therefore believed to be quite accurate, probably 
within 20 percent of the true values. It is very 
difficult to estimate the accuracy of our adopted 
values of Sq and hence of the electric quadrupole 
transition probabilities. Jenkins and Mrozowski 
[33] showed that the line Pb I 6p2 ID 2-3P I ;\7330 
h ad 2.2 percent admixture of electric quadrupole 
radiation. According to our calculations the pro
portion is 3.3 percent, and 6.9 percent on combining 
the results of Gerjuoy [18] and Mrozowski [53]. This 
may suggest that the true Sq are rather smaller 
than the ones we have adopted, the work of Jenkins 
and Mrozowski being belie\Ted to be fairly reliable. 
The cftlculated intensity ratios are I (46 18) : 1 (5313) = 
9.0: 1 a nd 1 (4659) :1(7330): 1(9250) = 0.0019: 1 :0.70, 
which may be compared with the obsen Ted valu es 
of Mrozowski [32] of 5.0: 1 and 0.023: 1 :0.84. The 
discrepancy in 1 (4659) is not unduly disturbing 
because this line is rather sensitive to the param
eters involved. The other calculated intensities 
are outside the probable errors given by Mrozowski, 
and the discrepancies cannot be explained by a 
r eduction in Sq. Probably there were some unde
tected errors in tbe experimental intensities. In 
Bi I, for A6476 e D 5/2-·IS 3/2) the percentage of the total 
intensity clue to electric quadrupole radiation is 
20 percent according to our calculations; according 
to the observations of NIrozowski [38] tbe percentage 
did not exceed 15 percent (upper limi t). This 
discrepancy could be explained if our Sq were rather 
too large. The calculated percentage of electric 
qu adrupole radiation in A5640 ep 3/ 2 - 2D 5 / 2) is about 
30 percent; it does not exceed 10 percent for the 
other lines observed by Mrozowski. Our transition 
probabilities for Te I are in agreement with Nie
wodniczanski and Lipinski's [40] comment (men
tioned above) that ;\5420 is the strongest line from 
ISO' No other experimental results appear to be 
available. A new experimental determination of Sq 

from intensity measurements for one or more ions 
wo uld be of interest. 

There is one other important group of forbidden 
lines in a heavy atom, those in Hg II. Dejardin [55] 
observed the line "D 3 / 2- 2Sy,( A1978), Paschen [56] 
obseITed 2D s/2- 2Sy,( ;\2815 ), and Naude [57J observed 
zD 3 / 2_2D5/ 2(;\6647 ). These transitions occur within 
the configurations d9s2+ ellOs. Later observations 
were made by Sambursky [58] and Mrozowski [59] . 
Mrozowski showed that ;\2815 is due to electric 
q uadrupole r adiation. 

The line strengths of the transi tions were obtained 
from the work of Shortley [7] for magnetic dipole 
radiation and from that of Garstang [16] for electric 
quadrupole radiation. As usual it is difficult to 
estimate the radial in tegrals involved. The results 
involve the integral 



where P (6s) is the radial wave function for the 6s 
electron in the 5d96s' configuration and P(5d ) that for 
the 5d electron in the 5dl06s configuration. For a 
heavy atom relativistic wave functions should bE' 
used, a nd tllCn t he dlO group subdivides into six d 
electro ns and four d electrons, and the appropriate one 
must be used. The integral 

sq(d, d) = Sa '" 1'2P(5d)P(5d)d1' 

is also required for the transi tion 2D 3/ 2_2D5 / 2 . W"ave 
functions for H g II do not appear to be available, but 
relativistic self-consistent field wave functions without 
excila,nge are available for neutral mercury, and we 
use the resul ts of Mayers [60] for the 5dl 06s2 co nfig
uration. From his wave functions i t is found that 
sq(s,d)=-4 .05, Sq(s, c7) = -3.53, and sq(d, d )= + 2.87. 
Generally speaking the effect of exchange is to reduce 
the values of Sq, and increased ionization has the same 
effect. For the purposes of luaking rou gh numerical 
estil nn,tes we have taken for the 5/2 - 1/2 LransiLion 
Sq(s, d )=-2.7, for the 3/2 - ] /2 transition 8q(8, d )= 
- 2.4 , and for the 3/2 - 5/2 transition 8q (d, d )= + 2.0. 
These \"nlues iHtve been u:o-ed in deri \ring the tra n
sition probabili ties listed in table 27. I.t musL be 
recognized , howeve r, L1utL Lhese ynlues or 8q fire o l1] y 
rough esti l11lttes. An aCC Ll l"ltte Jaboratory measure
men Lo r Lito ratio of A 1978 a nd >-.6647 would be or 
excep t ional interest. 

T AB IJE 27. T ransition 1J )"obabil-ities in [IIg Il] 

(Units: sec-I) 

Transition 

5d96s' 2 J) 3/2- 5cl96s2 2 D'12 
5d96s2 2 J) 3/2-5dI06s 2SI/2 

5d96s' 2D 512- 5d I06s 2S I /2 

5,[ O. 020 
'J2 
9.5 
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7 . Appendix. Electric Quadrupole Multiplet 
Strengths for the Transition Arra ys 
dn-dn-ls 

In ftn earlier paper Gftrstftng [16] showed how to 
calculate electric quadrupole line strengths for many 
tmnsitions involving sand d electrons. Among these 
were the transitions dn- eln-1s. Detftiled resul ts 
were given for el9-d8s ftnd el7 - d6s. It was also 
shown that S q (elnaSL - dn- 1 (a]StLl )SSL] ) = S q(elll - n 
atS1Ll-dl0-n(aSL)sSlL) so that ,"alues for the 
arrays clll -n_ cllO-ns can be obtained from those for 
dn- dn-1s. The plmses of the matrix elements for 
the former array are (- 1 )S+Sl + L+L1- J> times those of 
dn- dn-1s; an extra (- 1) has to be introduced for 
n = 6 if a1S]L1 has seniority 3. Thus the transitions 
(P- ds and d4 - d3s need not be listed. We list here 
resul ts for n = l , 3, and 5. The tabulated quantities 
are S q(aSL, a'SL') , as multiples of s~ where 

invoh'es the radial wave functions of the d electron 
in the dn configuration and the 8 electron in the 
dn-1s configuration. As superscript prefixes to the 
strengths there Jmye been inserted the signs of the 
square roots of the strengths (i .e. , of the matrix 
elements (aSL II T (2l lla 'SL'» required in determining 
the phases for intermediate coupling calculations. 
Racah's seniority numbers are gi \Ten as subscripts 
to the term symbols. The strengths of indi" idual 
lines may be obtained (in LS-coupling) in cases 
where there is only one term of the same kind as 
each of the initial and final terms of the desired 
tmnsition by a direct application of [8, eqs (3), (5), 
and (6)]. In cases where there are more than one 
term of the same kind in either 01' both of the initial 
and final states, much more elaborate calculations 
m ust be performed, as for example for Fe II [12]. 

T A BLE 28. Elect1'ic quacb'u pole multi plet strengths 

d 
I 

'D F9 - -1 X ~{ 

d's 

'8 2p 2]) ' F 2(; 

'P 0 - 294 - 630 +:3:36 0 
iD - 560 +315 +175 +735 +315 

d3 m 0 +735 - 675 - 315 +375 S2 

'F 0 - 1l76 +-120 - 294 +1050 X 52'5 
2G 0 0 +1l00 - 1890 - 9UO 
' l,I 0 0 0 +2310 - 2310 

d's 
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d' s 

GP) 4P UP)' P (31)) ' D (5 D)' I) n F)'F (:F )'1" (3G)'G (,H )'H 

.p +896 - 196 -·IDO +1050 +78·~ - 784 0 0 
']) 0 - ] 260 +1 :)50 +1750 0 +8~0 - 1800 0 
'1" +784 +224 +210 +2450 - 3136 - Hl6 +1260 +15-10 
4G 0 0 - 7.')0 +3150 0 +2 100 +JD80 -·J620 

di s 

OJ) 

(p ~-,-----_-_4_----, 

di s 

I 

(& f-i )2S (: [-; ) 2[-; UP)'P CP)2 P (l D)2 J) GI))2 1) (' 1))2 1) (IF )2[i' 

(j () 0 0 0 + J 2:l20 - 1S4S0 0 
0 () - 8624 - J5400 - 18480 - \)240 - 6160 +\)240 

- ] 8480 () +27720 0 + 1 .5400 0 0 0 
() +6J60 +21560 +6 l60 - J\)800 +HOO - 26400 - 15400 
0 +12320 0 - 27720 0 - 19S()() - l3200 - 7700 
0 0 - :34496 +15400 + 12320 - I :3SG(j - \)240 - SOS5 
0 () 0 - 2772() 0 +770() - 4G200 +4042.5 
() () () 0 +26400 + :):l()() I DS()() "2:3 1 
0 0 () () () - 2 17S0 - 14i'i20 +:38 1 I;) 
() () () () 0 0 0 - IOIG4 
0 () () () 0 0 il () 

(~ F)2F (: F)2F G(; )2(: (: (:)2(: (3C: )2(; (3U )2l[ (11)21 

;H 0 0 0 0 0 0 0 
;p +9856 +15400 0 () 0 0 () 

iD +64680 0 +27720 0 0 0 0 
~D - 9240 +9240 + 11000 +4840 - 19800 0 (j 
~D 0 - 41580 0 - 21780 - 9900 0 0 

d' ~ F - 8624 +1347:) +30800 - 2117.5 +3118.5 - 16\)40 0 
;1" 0 +242.55 0 - 3S11 .5 +693 +304\)2 0 
~G - 55440 - 31 18.5 - 29040 - :H88.5 - 29403 - 30492 +24024 
~G 0 - 63525 0 +J822.5 +83655 +4620 +327GO 
1I-r +67760 - J6940 - 67760 + 1:)40 +30492 - 88088 - 56056 
U 0 0 0 +32760 - 72072 - 1681G8 +J27400 
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