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Energy levels of the odd-parity 6pnd J=2 Rydberg states of Pb I are analysed by the multichannel quantum defect
theory (MQDT) in the frame of a five-channel three-limit calculation model. With optimal MQDT parameters, channel

admixture coefficients are obtained and used to calculate the theoretical lifetimes of the levels by comparing to the

previously measured lifetimes. The predicted lifetimes for higher-lying Rydberg states are given and discussed. These

predicted lifetimes are very different from those obtained by the four-channel two-limit model previously used, which

means that introduction of the additional interacting channel is important for studying the 6pnd J=2 Rydberg states

of Pb L.
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1. Introduction

The investigations on atomic Rydberg states re-
main an important research topic in atomic physics
and laser spectroscopy.:2 Multichannel quantum de-
fect theory (MQDT) has been extensively and success-
fully applied for the description of perturbed Rydberg
series.3=19] In our recent paper,'!! radiative lifetimes
of the 6pnd J=2 Rydberg states of the Pb atom have
been analysed and predicted by using the MQDT tech-
nique and all the experimental energy levels measured
by Brown et al*?l and by Wood and Andrew.'3 The
four-channel two-limit model for MQDT calculations,
which was primarily employed by Brown et all'? in
their MQDT analysis with 60 energy levels of the 6pnd
J=2 Rydberg states of Pb I, was used in Ref.[11] to
fit the energy levels and then the wavefunctions of the

levels were gained.

However, for the higher-lying energy levels from
59508.25cm ! to 59710.4 cm ! measured in Ref.[12],
the quantum defect values (modulo 1) of some levels
have distinct changes from 0.225 to 0.295 with the in-

crease of energy. This indicates that there exists an-

other perturbing channel, which was not considered
in Refs.[11, 12], to influence the 6pnd J=2 Rydberg
states of Pb I. The perturber in this channel has a
probability of influencing the lifetimes of the higher-
lying levels around it. Therefore, a particular rein-
vestigation on this Rydberg series is necessary to be
carried out in a five-channel MQDT model by intro-
ducing a new J=2 perturbing channel into the four-
channel model used before. Detailed presentation of
this new channel is given in Section 3. In this paper,
we employ a five-channel three-limit model to perform
MQDT analyses on energy levels of the 6pnd J=2 Ry-
dberg states of Pb I. By using the MQDT wavefunc-
tions obtained in this model, lifetimes of these states
were calculated and compared with the previous re-

sults.

2.Basic theoretical methods

The theoretical methods and formulae for MQDT
analyses and lifetime calculation of Rydberg levels are
the same as those described in Ref.[11]. Detailed pre-
sentations of these methods can be found in the orig-

inal papers.[3—5:14,15]
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3. Specification of the new per-

turbing channel

In the four-channel two-limit MQDT model, the
6pnd J=2 Rydberg states of Pb I are described with
the 6pnd 1/2[5/2]3 and
6pnd 1/2[3/2]3 channels converge to the first ioniza-
tion limit 6p 2P1/2 (59819.57cm~1) and the 6pnd
3/2[5/2]3 and 6pnd 3/2[3/2]$ channels to the second
one 6p ?Ps /5 (73900.64 em™1).11112] The Lu-Fano plot
calculated with optimal MQDT parameters obtained

four interacting channels:

in Ref.[11] in this model is shown in Fig.1. The agree-
ment between the theoretical fitted curves and exper-
imental points is good except for some points in the
region from v=2.761 to 2.781, where v; is the effec-
tive quantum number calculated with the second ion-
ization limit. These points were not well fitted since
the quantum defect values (modulo 1) of these lev-
els are quite different in a large range from 0.225 to
0.295. This kind of quantum defect shift cannot be
attributed to measurement errors. According to wave-
length uncertainties of observed absorption lines of Pb
I given by Brown et al,'? quantum defect errors of
these points are smaller than 0.012 except that the
three levels 59625.1, 59640.5 and 59654.1 cm—! deter-
mined from blended lines have larger errors. There-
fore, we think that the quantum defect shift mentioned
above is caused not by experimental errors but by the
influence of another perturbing channel.

In experimental and theoretical researches of the
odd-parity levels of Pb I, Dembczyniski et all'8 found
that the 6s6p® configuration strongly interacts with
the 6pnd configurations, and especially that the state
6s6p> 559 interacts with many 6pnd J=2 levels be-
In addition, the rela-

6pnd 6pnd
(1/2)[5/2]5  (1/2)[3/2]3

Ninety experimental energy levels of the 6pnd
J=2 Rydberg states used in MQDT calculation are in
the range from 45443.17 to 59787.87 cm ™! reported by
Brown et al'?l and by Wood and Andrew.['3] All these

levels are located below the first ionization limit. Here

low the first ionization limit.

only the energy dependence of the eigen-quantum de-
fect po is considered with py, = pl + epl, where €
is the energy measured from the first ionization limit.
The energy dependence of the parameter 6;;, which is
the rotation transformation angle between two inter-
acting channels, is neglected, as is done in general. By

fitting theoretical values of energy level to experimen-

6pnd
(3/2)[5/2]3 °83

tivistic Hartree—Fock calculations by Pejcev et alll7]
and the linked-parameter level fitting calculations by
Dembczytiski et all'® indicated that the 6s6p® 559
level is located below the first limit. Thus the 6s6p>
589 state has a large probability to influence the en-
ergy positions and other properties of the 6pnd J=2

states around it.
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Fig.1. Lu—Fano plot obtained in the four-channel two-

limit model for the 6pnd J=2 levels of Pb I.

Based on the above discussion, the additional per-
turbing channel 6s6p?np 553 should be taken into ac-
count in MQDT analyses of the 6pnd J=2 Rydberg
series of Pb I. The ionization limit of the 6s6p?np 55
channel is taken as 73905.00 cm ™! which corresponds
to the 6s6p? 4P5/2 state of Pb I1.[18]

4. Results and discussion

By introducing the additional 6s6p2np ®SS chan-
nel, the MQDT model for analyses of the 6pnd J=2
Rydberg states of Pb I should be a five-channel three-
limit model, in which five interacting channels are la-

belled with eigen-channels as
6pnd
(3/2)[3/2]3

tal ones, we obtained the optimal MQDT parameters
as listed in Table 1. The Lu-Fano plot obtained in
the five-channel three-limit model is shown in Fig.2.
By comparison with Fig.1, it is clear that the MQDT
fitting in the present model is much better than that

6s6p2np

in the four-channel two-limit model. When the low-
est two levels 6p6d (1/2)[5/2]3 and 6p6d (1/2)[3/2]9
are excluded, the root mean square (rms) deviation
between the theoretical and experimental energy lev-
els in the present model is 2.87 cm™!, while the rms
deviation in the old model is 6.01 cm™!.

Two vertical branches with larger v values in



Radiative lifetimes of Rydberg 6pnd J=2 states of Pb I by... 847

No.6
Table 1. MQDT parameters for the odd-parity J=2 bound levels of Pb I.
Channel 1 2 3 4 5
B (1/2,5/2) 3 (1/2, 3/2)3 (3/2, 5/2)3 (5/2, 1/2)3 (3/2, 3/2)3
I; 59819.57 59819.57 73900.64 73905.00 73900.64
|a) 6pnd (1/2)[5/2]5 6pnd (1/2)[3/2]3 6pnd (3/2)[5/2]3 6s6p2np°Sg 6pnd (3/2)[3/2]3
ul 0.2299 0.1709 0.3395 0.2995 0.2137
ul 0.2449 —0.0900 —0.6687 -1.2632 —-0.1380
0.7151 0.0582 —0.1386 0.2543 —0.6335
0.0 0.8089 0.0695 —0.5598 —0.1656
Uio 0.1004 —0.0487 0.9879 0.0751 -0.0773
—0.2413 0.5627 0.0 0.7850 0.0945
0.6483 0.1527 0.0 0.0 0.7459

Fig.2 arise from the perturbation of the 6p6d
(3/2)[3/2]$ and 6s6p? 5SS levels, respectively. Accord-
ing to the analyses given by Dembeczyniski et al,[*9] the
6s6p> 559 level is located at around 59400 cm !, which
means that the 6s6p® ®S9 state influences the levels in

the first one of the two vertical branches mentioned

above.
1.0
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Fig.2. Lu-Fano plot obtained in the five-channel
three-limit model for the 6pnd J=2 levels of Pb I.

The formula of radiative decay rate for the odd-
parity 6pnd J=2 Rydberg states can be expressed
15]

r, =(z")*

as [
n + (Z2n)) g

(v")° (")
+(257) s + (27)° 1+ (257) 1,

where 71, 72, I3, I'; and I'5 are radiative rate param-
eters in relation to the 6pnd (1/2)[5/2]3, (1/2)[3/2]3,
6pnd (3/2)[5/2]3, 6s6p?np 5Ss and 6pnd (3/2)[3/2]3
channels, respectively; vy is the effective quantum
By fitting the theoreti-
cal lifetimes to 16 experimental lifetimes we mea-
sured previously 19 with MQDT admixture coef-

number in the first limit.

ficients, we obtain the radiative rate parameters

as follows: ~,=7.789x108s7!, ~,=31.596x108s71,

I3=2.948x10%s~! and TI,=1.387x10%s~! and
I';=29.699x10% s~ 1. Using these parameters, lifetime
calculations of the 6pnd J=2 states are extended to
the level 59787.87 cm™?!, which is the highest exper-
imental level measured in Ref.[12] and 116 lifetimes
are obtained. The calculated lifetimes and the com-
parison with previously measured lifetimes are shown
in Fig.3. As seen from Fig.3, the good agreement
between the theoretical and experimental lifetimes in-
dicates that MQDT parameters and admixture coef-
ficients obtained in the five-channel three-limit model
are reliable for describing the 6pnd J=2 Rydberg
states. Due to the introduction of the new interacting
channel and corresponding MQDT parameters, the
rms error 9.42 ns between the theoretical and experi-
mental lifetimes is smaller than the rms error 17.29 ns
in the old model.[!1]
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Fig.8. MQDT theoretical lifetimes and comparison with
experimental values for the 6pnd J=2 states of Pb L.

For the predicted lifetimes, there exist certain
prominent differences when using the two different
models, as can be seen from the comparison between
Fig.3 in this paper and the results in Ref.[11]. In the
five-channel model, the lifetimes of levels in both 6pnd
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(1/2)[5/2]$ and 6pnd (1/2)[3/2]5 perturbed channels
in the region of In (V1)3 > 8 decrease greatly due to
the interaction of the perturbing channel newly intro-
duced here. It should be noted that the designations of
levels shown in Fig.3 are determined from our MQDT
admixture coefficients. For the levels in the 6pnd
(1/2)[5/2]3 and (1/2)[3/2]§ channels, the admixture
coefficients of other channels calculated in the present
model are shown in Figs.4 and 5, respectively. The
two figures indicate that the 6p6d (3/2)[3/2]3 perturb-
ing channel has been mixed into the 6pnd (1/2)[3/2]3
channel more than into the 6pnd (1/2)[5/2]3 channel.
In contrast, the 6s6pnp°SS channel only has influ-
ence on levels in the 6pnd (1/2)[3/2]$ channel. In our
calculations, the maximum admixture of the 6s6p> 55
state is 15.2% to the level 59356.35cm ™! (v;=15.39,
v9=2.747, eigenvector purity=81.0%), which is in
good agreement with the semiempirical result 14.8%

to the same level gained by Dembcyriski et al[1]
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Fig.4. Admixture coefficients of the other channels to
the 6pnd (1/2)[5/2]5 channel.
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Fig.5. Admixture coefficients of the other channels to
the 6pnd (1/2)[3/2]$ channel.

As can be seen in Fig.3, sharp changes in the re-
spective lifetimes of the two perturbed channels occur
near 59703cm™! (1,=30.7 or In(v1)°=10.27). The
reason for this is that, in the region of v;=27.7-
30.7 (In (1)*=9.96-10.27), the admixture coefficients
of the 6p6d (3/2)[3/2]5 perturbing channel to the 6pnd
(1/2)[5/2]3 channel are larger than those to the 6pnd
(1/2)[3/2]3 channel. Therefore, due to more admix-
ture of the short-lifetime characteristic of the 6p6d
(3/2)[3/2]9 channel, the lifetimes of 6pnd (1/2)[5/2]3
levels in this region are smaller than those of the 6pnd

(1/2)[3/2]3 levels.

Figure 3 shows that, except for a few states in the
region of In (1/1)3 < 6, the lifetime values of the 6pnd
J=2 Rydberg states in the energy region studied do
not have the pure Rydberg state character of (v1)° /v;
(i=1, 2) owing to the perturbation of the new channel
introduced in this paper. The theoretically predicted

lifetimes obtained here await testing by experiment.

It should be pointed out that the designations of
levels above 58666.94cm ! determined from the ad-
mixture coefficients in the present five-channel model
are entirely opposite to those determined in the four-
channel model. This results from the introduction
of the 6s6p?np 5SS interacting channel. Clearly, the
choice of MQDT channel model is important for the
theoretical designations of level notations for the levels

having no labels.

5. Conclusions

In conclusion, we have introduced an additional
perturbing channel 6s6p%np 5S9 in MQDT investiga-
tion on energy levels and lifetimes of the odd-parity
6pnd J=2 Rydberg states of Pb I. The MQDT pa-
rameters are obtained by fitting the theoretical en-
ergy levels to experimental ones. Using channel ad-
mixture coefficients calculated from these parameters,
we have obtained the theoretical lifetimes of the lev-
els by fitting to the measured lifetimes. The agree-
ment between the theoretical and experimental results
of energy levels and lifetimes obtained in the five-
channel three-limit model is better than that in the
four-channel two-limit model. It is found that due to
the influence of the perturbing channels the lifetimes
of the higher-lying 6pnd J=2 Rydberg states below
the first ionization limit are not directly proportional
to (1/1)3, as is the character of the pure Rydberg state.
Such a distinct influence on lifetimes coming from the

newly introduced channel is unexpected. Therefore,
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to introduce this additional interacting channel and

study its influence on energy levels, lifetimes and other
properties of the 6pnd J=2 Rydberg states of Pb I

are important for understanding the characters of lead

atom. It would be also interesting to check the life-

time values of higher-lying 6pnd J=2 Rydberg states

of Pb I by experiment and compare them with the

theoretical results in this paper.
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