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Recently measured radiative lifetimes of the Rydberg series 6pnd 1
2 @

5
2 #2

o and 1
2 @

3
2 #2

o (n56 – 13) of PbI @Li
et al., Phys. Rev. A57, 3443 ~1998!# have been compared with theoretical values obtained by means of
multichannel quantum defect theory~MQDT! analyses. The MQDT parameters were obtained from experi-
mentally determined energy levels. The channel admixture coefficients were calculated and used to evaluate
the theoretical lifetimes. In addition, lifetime values for highly excited Rydberg states have been predicted.
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Multichannel quantum defect theory~MQDT! has been
applied extensively to the description of perturbed Rydb
series. Previously, the study of Rydberg series focused
atoms possessing Rydberg states composed of ans-electron
ion core and a highly excited electron@1–3#. However, in the
present study of neutral lead, the Rydberg states consist
p-electron ion core and a highly excited electron; the
core (6s26p) splits into the levels2P1/2

o ~lower ionization
limit ! and 2P3/2

o ~upper ionization limit!. In addition, the
orbital-spin coupling in a lead atom is strong enough that
ground configuration (6p2) and excited configurations (6pns
and 6pnp) are adequately described byjj coupling, while the
configurations with high-angular-momentum electro
(6pnd,6pnf ) are close tojK coupling. The high-lying states
of the carbon group also offer a chance to understand
chemical reactions of excited atomic components@4#. For the
reasons mentioned above, it is of interest to investigate
Rydberg states of this kind of atom not only in theory b
also in practice.

The energy positions of PbI Rydberg states have bee
determined using conventional absorption spectroscopy@5#
and laser spectroscopy@4,6–8#. In order to give more insigh
into the properties of Rydberg states of PbI, additional
physical quantities such as radiative lifetimes are requir
Since the resonant lines of PbI lie in the uv and vacuum uv
regions, selective excitation and detection are rather diffic
and only a limited number of experimental lifetimes of low
energy levels have been measured using different techni
@9–11#. To make a systematic investigation for Pb Rydbe
states, we recently performed lifetime measurements on
Rydberg states of PbI by means of time-resolved laser spe
troscopy and laser ablation techniques@12#. In this paper, we
use a MQDT analysis of our measured lifetimes of PbI for
deeper understanding of the Rydberg-state features of
kind of atom and to test MQDT theory.

In the Rydberg formula, the discrete energy levelE of an
excited atom is given by

E5I i2
R

n i
2 5I j2

R

n j
2 ~1!
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whereI i andn i are thei th ionization limit and corresponding
effective quantum number, respectively, andR is the mass-
corrected Rydberg constant@13#.

The interaction between the excited electron and the
core is separated into two regions:~I! r .r 0 (r 0 is the ra-
dius of the ion core! and~II ! r ,r 0 . The interaction in region
I is Coulombic and is described by the collision channels~i
channel! identified in jj coupling, while the interaction in
region II is non-Coulombic and is described by the eige
channels~a channel!. The two kinds of channel are con
nected by an orthogonal transformation matrixUia . To en-
sure correct asymptotic behavior of the wave functions
discrete levels the following condition is required:

detuUia sinp~n i1ma!u50, ~2!

wherema is the eigenquantum defect of eigenchannela.
For a Rydberg series of configuration involvingM inter-

acting channels andN relevant series limits, there areN21
independent equations similar to Eq.~1!, and each equation
determines a lineL in theN-dimensional space ofn i . Equa-
tion ~2! describes a surfaceS in the same space. Becaus
each bound state simultaneously satisfies Eqs.~1! and ~2!,
the state energy can be calculated from the intersectionsL
and S. ma and Uia are essential MQDT parameters.
MQDT analyses, the theoretical energy levels are fitted to
experimental ones by adjusting the parametersma andUia .
It is very convenient to introduce an intermediate basis
pure coupled channelsā, and express the matrixUia as

Uia5(
ā

Ui āVāa , ~3!

whereUi ā is the transformation matrix between channeli
andā and can be obtained analytically from the 6-j symbols
@14#; Vāa is an orthogonal matrix generated byM (M
21)/2 successive rotationsu i j @15#. Thus the anglesu i j be-
come MQDT parameters instead ofUia .
©2001 The American Physical Society01-1
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TABLE I. MQDT parameters for the odd-parityJ52 bound levels of PbI.

I ,ā,a 1 2 3 4

ui& 6pnd (3/2)@5/2#2
o 6pnd (3/2)@3/2#2

o 6pnd (1/2)@5/2#2
o 6pnd (1/2)@3/2#2

o

I i 73 900.64 73 900.64 59 819.57 59 819.57
uā& (3/2,5/2)2

o (3/2,3/2)2
o (1/2,5/2)2

o (1/2,3/2)2
o

ma
0 0.325 0.29 0.28 0.19

ma
1 20.2539 0.2964 20.4878 0.0330

Vāa u1350.1787 u1450.6890 u2350.0560 u2450.2249
Uia 0.3038 0.8323 20.1223 20.4472

0.6961 20.5261 20.1403 20.4679
0.6504 0.1744 0.1965 0.7127
0.0073 20.0065 0.9627 20.2705
n
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The MQDT wave functionCn at the nth, level can be
expressed by the expansion of the wave functionsC i of col-
lision channels, i.e.,

Cn5(
i

Zi
~n!C i ~4!

whereZi
(n) is the admixture coefficient of thei channel and is

given by

Zi
~n!5~21! l i11~n i

~n!!3/2(
a

Uia cos~n i
~n!1ma!Aa

~n!/Nn , ~5!

whereAa
(n) is the coefficient of eigenchannel expansion a

Nn is a normalization factor.
Utilizing MQDT wave functions, the lifetimes of Rydber

levels can be calculated by using parametric theory@16#.
BecauseM interacting channels consist of perturbing cha
nels and perturbed channels, from Eq.~4! the wave function
is rewritten as

Cn5(
i

Zi
~n!C i1(

a
Za

~n!Ca ~6!
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whereC i andCa are the perturbed and perturbing chann
wave functions, respectively. In the electronic dipole a
proximation, the radiative decay rateGn of the leveln can be
given by

Gn5(
i

~Zi
~n!!2G i1(

a
~Za

~n!!2Ga , ~7!

whereG i andGa are the decay rates of pure Rydberg leve
which are proportional to 1/(n (n))3. Thus Eq.~7! becomes

Gn5(
i

~Zi
~n!!2

g i

~n i
~n!!3 1(

a
~Za

~n!!2
ga

~na
~n!!3 , ~8!

whereg i and ga are lifetime parameters not dependent
the leveln. In general, as the coefficientsZa

(n) have consid-
erable values only for the levels near the perturbers,
variation ofGn with na

(n) can be neglected, andGn reduces to

Gn5(
i

~Zi
~n!!2

g i

~n i
~n!!3 1(

a
~Za

~n!!2Ga , ~9!
TABLE II. The admixture coefficients (Zi
(n))2 for the odd-parityJ52 levels of 6pnd (n56 – 13) con-

figurations.

Level
Eexpt @5#
~cm21!

(Zi
(n))2 ~units of 0.01)

(3/2)@5/2#2
o (3/2)@3/2#2

o (1/2)@5/2#2
o (1/2)@5/2#2

o

6p6d (1/2)@5/2#2
o 45 443.17 0.9118 0.2836 96.2915 2.0131

6p6d (1/2)@3/2#2
o 46 060.84 0.0547 0.0601 1.7392 94.1458

6p7d (1/2)@5/2#2
o 52 101.66 0.3033 0.0958 99.0269 0.2377

6p7d (1/2)@3/2#2
o 52 311.32 0.0013 0.0026 0.2033 98.1684

6p8d (1/2)@5/2#2
o 55 003.29 0.2705 0.0888 99.4275 0.0036

6p8d (1/2)@3/2#2
o 55 084.14 0.0002 0.0001 0.0057 99.1919

6p9d (1/2)@5/2#2
o 56 526.49 0.3224 0.0949 99.3300 0.1156

6p9d (1/2)@3/2#2
o 56 563.20 0.0020 0.0001 0.1211 99.4236

6p10d (1/2)@5/2#2
o 57 424.02 0.4539 0.0956 99.1708 0.1878

6p10d (1/2)@3/2#2
o 57 444.52 0.0048 0.0002 0.1890 99.5238

6p11d (1/2)@5/2#2
o 57 995.90 0.8037 0.0606 98.9280 0.1529

6p11d (1/2)@3/2#2
o 58 012.05 0.0100 0.0000 0.1500 99.6515

6p12d (1/2)@5/2#2
o 58 378.56 3.5398 0.1566 96.3637 0.0223

6p12d (1/2)@3/2#2
o 58 398.71 0.0445 0.0085 0.0121 99.8030

6p6d (3/2)@5/2#2
o 58 517.71 59.9434 37.2720 5.5282 0.0611

6p13d (1/2)@5/2#2
o 58 666.94 0.1616 2.4771 96.9876 0.3043
1-2



y
he

to

mi
y.

ce

ed
s.
ea

rs

e

i-
he
ts

fe-

BRIEF REPORTS PHYSICAL REVIEW A 63 054501
whereGa is independent ofn. The lifetimetn of the leveln
can be calculated from the radiative decay rateGn as tn
51/Gn . The parametersg i and Ga can be determined b
fitting theoretical lifetimes to experimental lifetimes with t
admixture coefficients obtained from MQDT analyses.

The odd-parityJ52 Rydberg series 6pndof PbI has four

interacting channels: 6pnd 1
2 @ 5

2 #2
o and 6pnd 1

2 @ 3
2 #2

o converge
to the first ionization limit2P1/2 ~59 819.57 cm21! and 6pnd
3
2 @ 5

2 #2
o and 6pnd 3

2 @ 3
2 #2

o to the second one2P3/2 ~73 900.64
cm21!. Using experimental energy levels from 45 443.17
59 787.87 cm21 reported by Brown, Tilford, and Ginter@5#,
we made MQDT calculations in a four-channel and two-li
model. ma andu i j are slowly varying functions of energ
Here the energy dependence ofma is considered to bema

5ma
01«ma

1, where«5(I i2E)/R. The energy dependen
of u i j is neglected, as is done in general. AlthoughVāa de-
pends on six anglesu i j , the levels studied here can be fitt
very well by settingu125u3450 and adjusting other angle
The optimal MQDT parameters obtained by the nonlin
minimization method are listed in Table I.

To calculate the lifetimes of the odd-parity 6pnd (n
56 – 13) J52 levels measured by us@12#, (Zi

(n))2 is calcu-
lated for these levels from Eq.~5! and the MQDT paramete
and listed in Table II. From Eq.~9!, the formula for radiative
decay rate for these levels is given by

Gn5~Z
~1/2!~5/2!2

o
~n!

!2
g1

~n1
~n!!3 1~Z

~1/2!@3/2#2
o

~n!
!2

g2

~n1
~n!!3

1~Z
~3/2!5/2l

2
o

~n!
!2G~3/2!@5/2#2

o1~Z3/2@3/2#2
o

~n!
!2G~3/2!@3/2#2

o, ~10!
05450
t

r

where g1 and g2 are parameters of the 6pnd 1
2 @ 5

2 #2
o and

1
2 @ 3

2 #2
o channels,n1 is the effective quantum number in th

first limit andG (3/2)@5/2#2
o andG (3/2)@3/2#2

o are parameters of the

6pnd 3
2 @ 5

2 #2
o and 3

2 @ 3
2 #2

o channels. Using the nonlinear min
mization method, we fitted the theoretical lifetimes to t
experimental values with the MQDT admixture coefficien
given in Table II and obtained the lifetime parametersg1

FIG. 1. Comparison of the theoretical and experimental li
times for the 6pnd (1/2)@5/2#2

o and 6pnd (1/2)@3/2#2
o states. The

straight dashed linesL1 and L2 correspond tot5(n1)3/g1 and
(n1)3/g2 , respectively.
ry for
TABLE III. Lifetimes calculated by MQDT, experimental lifetimes, and comparison with previous results calculated by RHF theo
the 6pnd (n56 – 13) series, and calculated lifetimes of the 6pnd (1/2)@5/2#2

o (n514– 33) series.

Level
Eexpt @5#
~cm21!

Lifetime ~ns!

Levela
Eexpt @5#
~cm21!

Calculated
lifetime

~ns!
Calculated
by MQDT Expt. @12#

Calculated
by RHF @12#

6p6d (1/2)@5/2#2
o 45 443.15 19.40 24.5 24.75 6p14d (1/2)@5/2#2

o 58 865.40 233.3
6p6d (1/2)@3/2#2

o 46 060.84 7.87 4.4 3.81 6p15d (1/2)@5/2#2
o 59 017.08 174.6

6p7d (1/2)@5/2#2
o 52 101.66 50.30 53.7 66.44 6p16d (1/2)@5/2#2

o 59 134.25 114.4
6p7d (1/2)@3/2#2

o 52 311.32 18.41 15.7 24.24 6p17d (1/2)@5/2#2
o 59 226.10 68.3

6p8d (1/2)@5/2#2
o 55 003.29 96.67 94.5 121.9 6p18d (1/2)@5/2#2

o 59 298.63 38.5
6p8d (1/2)@3/2#2

o 55 084.14 36.40 35.4 88.02 6p19d (1/2)@5/2#2
o 59 356.35 23.9

6p9d (1/2)@5/2#2
o 56 526.49 151.95 169.0 195.9 6p20d (1/2)@5/2#2

o 59 403.89 21.9
6p9d (1/2)@3/2#2

o 56 563.20 63.79 72.0 30.94 6p21d (1/2)@5/2#2
o 59 445.18 31.5

6p10d (1/2)@5/2#2
o 57 424.02 196.39 187.0 324.4 6p22d (1/2)@5/2#2

o 59 482.07 54.6
6p10d (1/2)@3/2#2

o 57 444.52 102.38 105.0 94.79 6p23d (1/2)@5/2#2
o 59 514.75 92.6

6p11d (1/2)@5/2#2
o 57 995.90 191.75 182.0 411.4 6p24d (1/2)@5/2#2

o 59 543.50 146.0
6p11d (1/2)@3/2#2

o 58 012.05 153.66 199.0 201.7 6p25d (1/2)@5/2#2
o 59 568.60 214.9

6p12d (1/2)@5/2#2
o 58 378.56 67.55 94.2 127.3 6p26d (1/2)@5/2#2

o 59 590.56 299.7
6p12d (1/2)@3/2#2

o 58 398.71 213.07 176.0 496.1 6p27d (1/2)@5/2#2
o 59 609.90 400.7

6p6d (3/2)@5/2#2
o 58 517.71 3.38 9.2 4.24 6p28d (1/2)@5/2#2

o 59 626.94 518.0
6p13d (1/2)@5/2#2

o 58 666.94 151.52 152.0 206.5 6p29d (1/2)@5/2#2
o 59 641.90 652.0

6p30d (1/2)@5/2#2
o 59 655.19 803.6

6p31d (1/2)@5/2#2
o 59 667.07 972.6

6p32d (1/2)@5/2#2
o 59 677.73 1160.1

6p33d (1/2)@5/2#2
o 59 687.36 1366.7

aDesignations determined from the admixture coefficient.
1-3
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59.9473108 s21, g2530.7023108 s21, G (3/2)@5/2#2
o

53.6863108 s21, and G3/2@3/2#2
o51.9983108 s21. Compari-

sons between the calculated and measured lifetimes of

6pnd 1
2 @ 5

2 #2
o and 1

2 @ 3
2 #2

o channels are shown in Fig. 1. Th
very satisfactory agreement seen in Fig. 1 indicates
MQDT parameters and admixture coefficients obtained
this work are reliable for describing the properties of Ry
berg states. To compare these with previous theoretica
sults using the relativistic Hartree-Fock~RHF! method@12#,
the two kinds of theoretical result are listed in Table III t
gether with experimental data. It is found that the theoret
lifetimes calculated by MQDT are more consistent with t
measured values than those calculated by RHF theory.

Using the lifetime parameters mentioned above, lifeti
calculations for the odd-parity 6pnd J52 levels are ex-
tended to the level 59 787.87 cm21 and 116 lifetimes are
obtained. The theoretical lifetimes with no corresponding
perimental results are also given in Fig. 1, which shows t
there are decreases of the lifetime in two regions ofn1 . The
decrease at smallern1 is due to strong perturbation of th

perturbing channel 6p6d 3
2 @ 5

2 #2
o ~58 517.71 cm21!. The de-

crease at largern1 occurs around the 59 403.89 cm21 level
where large channel admixtures occur. The admixture c

ficients (Zi
(n))2 of the perturbing channels32 @ 5

2 #2
o and 3

2 @ 3
2 #2

o

are shown in Fig. 2. Only a very small admixture influenc

the 1
2 @ 3

2 #2
o channel; the level lifetimes in this channel esse

tially retain the character of (n1)3/g2 . In contrast, larger

admixtures of perturbing channels in the1
2 @ 5

2 #2
o channel re-

sult in lifetime decreases of the12 @ 5
2 #2

o states at the two re
gions ofn1 . For clarity, the predicted lifetimes of the 6pnd
1
2 @ 5

2 #2
o (n514– 33) levels around the second perturber

listed in Table III. The other theoretically predicted 6pnd
1
2 @ 5

2 #2
o and 1

2 @ 3
2 #2

o states have the character of (n1)3/g i and
the lifetimes are easily evaluated with the paramet
obtained here.

In summary, the MQDT parameters are obtained by
ting the Rydberg series 6pnd J52 energy levels of PbI.
.
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These parameters are used to calculate channel admi
coefficients, from which the theoretical lifetimes of the leve
are evaluated. It is obvious that the lifetimes of the 6pnd
1
2 @ 5

2 #2
o levels far from perturbers nearly follow the depe

dencet}(n1)3, while in the regions near perturbers the lif
time changes drastically because the wave-function adm
tures of different channels are large in these regions.
agreement between the experimental and theoretical MQ
lifetimes is better than with those evaluated by the R
method. We found that there are two perturbers in the R
berg series studied. One is located at 58 517.71, and the o
at 59 403.89 cm21. The lifetime perturbations near the se
ond perturber are predicted by MQDT and await testing
experiment. To perform the extensive experimental meas
ments, lasers with shorter tunable wavelength and a hig
resolution detecting system are needed. We are now ma
efforts toward these measurements.

This work was supported by the National Natural Scien
Foundation of China~Grant No. 19774026! and by the
Swedish Natural Science Research Council.

FIG. 2. Admixture coefficients (Zi
(n))2 of the (3/2)@5/2#2

o and
(3/2)@3/2#2

o perturbing channels in then1 region from 5 to 25.
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