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Radiative lifetimes of 11 levels belonging to the 5s5p 1Po
1, 5snd3D1,2 sn=6–9d and 5sns3S1 sn=7,8d

series of CdI, and of 5 levels of CdII (i.e., 4d105p 2Po
1/2,3/2, 4d106s 2S1/2, and 4d105d 2D3/2,5/2) have been

measured using the time-resolved laser-induced fluorescence technique. Free neutral and singly ionized cad-
mium atoms have been generated by laser ablation. Single- or two-step excitation processes were considered to
populate the levels under study. Branching fractions of CdII transitions have been measured by laser-induced
breakdown spectroscopy. Transition probabilities and oscillator strengths for CdI and CdII spectral lines
originating from the above states as well as from the 4d95s2 2D3/2,5/2 states of CdII have been deduced by
combining the experimental lifetimes and theoretical branching fractions obtained in multiconfigurational
relativistic Hartree-Fock calculations taking core-polarization effects into account.

DOI: 10.1103/PhysRevA.70.042508 PACS number(s): 32.70.Cs, 42.62.Fi

I. INTRODUCTION

Accurate atomic data such as radiative lifetimes and tran-
sition probabilities are of great interest in many fields of
physics. From a theoretical point of view, they are sensitive
to the electronic coupling schemes and to configuration in-
teraction, and are thus important for testing the theoretical
models[1]. In astrophysics, evaluation and extraction of in-
formation from observed stellar spectra heavily rely on the
availability of atomic data[2,3]. In laser physics, lifetimes
and transition probabilities are decisive for predictions of
potential laser action in specific media[4]. The radiative
properties of atoms and ions are also of great importance in
plasma physics and in laser chemistry. In addition, atomic
data of some elements, for example, of cadmium and zinc,
are needed for development of high-quality and efficient
light sources including metal-halide arc lamps and metal va-
por lasers.

Among the methods available for lifetime measurements,
very reliable ones are those based on selective excitation of
the levels of interest, using, for example, a tunable laser. In
contrast with collisional excitation methods, these techniques
are free of cascading effects or of possible blends, which can
lead to systematic errors in lifetime measurements. However,
rather few experimental lifetimes for CdI and CdII obtained
using such techniques are, so far, available. Even the
4d105s5p 1Po

1 resonance state of CdI has not been investi-
gated by selective excitation techniques.

Starting with the pioneering work of Zemansky[5] and of
Koening and Ellett[6], the 5s5p 1Po

1 and 5s5p 3Po
1 levels of

Cd I have been frequently investigated. In the early experi-
mental work, the techniques adopted for lifetime measure-
ments of low lying CdI states included the Hanle effect
method [7–10], the double resonance technique[11], the
phase-shift approach[12,13], and the beam-foil method[14].
The lifetime of the 5s5d 1D2state and the transition prob-
abilities of the 5p 1Po

1-nd 1D2 transitions have been mea-
sured in an argon inductivity coupled plasma[15]. Radiative
lifetimes of levels belonging to the 5sns1S0, nd 1D2, ns3S1,
np 3Po, and nd 3D Cd I series have been investigated in a
delayed-coincidence experiment with pulsed electron excita-
tion [16,17]. A Hanle effect experiment with electron excita-
tion was carried out by Frasinski and Duhnalik[18]. Only
one measurement is available for the upper state of the reso-
nancenp 1Po

1 series—10p 1Po
1 [12].

In the only experiment carried out with selective excita-
tion, the lifetimes of thens3S1andnd 3D excited states were
investigated[19] while cascade-free measurements, obtained
with an electron-photon coincidence technique, were per-
formed for the 6, 7s 1S0, and 5d 1D2 levels [20].

Experimental transition probabilities in CdI were ob-
tained with an emission technique[21], eventually combined
with the hook method[22]. Precise oscillator strength values
of the 5s2 1S0-5snp1Po sn=8–13d transitions were measured
by a magneto-optical rotation method[23] and the sum-
frequency mixing in Cd vapor was considered for determi-
nation of matrix elements along the CdI resonance series
[24].*Electronic address: kblagoev@issp.bas.bg
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Theoretical work in the same atom includes the use of
different methods such as the scaled Thomas-Fermi-Dirac
approach[25], the Coulomb approximation[26], the ex-
tended Bates-Damgaard(nodal boundary condition) method
[27], a relativistic “quantum orbital”[28], or a HF method
[29]. Core-polarization effects were considered within the
framework of a multiconfigurational Hartree-Fock method
for s-p and p-d transitions[30]. The effect of configuration
interaction and of core-polarization on the spin-allowed
5s2 1S0-
5s5p 1Po

1 and spin-forbidden 5s2 1S0-5s5p 3Po
1 transitions

were also investigated[31,32].
Radiative lifetimes of CdII excited states have been mea-

sured using different experimental methods: beam-foil spec-
troscopy [14,33], the level-crossing approach[34–37], the
phase-shift method with electron excitation[12], and the
delayed-coincidence technique with electron excitation
[16,38,39]. In these experiments, the low lying 5p 2Po

1/2,3/2,
6s 2S1/2, 5d 2D3/2,5/2 and 4f 2Fo levels have been investigated
as well as the high members of thens2S1/2 andnd 2D3/2,5/2,
series. Radiative lifetimes of the 5d94s2 2D3/2,5/2 excited
states have been determined with the delayed-coincidence
[38], double resonance[40], and level-crossing[37] tech-
niques. In all these experiments, nonselective excitation was
considered and the results were suffering from eventual cas-
cading problems. An electron-photon coincidence cascade-
free experiment was carried out for the determination of the
radiative lifetimes of the 5p 2Po

1/2,3/2excited states as well as
for the 5d94s2 2D3/2,5/2 Beutler levels[41]. In only one ex-
periment, selective excitation on an ion beam was employed
for radiative lifetime measurement of the 5p 2Po

1/2,3/2 levels
[33].

Theoretical approaches have been applied also in the case
of Cd II. In particular, oscillator strengths have been calcu-
lated by a relativistic quantum defect orbital method for the
nd 2D-5p 2Po

1/2,3/2 sn=5–10d transitions[42]. A relativistic
many-body, third order perturbation was used for calculation
of radiative lifetimes of the 5p 2Po

1/2,3/2 Cd II levels[43] and
a core-polarization method was considered for calculation of
5s 2S1/2-np 2Po sn=5–7d transition probabilities[44]. Oscil-
lator strengths of 5s 2S1/2-5p 2Po

1/2,3/2 and of 5p 2Po
1/2,3/2-

5d 2D3/2,5/2 spectral lines were calculated with a relativistic
Hartree-Fock approach taking core-polarization effects into
account[45] while a Coulomb approximation and a quasi-
classical approximation did allow the calculation ofns2S1/2
sn=6-10d radiative lifetimes[39]. The Coulomb approxima-
tion was used[46], taking into account core polarization for
calculation the oscillator strengths of resonance lines of CdII.

From this survey of the available data for radiative life-
times and transition probabilities of CdI and CdII excited
states, it turns out that, although many lifetime measure-
ments have been performed, only one paper has been pub-
lished in which selective laser excitation was considered for
triplet states of CdI [19]. In addition, laser measurements
were performed only for the 5p 2Po

1/2,3/2 levels of CdII

(beam-laser method) [33]. As a consequence, the purpose of
the present study is to obtain new accurate data for radiative
lifetimes and transition probabilities of CdI and CdII excited
states and to evaluate the accuracy of the data available in

the literature. An additional purpose of the present work is to
compare experimental work with theory for testing the ad-
equacy of the theoretical models in relation with the increas-
ing importance of the relativistic and core-polarization ef-
fects and with the progressive transition fromLS and j j
coupling in heavy elements. A theoretical approach has also
been employed for generating transition probabilities or os-
cillator strengths from a combination of experimental life-
time measurements and theoretical branching fraction deter-
minations. In addition, in CdII these results have been
compared with experimental values obtained considering
branching fractions measured in a laser induced breakdown
spectroscopy(LIBS) experiment.

In recent years, the development of laser spectroscopy
techniques both in the time and wavelength domains has
made laser measurements of radiative lifetimes in high-
energy atomic or ionic levels feasible. In the current study,
radiative lifetimes of excited states(up to 90 000 cm−1) have
been measured in CdI and CdII by time-resolved laser-
induced fluorescence(LIF) using single or two-step excita-
tions of atoms and ions produced in a laser-induced plasma.
The results of this experiment are compared to a theoretical
calculation of the lifetimes using multiconfigurational rela-
tivistic Hartree-Fock calculations, taking core-polarization
effects into account. In addition, as transition probabilities
and oscillator strengths available in the literature for CdI and
Cd II concern only a limited number of transitions, generally
connecting levels of low excitation(see, e.g., Ref.[7]), tran-
sition probabilities and oscillator strengths have been de-
duced from the combination of experimental lifetimes and
both theoretical and experimental branching fractions.

II. EXPERIMENT

A. Lifetime measurements

The ground states of CdI and CdII are fKrg4d105s2 1S0
and fKrg4d105s 2S1/2, respectively. Radiative lifetimes of 11
levels of CdI belonging to the 5snp sn=5d, 5snd sn=6–9d,
5snssn=7,8d series, and of 5 levels of CdII belonging to the
4d105p, 4d106s, and 4d105d configurations have been mea-
sured. The levels studied are shown in Fig. 1 with the rel-
evant excitation schemes including single-step and two-step
excitation processes.

The experimental setup used in the lifetime measurements
is schematically shown in Fig. 2. Free neutral and singly
ionized cadmium atoms were obtained by laser ablation. A
532-nm pulse, emitted from a Nd:YAG laser(Continuum
Surelite) (laser A) with 10 ns pulse duration was focused
onto a rotating cadmium foil located in a vacuum chamber
with 10−6–10−5 mbar background pressure. Plasma contain-
ing neutral, as well as ionized atoms in different ionization
stages was produced by the laser pulse and expanded from
the foil for subsequent laser excitation. The plasma cloud of
cadmium was intersected at right angles by a linearly polar-
ized, pulsed-laser beam tuned to a resonant transition of the
upper state of interest. The 5p 2Po

1/2,3/2 levels of CdII and the
5s5p 1Po

1 level of CdI were populated from the ground state
after single-photon excitation.
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A temporal compressor was used to shorten the laser
pulse, emitted from a seeder injected Nd:YAG laser(Con-
tinuum NY-82) (laser B), with 8 ns pulse duration and
400 mJ pulse energy at 532 nm. The design and construction
of the Stimulated Brillouin Scattering(SBS) compressor,
similar to the one described in Ref.[47], is shown in Fig. 3.
The pulse duration of the output from the SBS temporal
compressor was approximately 1 ns and the loss in pulse
energy was about 50%. The compressed pulse was used to
pump a dye laser(Continuum Nd-60), operated with a DCM
dye. The radiation from the dye laser was frequency doubled
in a KDP crystal and then mixed with the fundamental fre-
quency in a BBO crystal, to generate the third harmonic of
the dye laser frequency. The spectral range was expanded by
focusing the second or the third harmonic of the dye laser
beam into a H2 cell at 10 bar, in which different orders of
stimulated Stokes scattering were obtained. Depending on
the excitation requirement, the appropriate beam component
was selected with a CaF2 Pellin-Broca prism.

For the 5snd3D1,2 sn=6–9d and 5sns3S1 sn=7,8d series
of Cd I, and 6s 2S1/2 and 5d 2D3/2,5/2 levels of CdII, two-step
excitation processes have been applied. In this case, the
compressed-pulse laser system was used as the second-step
excitation. Another laser system with 8 ns pulse duration was
employed as the first-step excitation source.

A second Continuum NY-82 Nd:YAG laser(laser C) was
used to pump another Continuum Nd-60 dye laser, which

was also operated with a DCM dye. For CdI measurements,
the dye laser was tuned to 652.22 nm. The second harmonic
of the dye radiation was obtained in a KDP crystal and was
used in the first step to excite the 5p 3Po

1 state at
30656.130 cm−1. For the CdII experiment, the 5p 2Po

3/2 level
at 49355.04 cm−1 was employed as the intermediate state.
The dye laser was tuned to 643.34 nm, and then its third
harmonic, produced in a BBO crystal, could be utilizd to
reach the level for the first step excitation. All three Nd:YAG
lasers(A, B, C) used in this experiment were externally trig-
gered by a digital pulse generator(Stanford Research Sys-
tems Model DG535), which was used for temporal synchro-
nization of the two laser pulses for the first and second step
excitations and also for a free variation of the delay time
between the excitation and ablation pulses.

Photons emitted in the spontaneous decay of the
excited levels were recorded by a detection system, which
included a fused-silica lens, a 1/8 m monochromator
(resolution 6.4 nm/mm), and a Hamamatsu R1564U photo-
multiplier (200 ps rise time). The transient signals were cap-
tured and averaged by a Tektronix DSA 602 digital oscillo-
scope. The decay curves were obtained by averaging the
signals from about 1000–2000 pulses. Approximately 10–30
curves were recorded for each level under study.

For the 5snd3D1,2 sn=6–9d and 5sns3S1 sn=7,8d long-
lived levels of CdI st.15 nsd, the lifetimes were evaluated
using a least-square exponential fitting procedure(see Fig.
4). For the other short-lived excited states, the temporal
shape of the exciting laser pulses was recorded after the ab-
lation beam was blocked. The decay curves were treated by
deconvolution of the observed signal and of the laser pulse
(see Fig. 5).

Measurements under different conditions were performed
to avoid systematic errors. The occasional signal contribution
due to the scattered light from the excitation laser was elimi-
nated by subtraction of the signal observed without an abla-
tion pulse.

No observable effects of quantum beats due to the labo-
ratory magnetic field were observed in the experiment. In
order to remove any possible influence on the longer life-
times a magnetic field of about 100 Gauss, provided by a
pair of Helmholtz coils, was also added.

The possible influence of the radiation trapping on the
signal from the resonance 5s5p 1Po

1 level in CdI and from
the 5p 2Po

1/2,3/2 levels in CdII was investigated by consider-
ing small delay times between the ablation and excitation
pulses. When the delay time is short, the radiation trapping
can possibly influence the lifetime values. When the delay
time gets longer, the concentration of atoms and ions de-
creases and the radiation trapping effects can be neglected. In
the present experiment, for the 5p 1Po

1 level of CdI, the
measurements were carried out at delay timest=30–40ms
and, for the levels 4p 2P1/2,3/2 of Cd II, at t=6–12ms. At
these values of the delay, no effect of radiation trapping was
observed. The dependence of lifetime values on the delay
time between ablation and excitation laser pulses was studied
in Ref. [49]. The possible influence of saturation of the tran-
sitions was also checked by carrying out the measurements at
different energies of the excitation laser pulses.

All experimental lifetime results are summarized in
Tables I–IV with statistical error bars. We give also, in the

FIG. 1. Partial energy-level diagram of CdI and CdII showing
the relevant excitation schemes. The wavelengths are given in nm.
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same tables, the theoretical lifetime values obtained accord-
ing to the procedure described below.

B. Transition probability determination

A plasma produced by laser ablation was employed as a
source of CdII ions. A focused Nd:YAG laser beam was used

to generate the plasma on the surface of a cadmium target in
a controlled argon atmospheres,8 Torrd. A 1064 nm
Nd:YAG laser generated 240 mJ pulses of 7 ns duration at a
frequency of 20 Hz. The light emitted by the laser-produced
plasma was focused on the input slit of 1-m grating Czerny-
Turner monochromator(resolution 0.03 nm). The spectra
were recorded by a time-resolved optical multichannel ana-
lyzer (OMA III, EG&G ), that allowed recording of spectral
regions at different delays after the laser pulse and during a
selected time interval(Fig. 6).

The calibration of the spectral response of the experimen-
tal system was made, before the experiment, using a standard
deuterium lamp in the wavelength range 200 to 400 nm,
and a standard tungsten lamp in the range 350 to 600 nm.
The final calibration was a result of overlapping of several
joint regions of the deuterium and tungsten lamps employing
a least-square fitting procedure. The calibration of the system
was also checked by measurements of branching fractions of
well known Ar I and ArII spectral lines. The two types of
calibration were in agreement within an error limit of 5%. In
order to check the time evolution of the response of the
OMA photodiode array, the calibration of the system was
repeated regularly and was compared with the response of
the photodiode array using the 431.6 nm KrI spectral line,
which is measured by different channels of the detector(50
channel steps in a 1024 array). The difference, due to time

FIG. 2. Experimental setup used for the life-
time measurements(see the text).

FIG. 3. Stimulated Brillouin scattering(SBS) compressor.l /2
(half-wave) andl /4 (quarter-wave) retarding plates are inserted.P1

andP2 are plate polarizers placed at the Brewster angle,L is a lens
of 15 cm focal length,A is a 150 cm andB a 30 cm glass tube with
pure water.
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evolution of the calibration, is around 2%. The error due to
the calibration is estimated around 6%.

Detection was made in synchronization with the elec-
tronic trigger of theQ-switched laser. During data acquisi-
tion, a subtraction was made of the background.

The method is based on the fact that there is an optimized
delay time after laser ablation for recording the spectrum of
the selected ion. In this way, the measurements are made at
several delay times after the laser pulse, more precisely after
0.1, 0.2, 0.3, and 0.5ms delay time. The measurements of
branching ratios for the determination of transition probabili-
ties have been made on the spectra obtained at a delay of
0.3 ms because the lines were better resolved and narrower
than those obtained with shorter delays, on the one hand, and
were more intense than those corresponding to longer delays,
on the other hand(Fig. 7). The measured branching fractions
did not depend on the delay time.

The spectra were stored in a computer and treated by a
software which is able to separate close or overlapping lines

and to determine their relative intensities. The relative inten-
sities were obtained by a fitting procedure based on the use
of Voigt profiles, after subtraction of the background. In the
present experiment, there is no overlapping of the investi-
gated spectral lines with other spectral lines of cadmium ions
or of Ar I, Ar II spectral lines. The final intensity of each line
was the average of eight different measurements. To prevent
self-absorption effects, several alloys of cadmium and zinc
have been used instead of pure cadmium. The content of
cadmium in these alloys ranged from 5 to 10 % and it was
verified that the branching ratios were not depending upon
concentration. Using these alloys, it turned out that the spec-
tral line of CdII at 226.5 nms5s 2S1/2-5p 2P1/2

o d was blended
with the spectral line of ZnII at 226.55 nm. In this case, for
estimating the real intensity of the 226.50 nm line, the sec-
ond order spectrum was used.

In a first step, relative experimental transition probabili-
ties were obtained and then, in a second step, they were put
on an absolute scale using the measured branching ratios and

FIG. 4. Typical experimental curve(dots)
from the 7s 3S1 state of CdI, with an exponential
fit (solid line) that gives a lifetime of 24.4 ns. The
inset shows the same data in a semilogarithmic
representation.

FIG. 5. A typical decay curve for the
5p 2Po

1/2 state of CdII, with a convolution fit.
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the radiative lifetimes of the upper states. These data are
presented as the column Exp. 1 in Table IV. The total errors
were determined from the radiative lifetimes errors, from the
uncertainties affecting the calibration(6%) and from statisti-
cal errors, which, for the different lines, were ranging from
5.9 to 10 %. The transition probabilities of the lines emitted
from the 4d85s2 2D3/2 level were normalized using a theoret-
ical estimate of the radiative lifetime; the error shown for this
state in column Exp. 1 of Table IV is resulting from calibra-
tion and statistical errors.

Assuming LTE and a value of the electron density, one
can estimate the self-absorption of the emitting plasma,
which can influence measured branching ratios. The electron
density was estimated from the Stark broadening of the CdII

line at 226.502 nm. The value ofNe=1.131017 cm−3 has
been deduced using the Stark broadening parameter[48],
which is v=0.0061 nm(FWHM). This value is sufficient to
assume that the LTE assumption is justified for the popula-
tion of the investigated levels according to the criterion of
Ref. [50]:

Ne scm−3d @ 1.63 1012fTsKdg1/2fDEseVdg3,

whereNe is the electron number density,DE is the energy
difference between both configurations, andT is the plasma
temperature. The plasma temperature was deduced by as-
suming local thermodynamic equilibrium(LTE). This tem-
perature was determined from the slope of a Boltzmann plot

of the line intensities of transitions with known transition
probabilities. The temperature under the present experimen-
tal conditions was determined to be 15500±1800 K. In our
caseDE=2.6 eV and the lower limit given by this expression
is Ne=3.531015 cm−3. The absorption coefficient was calcu-
lated from the CdII density and from the populations of CdII

excited states. Integrating along the line profiles, it is as-
sumed that the plasma is optically thin when the self-
absorption is less than 3%[51]. In the present experiment,
for a plasma thickness of 1 mm, the line intensity absorption,
integrated along the line profile, was less than 2.4% for the
line 231.2 nm of CdII. For the other lines, this absorption
coefficient was even lower.

The transition probabilities can also be determined from
comparison of the line intensities with those with known
transition probabilities and plasma temperature in LTE con-
ditions. In particular, the transition probabilities of the lines
emitted from the 5p 2P1/2,3/2

o , 5d 2D5/2, and 4d95s2 2D5/2 lev-
els (at 214.4, 226.5, 231.2, and 441.6 nm; see Fig. 1, Table
IV ) were calculated in this way, as well. The temperature
was determined from the slope of a Boltzmann plot. The
experimental errors in this case have been estimated to reach
12%, and were obtained as the sum of the above mentioned
uncertainties and of an uncertainty resulting from the tem-
perature determination(10%). These results are presented in
Table IV in the column Exp. 2. Results of both experiments
agree in the error limit.

TABLE I. Radiative lifetimes of CdI (ns).

State E (cm−1)

This work Previous works

Experiment

Theory

Experiment TheoryA B

5p 1Po
1 43692.47 1.75(0.2) 1.37 1.39 1.99,a 1.66(0.05),b 2.1(0.3),c 1.9(0.15),d 2.1e 1.43f,g

7s 3S1 62563.46 24.4(1.6) 19.53 15.91 18.5(0.9),h 13.7(1.5),d 25(2),i 22.4(1.0),j 29.9(4.5)k 28.9,j 41.5,k 21.7,f 28.5,g

8s 3S1 66680.92 50.8(0.8) 40.95 32.73 48.1(1.5),i 48.1(2.5)j 66.3j

6d 3D1 65353.5 17.3(0.4) 14.28 12.86 15.5(1.3),h 15.6(0.8)j 12.7,j 13.4,f 12.7g

6d 3D2 65359.3 18.1(1.0) 14.89 13.30 15.2(0.5),h 15.8(0.6)j 13.3,j 14.1,f 13.3g

6d 3Dj 17.4(1.9),i 11.5(1.5),d 18.7(2.4)k 17.1k

7d 3D1 67990.1 32.1(3.0) 30.10 26.71 19(2),h 30.2(2)j 28.1j

7d 3D2 67992.9 33.4(0.8) 31.26 27.53 24(2),h 30.5(1.5)j 29.2j

7d 3Dj 32.7(2.2),i 23(3)d

8d 3D1 69400.5 53(5) 57.36 49.67

8d 3D2 69402.8 54.7(1.0) 59.43 51.10 53.5(2.5)j 50.9j

8d 3Dj 56.3(4.2)i

9d 3D1 70244.2 89(9) 105.8 83.48

9d 3D2 70245.5 91(9) 109.53 85.76

9d 3Dj 85.1(4.7)i

aHanle [5].
bHanle [7].
cPhase-shift method[12].
dBeam-foil [14].
ePhase shift[13].
fQuasirelativistic Hartree-Fock.

gCoulomb approximation[30].
hHanle [8].
iDelayed coincidence method[17].
jDelayed coincidence method with laser excitation, Coulomb ap-
proximation[19].
kDelayed coincidence method, Coulomb approximation[16].
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TABLE II. Cd I: oscillator strengths and transition probabilitiesslog gf.−2.0d for the transitions depopulating the levels measured in the
present work(the intercombination lines are not included). We give the HFR results(calculation B) and the values normalized with the
experimental lifetimes as measured in the present work.

Transition

This work Previous worksslog gfd

HFR

CF

NORM

Experiment Theorylog gf gA ss−1d log gf gA ss−1d

5s2 1S0-5p 1P1 0.22 2.153109 0.582 0.11 1.693109 0.34,d 0.19,h 0.29,g 0.13i

5p 3Po
0-7s 3S1 1.61 1.763107 −0.215 −1.80 1.153107 −1.26f −1.82,a −1.83,b −1.77,c −1.76,d −1.70e

5p 3Po
1-7s 3S1 −1.14 5.103107 −0.214 −1.33 3.333107 −0.62f −1.35,a −1.35,b −1.29,c −1.29,d −1.22e

5p 3Po
2-7s 3S1 −0.93 7.953107 −0.211 −1.12 5.183107 −0.38f −1.12,a −1.12,b

−1.07,c −1.09,d −1.02e

6p 3Po
0-7s 3S1 −0.44 4.943106 −0.725 −0.63 3.223106 −0.56,d −0.44c

6p 3Po
1-7s 3S1 0.03 1.413107 −0.724 −0.16 9.223106 −0.09,d −0.98e

6p 3Po
2-7s 3S1 0.24 2.133107 −0.721 0.05 1.393107 0.13,d 0.23e

5p 3Po
0-6d 3D1 −0.86 1.153108 −0.320 −0.99 8.573107 −0.40,f −0.90,b −0.87e

5p 3Po
1-6d 3D1 −0.99 8.373107 0.317 −1.12 6.223107 −0.44f −1.02,b −1.11,c −1.00e

6p 3Po
0-6d 3D1 −0.32 1.633107 −0.580 −0.45 1.213107 −0.30e

6p 3Po
1-6d 3D1 −0.45 1.193107 0.579 −0.58 8.813106 −0.44e

6p 3Po
2-6d 3D1 −1.64 7.413105 −0.574 −1.77 5.513105 −1.60e

7p 3Po
0-6d 3D1 −0.30 1.083105 0.915 0.43 7.993104

7p 3Po
1-6d 3D1 −0.45 6.993104 −0.914 −0.58 5.193104

7p 3Po
2-6d 3D1 −1.67 3.333103 0.914 −1.80 2.483103

5p 3Po
1-6d 3D2 −0.52 2.513108 −0.317 −0.65 1.843108 −0.002f −0.54,b −0.53e

5p 3Po
2-6d 3D2 −1.01 7.803107 0.312 −1.14 5.733107 −0.42f −1.01,b −1.10,c −1.02e

6p 3Po
1-6d 3D2 0.02 3.553107 −0.577 −0.11 2.613107 0.03e

6p 3Po
2-6d 3D2 −0.46 1.113107 0.574 −0.59 8.173106 −0.45e

7p 3Po
1-6d 3D2 0.03 2.123105 0.913 −0.10 1.563105

7p 3Po
2-6d 3D2 −0.49 5.083104 −0.914 −0.62 3.733104

5p 3Po
1-8s 3S1 −1.59 2.323107 −0.114 −1.77 1.523107 −1.20f −1.75,c −1.74d

5p 3Po
2-8s 3S1 −1.37 3.653107 −0.112 −1.55 2.393107 −0.98f −1.54,c −1.52d

6p 3Po
0-8s 3S1 −1.59 1.273106 −0.246 −1.77 8.313105 −1.66d

6p 3Po
1-8s 3S1 −1.12 3.713106 −0.245 −1.30 2.433106 −1.18d

6p 3Po
2-8s 3S1 −0.90 5.913106 −0.243 −1.08 3.873106 −0.96d

7p 3Po
0-8s 3S1 −0.24 1.593106 −0.775 −0.42 1.043106 −0.37d

7p 3Po
1-8s 3S1 0.24 4.583106 −0.774 0.06 3.003106 0.09d

7p 3Po
2-8s 3S1 0.45 7.003106 −0.772 0.27 4.583106 0.30d

5p 3Po
0−7d 3D1 −1.28 5.153107 −0.195 −1.36 4.283107 −0.92f −1.36c

5p 3Po
1-7d 3D1 −1.41 3.743107 0.193 −1.49 3.113107 −1.48c

6p 3Po
0-7d 3D1 −0.90 8.113106 −0.366 −0.98 6.753106

6p 3Po
1-7d 3D1 −1.03 5.943106 0.365 −1.11 4.943106

7p 3Po
0-7d 3D1 −0.31 3.453106 −0.565 −0.39 2.873106

7p 3Po
1-7d 3D1 −0.44 2.523106 0.564 −0.52 2.103106

7p 3Po
2-7d 3D1 −1.63 1.593105 −0.560 −1.71 1.323105

4f 3Fo
2-7d 3D1 −1.37 2.163105 −0.479 −1.45 1.803105

8p 3Po
0-7d 3D1 0.03 1.423105 0.930 -0.05 1.183105

8p 3Po
1-7d 3D1 −0.11 9.683104 −0.930 −0.19 8.053104

8p 3Po
2-7d 3D1 −1.31 5.263103 0.930 −1.39 4.383103

5f 3Fo
2−7d 3D1 0.05 3.963104 0.953 −0.03 3.303104

5p 3Po
1-7d 3D2 −0.93 1.123108 −0.193 −1.01 9.333107 −1.00c

5p 3Po
2-7d 3D2 −1.42 3.513107 0.189 −1.50 2.893107 −1.46c
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TABLE II. (Continued.)

Transition

This work Previous worksslog gfd

HFR

CF

NORM

Experiment Theorylog gf gA ss−1d log gf gA ss−1d

6p 3Po
1-7d 3D2 −0.56 1.783107 −0.364 −0.64 1.473107

6p 3Po
2-7d 3D2 −1.04 5.693106 0.362 −1.12 4.693106

7p 3Po
1-7d 3D2 0.03 7.553106 −0.562 −0.05 6.223106

7p 3Po
2-7d 3D2 −0.45 2.393106 0.560 −0.53 1.973106

4f 3Fo
3−7d 3D2 −1.26 2.783105 −0.481 −1.34 2.303105

8p 3Po
1-7d 3D2 0.37 2.933105 0.929 0.29 2.413105

8p 3Po
2-7d 3D2 −0.14 7.973104 −0.930 −0.22 6.573104

5f 3Fo
2-7d 3D2 −0.68 7.473103 0.953 −0.76 6.153103

5f 3Fo
3−7d 3D2 0.17 5.233104 0.953 0.25 4.313104

5p 3Po
0-8d 3D1 −1.61 2.603107 −0.119 −1.64 2.443107 −1.64c

5p 3Po
1-8d 3D1 −1.74 1.893107 0.118 −1.77 1.773107 −1.74c

6p 3Po
0-8d 3D1 −1.29 4.353106 −0.246 −1.32 4.083106

6p 3Po
1-8d 3D1 −1.42 3.203106 0.245 −1.45 2.993106

7p 3Po
0-8d 3D1 −0.88 1.933106 −0.373 −0.91 1.803106

7p 3Po
1-8d 3D1 −1.01 1.423106 0.372 −1.04 1.333106

8p 3Po
0-8d 3D1 −0.28 1.253106 −0.552 −0.31 1.173106

8p 3Po
1-8d 3D1 −0.40 9.133105 0.551 −0.43 8.553105

8p 3Po
2-8d 3D1 −1.59 5.803104 −0.548 −1.62 5.443104

5f 3Fo
2-8d 3D1 −0.93 2.163105 −0.529 −0.96 2.023105

9p 3Po
0-8d 3D1 0.32 2.193105 0.939 0.29 2.053105

9p 3Po
1-8d 3D1 0.19 1.553105 −0.939 0.16 1.453105

9p 3Po
2-8d 3D1 −1.01 9.093103 0.939 −1.04 8.523103

5p 3Po
1−8d 3D2 −1.26 5.683107 −0.117 −1.29 5.283107 −1.27c

5p 3Po
2-8d 3D2 −1.75 1.773107 0.114 −1.78 1.653107 −1.70c

6p 3Po
1-8d 3D2 −0.94 9.573106 −0.244 −0.97 8.903106

6p 3Po
2−8d 3D2 −1.43 3.083106 0.242 −1.46 2.863106

7p 3Po
1−8d 3D2 −0.54 4.243106 −0.371 −0.57 3.943106

7p 3Po
2−8d 3D2 −1.02 1.373106 0.369 −1.05 1.273106

8p 3Po
1-8d 3D2 0.07 2.743106 −0.549 0.04 2.543106

8p 3Po
2-8d 3D2 −0.41 8.713105 0.548 −0.44 8.103105

5f 3Fo
2-8d 3D2 −1.66 4.003104 −0.529 −1.69 3.723104

5f 3Fo
3-8d 3D2 −0.82 2.823105 −0.530 −0.85 2.623105

9p 3Po
1-8d 3D2 0.66 4.673105 0.937 0.63 4.343105

9p 3Po
2−8d 3D2 0.17 1.373105 −0.939 0.14 1.273105

5p 3Po
0-9d 3D1 −1.88 1.453107 −0.076 −1.91 1.363107 −1.85c

6p 3Po
0-9d 3D1 −1.60 2.493106 −0.167 −1.63 2.333106

6p 3Po
1-9d 3D1 −1.73 1.833106 0.166 −1.76 1.723106

7p 3Po
0-9d 3D1 −1.26 1.133106 −0.263 −1.29 1.063106

7p 3Po
1-9d 3D1 −1.39 8.333105 0.262 −1.42 7.813105

8p 3Po
0-9d 3D1 −0.85 6.983105 −0.373 −0.88 6.553105

8p 3Po
1-9d 3D1 −0.98 5.143105 0.372 −1.01 4.823105

5f 3Fo
2−9d 3D1 −1.71 8.273104 −0.284 −1.74 7.763104

9p 3Po
0-9d 3D1 −0.21 6.343105 −0.544 −0.24 5.953105

9p 3Po
1-9d 3D1 −0.34 4.663105 0.544 −0.37 4.373105

9p 3Po
2-9d 3D1 −1.53 2.983104 −0.541 −1.56 2.803104
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III. THEORY

A. HFR calculations in Cd I

As noted above the ground state configuration of CdI is
4d105s2 1S0. The energy levels reported in the NBS compila-
tion [52], based on early analyses of this spectrum, are gen-
erally given with one decimal and it is claimed in the intro-
duction to the NBS tables that “the accuracy of the present
data could be greatly improved with modern observations,
particularly in the infrared region.” Below the first ionization
limit, the levels quoted belong to the configurations 5s2,
5snssn=6–16d, 5snp sn=5–11d, 5snd sn=5–19d, and
5snf sn=4,5d. Above the ionization limit, a number of levels
belonging to 4d105p2 and 4d95s2nl snø14,l =p, fd have also
been determined experimentally. In the present calculations
and, particularly in the least-squares fitting procedure here-
after described, we used only the levels given below the
ionization limit.

The calculations were performed in the framework of the
pseudorelativistic Hartree-Fock(HFR) method with help of
the Cowan suite of computer codes[53] modified for consid-
eration of core-polarization(CP) effects(see, e.g., Ref.[54]).
This approach, although based on the Schrödinger equation,
does include the most important relativistic effects such as
the mass-velocity corrections and Darwin contribution.

In the first calculation(calculation A), made with help of
the Cowan suite of computer codes[53] modified for consid-

eration of core-polarization(CP) effects(see, e.g., Ref.[54]),
the following configurations are considered along the Ryd-
berg series:

4d105s2 + 4d105snssn = 6 – 12d + 4d105snd sn = 5 – 12d

+ 4d105sng sn = 5 – 12d + 4d105sni sn = 7 – 12d

and

4d105snp sn = 5 – 12d + 4d105snf sn = 4 – 12d

+ 4d105snh sn = 6 – 12d.

CP effects, which are expected to be important in this
heavy neutral element, were introduced in the calculations in
the following way. The static dipole polarizability of CdII is
that computed by Fragaet al. [55], i.e., ad=23.619a0

3,
wherea0 is the value of the first Bohr orbit of the hydrogen
atom. The cutoff radiusrc was chosen equal to 2.779a0 and
corresponds to the mean valuekrl of the outermost orbital 5s
in the configuration 4d105s. As we were interested in Ryd-
berg states, the configuration sets were extended to high
members of the series(in fact up ton=12).

The calculated eigenvalues of the Hamiltonian were opti-
mized to the observed energy levels via a least-squares fitting
procedure. In fact, all the levels up ton=12, below the ion-
ization limit, were included in the fitting procedure.

TABLE II. (Continued.)

Transition

This work Previous worksslog gfd

HFR

CF

NORM

Experiment Theorylog gf gA ss−1d log gf gA ss−1d

10p 3Po
0-9d 3D1 0.58 3.513105 0.944 0.55 3.293105

10p 3Po
1-9d 3D1 0.45 2.533105 −0.944 0.42 2.373105

10p 3Po
2-9d 3D1 −0.74 1.553104 0.944 −0.77 1.453104

5p 3Po
1-9d 3D2 −1.53 3.173107 −0.075 −1.55 3.053107 −1.52c

6p 3Po
1-9d 3D2 −1.25 5.483106 −0.165 −1.27 5.283106

6p 3Po
2-9d 3D2 −1.73 1.773106 0.164 −1.75 1.703106

7p 3Po
1-9d 3D2 −0.91 2.503106 −0.261 −0.93 2.403106

7p 3Po
2-9d 3D2 −1.39 8.083105 0.260 −1.41 7.783105

8p 3Po
1-9d 3D2 −0.50 1.543106 −0.371 −0.52 1.493106

8p 3Po
2-9d 3D2 −0.98 4.993105 0.370 −1.00 4.813105

5f 3Fo
3-9d 3D2 −1.59 1.083105 −0.285 −1.61 1.043105

9p 3Po
1-9d 3D2 0.13 1.403106 −0.542 0.11 1.353106

9p 3Po
2-9d 3D2 −0.35 4.483105 0.541 −0.37 4.323105

10p 3Po
2-9d 3D2 0.43 2.343105 −0.944 0.41 2.253105

aSingle-configuration Coulomb approximation[26].
bSemiempirical calculations[29].
cRelativistic quantum defect orbital calculations with CP[28].
dIntermediate coupling and scaled Thomas-Fermi-Dirac wave functions[25].
eQuasirelativistic Hartree-Fock with relativistic corrections method[30].
fExperiment-arc discharge in Cd vapor[21].
gNodal boundary condition method[27].
hAb initio calculations with semiempirical corrections[31].
iMulticonfiguration relativistic Hartree-Fock with intravalence correlation and CP[32].
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The scaling factors of theFk, Gk, and Rk integrals(not
optimized in the least-squares fitting) were chosen equal to
0.75 while the spin-orbit parameters were left at theirab
initio values. This low value is suggested by Cowan[53] but
we have verified that the use of 0.85 instead of 0.75, would
change the final lifetimes by less than 1.8%(except in the
case of 9d 3D where the modification reaches 3.3%).

The theoretical HFR lifetime values(calculation A) ob-
tained in the present work are summarized in Table I. In a
second calculation(calculation B), the following configura-
tions were considered:

5d2 + 5snssn = 6 – 12d + 5snd sn = 5 – 12d

+ 5p2 + 5pnp sn = 6 – 8d + 5pnf sn = 4 – 8d

+ 5d2 + 5dns sn = 6 – 8d + 5dnd sn = 6 – 8d

and

5snp sn = 5 – 12d + 5snf sn = 4 – 12d + 5pns sn = 6 – 8d

+ 5pnd sn = 5 – 8d + 5dnp sn = 6 – 8d

+ 5dnfsn = 4 – 8d.

Core-polarization effects were incorporated in the calcu-
lations by considering the dipole polarizability of the core
corresponding to CdIII as computed by Fragaet al. [55] but
increased by about 10%(in order to obtain a smooth curve
when plotting the dipole polarizability vs the ionization de-
gree for the different ions of Cd quoted in the tables of Fraga
et al.), i.e., ad=8.098a0

3. Adopting the value ofad as com-
puted by Fragaet al. [55], would lead to a marginal decrease
of the lifetime values(a decrease in fact smaller than 4.5%).
The cutoff radius has been calculated as equal torc=1.240.
The scaling factor adopted for the Slater integrals was also
0.75.

TABLE III. Radiative lifetimes of CdII (ns).

This work Previous works

State Experiment

Theory

Experiment TheoryC D E

6s 2S1/2 2.1(2) 1.79 1.90 2.2(2),a 5.7(9)b 2.2k

5p 2Po
1/2 3.2(2) 2.92 2.99 3.11(4),c 4.8(1.0),d 3.5(2),c 3.05(13)f 2.74,f 3.10l

5p 2Po
3/2 2.5(3) 2.50 2.55 2.77(7),c 3.4(7),d 3.5(2),e 3.0(2),g 2.70(25)f 2.3,f 2.84l

5p 2Po
j 3.4(4),a 3.55(15),h 2.86(25)i

5d 2D3/2 1.8(2) 1.23 1.32 2.0(1),g 1.79(11)m

5d 2D5/2 1.7(2) 1.40 1.50 1.85(15)m

5d 2Dj 2.6(3),a 2.3(1)g

5s2 2D3/2 222 460(90),d 340(30),g 280(14)j

5s2 2D5/2 588 830(80),g 800(40)j

aBeam-foil [14].
bDelayed coincidence method[16].
cBeam-laser, beam foil(ANDC) [33].
dPhase-shift method[12].
eDelayed coincidence method[38].
fHanle theory[36].
gHanle [34].

hElectron-photon delayed coincidence method[41].
iHanle [35].
jHanle [37].
kQuasiclassical theory[39].
lMany-body, third order perturbation theory[43].
mBeam-foil, multiexponential analysis[33].

FIG. 6. Experimental setup used for branch-
ing ratio measurements. See the text for more
details.
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The corresponding results are given in Table I under the
heading B. The calculated results appear systematically
lower (but in a uniform way) than the experimental results.
This could be due to an underestimation of the core-
polarization effects in the calculation B.

We give in Table II, the weighted transition probabilities
and oscillator strengths of the lines depopulating the levels
for which the lifetimes have been measured in the present
work. We report also the transition probabilities and oscilla-
tor strengths(NORM) obtained using the experimental life-
times and the HFR branching fractions calculated in the
present work.

B. HFR calculations in Cd II

The ground state configuration of CdII is 4d105s 2S1/2. The
energy levels reported in the NBS compilation[52] are taken
essentially from old analyses by von Salis[56], and by Shen-
stone and Pittenger[57]. They belong to the configurations
4d10ns sn=5–13d, 4d10np sn=5–13d, 4d10nd sn=5–14d,
4d10nf sn=4–11d, 4d10ng sn=5–11d, 4d95s2, and 4d95s5p.

Several calculations have been performed for CdII transi-
tion probabilities. We used the HFR method as coded by
Cowan[53].

In the first calculation(calculation C) the following con-
figurations were considered along the Rydberg series:

4d10ns sn = 5 – 12d + 4d10nd sn = 5 – 12d

+ 4d10ng sn = 5 – 12d + 4d10ni sn = 7 – 12d

and

4d10np sn = 5 – 12d + 4d10nf sn = 5 – 12d

+ 4d10nh sn = 6 – 12d.

Core-polarization(CP) effects were introduced in the cal-
culations in the following way. The static dipole polarizabil-
ity of Cd III was that computed by Fragaet al. [53], i.e., ad
=5.668a0

3. The cutoff radius rc was chosen equal to
1.240a0 and corresponds to the mean valuekrl of the outer-
most orbital 4d in the configuration 4d10. As we were inter-
ested in Rydberg states, the configuration sets were extended

up ton=12. The energies of the experimentally known levels
are rather well calculated and the agreement theory–
experiment was only slightly improved via a fitting proce-
dure. In fact, the levels up ton=10 (n=9 for nf series) were
included in the least-squares fitting, the levels of higher en-
ergies being less accurately known(some are indicated with
a question mark in the NBS tables).

The scaling factors of theFk, Gk, and Rk integrals(not
optimized in the least-squares fitting) were chosen equal to
0.85 while the spin-orbit parameters were left at theirab
initio values. The theoretical HFR lifetime values(calcula-
tion C) obtained in the present work are summarized in Table
III (column 3).

It was also verified that extending the Rydberg series up
to n=16 introduces in fact a change on the lifetime values
smaller than 1%. In addition, increasing the dipole polariz-
ability by 10%, i.e., adoptingad=6.235a0

3 and using the
same set of configurations as in calculation C does not
change the lifetime value of 6s 2S1/2, hardly changes the val-
ues of 5d 2D states(increase by about 1.5%) and increases
the lifetime values of 5p 2Po states by about 4.0%.

In the next calculation(calculation D), the following con-
figurations were considered:

4d10ns sn = 5 – 8d + 4d10nd sn = 5 – 8d + 4d10ng sn = 5 – 8d

+ 4d95s2 + 4d95s6s+ 4d95s5d + 4d95s6d

+ 4d95p2 + 4d95p6p + 4d95p4f + 4d95p5f

+ 4d95p6f + 4d95d2 + 4d95d6s+ 4d95d6d

and

4d10np sn = 5 – 8d + 4d10nf sn = 4 – 8d + 4d95s5p

+ 4d95s6p + 4d95s4f + 4d95s5f + 4d95p6s

+ 4d95p5d + 4d95p6d + 4d95d6p + 4d95d4f

+ 4d95d5f .

Core-polarization effects were incorporated in the calcula-
tions by considering the dipole polarizability of the core cor-
responding to CdIV as computed by Fragaet al. [55], i.e.,

FIG. 7. Time evolution of the Cd
spectrum.
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ad=3.914a0
3 and the cutoff radius has been calculated as

equal torc=1.190.
The corresponding results are given in Table III under the

heading D. Theory and experiment agree within the errors if
we except the level 5d 2D3/2 for which the theoretical result
is somewhat smaller than the experiment.

The theoreticalf values deduced in the calculation D are
reported in Table IV. We report also in the same table the
oscillator strengths and transition probabilities normalized by
considering the experimental lifetimes as obtained in the
present work and the HFR branching fractions. They are
quoted in Table IV under the heading NORM. In the case of
the calculations of oscillator strengths for Beutler states
4d95s2 2D3/2,5/2, we considered configuration interaction
among the following configurations:

4d95p2 + 4d95s6s+ 4d96s2 + 4d95p6p

and

4d95s5p + 4d95s4f + 4d95s6p

(calculation E).

IV. DISCUSSION OF THE RESULTS

The radiative lifetimes for CdI, CdII excited states, mea-
sured and calculated in the present work, are presented in
Tables I and III. In Tables II and IV, results for oscillator
strengths(gf, g=2J+1, whereg is the statistical weight of
the lower level of the transition) and transition probabilities
(gA, g=2J+1, whereg is the statistical weight of the upper
level of the transition) are presented and are compared with
previous results.

A. Cd I

Our lifetime for the 5s5p 1Po
1 Cd I level is in a good

agreement with the data obtained by beam-foil spectroscopy
with multiexponential decay curve analysis[14] and by the
Hanle effect method[7]. For the 5sns3S1 series, our results
agree well with those derived by the delayed-coincidence
method with pulsed electron excitation[17].

Radiative lifetimes of unresolvednd 3D terms have been
determined using the beam-foil spectroscopy[14] and the
delayed-coincidence method with pulsed electron excitation
[16,17]. Our results fornd 3D1,2 Cd I states are in a good
agreement with these experimental data. Lifetime values for
ns 3S1 andnd 3D1,2 levels measured by the LIF method[19]
are, however, systematically smaller than our measurements.
In this experiment a stepwise excitation was realized. Elec-
tron excitation of the 5p 3Po

0,2 Cd I metastable states in a cw
discharge was used as a first step, while the laser excitation
from these metastable states was performed as a second step.
The difference between our data and the experimental results
of Ref. [19] might possibly be due to collisional deexcitation
in the discharge, used in Ref.[19].

When considering the numerical values of Table I, it is
observed that the radiative lifetime values of the excited
states belonging to thend 3D multiplets are increasing with
increasingJ values. Oscillator strengths for CdI 5snp3Po-
5snd3D1,2 and 5sns3S1-5snp3Po transitions calculated in
the present work and normalized using the new experimental
values of radiative lifetimes are presented in Table II where
previous results are also shown. The HFR theoretical life-
times obtained in the present work appear systematically but
coherently smaller than the experimental measurements ex-

TABLE IV. Cd II: oscillator strengths and transition probabilities for the transitions depopulating the levels measured in the present work.
We give the HFR results(calculation D) and the values normalized with the experimental lifetimes as measured in the present work. CF:
cancellation factor. * Theory E. ** Experimental values, normalized by theory E.

This work

Transition l (Å)

Experiment,gA s108 s−1d Theory

Exp. 1 Exp. 2

HFR NORM Previous works

log gf gA s108 s−1d CF loggf gA s108 s−1d log gf

5p 2Po
1/2-5s 2S1/2 2265.02 6.2±0.2 6.7±0.8 −0.29 6.68 −0.751 −0.32 6.24 −0.36,b−0.36,c−0.33d

5p 2Po
3/2-5s 2S1/2 2144.39 16.0±0.5 16.8±2.0 0.04 15.7 −0.746 0.05 16.0 −0.04,b−0.03,c0.01d

6s 2S1/2-5p 2Po
1/2 2572.93 3.5±0.5 −0.41 3.97 0.860 −0.45 3.59 −0.51a

6s 2S1/2-5p 2Po
3/2 2748.55 5.2±0.4 −0.14 6.51 0.853 −0.18 5.89 −0.23a

5d 2D3/2-5p 2Po
1/2 2194.55 18.2±1.6 0.27 26.0 0.789 0.14 19.1 0.12a

5d 2D3/2-5p 2Po
3/2 2321.05 4.0±0.3 −0.45 4.41 −0.784 −0.58 3.23 −0.57a

5d 2D5/2-5p 2Po
3/2 2312.75 35.0±0.7 35.3±4.2 0.51 40.0 0.788 0.45 35.5 0.39a

5s2 2D3/2-5p 2Po
1/2 3250.29 0.14±0.01** −1.58* 0.15*

5s2 2D3/2-5p 2Po
3/2 3535.67 0.04±0.01** −2.25* 0.03*

5s2 2D5/2-5p 2Po
3/2 4415.65 0.08±0.01 −1.44* 0.10*

aQuasirelativistic quantum defect orbital formalism with CP[42].
bSingle-electron approximation with CP[44].
cRelativistic single-configuration Hartree-Fock method with CP[45].
dCoulomb approximation, Hartree-Slater cor, CP[46].

XU et al. PHYSICAL REVIEW A 70, 042508(2004)

042508-12



cept for the higher members of thend series.

B. Cd II

The CdII radiative lifetimes are reported in Table III,
where they are compared with previous results. Our result for
the 6s 2S1/2 level of CdII is in a good agreement with the
value measured by beam-foil spectroscopy, with multiexpo-
nential treatment of decay curves[14]. The lifetime of the
same level determined by the delayed-coincidence method
[16] with nonselective electron excitation is more than twice
larger than our result. There is no information available
about this experiment but it can be supposed that the time
resolution of the setup was not sufficient for measurement of
short lifetimes. This hypothesis is confirmed by the fact that
our result for 6s 2S1/2 agrees well with the single-channel
quasiclassical theoretical value[39].

The 5p 2Po
1/2,3/2 Cd II excited states have been measured

by the beam-foil method[14] and the electron-photon coin-
cidence technique[41]. In both experiments, measurements
were carried out using an unresolved multiplet. These values
are larger than those measured in the present work. The
phase-shift method was also used in Ref.[12] for the deter-
mination of radiative lifetimes of the 5p 2Po

1/2,3/2 levels. In
this experiment, the cascades from the 4d95s2 2D levels were
taken into account, but not from 6s 2S1/2, 5d 2D3/2,5/2 levels
(see Fig. 1) from which the main cascade repopulation does
occur. This could explain why the radiative lifetimes of Ref.
[12] are larger than our results. This is confirmed by the good
agreement between our results and those obtained either by
the Hanle method applied to cadmium ions produced in a
discharge of He-Cd mixture[36] or by the level-crossing
method on a fast ion beam(measurement of radiative life-
time of 5p 2Po

3/2 excited state) [34]. The beam-foil method
was also used for life time measurement of 5p 2Po

1/2,3/2 lev-
els [33] with a multiexponential or an ANDC treatment of
the decay curves. The cascades from 6s 2S1/2 and 5d 2D3/2,5/2
levels were adequately taken into account. Laser excitation
was also employed in the same experiment. Both the results
deduced using nonselective and selective excitation agree
within the error limits with our measurements. The data from
Ref. [33] presented in Table III, correspond to selective ex-
citation.

An unresolved multiplet was used in a beam-foil experi-
ment to measure radiative lifetimes of 5d 2D3/2,5/2 levels
[14]. Cascade repopulation is the possible explanation for the
discrepancy observed between the value of Ref.[14] and our
measurement. A level crossing experiment on a fast ion beam
was applied for measurement of radiative lifetimes of
5d 2D3/2 and of the unresolved term 5d 2D [34]. These results
agree, within the error bars, with our measurements. The
beam-foil method was applied for measurements of radiative
lifetimes of 5d 2D3/2,5/2 states, using multiexponential treat-
ment of decay curves[33]. These results were included in the
ANDC analysis of the decay of 5p 2Po

1/2,3/2 levels, per-
formed in this work.

The agreement theory(i.e., HFR method) experiment for
Cd II radiative lifetimes obtained in the present work is good;

the theoretical result appears, however, somewhat smaller
than the experimental one for the 5d 2D3/2 level. In Table IV,
oscillator strengths and transition probabilities of 5s-5p,
5p-6s, 5p-5d, and 5p-4d95s2 transitions, calculated and mea-
sured in the present work as well as normalized by experi-
mental lifetimes are presented and compared with previous
results. The experimental transition probability data, ob-
tained in the present work, presented under the headings
“Exp. 1” and “Exp. 2” agree very well, with the exception of
transitions from 5d 2D3/2 state.

In Ref. [45], several theoretical approaches were
used for oscillator strength calculation of resonance
5s 2S1/2-
5p 2Po

1/2,3/2spectral lines but, in Table IV, we report only the
RHF1CP results. Similar considerations apply to the results
of Ref. [42] (5p-5d and 5p-6s transitions) and the results
reported in Table IV were obtained with the quasirelativistic
quantum defect orbital formalism with polarization effects
included. In both cases, large discrepancies are observed
when comparing these results with our experimental and the-
oretical values. This emphasizes the difficulty to perform ac-
curate calculations of radiative parameters in the heavy neu-
tral or singly ionized atoms.

V. CONCLUSIONS

The results of the present experiment are compared with
theoretical calculations of lifetimes using a multiconfigura-
tional relativistic Hartree-Fock method, taking core-
polarization effects into account. A good agreement between
the measured and the calculated lifetime values is obtained.
As both in CdI and CdII, transition probabilities and oscil-
lator strengths available in the literature concern only a lim-
ited number of transitions, generally connecting levels of low
excitation (see, e.g., Ref.[7]), we have deduced in the
present work a set of transition probabilities and oscillator
strengths for the transitions depopulating the levels of inter-
est. For that purpose, we have combined, for CdI the experi-
mental lifetimes and the theoretical branching fractions and,
for Cd II, the experimental lifetimes and measured branching
fractions. The agreement observed between the normalized
Cd II transition probabilities and those deduced from LIBS
measurements strongly supports the new set of results pro-
posed in the present paper.
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