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Extensive new results for the natural radiative lifetimes of the perturbed odd-parity 6snf 3F3 , JF3 , 
and 3F4 sequences of barium (with 11 < n < 40, 11 < n < 40 and 13 < n < 40, respectively) have 
been calculated. The calculations were performed in the framework of multichannel quantum defect 
theory. The contributions to the transition probabilities of all known even-parity levels of the 6snd 
and 6sng configurations together with their perturber states and connected via the electric dipole 
operator with the 6snf 3F,, 'Fj, and 3F4 levels, are considered. 

The results for the 6snf F3 and 3F4 sequences, in contrast with those for the 6snf 3F3 series, show 
strong deviation from a hydrogenic scaling law. This deviation reflects the extended perturbations 
of these levels by some of the doubly excited states of the same parity. 

1. Introduction 

Highly excited and autoionizing states of atoms 
have been the subject of extensive studies in several 
laboratories. In particular, the alkaline-earth elements 
(Mg, Ca, Sr and Ba) have been studied using different 
spectroscopic techniques [1-21]. It is known that 
these atoms have considerably more complicated 
spectra when compared with the spectra of the alkali 
atoms, because of the addition of a second electron 
outside the closed shells. The two electrons can couple 
to many different configurations and interactions be-
tween close-lying configurations are frequent. Such 
interactions are reflected in the primary energy level 
structure, but also in more subtle appearances like 
Zeeman and Stark effects, fine and hyperfine structure 
and Lande'-factors. The perturbations also affect the 
radiative properties of the atomic levels. 

The odd-parity Rydberg seris of barium have been 
subject of several detailed spectroscopic studies. The 
6snp levels were first studied by Gar ton and Tomkins 
[8] in a classical absorption experiment. In addition to 
level energies of the Rydberg P-states up to n = 75, 
valuable information regarding the autoionizing 
states with orbital angular momentum / = 1 was ob-
tained. Armstrong et al. [9], expanded this study of the 
bound / = 1 states to levels with 3PX and 3P2 character, 
applying a three-step excitation scheme with pulsed 
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tunable dye lasers. They also performed a multichan-
nel quantum defect theory (MQDT) analysis of their 
results. The 6snp 1P1 series was found to be more 
strongly perturbed than the 6snp 3PX series. The per-
turber states belong to 5dnp and 5dnf configurations. 
The level energies of these autoionizing configurations 
were determined by Abu-Taleb [10], using a two step 
laser excitation process. 

Accurate energy values of the 6snf and 3 F 2 3 4 

levels with 10 < n < 50 were measured by Post et al. 
[11, 12], using high resolution CW laser spectroscopic 
techniques. In addition to strong singlet-triplet mixing 
between *F3 and 3F3 levels it was found that these 
levels are strongly perturbed by the J = 3 levels of the 
5d8p configuration. Also the 3F2 and 3F4 levels are 
perturbed by the 7 = 2 and J = 4 levels of the 5d8p 
and 5d4f configurations. Zaki Ewiss et al. [13-15] 
measured the Stark effect of these Rydberg series, us-
ing CW UV-laser excitation from metastable 6s5d 
states. In these measurements the series perturbations 
could be verified. 

Although, the availability of tunable dye laser sys-
tems facilitated measurements of natural radiative life-
times of atomic levels through selective state excita-
tion, information on radiative lifetimes of the 6snf JF3 

and 3F2 3 4 (n > 11) levels of B a l is scarce. Unfortu-
nately, the detection of the exponential decay of these 
highly excited levels suffers from deleterious black 
body radiation effects. Values for these lifetimes are 
important, not only to investigate perturbations of 
atomic levels, but also for the interpretation of data in 
the fields of plasma- and astro-physics. 
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In this paper, extensive theoretical results for the 
natural radiative lifetime of the perturbed odd-parity 
6snf 3F3 , *F3, and 3F4 sequences of barium (with 
11 < n < 40, 11 < n < 40 and 13 < n < 40, respec-
tively) will be presented. The calculation is based on 
the multichannel quantum defect theory (MQDT) 
analysis. A large number of experimental energy val-
ues for these series as well as those series contributing 
to the transition probabilities are used to generate 
wave functions. 

2. Theoretical Background 

The natural radiative lifetime r (yJ) of an excited 
atomic level | y J> is defined in terms of intrinsic 
atomic properties (J is the total angular momentum 
quantum number and y denotes the other quantum 
numbers describing the atomic states). The level | y J> 
with energy W.;J and degeneracy gt = (2 J 4- 1) can de-
cay to the level | y ' J ' ) with energy Wy r under emis-
sion of a photon with frequency determined by 

hv = W.,j — Wyj' . (1) 

This process is described with the electric dipole oper-
ator P. Commonly, many decay channels y J y'J' 
are available; with each channel a transition probabil-
ity is connected: 

•A(y'j',yj)*\<y'j'\p\yjy\: 

The total transition probability is 

A(yJ)=ZA(y'J',yJ). 
y'J' 

The lifetime is defined as 

t (yJ) = 
1 

(2) 

(3) 

(4) A(yJ) 

The summation extends over all electronic states 
I y ' J ' ) with parity opposite to the parity of the | y J > 
state, satisfying the well known the | AJ | = ± 1, 0 se-
lection rules for dipole transitions. 

The matrix element of the electronic dipole opera-
tor can be expressed in terms of the reduced matrix 
element R l ^ using standard angular momentum alge-
bra. The resulting transition probability is expressed 
as [16] 

A(y J , yJ)= ' J ' ' J ' . (5) U " 3h c (2J + 1) 1 ; 

The quantity \Ry/j-\2 is called the line strength (S). 

The calculation of the transition probability re-
quires the evaluation of the reduced matrix elements 
Ri/j' of the electric dipole operator. This evaluation 
requires knowledge of the wave functions of the states 
involved. Once the wave functions, specified in the 
basis of M Q D T channels are known the dipole matrix 
element can be reduced further to single-electron ra-
dial integrals of the type 

RlJ
r=$Rn](r)rRn.v(r)dr (6) 

Here Rni(r) is the radial part of the wave function of 
the «/-electron. This integral can be calculated in Cou-
lomb approximation assuming generalized hydro-
genic radial functions for the highly excited states nor-
malized to the experimental level energies [17]. The 
feasibility of the procedure outlined here was tested by 
the calculation of the radiative lifetime of 6snd 1 3 D 2 

Rydberg levels of barium (17 < n < 35) by Aymar and 
Camus [18] and on the polarizabilities of barium 6snf 
*F3, 3F2 3 i 4 Rydberg levels [13-15], 

3. Results 

3.1 General 

The calculation of the natural radiative lifetime of 
the 6snf 3 F 3 , ^ 3 , and 3F4 Rydberg sequences requires 
knowledge of the level energies and wave functions of 
these odd-parity J = 3 and 4 series as well as of the 
contributing even-parity levels of the 6snd and 6sng 
configurations, together with their perturber states in 
the energy region 41 100 c m - 1 - 4 1 970 c m - 1 . 

Accurate level energies (0.01 c m - 1 ) of the 6snf 3F 3 , 
^ 3 , and 3F4 Rydberg series in the interval n = 10 -50 
and an M Q D T analysis of these J = 3 and J = 4 levels 
were reported by Post et al. [11]. The 6snf *F3 Rydberg 
series is perturbed by the 5d8p 3F3 and 3 D 3 doubly-
excited levels near n = 16 and by 5d8p ^ 3 near n = 20. 
It was found that the latter perturbation extends over 
a large number of Rydberg levels of the 6snf series. 
The 6snf 3F3 series was found to be slightly affected by 
the presence of the 5d8p levels. In Fig. 1 a Lu-Fano 
plot for the 6snf J = 3 levels is reproduced from [11]. 
The accurate measurements of the hyperfine structure 
and isotope shifts in the 6snf Rydberg series by Post 
et al. [12], combined with the M Q D T analysis of J = 3 
level energies, provide reliable information on the 
wave functions of the 6snf 1 ,3F3 series in terms of 
singlet-triplet mixing coefficients and admixtures of 
perturber character for most n-values. 



Also, a two-channel M Q D T model has been devel-
oped to fit the accurate level energies of the 6snf 3F4 

series and the 5dnp 3F4 (n = 7,8) perturbing levels [11]. 
The M Q D T wave functions for these levels were 
tested subsequently in the hyperfine structure and iso-
tope shift data of Post et al. [12] and the quadratic 
Stark effect measurements of Zaki Ewiss et al. [15], 
resulting in good agreement with observations. In [12], 
it was found that the 5d7p 3F4 level is located close to 
the 6s5f 3F4 level, while the 5d8p 3F4 level lies in 
between 6sl8f and 6sl9f 3F 4 . The interaction with the 
5d8p 3F4 level affects many Rydberg levels, notably in 
the region n = 15-25. Due to this perturbation the 
quantum defect of the 6s20f 3F4 level is nearly zero, 
resulting in a near degeneracy with levels with higher 
orbital angular momentum L. This made it difficult to 
measure the quadratic Stark effect in this level [15]. In 
this case, the excitation of the 6s20f 3F4 level in the 
presence of an electric field quickly results in the evo-
lution of a linear Stark-manifold. In Fig. 2 the Lu-
Fano plot of the 6snf 3F4 series is reproduced [11]. 

Extensive M Q D T analyses are available for the 
level energies of the even-parity 6snd and 6sng config-
urations as well. The levels of the 6snd configuration 
are perturbed by doubly-excited 5d7s, 5d8s and 5d6d 
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Fig. 2. Lu-Fano plot of the 6snf J — 4 levels of Ba I, repro-
duced from [11], 
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configurations for n < 10 and by 5d7d levels for 
n > 10 [16, 18-20]. Including hyperfine structure and 
Lande'-factor measurements Aymar [20], performed a 
nine-channel M Q D T analysis for the 6snd 1 , 3 D 2 lev-
els. In addition to strong singlet-tripling mixing in the 
series, she perfound that the XD 2 levels are perturbed 
near n = 12, 14 and 26. Camus et al. [19] have mea-
sured energies for the 6snd 3 D 3 levels. The levels are 
perturbed near n = 10,12,17, 21 and 27 by 5d7d J = 3 
perturber states. These perturbers also affect the 6sng 
3 G 3 Rydberg series [13, 21]. 

A wealth of information on the even-parity 6sng 
1 , 3 G 4 and 3 G 5 levels, including experimental energy 
values, hyperfine structure da ta and M Q D T wave 
functions of these levels together with their perturber 
states, has been collected by Vassen et al. [21, 22]. 

Wave functions based on M Q D T channels for the 
6snf 3 F 3 , , and 3F4 Rydberg levels as well as for the 
contributing levels of the 6snd and 6sng configura-
tions together with their perturber states have been 
used in the evaluation of the reduced matrix element 
Rl J j ' . Integral (6), was calculated in Coulomb approx-
imation using the numerical method of Zimmerman 
et al. [23], assuming generalized hydrogenic radial 
functions for the highly excited states, normalized to 
the experimental level energies. 

3.2 Natural Radiative Lifetimes 
in the 6snf 3F3 Sequence 

The values of the natural radiative lifetime of the 
6snf 3F3 sequence of Ba I are calculated from (3) and 
(4). The results are given in Table 1. Figure 3, shows 
the ln-ln plot of the values of the lifetime versus the 
effective principal quantum number n*. The linear fit 
with slope 3 satisfies a hydrogenic scaling model 
(T OC n*3). In Table 2, the branching ratios correspond-
ing to transitions of 6snf 3F3 levels to all lower even-
parity 6snd 1 3 D 2 , 3 D 3 and 6sng 1 , 3 G 4 and 3 G 3 levels 
are presented. It should be noted that the contribu-
tions of the decay to 6snd 1 , 3 D 2 and 6sng 1 , 3 G 4 levels 
dominate over the contributions of the decay to 6snd 
3 D 3 and 6sng 3 G 3 levels. 

3.3 Natural Radiative Lifetimes 
in the 6snf1F3 Sequence 

In Table 3, calculated values for the radiative life-
times (T) of the 6snf XF3 (11 <n< 40) levels of Ba I are 
given. In Fig. 4, the ln-ln plot of T versus n* is shown. 

Table 1. Theoretical values for radiative lifetime of the 
6snf 3F3 sequence of Ba I. 

Level t(ps) Level r(ps) 

6sl If 3F3 11.6 6s25f 3F 3 156.0 
6sl2f 3F3 17.7 6s26f 3 F 3 174.0 
6sl3f 3F3 19.7 6s27f 3F3 189.0 
6sl4f 3F3 25.9 6s28f 3F3 211.0 
6sl5f 3F3 36.5 6s29f 3F3 240.0 
6sl6f 3F3 42.6 6s30f 3F3 266.0 
6sl7f 3F3 52.9 6s31f 3F3 294.0 
6sl8f 3F3 49.8 6s32f 3F3 325.0 
6sl9f 3F3 60.2 6s33f 3 F 3 351.0 
6s20f 3F3 71.9 6s34f 3F 3 388.0 
6s21f 3F3 90.7 6s35f 3 F 3 423.0 
6s22f 3F3 101.7 6s36f 3F3 477.0 
6s23f 3F3 113.0 6s38f 3F3 547.0 
6s24f 3F3 132.0 6s40f 3F3 631.0 

Table 2. Branching ratios a ( 1 3 D 2 ) a , a ( 3 D 3 ) b , a ( 3 G 3 ) c , and 
a ( 1 3 G 4 ) d for the 6snf 3F3 levels of Ba I. 

n Ö(1 , 3D2) a ( 3 D 3 ) a( 3 G 3 ) tf ( 1 , 3 G 4 ) 

11 0.278 0.060 0.010 0.651 
12 0.463 0.113 0.015 0.409 
13 0.585 0.121 0.010 0.284 
14 0.588 0.043 0.012 0.357 
15 0.521 0.042 0.015 0.422 
16 0.494 0.035 0.015 0.456 
17 0.402 0.045 0.002 0.551 
18 0.678 0.060 0.014 0.248 
19 0.637 0.053 0.025 0.285 
20 0.619 0.053 0.018 0.310 
21 0.600 0.051 0.028 0.321 
22 0.588 0.050 0.025 0.333 
23 0.583 0.048 0.025 0.340 
24 0.576 0.051 0.030 0.343 
25 0.495 0.029 0.040 0.436 
26 0.550 0.049 0.034 0.367 
27 0.549 0.047 0.033 0.371 
28 0.540 0.046 0.034 0.380 
29 0.526 0.046 0.035 0.393 
30 0.518 0.045 0.036 0.401 
31 0.510 0.044 0.036 0.410 
32 0.504 0.043 0.037 0.416 
33 0.503 0.041 0.037 0.419 
34 0.494 0.040 0.038 0.428 
35 0.488 0.039 0.038 0.435 
36 0.475 0.038 0.039 0.448 
38 0.470 0.036 0.039 0.455 
40 0.462 0.033 0.039 0.466 

a a ( 1 - 3 D 2 ) is the branching ratio corresponding to the tran-
sitions from the 6snf 3F3 levels to the 6snd f ' 3 D 2 levels. 

b a ( 3 D 3 ) is the branching ratio corresponding to the transi-
tions from the 6snf 3F3 levels to the 6snd D 2 levels. 

c a ( 3 G 3 ) is the branching ratio corresponding to the transi-
tions from the 6snf 3F3 levels to the 6sng % 3 levels. 

d fl(1,3G4) is the branching ratio corresponding to the tran-
sitions from the 6snf 3F3 levels to the 6sng 1 , 3 G 4 levels. 
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Fig. 3. ln - ln plot of the natural radiative lifetimes versus the 
effective principal quantum number of the odd-parity 6snf 
3F3 Rydberg series of Ba I. 

Fig. 4. ln - ln plot of the natural radiative lifetimes versus the 
effective principal quantum number of the odd-parity 6snf 
*F3 Rydberg series of Ba I. 

Table 3. Theoretical values for radiative lifetime of the 
6snf *F3 levels of Ba I. 

Level t(ps) Level T(ps) 

6slIf % 11.5 6s25f F 3 177.0 
6sl2f 1F3 15.1 6s26f F 3 203.0 
6sl3f lF3 20.8 6s27f F 3 265.0 
6sl4f % 32.1 6s28f F 3 291.0 
6sl5f % 36.5 6s29f F 3 235.5 
6sl6f 29.7 6s30f F 3 391.0 
6sl7f 84.0 6s31f F 3 418.9 
6sl8f ^ 3 65.8 6s32f F 3 458.1 
6sl9f jF3 54.0 6s33f F 3 517.7 
6s20f 81.3 6s34f F 3 560.2 
6s21f *F3 91.8 6s35f F 3 609.5 
6s22f % 123.2 6s36f F3 643.0 
6s23f >F3 133.3 6s38f F 3 760.9 
6s24f ^ 3 177.5 6s40f F 3 892.5 

T h e l inea r fit of t he se c a l c u l a t e d va lues w i th s lope 3.6 
s h o w s a s t r o n g d e v i a t i o n f r o m t h e h y d r o g e n i c m o d e l . 
I n T a b l e 4, t h e b r a n c h i n g r a t i o s c o r r e s p o d i n g t o t r a n -
s i t ions of t h e 6snf *F3 levels t o all lower e v e n - p a r i t y 
6 s n d 1 , 3 D 2 , 3 D 3 a n d 6sng 1 , 3 G 4 a n d 3 G 3 levels a re 
g iven . At n = 18 t h e b r a n c h i n g r a t i o a ( 1 , 3 G 4 ) h a s t he 
l a rge va lue of 0 .917, w h e r e a s a r e m a r k a b l e d e c r e a s e of 
th i s va lue in t h e r e g i o n n = 21 - 2 4 in c o m p a r i s o n w i t h 
t h e va lue of t h e b r a n c h i n g r a t i o a ( 1 , 3 D 2 ) i s f o u n d . T h i s 
effect r e la tes t o t h e s t r o n g p e r t u r b a t i o n of t h e 6snf *F3 

levels n e a r n = 17 a n d in b e t w e e n n = 19 a n d 20 as 
d i s cus sed a b o v e . T h e l a t t e r p e r t u r b a t i o n wi th t he 
5 d 8 p *F3 level sh i f t s the 6snf XF3 levels in t h e r eg ion 
n = 2 0 - 2 4 d o w n w a r d wi th r e spec t t o the level ene r -
gies of t h e 6 s n g 1 , 3 G 4 level. T h i s resul ts in a lower 
v a l u e for t h e b r a n c h i n g ra t io . S imi la r effects w e r e o b -
se rved in t he c a l c u l a t i o n of t h e c o n t r i b u t i o n s of the 
6 s n g 1 3 G 4 levels t o t he po la r i zab i l i t i e s of t he 6snf *F3 

ser ies n e a r n = 17 a n d a t n = 2 0 - 2 4 [14]. 

Table 4. Branching ratios a ( 1 3 D 2 ) a , a( 3D 3)b , a ( 3 G 3 ) c 

a( 1 , 3 G 4 ) d for the 6snf % levels of Ba I. 
and 

n a ( 1 3 D 2 ) a ( 3 D 3 ) a(3G3) a(u3 G 4 ) 

11 0.655 0.194 1.0 x 10~3 0.150 
12 0.624 0.120 7.0x 10"3 0.249 
13 0.341 0.192 14.0 x 10~3 0.453 
14 0.341 0.022 18.0 x 10"3 0.619 
15 0.338 0.017 19.0 x 10~3 0.626 
16 0.606 0.011 18.0 x 10~3 0.365 
17 0.560 0.045 28.0 x 10"3 0.367 
18 0.070 0.011 l.Ox 10"3 0.917 
19 0.368 0.030 6.0 x 1 0 ' 3 0.596 
20 0.683 0.053 0.8 x 10"3 0.263 
21 0.883 0.027 0.2 x 10~3 0.090 
22 0.889 0.057 0.3 x 10"3 0.053 
23 0.921 0.027 0.1 x l O - 3 0.052 
24 0.858 0.049 0.9 x l O - 3 0.092 
25 0.820 0.048 1.0 x 10"3 0.131 
26 0.674 0.036 l.Ox 10~3 0.289 
27 0.791 0.020 l.Ox 10"3 0.188 
28 0.685 0.035 9.0 x 10"3 0.271 
29 0.721 0.010 l.Ox 10"3 0.268 
30 0.681 1.5 x 10~2 0.7 x 1 0 - 3 0.303 
31 0.512 0.7 x 10 - 2 l.Ox 10"3 0.480 
32 0.641 0.9 x 10"2 0.8 x 1 0 - 3 0.348 
33 0.607 0.9 x 10"2 9.6 x 10~4 0.383 
34 0.591 0.89 x 10"2 l.Ox 10"3 0.399 
35 0.563 0.85 x 10~2 1.07 x 10" 3 0.428 
36 0.566 0.81 x 10"2 1.07 x 10"3 0.424 
37 0.543 0.79 x 10"2 1.12 x 1 0 - 3 0.448 
38 0.516 0.76 x 10~2 1.15 x 10"3 0.475 
40 0.479 0.71 x 10"2 1.23 x l O " 3 0.512 

see subscript Table 2. 
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3.4 Natural Radiative Lifetimes 
in the 6snf 3F4 Sequence 

Calculated values for the natural radiative lifetimes 
(t) of the 6snf 3F4 (13 < n < 40) sequence of Ba I are 
collected in Table 5. In Fig. 5, the ln-ln plot of T versus 
n* is shown. It is noticed that hydrogenic model is not 
applicable in the region n = 13-27. In this region a 
sharp decrease in the value of the lifetime at n = 19 is 
observed. The decrease in the lifetime in the region 
n = 13 -19 is due to the extended perturbation of the 
6snf 3F4 (13 < n < 25) Rydberg series by strong inter-
action with the 5d8p 3F4 level [12]. The wave function 
of the 6sl3f 3F4 level contains 8.7% | 5d8p 3F4> per-
turber character. The admixture of this perturber into 
the 6snf 3F4 levels was found to grow for n increasing 
to 19. For the 6sl8f 3F4 level, the perturber character 
reaches 41.9%, while it becomes 42.7% in 6sl9f 3 F 4 . It 

Table 5. Theoretical values for radiative lifetime of the 
6snf 3F4 sequence of Ba I. 

Level r(ps) Level t(ps) 

6sl3f 3F4 20.2 6s26f 3F4 64.7 
6sl4f 3F4 21.4 6s27f 3F4 149.1 
6sl5f 3F4 20.1 6s28f 3 F 4 178.7 
6sl6f 3F4 15.8 6s29f 3F4 207.6 
6sl7f 3F4 9.6 6s30f 3F4 238.6 
6sl8f 3F4 4.4 6s31f 3F4 271.4 
6sl9f 3F4 4.7 6s32f 3F4 301.8 
6s20f 3F4 11.9 6s33f 3F4 345.4 
6s21f 3F4 24.4 6s35f 3F4 721.5 
6s22f 3F4 40.7 6s36f 3F4 496.4 
6s23f 3F4 59.6 6s38f 3F4 578.5 
6s24f 3F4 80.4 6s40f 3F4 693.5 
6s25f 3F4 102.7 5d8p 3F4 2.7 
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Fig. 5. ln - ln plot of the natural radiative lifetimes versus the 
effective principal quantum number of the odd-parity 6snf 
3F4 Rydberg series of Ba I (the solid line serves to guide the 
eye). 

decreases again for n > 20, to become 26.6% for the 
6s20f 3F4 level and 7.4% for the 6s25f 3F4 level. More-
over, Vassen et al. [21], found that, the 5d7d 3 G 5 per-
turber level located at 41 607.066 c m " 1 contains 
41.4% admixture of the 6sng 3 G 5 Rydberg series, 
whereas the 6sl5g 3 G 5 level located at 41 522.59 cm - 1 

contains 39.3% perturber character. The inclusion of 
these admixture coefficients in the calculation in-
creases the transition probabilities for the 6snf 3F4 

levels with n < 19 and consequently shortens their life-
time. The value of the lifetime for the 6snf 3F4 levels for 
n > 20 is affected by the changes of the perturber char-
acter of these levels as mentioned above. On the other 
hand, the local perturbations of the 6snd 3 D 3 (at 
n = 27) and 6sng 1 , 3 G 4 (at n = 24) Rydberg series by 
the presence of the 5d7d 3F3 and 5d7d *G4 perturber 
levels, together with the insufficient information of the 
6snd 3 D 3 Rydberg series with n > 30, Camus et al. 
[19], could affect the value of z for n > 34. 

In Table 6, branching ratios corresponding to tran-
sitions of 6snf 3F4 levels to all lower lying even-parity 
6snd 3 D 3 and 6sng 1 , 3 G 4 , 3 G 3 , and 3 G 5 levels are 
given. It should be noted that the contribution of the 
6snd 3 D 3 levels are much larger than those of the 6sng 
1 , 3 G 4 , 3 G 3 levels. The 6sng 3 G 5 levels significantly 

Table 6. Branching ratios a( 3 D 3 ) a , a ( 3 G 3 ) b , a(1 > 3G4) c , and 
a ( 3 G s ) d for the 6snf 3F4 levels of Ba I. 

n a ( 3 D 3 ) a ( 3 G 3 ) a ( 1 , 3 G 4 ) a ( 3 G 5 ) 

13 0.806 1.12 x 10" 4 9.9 x 10" 3 0.185 
14 0.806 1.20 x 10" 4 10.2 x 10" 3 0.184 
15 0.839 1.20 x 10" 4 9.0 x 10" 3 0.152 
16 0.880 0.91 x 10" 4 6.6 x 10" 3 0.107 
17 0.940 0.52 x 10" 4 3.6 x 10" 3 0.057 
18 0.981 0.19 x 10" 4 1.3 x 10" 3 0.018 
19 0.994 0.016 x 10" 4 0.088 x 10" 3 0.005 
20 0.969 0.041 x 10" 4 1.06 x 10" 3 0.030 
21 0.928 2.00 x 10" 4 2.9 x 10" 3 0.069 
22 0.880 3.10 x 10" 4 5.1 x 10" 3 0.114 
23 0.834 4.10 x 10" 4 7.1 x 10" 3 0.158 
24 0.792 5.00 x 10" 4 8.6 x 10" 3 0.198 
25 0.756 5.60 x 10" 4 10.2 x 10" 3 0.234 
26 0.868 2.70 x 10" •4 5.5 x 10" 3 0.127 
27 0.680 6.60 x 10" 4 13.0 x 10" 3 0.306 
28 0.668 7.10 x 10" • 4 14.5 x 10" 3 0.317 
29 0.644 7.50 x 10" 4 15.6 x 10" 3 0.340 
30 0.623 7.80 x 10" 4 16.7 x 10" 3 0.360 
31 0.604 8.00 x 10" • 4 17.6 x 10" 3 0.378 
32 0.573 8.10 x 10" • 4 18.3 x 10" 3 0.389 
33 0.567 8.50 x 10" • 4 19.5 x 10" 3 0.413 
35 0.971 0 .055x 10" 4 0.013 x 10" 3 0.029 
36 0.518 9.50 x 10" 4 0.081 x 10" 3 0.481 
38 0.489 9.30 x 10" 4 23.0 x 10 3 0.487 
40 0.462 9.50 x 10" 4 25.0 x 10" 3 0.512 

a d see subscript Table 2. 
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contribute to the decay rate of the 6snf 3F4 levels, 
However, the contribution at n = 35 is much de-
creased in comparison with the contribution of the 
6snd 3 D 3 levels because of a perturbation of the 6snd 
3 D 3 series near n = 27 [19]. 

4. Discussion 

It is well known that the lifetimes of Rydberg levels 
of a one-electron atom (e.g. alkali atoms) shows an 
(n*)3-dependence. The situation is less simple for the 
two-electron alkali-earth atoms, because in this case, 
the radiative lifetime of the Rydberg levels may be 
dramatically modified in the vicinity of doubly-excited 
perturbing states. Therefore, deviations from a simple 
hydrogenic model can be expected. For instance Ay-
mar and Camus [18] measured radiative lifetimes of 
the even-parity 6snd 1 , 3 D 2 (17 < n < 35) levels of Ba I 
by selective laser excitation. Their results show a 
strong deviation from the hydrogenic scaling law, 
which was attributed to the configuration interaction 
of these series with 5d7d states. 

In the present work calculated values of lifetime of 
odd-parity 6snf XF3 and 3F4 levels in contrast with 
those of 6snf 3F3 levels show deviations from the hy-
drogenic model as well. In this case the wave functions 
of 6snf JF3 {n > 11) and 3F4 (n > 13) levels may be 
expanded as follows: 

| 6 sn f 1 F 3 > = a i | 6 s n f 1 F 3 > 
+ fci|6snf3F3> + X c ? | 5 d 8 p > ( 7 ) 

and 
16snf 3F4> = dt I 6snf 3F4> + et | 5d 8p 3F4> . (8) 

Here a,, b, and c\ in (7) and dt and e, in (8) are the 
M Q D T mixing coefficients of the interacting channels. 
These wave functions have pure LS-coupling angular 
momenta. However, the radiative decay of a given 
level i depends not only on these parameters but also 
may be affected by perturbations of the 6snd and 6sng 
contributing levels. 

5. Conclusion 

In this report, new results for radiative lifetimes of 
the odd-parity 6snf 3F3 (11 < n < 40), % (11 < n < 40) 
and 3F4 (13 < n < 40) Rydberg sequences of Ba I have 
been calculated, using the available M Q D T wave 
functions of these levels and all contributing even-par-
ity levels of the 6snd and 6sng configurations, includ-
ing their perturber states. The results for the nf *F3 and 
nf 3F4 levels, in contrast with the nf 3F3 levels, showed 
strong deviations from a hydrogenic scaling law. 
These deviations are attributed to the extended per-
turbations of many of the series involved. There is an 
obvious need for experimental data concerning the 
radiative lifetime of the Rydberg levels discussed in 
this work. 
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