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Radiative lifetimes of 6sns3S1 and 6snd 3D1 excited states of HgI
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Natural radiative lifetimes have been measured along the 6sns 3S1 (n57 –10) and 6snd 3D1 (n
56 –11) Rydberg series of neutral mercury using time-resolved laser-induced fluorescence spectroscopy in a
laser-produced mercury plasma. The states of HgI investigated in the present work were populated from the
ground state by a stepwise excitation process. Relativistic Hartree-Fock calculations, including intravalence
interactions and core-polarization effects, have been performed and the theoretical lifetimes have been com-
pared with the measurements.
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I. INTRODUCTION

The first spectrum of mercury has attracted the atten
of many investigators. As a result more than 250 ene
levels are quoted in the Natl. Bur. Stand.~U.S.! compilation
by Moore @1#. The ground level is@Kr#4d10 4 f 14 5s2 5p6

5d10 6s2 1S0. The Rydberg series 6snl have been observe
up to rather highn ~principal quantum number! values~i.e.,
25s, 26p, 29d, and 15f ). The np 3P levels were investi-
gated forn518–60@2#. Additional observed levels belong t
the configurations 5d106p2, 5d96s2nl ~with nl56p to 18p,
5 f to 9f ). Radiative lifetimes of the triplet 6snl 3L excited
states of HgI have been the subject of experimental a
theoretical investigations for a long time, but almost all t
published papers were dedicated to the low-lying exci
states, withn56 –8 ~see below!. This is due to the fact tha
the most intense spectral lines originate from these th
low-lying states, which have been investigated in detail us
different experimental methods. It is important, however,
measure the radiative constants along the spectral serie
higher (n.8) Rydberg states because the populations of
upper excited states determine the total emission in diffe
mercury light sources. It is also interesting to investigate
radiative parameters along the spectral series in order to
out whether the intensity of the emitted radiation is infl
enced or not by perturbations.

These considerations apply to a full extent to the 6sns
3S1 states. The radiative lifetime of the 6s7s 3S1 state~from
which the well-known blue-green 6s6p 3P°-6s7s 3S1 trip-
let originates! has been thoroughly investigated. Moreov
the strong lines involving the 6s7s 3S1 level give the possi-
bility to perform photon-photon coincidence cascade-free
periments@3–5#. The same excited state was also inves
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gated using the beam-foil method@6#, the level-crossing
technique@7#, and the time-resolved method, with laser e
citation @8,9# or with nonselective electron excitation@10#.
The results obtained, however, differ considerably and
disagreements among the various sets of data for this s
are manifest both in old papers and in recent ones. For
6s8s 3S1 level, the radiative lifetime was obtained by th
beam-foil technique@6# and the time-resolved approach u
ing either laser@8# or pulsed electron excitation@10#. The
results of the latter two experiments agree well. For 6s9s
3S1, there is only one result published and it was obtained
the pulsed electron delayed-coincidence method@10#.

The radiative lifetimes of the 6snd 3D series of HgI

were also investigated but, as is the case for other spe
series, the analyses were frequently restricted to the low
ing states having principal quantum numbersn56 and 7.
For the 6snd 3D2 series, the most detailed investigation w
extended up ton511 @11#, these excited states being reach
by two-photon excitation from the ground state 6s2 1S0. The
6snd 3D1,3 (n56,7) excited levels were investigated by th
beam-foil method@6,12#, by the time-resolved approach u
ing laser excitation from the metastable 6s6p3P1° level @8#,
and by a stepwise excitation, where the first step was e
tron excitation of the resonance 6s6p 1P1° level while the
second step was performed by laser excitation@13#. The level
crossing technique was also employed to measure the
times of the 6s6d 3D1,2,3 levels @14,15#.

Most of the theoretical works devoted to the study of t
radiative properties of HgI have concentrated on the low
lying levels, particularly 6s6p 1,3P1°. The resonance transi
tion of Hg I has been the subject of different investigatio
because it was found early~see, e.g., Shorer@16#! that core
polarization effects~CP! had a substantial influence on th
oscillator strength of this transition, reducing the frozen-co
or ‘‘valence correlation only’’f value by about 40%. As a
consequence, the mercury atom has become a testing gr
for model potentials attempting to describe accurately
interactions between the core and valence electrons of
©2002 The American Physical Society09-1
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atom. This has motivated further studies analyzing the
portance of CP effects on this transition and on the interco
bination line 6s2 1S0-6s6p 3P1° ~see, e.g., Refs.@17–21#!.
More recently, the relativistic random-phase approximat
has been applied with success for a treatment of c
polarization effects in HgI with the result that the discrep
ancies between theoretical and experimentalf values were
considerably reduced@22,23#. In Ref. @15#, the 6s7d 3D
states were studied both theoretically and experiment
The oscillator strengths of the transitions 6s6p
3P°-6sns 3S1 were calculated within the framework of th
Coulomb approximation@24# and, from these data, the radi
tive lifetime of the 6s7s 3S1 level was obtained. For highe
6sns 3S1 levels, an upper limit of the radiative lifetime
could be obtained@24#. Among the most extensive theoret
cal analyses devoted to HgI, let us mention Ref.@25# in
which the radiative lifetimes of the 6sns 1,3S (n57 –9),
6snd 1,3D (n56 –9), and 6snp 1,3P° (n56 –8) terms
were calculated using a model potential method. The tra
tions 6s2 1S0-6snp 1P1°, 3P1° have also been extensive
considered by Migdalek and Baylis@19# up to n520 in the
framework of a relativistic intermediate coupling se
consistent-field approximation, but the fact that correlat
effects were considered in the calculations in a simplifi
way limits the scope of the results.

In the present work, we have carried out natural radiat
lifetime measurements of the 6sns 3S1 (n57 –10) and
6snd 3D1 (n56 –11) levels in HgI using a two-step exci-
tation time-resolved laser-induced fluorescence technique
addition, calculations were performed with the relativis
Hartree-Fock~RHF! approach considering configuration in
teraction among the outer electrons and also including c
polarization effects. This method has been applied with s
cess, recently, in the case of a neutral heavy element, CI,
and along its isoelectronic sequence@26#, and has appeare
in excellent agreement with the fully relativistic multicon
figuration Dirac-Fock method taking the valence and co
valence correlation effects into account.

The dependence of the radiative lifetimes of both spec
series upon effective principal quantum number was con
ered and its relation with the quantum defect depende
was analyzed.

II. EXPERIMENTAL SETUP

In the present experiment, the lifetimes of ten HgI Ryd-
berg levels, belonging to two different series, i.e., 6sns 3S1
(n57 –10) and 6snd 3D1 (n56 –11), were measured usin
a two-step excitation time-resolved laser-induced fluor
cence technique. A simplified energy level scheme relev
to the present experiment is shown in Fig. 1. The experim
tal schemes considered in the measurements are summa
in Table I.

The experimental setup used in the experiment is sho
in Fig. 2. Free Hg atoms were obtained by laser ablation
solid target of HgS, rotating in a vacuum chamber, was ir
diated perpendicularly by a focused Nd:YAG laser~A! ~Con-
tinuum Surelite!, characterized by a 532 nm wavelength
10 Hz repetition rate, and a 10 ns pulse duration. The pu
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applied with a variable energy~0.5–1.5 mJ!, caused an ex-
panding plasma, rising into the interaction zone about 10 m
above the target, where the center of the vacuum chamb
located. Some time after the ions in the plasma have left
interaction zone, the neutral Hg atoms arrived, the ions m
ing much faster than the neutrals. In order to excite the
atoms, a Ti:sapphire laser, pumped by a Nd:YAG laser~B!
~Continuum NY-82! with 8 ns pulse width and 400 mJ puls
energy, was frequency-tripled using a nonlinear optical s
tem including a KDP crystal, a retarding plate, and a BB
crystal. The third harmonic from the system was selec
using a quartz Pellin-Broca prism and sent into the inter
tion zone horizontally, exciting the Hg atoms from th
ground state 6s2 1S0 to the level 6s6p 3P1° using the
253.73 nm transition. In order to excite the atoms from
6s6p 3P1° to the levels studied, 8 ns pulses emitted
another Nd:YAG laser~C! ~Continuum NY-82 injection
seeded! were sent to a stimulated Brillouin scattering~SBS!
compressor to shorten the pulses. The pulse duration of
output from the SBS compressor was about 1 ns@27#. These
compressed pulses were used to pump a dye laser~Con-
tinuum Nd-60!. DCM, R610, R640, and R6G dyes were em
ployed separately in order to have the tunable dye la
working in different wavelength ranges. The dye laser w
frequency-doubled (2n) in another KDP crystal. In mos
cases, Raman shifted components, obtained in a cell fi
with hydrogen at 10 bars, were employed to excite the ato
to the states measured.

In the experiment, all three Nd:YAG lasers were trigger
externally by two digital delay generators~Stanford Research
System, Model 535! mutually connected, which enable
temporal synchronization of the two excitation lasers a
also a free variation of the delay time between the ablat
and excitation lasers. The fluorescence, due to the na
decay from the levels studied, was imaged by two lenses
concentrated on the entrance slit of a vacuum monoch
mator, and detected by a Hamamatsu R3809U-58 photom
tiplier with a rise time of about 170 ps. The time-resolv
signal was acquired and averaged using a digital trans

FIG. 1. A simplified energy level diagram of HgI with relevant
excitation scheme.
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TABLE I. The levels measured and the corresponding excitation schemes.

Measured Upper level Lower level Excitation Observatio
state energya energya l ~vac.! schemeb lobs ~air!

(cm21) (cm21) ~nm! ~nm!

6s7s 3S1 62350.456 39412.300 435.955 2n1 1 2S 435.8
6s8s 3S1 73961.296 39412.300 297.186 2n2 289.4
6s9s 3S1 78216.261 39412.300 257.706 2n2 1 AS 292.5
6s10s 3S1 80268.056 39412.300 244.764 2n1 1 2AS 275.9

6s6d 3D1 71336.164 39412.300 312.245 2n1 296.7
6s7d 3D1 77084.632 39412.300 265.447 2n3 1 AS 265.4
6s8d 3D1 79678.708 39412.300 248.346 2n1 1 2AS 237.8
6s9d 3D1 81071.027 39412.300 240.046 2n3 1 2AS 230.2
6s10d 3D1 81904.500 39412.300 235.337 2n2 1 2AS 225.9
6s11d 3D1 82443.000 39412.300 232.392 2n2 1 2AS 223.2

aFrom the energy levels by Moore@1#.
bn1 means frequency of DCM dye laser,n2 means frequency of R6G dye laser,n3 means frequency of R6101R640 dye laser, AS mean
anti-Stokes component,S means Stokes component; 2 in the 2AS or 2S means the second-order, and 2n means frequency-doubling.
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recorder~Tektronix Model DSA 602!, and then sent to a
personal computer for lifetime evaluation.

III. MEASUREMENTS AND RESULTS

In order to obtain reliable experimental lifetime value
several steps were taken to check for possible source
errors and to avoid the influence of unwanted physical
fects on the measurements. It was verified, for all the lev
measured, that the correct level was excited by tuning
monochromator to check the different possible dec
branches, and, in each case, the strongest branch was
for observing the fluorescence decay. A magnetic field, p
vided by a pair of Helmholtz coils, was applied to verify th
Zeeman quantum beats do not influence our experiments
cause of the largely unpolarized detection scheme~the grat-
ing can cause some polarization!.

In the measurements, long delay times between the a
tion and excitation laser, 20–40 ms, were adopted to eli
nate possible flight-out-of-view effects. The adopted long
lay time implies that the speed of the observed moving ato
was several hundred meters per second. The longest life
03250
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value measured in the experiment is only about 150 ns. T
it is enough, in order to avoid the flight-out-of-view effect
to adopt for the slit of the monochromator a width of abou
mm. To make sure that the experimental lifetimes were
affected by radiative trapping and collisions, the ablati
pulse energy and the delay time were changed, which
equivalent to changing the atomic density.

For the acquirement of each decay curve, the excita
laser was kept weak enough to avoid errors due to a poss
nonlinear response of the detector. Therefore for each de
curve averaging data from 1000–4000 shots was neede
order to obtain a good signal-to-noise ratio. For two sho
lived states, with lifetimes smaller than 10 ns, the lifetime
the recorded decay was evaluated by fitting the curve wit
convolution between a detected laser pulse and an expo
tial function with adjustable parameters. For the other sta
the lifetime of the curve was obtained by directly fitting th
curve to an exponential. A typical experimental curve w
the corresponding fit is shown in Fig. 3. For each state m
sured, more than ten time-resolved fluorescence decay cu
were typically recorded under different experimental con
tions. The evaluated lifetimes from these curves were fou
to coincide nicely. The final lifetime of each state w
FIG. 2. Experimental setup.
9-3
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formed by averaging these evaluated lifetimes. The lifetim
measured are reported in Table II, where the error bars re
not only the statistical scattering, but also a conservative
timate of the possible remaining systematic errors.

IV. CALCULATIONS

For a heavy atomic system such as mercury, relativi
effects and also intravalence and core-valence interact
must be taken into account simultaneously for calculating
atomic structure. In practice, computer capabilities imp
severe limitations on the number of interacting configu
tions which can be considered in the calculations. In
present case, the HFR method was used for the atomic s
ture calculations@28#. Cowan and Griffin@29# have shown
that the contraction of valence orbitals due to relativistic
fects can be mimicked in a nonrelativistic approach by a
ing to the Schro¨dinger Hamiltonian potentials containin
mass-correction and Darwin terms. Migdalek and Baylis@30#
as well as Migdalek and Marcinek@31# have suggested a
approach~for a review, see also@32#! in which most of the
intravalence correlation is represented within a configura
interaction scheme while core-valence correlation is
scribed by a core-polarization model potential with a co
penetration corrective term. We have introduced these
rections in the RHF equations@28#. For that purpose, we
added to the radial equations of the valence orbitals the o
particle potential:

VPol~r !5
2adr 2

2~r 21r c
2!3

, ~1!

wheread is the static dipole polarizability of the ionic cor
and r c is the cutoff radius. We corrected the nonequivale
electron part of the exchange potential between valence
shells by the two-particle term:

FIG. 3. A typical time-resolved fluorescence signal and
exponential fit.
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2adr

2~r 21r c
2!3/2S l i 1 l j

0 0 0D
2

3F E
0

` r 2

~r 21r c
2!3/2

Pj~r 2!Pi~r 2!dr2

1E
0

r cr 2

r c
3
Pj~r 2!Pi~r 2!dr2G , ~2!

wherePi and Pj are the radial parts of the atomic orbital
The second part of Eq.~2! corresponds to the penetration
the core by the valence orbitals. The interaction between
modified electric fields experienced by the valence electr
is the first part of Eq.~2!. The dipole-moment operator,dW

52rW , of the valence electron has to be replaced by

dW 52rW1ad

rW

~r 21r c
2!3/2

1ad

rW

r c
3
rect~0,r c!, ~3!

where

rect~0,r c!5H 1, 0<r<r c

0, r .r c .

The third part of Eq.~3! is the penetration correction.
Two different RHF calculations~A and B! were per-

formed in the present work using Cowan’s code modified
the inclusion of CP effects.

In calculation A, the following configurations were re
tained ~the core being 5d10): 6s2, 6sns (n57 –18), 6snd
(n56 –18), 6p2, 6pn f (n55210), 6pnp (n57 –10),
6d2, 6dns (n57 –10), and 6dnd (n57 –10) ~even parity!
and 6snp (n56 –18), 6sn f (n55 –18), 6pns (n57 –10),
6pnd (n56 –10), 6dnp (n57 –10), and 6dn f (n55 –10)
~odd parity!. This set of 92 configurations includes only v
lence - valence correlations. Core-valence interactions w
included in the model through the use of the CP formu
hereabove described and applied with success in a re
past for different complex atomic systems belonging to la
thanide ions~see, e.g., LaIII - Lu III @33#, Er III @34#, Pr III

@35,36#, Tm III @37#, and YbIII @38#!. The approach followed
is similar to that adopted in previous works@17–21,39# con-
cerning the same atom~Hg I!. The CP parameters were cho
sen equal toad58.098a0

3 and r c51.449a0. These values
correspond to the static dipole polarizability of the ionic co
Hg III as computed by Fragaet al. @40# and to the expectation
value of r for the outermost core-orbitals (5d10) as calcu-
lated by Migdalek and Baylis@17#. The adopted value forad
is close to the value derived from experiment~i.e.,ad 5 8.40
a0

3 according to@40–42#!. The theoretical lifetime values ar
given in column 3 of Table II where they are compared w
the experimental results as obtained in the present work~see
the second column of the same table!. Although the agree-
ment is satisfying for theD states, larger discrepancies a
observed for theS states. For the Rydberg levels 6sns and
for the first member of the series 6snd, the RHF values are
smaller than the experimental results indicating that the

n

9-4
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larization effects could have been underestimated. Usingad

58.40a0
3 instead of ad58.098a0

3 would modify ~i.e., in-
crease! the lifetime values by less than 1%. In order to ta
into account the interactions with the distant configuratio
not introduced explicitly in the model, it is a common pra
tice @28# to introduce some scaling factors for the Slater
tegrals, spin-orbit, or configuration interaction integrals. T

TABLE II. Observed and calculated lifetimes and comparis
with previous results.

t this work(ns) tprevious work(ns)

State Exp. Calc. Exp. Calc.
A B

6s7s 3S1 8.0~7! 7.4 6.2 7.7~4! a, 8.4~4! b, 9.6m,
8.2~2! c, 8.2~5! d, 8.4n

8.0~4! e, 8.1~5! f,
10.5~5! g, 11~2! h

6s8s 3S1 24.2~25! 20 18 14.0~15! d, 21n

22.1~11! e,
22.5~10! g

6s9s 3S1 53~3! 22 36 47.7~15! g 39 n

6s10s3S1 92~7! 52 62

6s6d 3D1 6.8~6! 5.6 4.6 6.2~6! d, 6.0~6! i, 6.9n

7.2~4! j, 6.2~3! k

6s7d 3D1 17~1.5! 14 13 12.4~5! l 10.4l,
16 n

6s8d 3D1 32~2! 32 28

6s9d 3D1 56~3! 48 53

6s10d 3D1 84~5! 88 92

6s11d 3D1 93~9! 165 149

aPhoton-photon coincidence method@3#.
bPhoton-photon coincidence method@4#.
cPhoton-photon coincidence method@5#.
dBeam-foil method@6#.
eLaser excitation from the 6s6p 3P states@8#.
fDelayed-coincidence method; laser excitation from the 6s6p 3P1

state@9#.
gDelayed-coincidence method; pulsed electron excitation@10#.
hLevel-crossing method@7#.
iBeam-foil method@12#.
jDelayed-coincidence method; laser excitation from the 6s6p 1P1

state@13#.
kLevel-crossing method@14#.
lLevel-crossing method, theory: Coulomb approximation@15#.
mTheory: Coulomb approximation@24#.
nTheory: model potential method@25#.
03250
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e

effect of this procedure was tested: considering a sca
factor of 0.85 would lead to a mean increase of the lifetim
values by about 6% for the 6sns 3S1 levels and to a modi-
fication by less than 4%~decrease or increase! for the 6snd
3D1 levels.

To further test the sensitivity of the calculations, an ad
tional more elaborate calculation was performed. In calcu
tion B, the effect of opening the 5d10 core was considered
Concretely, the following configurations were retained in t
calculations: 5d106s2, 5d106sns (n57 –15), 5d106snd (n
56 –15), 5d106p2, 5d106pnp (n57 –9), 5d106d2,
5d106dns (n57 –9), 5d106dnd (n57 –9), 5d96s7s2,
5d96s27s, 5d96s28s, 5d96s6d2, 5d96s2nd (n56 –8),
5d96p2ns (n56 –8), and 5d96p2nd, (n56 –8) for the
even configurations and 5d106snp (n56 –15), 5d106sn f
(n56 –15), 5d106pns (n57 –9), 5d106pnd (n56 –9),
5d106dnp (n57 –9), 5d106dn f (n55 –9), 5d96s2np (n
56 –8), 5d96s2n f (n55 –8), and 5d96p2np (n57 to 8)
for the odd configurations, the Rydberg series being limi
to n515 basically for computer reasons~large energy matri-
ces!. In the latter model, the CP parameters were cho
equal toad55.804a0

3 and r c51.372a0. These values corre
spond to the dipole polarizability of the ionic core HgIV as
computed by Fragaet al. @40# and to the expectation value o
r for the outermost core-orbitals (5d9) as calculated by the
RHF technique, respectively. The corresponding lifetimes
compared~column 4 of Table II! to the experimental mea
surements~column 2 of Table II! of the present work. For
most of the levels, the agreement with experiment is i
proved compared to calculation A, the improvement res
ing from a better representation of the CP effects. Th
results were obtained without the introduction of any scal
factor for the radial integral. Considering the same scal
factor as in the previous calculation~85%! would lead to a
change of typically a few percent (,10) for most of the
lifetimes, larger changes being induced for the odd pa
levels as it was the case in calculation A.

The persistent discrepancies theory - experiment obse
for the higher Rydberg states along the two series and
fact that they are increasing withn indicate probably that a
more realistic theoretical model including many addition
high-n configurations would be needed. The consideration
such a model, in the present work, was prevented basic
by the available computer capabilities.

V. DISCUSSION AND COMPARISON WITH PREVIOUS
RESULTS

Previous experimental and theoretical results are p
sented in columns 5 and 6 of Table II, where it can be s
that the radiative lifetime of the 6s7s 3S1 state obtained in
the present work agrees well with other authors’ results
rived by the beam-foil method@6#, by a photon-photon coin-
cidence method@3–5#, and by a laser-excitation delayed c
incidence method@8,9#. The larger values obtained in@10# as
well as in @7# may be related to the influence of radiatio
trapping of the spectral lines in the case of the blue-gr
triplet, which has large transition probabilities and whi
connects the 6s7s 3S1 state to the highly populated 6s6p
3P° levels. As was pointed out in@9#, at a density of
9-5
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1011 atoms/cm3, the lifetime of the 6s7s 3S1 state could be
increased by 7%. Our experimental result for the 6s8s 3S1
level is in agreement, within the errors, with those obtain
by the delayed-coincidence method with pulsed electron
citation @10# or laser excitation@8#. The result for this level,
obtained by beam-foil@6#, is considerably smaller than othe
authors’ results including our data.

Our lifetime for the 6s6d 3D1 level agrees rather wel
with data obtained by beam-foil spectroscopy@6,12#, by the
delayed-coincidence method with stepwise excitation@13#,
and by the level-crossing method@14#.

The present result for the 6s7d 3D1 level is larger than
the value obtained by the level-crossing method@15#. Our
result agrees with values for the other 7d 3D2,3 levels~mea-
sured in the mentioned work! if we consider that in the mul-
tiplets the radiative lifetimes of the levels usually have clo
values@8,11#. As it is well known, the radiative lifetimes o
the excited states belonging to one spectral series are
pected to follow a regular dependence versus the effec
principal quantum numbern*( n* 5n2m, where m is the
quantum defect!. For the spectral series where a one-elect
approximation is adequate, this dependence is expresse
t5t0(n*) a, wheret0 and a are coefficients characteristi
of a spectral series. In particular, for the hydrogenic casea
has to be equal to 3. The data for the 6snd 3D1,2 levels
obtained in the present work allow one to consider this
pendence.

In Fig. 4~a! a plot of 6snd 3D1 level radiative lifetimes
versus the effective principal quantum numbern* is pre-
sented on a ln-ln scale. In the same figure, the dependen
the quantum defectm is also presented. The behavior of th
two quantities, in an unperturbed system, is expected to
similar. The radiative lifetime dependence for the 6snd 3D1
series is linear for the first members, but deviates from
straight line forn510, 11. This dependence is similar to th
6snd 3D2 dependence, which is presented in Fig. 4~b!. In
both cases, however, the quantum defect dependence
only small deviations from the linear one in the regionn
510 to 11.

VI. CONCLUSIONS

In the present paper, radiative lifetimes of 6sns 3S1 (n
57 –10) and 6snd 3D1 (n56 –11) excited states of HgI
have been measured. Stepwise laser excitation and lase
duced fluorescence observations have been used in th
periment. Thet(n*) dependence of the 6sns 3S1 series is
not perturbed, and is in agreement with the quantum de
dependence. Thet(n*) dependence of the 6snd 3D1,2 se-
ries, however, shows some deviations from the quantum
t.
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The agreement between the laser lifetimes and the th

retical RHF values, as obtained in the present work, is sa
fying for the nd 3D states~except for the n5 11 member
along the Rydberg series! but larger discrepancies are ob
served for the ns3S states, particularly for the higher mem
bers of the sequence. A more realistic model, including m
additional high excitation configurations, would probably
needed to reduce the discrepancies but this approach
prevented by the capabilities of the computer used. T
present work indicates consequently some limitations to
use of the RHF approach for high members of the Rydb
series in heavy neutral atoms where a huge number of in
acting configurations has to be considered.

A table with oscillator strengths~log gf! and transition
probabilities~gA! of the lines depopulating the levels me
sured in the present work is available upon request.
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