LUND UNIVERSITY

Radiative lifetime and transition probabilities in Cdl and Cdll

Xu, Huailiang; Persson, Anders; Svanberg, Sune; Blagoev, K; Malcheva, G; Pentchev, V,
Biemont, E; Campos, J; Ortiz, M; Mayo, R

Published in:
Physical Review A (Atomic, Molecular and Optical Physics)

DOI:
10.1103/PhysRevA.70.042508

2004

Link to publication

Citation for published version (APA):
Xu, H., Persson, A., Svanberg, S., Blagoev, K., Malcheva, G., Pentchev, V., Biemont, E., Campos, J., Ortiz, M.,
& Mayo, R. (2004). Radiative lifetime and transition probabilities in Cdl and Cdll. Physical Review A (Afomic,
Molecular and Optical Physics), 70(4). https://doi.org/10.1103/PhysRevA.70.042508

Total number of authors:
10

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund

+46 46-222 00 00


https://doi.org/10.1103/PhysRevA.70.042508
https://portal.research.lu.se/en/publications/672b854a-598b-4e0f-85db-18846929e74c
https://doi.org/10.1103/PhysRevA.70.042508

Download date: 05. Dec. 2025



PHYSICAL REVIEW A 70, 042508(2004)

Radiative lifetime and transition probabilities in Cd 1 and Cd

H. L. Xu, A. Persson, and S. Svanberg
Department of Physics, Lund Institute of Technology, P.O. Box 118, S-221 00 Lund, Sweden

K. Blagoev; G. Malcheva, and V. Pentchev
Institute of Solid State Physics, 72 Tzarigradsko Chaussee, BG-1784 Sofia, Bulgaria

E. Biémont
Astrophysique et Spectroscopie, Université de Mons-Hainaut, 15 Rue de la Halle, B-7000 Mons, Belgium
and IPNAS (Bat. B 15), Université de Liege, Sart Tilman, B-4000 Liege 1, Belgium

J. Campos, M. Ortiz, and R. Mayo
Department of Atomic, Molecular and Nuclear Physics, Universidad Complutense de Madrid, E-28040 Madrid, Spain
(Received 29 March 2004; revised manuscript received 16 June 2004; published 25 Octobher 2004

Radiative lifetimes of 11 levels belonging to the5p'P°;, 5snd®D, , (n=6-9 and 5ns’S, (n=7,8)
series of Cd, and of 5 levels of Cd (i.e., 4'%p?P° , 5, 4d'%s’S ), and 4'%d°D,, ) 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 ofi @@nsitions have been measured by laser-induced
breakdown spectroscopy. Transition probabilities and oscillator strengths fora@dl Cdi spectral lines
originating from the above states as well as from tlié5¢? 2D3,25,2 states of Cd 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 nuniber32.70.Cs, 42.62.Fi

I. INTRODUCTION Starting with the pioneering work of Zemans}g] and of

Accurate atomic data such as radiative lifetimes and trani0ening and Ellet{6], the %5p 1P0_1 and 55p °P°; levels of _
sition probabilities are of great interest in many fields ofCdi have been frequently investigated. In the early experi-
physics. From a theoretical point of view, they are sensitivenental work, the techniques adopted for lifetime measure-
to the electronic coupling schemes and to configuration inments of low lying Cd states included the Hanle effect
teraction, and are thus important for testing the theoreticamethod [7-10, the double resonance techniq®l], the
models[1]. In astrophysics, evaluation and extraction of in- phase-shift approadii2,13, and the beam-foil method 4].
formation from observed stellar spectra heavily rely on theThe lifetime of the 55d 'D,state and the transition prob-
availability of atomic datg2,3]. In laser physics, lifetimes abilities of the FplP"l-nd lD2 transitions have been mea-
and transition probabilities are decisive for predictions ofsured in an argon inductivity coupled plasiii®]. Radiative
potential laser action in specific med4]. The radiative lifetimes of levels belonging to theshs’S,, nd'D,, ns®S,,
properties of atoms and ions are also of great importance inp3pP°, and nd®D Cd: series have been investigated in a
plasma physics and in laser chemistry. In addition, atomialelayed-coincidence experiment with pulsed electron excita-
data of some elements, for example, of cadmium and zindjon [16,17. A Hanle effect experiment with electron excita-
are needed for development of high-quality and efficiention was carried out by Frasinski and Duhnajikg]. Only
light sources including metal-halide arc lamps and metal vasne measurement is available for the upper state of the reso-
por lasers. nancenp 'P°; series—1@ 'P°; [12].

Among the methods available for lifetime measurements, In the only experiment carried out with selective excita-
very reliable ones are those based on selective excitation @bn, the lifetimes of thens®S,andnd D excited states were
the levels of interest, using, for example, a tunable laser. linvestigated19] while cascade-free measurements, obtained
contrast with collisional excitation methods, these techniquegiith an electron-photon coincidence technique, were per-
are free of cascading effects or of possible blends, which caformed for the 6, glsb, and 5 lD2 levels[20].
lead to systematic errors in lifetime measurements. However, Experimental transition probabilities in Cdwere ob-
rather few experimental lifetimes for Gaénd Cdi obtained  tained with an emission techniq{21], eventually combined
using such techniques are, so far, available. Even theith the hook method22]. Precise oscillator strength values
4d'95s5p 'P°; resonance state of Gchas not been investi-  of the 52 15,-5snp'P° (n=8-13 transitions were measured
gated by selective excitation techniques. by a magneto-optical rotation methd@3] and the sum-

frequency mixing in Cd vapor was considered for determi-
nation of matrix elements along the Cdesonance series
*Electronic address: kblagoev@issp.bas.bg [24].
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Theoretical work in the same atom includes the use othe literature. An additional purpose of the present work is to
different methods such as the scaled Thomas-Fermi-Diracompare experimental work with theory for testing the ad-
approach[25], the Coulomb approximatioi26], the ex-  equacy of the theoretical models in relation with the increas-
tended Bates-Damgaactdodal boundary conditignmethod  ing importance of the relativistic and core-polarization ef-
[27], a relativistic “quantum orbital[28], or a HF method fects and with the progressive transition fran$ and jj
[29]. Core-polarization effects were considered within thecoupling in heavy elements. A theoretical approach has also
framework of a multiconfigurational Hartree-Fock methodbeen employed for generating transition probabilities or os-
for s-p and p-d transitions[30]. The effect of configuration cillator strengths from a combination of experimental life-
interaction and of core-polarization on the spin-allowedtime measurements and theoretical branching fraction deter-

5% 1S minations. In addition, in Cd these results have been
5s5p 'P°, and spin-forbidden & 'S;-5s5p ®P°; transitions  compared with experimental values obtained considering
were also investigate[81,32. branching fractions measured in a laser induced breakdown

Radiative lifetimes of Cd excited states have been mea- spectroscopyLIBS) experiment.
sured using different experimental methods: beam-foil spec- In recent years, the development of laser spectroscopy
troscopy[14,33, the level-crossing approadi34—-37, the  techniques both in the time and wavelength domains has
phase-shift method with electron excitati¢h?], and the made laser measurements of radiative lifetimes in high-
delayed-coincidence technique with electron excitatiorenergy atomic or ionic levels feasible. In the current study,
[16 38,39. In these experiments, the low lyingp 5P° 1232  radiative lifetimes of excited statésp to 90 000 crit) have
6s2S,,, 5d D3,2 s,and 4 ?F° levels have been mvestlgated been measured in Gdand Cdi by time-resolved laser-
as well as the high members of the? Sl,2 andnd? D35 induced fluorescenc@IF) using single or two-step excita-
series. Radiative lifetimes of thed%s’? D352 excited  tions of atoms and ions produced in a laser-induced plasma.
states have been determined with the delayed-coincidencgne results of this experiment are compared to a theoretical
[38], double resonanc@40], and level-crossing37] tech-  calculation of the lifetimes using multiconfigurational rela-
nigues. In all these experiments, nonselective excitation wasvistic Hartree-Fock calculations, taking core-polarization
considered and the results were suffering from eventual ca®ffects into account. In addition, as transition probabilities
cading problems. An electron-photon coincidence cascadend oscillator strengths available in the literature fon @dd
free experiment was carried out for the determination of theCdn concern only a limited number of transitions, generally
radiative lifetimes of the p2P° 1/2,32€Xcited states as well as connecting levels of low excitatiofsee, e.g., Rel.7]), tran-
for the 51%s?? Ds/».52 Beutler levels[41]. In only one ex- sition probabilities and oscillator strengths have been de-
periment, selective excitation on an ion beam was employeduced from the combination of experimental lifetimes and
for radiative lifetime measurement of th@ 8°,, 5, levels  both theoretical and experimental branching fractions.
[33].

Theoretical approaches have been applied also in the case
of Cdi. In particular, oscillator strengths have been calcu- Il. EXPERIMENT
lated by a relativistic quantum defect orbital method for the
nd?D-5p ?P°, 5, (N=5-10 transitions[42]. A relativistic
many-body, third order perturbat|0n was used for calculation The ground states of Gdand Cdi are [Kr]4d'%s? 'S,
of radiative lifetimes of the p?P°,, 5,, Cdl levels[43] and and[Kr]4d'%s?s, ,, respectively. Radiative lifetimes of 11
a core—polarization method was considered for calculation ofevels of Cd belonging to the np(n=5), 5snd(n=6-9,
5s Sl,2 np2P° (n=5-7) transition probabilities{44] Oscil-  5sns(n=7,8) series, and of 5 levels of Gdbelonging to the
Iator strengths of §°S,,,-5p °P°;, 3, and of H°P°, 5>  4d'%p, 4d'%s, and 411%d configurations have been mea-
5d 2 D3/, 512 Spectral lines were calculated with a relativistic sured. The levels studied are shown in Fig. 1 with the rel-
Hartree-Fock approach taking core-polarization effects intavant excitation schemes including single-step and two-step
account[45] while a Coulomb approximation and a quasi- excitation processes.
classical approximation did allow the calculationre?S, ,, The experimental setup used in the lifetime measurements
(n=6-10 radiative lifetimes[39]. The Coulomb approxima- is schematically shown in Fig. 2. Free neutral and singly
tion was used46], taking into account core polarization for ionized cadmium atoms were obtained by laser ablation. A
calculation the oscillator strengths of resonance lines of.Cd 532-nm pulse, emitted from a Nd:YAG laséContinuum

From this survey of the available data for radiative life- Surelitg (laser A with 10 ns pulse duration was focused
times and transition probabilities of Ccand Cdi excited onto a rotating cadmium foil located in a vacuum chamber
states, it turns out that, although many lifetime measurewith 10°—10" mbar background pressure. Plasma contain-
ments have been performed, only one paper has been puing neutral, as well as ionized atoms in different ionization
lished in which selective laser excitation was considered fostages was produced by the laser pulse and expanded from
triplet states of Cd [19]. In addition laser measurements the foil for subsequent laser excitation. The plasma cloud of
were performed only for the [5°P° 12,32 levels of Cdi  cadmium was intersected at right angles by a linearly polar-
(beam-laser methgd33]. As a consequence, the purpose ofized, pulsed-laser beam tuned to a resonant transition of the
the present study is to obtain new accurate data for radiativepper state of interest. Thep5P° 12.321€vels of Cdi and the
lifetimes and transition probabilities of Cénd Cdi excited  5s5p lP0 level of Cdi were populated from the ground state
states and to evaluate the accuracy of the data available after smgle photon excitation.

A. Lifetime measurements
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907 354D was also operated with a DCM dye. For Quleasurements,
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 thep®°, state at
30656.130 crmt. For the Cdi experiment, the §°P°, level
at 49355.04 cm was employed as the intermediate state.
32 The dye laser was tuned to 643.34 nm, and then its third
55D harmonic, produced in a BBO crystal, could be utilizd to
512 reach the level for the first step excitation. All three Nd:YAG
lasers(A, B, C) used in this experiment were externally trig-
50 R 441.689 gered by a digital pulse generat@tanford Research Sys-
tems Model DG53§ which was used for temporal synchro-
cdnn nization of the two laser pulses for the first and second step
excitations and also for a free variation of the delay time

85—
231.346

6s’S 1/2
232.176

30 353.668

754 274.936

704

12
r\—226.572
0 - 5s°s , —L— between the excitation and ablation pulses.

| 214.507]

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 timg 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 5nd3D12 (n=6-9 and %ns’S, (n=7,9) long-
lived levels of Cd (r> 15 n9, the lifetimes were evaluated
using a least-square exponential fitting procedisee Fig.

4). For the other short-lived excited states, the temporal

) ; | shape of the exciting laser pulses was recorded after the ab-
0 lation beam was blocked. The decay curves were treated by
deconvolution of the observed signal and of the laser pulse

FIG. 1. Partial energy-level diagram of €dnd Cdi showing (see Fig. 3 . .
the relevant excitation schemes. The wavelengths are given in nm. Measurements under different conditions were performed

to avoid systematic errors. The occasional signal contribution

A temporal compressor was used to shorten the lasettue to the scattered light from the excitation laser was elimi-
pulse, emitted from a seeder injected Nd:YAG lagéon-  nated by subtraction of the signal observed without an abla-
tinuum NY-82 (laser B, with 8 ns pulse duration and tion pulse.

400 mJ pulse energy at 532 nm. The design and construction No observable effects of quantum beats due to the labo-
of the Stimulated Brillouin ScatteringSBS compressor, ratory magnetic field were observed in the experiment. In
similar to the one described in Rg#7], is shown in Fig. 3. order to remove any possible influence on the longer life-
The pulse duration of the output from the SBS temporatimes a magnetic field of about 100 Gauss, provided by a
compressor was approximately 1 ns and the loss in pulspair of Helmholtz coils, was also added.

energy was about 50%. The compressed pulse was used to The possible influence of the radiation trapping on the
pump a dye laseiContinuum Nd-60, operated with a DCM  signal from the resonancs@ P0 level in Cdi and from
dye. The radiation from the dye laser was frequency doublethe 5 2P° 12,312 l€vels in Cdi was |nvest|gated by consider-

in a KDP crystal and then mixed with the fundamental fre-ing small delay times between the ablation and excitation
quency in a BBO crystal, to generate the third harmonic ofpulses. When the delay time is short, the radiation trapping
the dye laser frequency. The spectral range was expanded lbgn possibly influence the lifetime values. When the delay
focusing the second or the third harmonic of the dye lasetime gets longer, the concentration of atoms and ions de-
beam into a H cell at 10 bar, in which different orders of creases and the radiation trapping effects can be neglected. In
stimulated Stokes scattering were obtained. Depending othe present experiment, for thep 8°, level of Cdi, the

the excitation requirement, the appropriate beam componemheasurements were carried out at delay tine30-40us

was selected with a CafPellin-Broca prism and, for the levels B°P,, 5, of Cdi, at t=6-12us. At

For the EBnd3D12 (n=6-9 and $ns®S, (n=7,8) series  these values of the delay, no effect of radiation trapping was
of Cd1, and &7S,;, and & D3,2 5o levels of Cdi, two-step  observed. The dependence of lifetime values on the delay
excitation processes have been applied. In this case, thieme between ablation and excitation laser pulses was studied
compressed-pulse laser system was used as the second-steRref. [49]. The possible influence of saturation of the tran-
excitation. Another laser system with 8 ns pulse duration wasitions was also checked by carrying out the measurements at
employed as the first-step excitation source. different energies of the excitation laser pulses.

A second Continuum NY-82 Nd:YAG lasélaser Q was All experimental lifetime results are summarized in
used to pump another Continuum Nd-60 dye laser, whichTables I-IV with statistical error bars. We give also, in the

ENERGY (10’ cm™)

5s° lS0
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Rotating Cd target

XU et al.
Nd:YAG Dye
laser (C) ’ laser
Nd:YAG Dye
laser (B) laser
SBS
compressor
L1 Delay
— generator >
Ablation laser
A
Nd:YAG >
—1 laser (A)
Helmholtz
coil
Computer
Trigger
MCP
Transient PMT
Digitizer ——— |

Monochromator

FIG. 2. Experimental setup used for the life-
time measuremenisee the text

Top
view

same tables, the theoretical lifetime values obtained accorde generate the plasma on the surface of a cadmium target in
ing to the procedure described below.

B. Transition probability determination

a controlled argon atmospheré~8 Torr). 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-

A plasma produced by laser gblation was employed as &yrner monochromatorresolution 0.03 nm The spectra
source of Cdi ions. A focused Nd:YAG laser beam was used\yere recorded by a time-resolved optical multichannel ana-

i =
400 mJ 200 mJ
8 ns Al2 1 ns
P,
Beam Expander
Ald A L B

I 1A |
[ Tyl

FIG. 3. Stimulated Brillouin scatterinSBS compressora/2
(half-wave and\/4 (quarter-wavgretarding plates are inserte,
andP, are plate polarizers placed at the Brewster arglis,a lens
of 15 cm focal lengthA is a 150 cm and a 30 cm glass tube with

pure water.

lyzer (OMA lll, EG&G), that allowed recording of spectral
regions at different delays after the laser pulse and during a
selected time intervalFig. 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 Ari and Arun 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 nmikapectral line,
which is measured by different channels of the dete@0r
channel steps in a 1024 aryayhe difference, due to time

042508-4



RADIATIVE LIFETIME AND TRANSITION ... PHYSICAL REVIEW A 70, 042508(2004)

4000

3000 - ¢

FIG. 4. Typical experimental curvédotsy
from the 7538l state of Cd, with an exponential
fit (solid line) that gives a lifetime of 24.4 ns. The
inset shows the same data in a semilogarithmic
representation.

Fluorescence Intensity (arb.units)
n
o
o
(=]
1

Time (ns)

evolution of the calibration, is around 2%. The error due toand to determine their relative intensities. The relative inten-
the calibration is estimated around 6%. sities were obtained by a fitting procedure based on the use
Detection was made in synchronization with the elec-of Voigt profiles, after subtraction of the background. In the
tronic trigger of theQ-switched laser. During data acquisi- present experiment, there is no overlapping of the investi-
tion, a subtraction was made of the background. gated spectral lines with other spectral lines of cadmium ions
The method is based on the fact that there is an optimizedr of Ari, Ar i spectral lines. The final intensity of each line
delay time after laser ablation for recording the spectrum ofvas the average of eight different measurements. To prevent
the selected ion. In this way, the measurements are made sglf-absorption effects, several alloys of cadmium and zinc
several delay times after the laser pulse, more precisely aftdrave been used instead of pure cadmium. The content of
0.1, 0.2, 0.3, and 0.ms delay time. The measurements of cadmium in these alloys ranged from 5 to 10 % and it was
branching ratios for the determination of transition probabili-verified that the branching ratios were not depending upon
ties have been made on the spectra obtained at a delay odncentration. Using these alloys, it turned out that the spec-
0.3 us because the lines were better resolved and narrowéral line of Cdi at 226.5 nm(5s“S,,-5p 2P9,,) was blended
than those obtained with shorter delays, on the one hand, awdth the spectral line of Zn at 226.55 nm. In this case, for
were more intense than those corresponding to longer delaysstimating the real intensity of the 226.50 nm line, the sec-
on the other han¢Fig. 7). The measured branching fractions ond order spectrum was used.
did not depend on the delay time. In a first step, relative experimental transition probabili-
The spectra were stored in a computer and treated by #es were obtained and then, in a second step, they were put
software which is able to separate close or overlapping linesn an absolute scale using the measured branching ratios and

1000 -
800 )
Cdll 5p°P,,
] O Signal
600 y —%— Pulse
—Fit
] 1 1=3.2(2)ns FIG. 5. A typical decay curve for the

5p 2P°, , state of Cdi, with a convolution fit.

Fluorescence Intensity (arb. units)

R
AP

7 (ns)
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TABLE |. Radiative lifetimes of Cd (ns).

This work Previous works
Theory

State E (cm™)  Experiment A B Experiment Theory
5plP°, 4369247 < 1.78.2 1.37 1.39 1.99,1.660.05,° 2.10.3),° 1.90.15),% 2.1° 1.439
7s%S,  62563.46  24.4.6) 19.53 1591 18®.9)13.71.5,9252), 22.41.0)) 29.94.5* 28.9) 41.5% 21.77 28.59
8s’s,  66680.92 50.8.8  40.95 32.73 48(1.5) 48.1(2.5) 66.3
6d°D,  65353.5 17.80.4) 14.28  12.86 154.3)," 15.60.8) 12.7) 13.41 12.7
6d°D,  65359.3 18.01.0 14.89  13.30 15®.5)," 15.90.6) 13.31 1411 13.9
6d°D, 17.41.9), 11.51.5),% 18.72.4)" 17.%
7d°D,  67990.1  32.3.0) 30.10 26.71 1@)," 30.22) 28.1
7d°D,  67992.9  33.M0.8  31.26 27.53 2@)," 30.51.5) 29.2
7d°D, 32.712.2, 233)
8d°D,  69400.5 585) 57.36  49.67
8d°D, 694028  547.0  59.43 51.10 532.5) 50.9
8d°D, 56.34.2)
od®D,  70244.2 809) 105.8  83.48
od®D, 702455 919) 109.53 85.76
9d°D, 85.1(4.7)
Hanle[5)]. 9Coulomb approximatiofi30].
PHanle[7]. "Hanle[8].
“Phase-shift methoflL2]. 'Delayed coincidence methdd?7].
9Beam-foil [14]. jDelayed coincidence method with laser excitation, Coulomb ap-
®Phase shiff13]. roximation[19].
fQuasirelativistic Hartree-Fock. Delayed coincidence method, Coulomb approximafios].

the radiative lifetimes of the upper states. These data aref the line intensities of transitions with known transition
presented as the column Exp. 1 in Table IV. The total errorprobabilities. The temperature under the present experimen-
were determined from the radiative lifetimes errors, from thetal conditions was determined to be 15500+ 1800 K. In our
uncertainties affecting the calibratig6%) and from statisti- caseAE=2.6 eV and the lower limit given by this expression
cal errors, which, for the different lines, were ranging fromis N,=3.5x 10'® cm™. The absorption coefficient was calcu-
5.9 to 10 %. The transition probabilities of the lines emitted|ated from the Cd density and from the populations of @d
from the 41°5s? °D,, level were normalized using a theoret- excited states. Integrating along the line profiles, it is as-
ical estimate of the radiative lifetime; the error shown for thissumed that the plasma is optically thin when the self-
state in column Exp. 1 of Table 1V is resulting from calibra- absorption is less than 3951]. In the present experiment,
tion and statistical errors. for a plasma thickness of 1 mm, the line intensity absorption,
Assuming LTE and a value of the electron density, oneintegrated along the line profile, was less than 2.4% for the
can estimate the self-absorption of the emitting plasmaline 231.2 nm of Cd. For the other lines, this absorption
which can influence measured branching ratios. The electrogoefficient was even lower.
density was estimated from the Stark broadening of the Cd  The transition probabilities can also be determined from
line at 226.502 nm. The value df,=1.1x10" cm™ has  comparison of the line intensities with those with known
been deduced using the Stark broadening paranjé®r transition probabilities and plasma temperature in LTE con-
which is @=0.0061 nm(FWHM). This value is sufficient to  ditions. In particular, the transition probabilities of the lines
assume that the LTE assumption is justified for the populaemitted from the BP9, 5;» 5d ?Ds,, and 41°5s? 2Dy, lev-
tion of the investigated levels according to the criterion ofels (at 214.4, 226.5, 231.2, and 441.6 nm; see Fig. 1, Table
Ref. [50]: IV) were calculated in this way, as well. The temperature
3 12 3 was determined from the slope of a Boltzmann plot. The
Ne (cm™) = 1.6 107 T(K) ["TAE(eV) %, experimental errors in this case have been estimated to reach
where N, is the electron number densit)E is the energy 12%, and were obtained as the sum of the above mentioned
difference between both configurations, ahd the plasma uncertainties and of an uncertainty resulting from the tem-
temperature. The plasma temperature was deduced by gzerature determinatiofl0%). These results are presented in
suming local thermodynamic equilibriugi TE). This tem-  Table IV in the column Exp. 2. Results of both experiments
perature was determined from the slope of a Boltzmann ploagree in the error limit.
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TABLE II. Cd i: oscillator strengths and transition probabilitiésg gf > —2.0) for the transitions depopulating the levels measured in the
present work(the intercombination lines are not inclugetlve give the HFR resultécalculation B and the values normalized with the
experimental lifetimes as measured in the present work.

This work Previous workglog gf)
HFR NORM
Transition loggf gA(s™h CF loggf gA(s?) Experiment Theory
5s21g-5p'P, 022 2.15<10° 0582 0.11 1.6%10° 0.3470.19"0.299 0.13
5p%P°%-7s®s, 161 1.76x10° -0.215 -1.80 1.1%107 -1.26 -1.82%-1.83° -1.77¢ -1.76% -1.7C¢°
5p%P°-7s%s,  -1.14 510<10° -0.214 -1.33 3.3%10 -0.62 -1.35%-1.35° -1.29¢ -1.29% -1.27

5p°P%,-7s%S,  -0.93 7.9510' -0.211 -1.12 51810’ -0.3¢ -1.12%-1.12°
-1.07°-1.09 -1.0%

6p3P°-7s3S,  -0.44 4.9410F -0.725 -0.63 3.2x10° -0.56¢ -0.44
6p°P°-7s3S,  0.03 1.41x10° -0.724 -0.16 9.2x10° -0.09¢ -0.9¢
6p°P°%-7s3S, 024 2.13x10' -0.721 0.05 1.3%10 0.13"0.2%F
5p%P°%-6d°D, -0.86 1.15¢10° -0.320 -0.99 8.5%10' -0.40!-0.90" -0.87

5p%p°-6d°D, -0.99 83%107 0.317 -1.12 6.2X10 -0.44 -1.02? -1.11¢ -1.06°
6p°P°-6d°D, -0.32 1.63<10° -0.580 -0.45 1.2k10 -0.36
6p°P°-6d°D, -0.45 1.1%10° 0.579 -0.58 8.8k1(° —0.4f
6p°P°-6d°D, -1.64 7.41X10° -0.574 -1.77 55%10° -1.6¢

7p%P°%-6d°D, -0.30 1.08<10° 0.915 043 7.9%10*
7p3P°-6d°D, -0.45 6.9%10* -0.914 -0.58 5.1%10
7p%P°-6d°D, -1.67 3.33x10° 0.914 -1.80 2.4&10°

5p%P°-6d°D, -0.52 2.51x10° -0.317 -0.65 1.8%10° -0.002 -0.54, -0.5
5p°P°-6d°D, -1.01 7.80<10° 0.312 -1.14 57%10 -0.42 -1.01? -1.10¢ -1.02
6p°P°-6d°D,  0.02 3.55<10' -0.577 -0.11 2.6X107 0.08
6p>P°-6d°D, -0.46 1.11x10' 0574 -059 8.1X10° -0.45

7p3P°-6d°D,  0.03 2.12<10° 0913 -0.10 1.5&10°
7p3P°-6d°D, -0.49 5.08<10* -0.914 -0.62 3.7%10"

5p3p°-8s%S,  -1.59 2.3<10° -0.114 -1.77 1510 -1.20 -1.75¢ -1.74
5p3P°,-8s%s  -1.37 3.65¢10' -0.112 -1.55 2.3%10’ -0.98 -1.54¢ -1.57
6p3P°%-8s’s,  -159 1.2%10°P -0.246 -1.77 8.3k10° -1.66
6p°P°-8s%S,  -1.12 3.71x10° -0.245 -1.30 2.4%10° -1.18
6p°P°-8sS,  -0.90 5.91x10° -0.243 -1.08 3.8%1C° -0.9¢
7p%P°%-8s%s,  -0.24 15%10f -0.775 -0.42 1.0%10° -0.37
7p°P°-8s%s, 024 45810 -0.774 0.06 3.0 10° 0.09'
7p3P°,-8s°%s, 0.45 7.00<10fF -0.772 0.27 4.5%10F° 0.3¢"
5p3P%-7d°D, -1.28 51510’ -0.195 -1.36 4.2&10 -0.92 -1.36
5p3P°-7d®D, -1.41 3.74x10° 0.193 -1.49 3.1K10 -1.48

6p°P°-7d°D, -0.90 8.11x10° -0.366 -0.98 6.7%10°
6p°P°-7d®D, -1.03 5.94<10° 0.365 -1.11 4.9%10°
7p3P°-7d°D, -0.31 3.45<10° -0.565 -0.39 2.8%1C°
7p3P°-7d°D, -0.44 252%10° 0564 -052 2.1&10°
7p%P°%-7d®D, -1.63 1.5%10° -0.560 -1.71 1.3X10°
413F%-7d%D,  -1.37 2.16x10° -0.479 -1.45 1.8&10°
8p°P%-7d°D, 003 142<10° 0930 -005 11&1C°
8p3P°-7d®D, -0.11 9.6810* -0.930 -0.19 8.0%10'
8p3P°,7d®D, -1.31 5.26x10° 0.930 -1.39 4.3%1C°
5f3%°,-7d°D, 0.05 3.96x10* 0.953 -0.03 3.3&10'
5p°P°-7d°D, -0.93 1.1210° -0.193 -1.01 9.3%10’ -1.00
5p3P°,7d®D, -1.42 3.51x10° 0.189 -1.50 2.8%10’ -1.46
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TABLE Il. (Continued)
This work Previous workslog gf)
HFR NORM
Transition loggf gA(s™) CF loggf gA(s™) Experiment Theory
6p>P°-7d°D, -0.56 1.78<10’ -0.364 -0.64 1.4%10
6p>P°-7d°D, -1.04 5.6%10° 0362 -1.12 4.6%10°
7p3P°-7d®D,  0.03 7.55<10° -0.562 -0.05 6.2X10°
7p3P°-7d®D, -0.45 2.3%10° 0560 -0.53 1.9%10°
41%F°-7d°D, -1.26 2.78<10° -0.481 -1.34 2.3&10°
8p3P°-7d®D, 037 293%10° 0.929 029 24K10°
8p3P°,7d®D, -0.14 7.97%10* -0.930 -0.22 6.5%10'
5f3F°,-7d°D, -0.68 7.47x10° 0.953 -0.76 6.1%1C°
5f3F%-7d°D, 0.7 5.2310* 0953 0.25 4.3kK10*
5p3P°%-8d°D, -1.61 2.60<10° -0.119 -1.64 2.4%10 -1.64
5p3P°-8d°D, -1.74 1.8%10’ 0.118 -1.77 1.7%X10 -1.74
6p°P°%-8d°D, -1.29 4.35<10° -0.246 -1.32 4.0&10°
6p°P°-8d°D, -1.42 3.20x10° 0245 -145 2.9%10°
7p3P°-8d°D, -0.88 1.93%x10° -0.373 -0.91 1.8&1C°
7p3P°-8d°D;, -1.01 1.410° 0372 -1.04 1.3%10°
8p3P°%-8d°D, -0.28 1.25¢1¢° -0.552 -0.31 1.1%X1(°
8p3P°-8d°D, -0.40 9.13%10° 0551 -0.43 8.5%10°
8p3P°,-8d°D, -1.59 5.80x10* -0.548 -1.62 5.4%10'
5f3F°-8d°D, -0.93 2.16x10° -0.529 -0.96 2.0X10°
9p3P°-8d3D, 032 21%10° 0.939 029 2.0%10°
9p°P°-8d°D;  0.19 1.55¢10° -0.939 0.16 1.4%10°
9p®P°-8d°D;, -1.01 9.09<10° 0.939 -1.04 85%10°
5p°r°,-8d°D, -1.26 568107 -0.117 -1.29 52810 -1.27
5p3P°,-8d°D, -1.75 1.7%10° 0.114 -1.78 1.6%10 -1.76
6p>P°-8d°D, -0.94 9.5%10° -0.244 -0.97 8.9&10°
6p>P°-8d°D, -1.43 3.08<10° 0242 -146 2.8&10°
7p3P°-8d°D, -0.54 4.24<10° -0.371 -0.57 3.9%10°
7p°P°%-8d°D, -1.02 1.3%10° 0369 -1.05 1.2%x10°
8p3P°-8d°D, 0.07 2.74x10° -0.549 0.04 25%1C¢°
8p3P°,8d°D, -0.41 8.71x10° 0548 -0.44 8.1&10°
5f3F°,-8d°D, -1.66 4.00<10* -0.529 -1.69 3.7x10%
5f3F%-8d°D, -0.82 2.82<10° -0.530 -0.85 2.6X10°
9p3P°-8d°D, 0.66 4.67%x10° 0.937 0.63 4.3%x10°
9p3P°,-8d°D, 0.17 1.3%10° -0.939 0.14 1.2%X10°
5p3P°%-9d°D, -1.88 1.45¢10’ -0.076 -1.91 1.3&10 -1.85
6p>P°-9d°D;, -1.60 24K 10° -0.167 -1.63 2.3%10°
6p°P°-9d°D, -1.73 1.8%10° 0.166 -1.76 1.7X10°
7p%P°%-9d®D, -1.26 1.13x10° -0.263 -1.29 1.0&10°
7p3P°-9d°D;, -1.39 8.33%10° 0262 -142 7.8kK10°
8p3P°-9d®D, -0.85 6.9810° -0.373 -0.88 6.5%10°
8p3P°-9d®D, -0.98 5.14x10° 0.372 -1.01 4.8X10°
5f3F%,-9d°D, -1.71 8.2%10* -0.284 -174 7.7&10
9p3P°-9d®D, -0.21 6.34x10° -0.544 -0.24 5.9%10°
9p3P°-9d®D, -0.34 4.66x10° 0.544 -0.37 4.3%X10°
9p%P°,-9d°D, -1.53 2.9810* -0.541 -1.56 2.8&10*
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TABLE Il. (Continued)

This work Previous workslog gf)

HFR NORM
Transition loggf gA(s™) CF loggf gA(s™) Experiment Theory

10p°P°-9d°D; 0.58 351x10° 0.944 055 3.2%10°
10p°P°-9d°D; 045 253 10° -0.944 0.42 2.3%10°
10p3P°%-9d°D, -0.74 1.55¢10* 0.944 -0.77 1.4%10%
5p%p°-0d°D, -1.53 3.17%10° -0.075 -1.55 3.0%10 -1.57
6p>P°-9d°D, -1.25 54810° -0.165 -1.27 5.2&10°
6p>P°-9d°D, -1.73 1.7%10° 0.164 -1.75 1.7610°
7p3P°-9d®D, -0.91 2.50<10° -0.261 -0.93 2.4&10°
7p%P°,-9d°D, -1.39 8.08<10° 0.260 -1.41 7.7&10°
8p3P°-9d®D, -0.50 1.54x10° -0.371 -0.52 1.4%1C¢°
8p3P°%-9d°D, -0.98 4.9%10° 0.370 -1.00 4.8K10°
5f3F%-0d°D, -159 1.08<10° -0.285 -1.61 1.0410°
9p3P°-9d°D, 013 1.40x10° -0542 011 1.3%1C°
9p3P°,9d®D, -0.35 4.4810° 0541 -0.37 4.3X10°
10p°P°,-9d°D, 043 2.34<10° -0.944 0.41 22%10°

4Single-configuration Coulomb approximatif®6).

bSemiempirical calculationg29].

“Relativistic quantum defect orbital calculations with (3]

Yntermediate coupling and scaled Thomas-Fermi-Dirac wave funcf&sjs
“Quasirelativistic Hartree-Fock with relativistic corrections metfig@].
fExperiment-arc discharge in Cd vaga].

9Nodal boundary condition methd@7).

_hAb initio calculations with semiempirical correctiof31].

'Multiconfiguration relativistic Hartree-Fock with intravalence correlation and Z2p.

ll. THEORY eration of core-polarizatio(CP) effects(see, e.g., Re{54]),
A HFR calculations in Cd | the foIIO\_N|ng configurations are considered along the Ryd-
berg series:

As noted above the ground state configuration ofi &d
4d1°552 150- The energy levels reported i_n the NBS compila- 4410552 4d%sns(n=6— 12 + 4d%snd (n=5-12
tion [52], based on early analyses of this spectrum, are gen-
erally given with one decimal and it is claimed in the intro- +4d'%sng (n=5-12 + 4d'%sni (n=7-12
duction to the NBS tables that “the accuracy of the present
data could be greatly improved with modern observationsand
particularly in the infrared region.” Below the first ionization
limit, the levels quoted belong to the configurations?,5 4d¥%snp(n=5-12 + 4d'%snf(n=4-12
5sns(n=6-16, 55np(n.:5_—1]'), $sr_1d(n:5—19, and + 4d"%snh(n=6-12.
5snf (n=4,5). Above the ionization limit, a number of levels
belonging to 4'%p? and 41°5s’nl (n<14,|=p,f) have also CP effects, which are expected to be important in this
been determined experimentally. In the present calculationgeavy neutral element, were introduced in the calculations in
and, particularly in the least-squares fitting procedure herethe following way. The static dipole polarizability of Gds
after described, we used only the levels given below thdéhat computed by Fragat al. [55], i.e., ag=23.619a,’,
ionization limit. whereay is the value of the first Bohr orbit of the hydrogen
The calculations were performed in the framework of theatom. The cutoff radius; was chosen equal to 2.7#3 and
pseudorelativistic Hartree-FodkiFR) method with help of ~corresponds to the mean val(rg of the outermost orbital
the Cowan suite of computer codiS] modified for consid-  in the configuration d'%s. As we were interested in Ryd-
eration of core-polarizatio(CP) effects(see, e.g., Ref54]).  berg states, the configuration sets were extended to high
This approach, although based on the Schrodinger equatiomembers of the serign fact up ton=12).
does include the most important relativistic effects such as The calculated eigenvalues of the Hamiltonian were opti-
the mass-velocity corrections and Darwin contribution. mized to the observed energy levels via a least-squares fitting
In the first calculation(calculation A, made with help of procedure. In fact, all the levels up =12, below the ion-
the Cowan suite of computer codgs3] modified for consid- ization limit, were included in the fitting procedure.
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TABLE Ill. Radiative lifetimes of Cdi (ns).
This work Previous works
Theory

State Experiment C D E Experiment Theory
6s%S,), 2.1(2) 1.79 1.90 2.2),25.79)"° 2.%
5p2P°,,, 3.22) 2.92 2.99 3.11)° 4.81.0.% 3.52),° 3.0513) 2.747 3.10
5p 2P°,, 2.53) 2.50 255 2.70)° 3.47), 3.52),° 3.02)9 2.7025) 2.3/ 284
5p 2P, 3.44)2 3.5515)," 2.8625)
5d 2Dy, 1.82) 1.23 1.32 2.00),° 1.791D)™
5d 2Dy, 1.7(2) 1.40 1.50 1.8615)™
5d °D; 2.63),2 2.31)° '
5822D,,, 222 46@90),° 34030),° 280(14)
582Dy, 588 83080),% 80040y

@Beam-foil [14].

bDelayed coincidence methqd6].
‘Beam-laser, beam fo{l_ANDC) [33].
dphase-shift methofll.2).

_hEIectron-photon delayed coincidence methiddi].
'Hanle [35].

JHanle[37].

kQuasiclassical theor}39].

°Delayed coincidence methdas.
"Hanle theory[36].
YHanle [34].

'Many-body, third order perturbation theof#3].
MBeam-foil, multiexponential analysi83].

The scaling factors of th&*, G, and R integrals(not
optimized in the least-squares fittingiere chosen equal to
0.75 while the spin-orbit parameters were left at thedir
initio values. This low value is suggested by Cowag] but
we have verified that the use of 0.85 instead of 0.75, would
change the final lifetimes by less than 1.8&«cept in the
case of @°D where the modification reaches 3.8% lations by considering the dipole polarizability of the core

The theoretical HFR lifetime value&alculation A ob-  corresponding to Cd as computed by Fraget al. [55] but
tained in the present work are summarized in Table I. In d@ncreased by about 10%n order to obtain a smooth curve
second calculatioricalculation B, the following configura- when plotting the dipole polarizability vs the ionization de-
tions were considered: gree for the different ioans of Cd quoted in the tables of Fraga

2 _ _ et al), i.e., ag=8.098&,°. Adopting the value otyy as com-
50°+5sns(n=6-12 +5snd(n=5-12 puted by Fragat al.%éoa, would lead to a marginal decrease
+5p?+5pnp(n=6-8 +5pnf(n=4-9§ of the lifetime valuega decrease in fact smaller than 4.6%
+5d°+5dns(n=6-8 +5dnd (n=6-9

5snp(n=5-12 +5snf(n=4-12 +5pns(n=6-9
+5pnd(n=5-8 +5dnp(n=6-9
+5dnf(n=4-9).

Core-polarization effects were incorporated in the calcu-

The cutoff radius has been calculated as equal+dl.240.
The scaling factor adopted for the Slater integrals was also

and 0.75.
Nd-YAG
:O> Monochromator W— Amplifier |5
Delay FIG. 6. Experimental setup used for branch-
Oscilloscope ing ratio measurements. See the text for more
details.
Fy

OMA 111 —
| Computer |
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Cdll5p*P, = 5s°S,,
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- 2 e g 2
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T 30
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£ ¢ cdl _ _
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> 20 22\8.8 nm 2 ,
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£ i N ¥
or e 500 ns
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The corresponding results are given in Table | under theip ton=12. The energies of the experimentally known levels
heading B. The calculated results appear systematicallgre rather well calculated and the agreement theory—
lower (but in a uniform way than the experimental results. experiment was only slightly improved via a fitting proce-
This could be due to an underestimation of the core-dure. In fact, the levels up to=10 (n=9 for nf serie$ were
polarization effects in the calculation B. included in the least-squares fitting, the levels of higher en-

We give in Table I, the weighted transition probabilities ergies being less accurately knoysome are indicated with
and oscillator strengths of the lines depopulating the levela question mark in the NBS tab)es
for which the lifetimes have been measured in the present The scaling factors of th&*, G¥, and R¥ integrals(not
work. We report also the transition probabilities and oscilla-optimized in the least-squares fittingrere chosen equal to
tor strengthgNORM) obtained using the experimental life- 0.85 while the spin-orbit parameters were left at thegir
times and the HFR branching fractions calculated in thenitio values. The theoretical HFR lifetime valuésalcula-
present work. tion C) obtained in the present work are summarized in Table

Il (column 3.
It was also verified that extending the Rydberg series up
B. HFR calculations in Cd to n=16 introduces in fact a change on the lifetime values

The ground state configuration of G@ds 4d'%s?S, ,,. The smaller than 1%. In addition, increasing the dipole polariz-
i iati ? ability by 10%, i.e., adoptingry=6.235a,> and using the
energy levels reported in the NBS compilati&?®] are taken y by » 1€, plNngry =« 8 ar g
essentially from old analyses by von S4B, and by Shen- same set of configurations as in calculation C does not
stone and Pittengg67]. They belong to the configurations change the lifetime value ofs8S; ,, hardly changes the val-
4d%s (n=5-13, 4d%p (n=5-13, 4d'%d (n=5-14, ues of 512D states(increase by about 1.5¢@nd increases

4df (n=4-11), 4d'%g (n=5-11), 4d°52, and 4i%s5p.  the lifetime values of b ?P° states by about 4.0%.

Several calculations have been performed fon@ansi- N the next calculatioricalculation D, the following con-
tion probabilities. We used the HFR method as coded byigurations were considered:
Cowan[53]. 10 _ 10 _ 10 _
In the first calculatior(calculation G the following con- ~ 4d"ns(n=5-8 +4d"nd (n=5-8 +4d"ng (N=5-9
figurations were considered along the Rydberg series: + 409582 + 4d%5s6s + 4d°5s5d + 4d°5s6d
4d¥%s(n=5-12 +4d'%d (n=5-12 + 4d%p? + 4d%5p6p + 4d°5paf + 4d°5p5f
+4d®ng (n=5-12 + 4d'%ni (n=7-12 + 4d°5p6f + 4d°5d? + 4d°5d6s + 4d°5d6d
and and

4d¥%p (n=5-12 +4dnf (n=5-12
+4dh (n=6-12.

Core-polarizationCP) effects were introduced in the cal- 9 5 ° 9
culations in the following way. The static dipole polarizabil- + 4d°5pSd + 4d°5p6d + 4d°5d6p + 4d"5d4f
ity of Cd i was that computed by Fragsd al. [53], i.e., ag + 4d°5d5f .
:5.668a03. The cutoff radiusr, was chosen equal to
1.240a, and corresponds to the mean valupof the outer-  Core-polarization effects were incorporated in the calcula-
most orbital 41 in the configuration d'°. As we were inter-  tions by considering the dipole polarizability of the core cor-
ested in Rydberg states, the configuration sets were extendeesponding to Cdr as computed by Fraget al. [55], i.e.,

4d%p (n=5-98 + 4df (n=4 -8 + 4d°5s5p
+ 4d°5s6p + 4d°5s4f + 4d°5s5f + 4d°5p6s
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TABLE IV. Cd u: oscillator strengths and transition probabilities for the transitions depopulating the levels measured in the present work.
We give the HFR resultécalculation 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
Experiment,gA (10° s71) Theory
HFR NORM Previous works
Transition rA) Exp. 1 Exp.2 loggf gA(10®s?) CF loggf gA(10®s™h log gf
5p2P°,,-55%S,,, 2265.02 6.2+0.2 6.7+0.8  -0.29 6.68 -0.751 -0.32 6.24  -B-B636°-0.33
5p2P°%,,-55%S,, 2144.39 16.0%0.5 16.8+2.0 0.04 15.7 -0.746 0.05  16.0 -B-043°.07°
6s%S,,,5p2P%,, 2572.93 3.5+0.5 -0.41 3.97 0.860 -0.45 359  -B.51
6s%S,,-5p2P%,, 2748.55 52:0.4 -0.14 6.51 0.853 -0.18 589  -0.23
5dDgy-5p ?P%, 2194.55 18.2+1.6 0.27 26.0 0789 014  19.1 9.12
5d?Dy-5p 2P%,, 2321.05 4.0+0.3 -0.45 4.41 -0.784 -0.58 323  -0.57
5d ?Dg,-5p ?P%,, 2312.75 35.0%0.7 35.3+4.2 0.51 40.0 0.788 045 355 .39
5822Dy,;,-5p2P%,, 3250.29 0.14%0.01** -1.58* 0.15*
58?2D,,-5p 2P%), 3535.67 0.04+0.01** -2.25* 0.03*
582 2Dg;,-5p 2P%,, 4415.65 0.08+0.01 -1.44* 0.10*
*Quasirelativistic quantum defect orbital formalism with @R2].
bSingle-electron approximation with QR4].
“Relativistic single-configuration Hartree-Fock method with [@B].
dcoulomb approximation, Hartree-Slater cor, 28].
aq=3.914,° and the cutoff radius has been calculated as A. Cdi
equal tor.=1.190. Our lifetime for the 55p!P° Cd level is in a good

The corresponding results are given in Table Il under theygreement with the data obtained by beam-foil spectroscopy
heading D. Theory anzd experlment agree W|th|n_the errors ifyitn multiexponential decay curve analy§i4] and by the
we except the level "D, for which the theoretical result Hanle effect method7]. For the Sns®S; series, our results

is somewhat smaller than the experiment. _ agree well with those derived by the delayed-coincidence
The theoreticaf values deduced in the calculation D are pethod with pulsed electron excitatigh7].

reported in Table IV. We report also in the same table the Rggiative lifetimes of unresolvedd 3D terms have been
oscillator strengths and transition probabilities normalized byyetermined using the beam-foil spectroscdpy] and the
considering the experimental lifetimes as obtained in thgje|ayed-coincidence method with pulsed electron excitation
present work and the HFR branching fractions. They arilﬁ,lﬂ- Our results fornd®D, , Cd states are in a good
quoted in Table IV under the heading NORM. In the case ofygreement with these experimental data. Lifetime values for
ZZ%ES?%UIMIO”S of oscnl%tor dstreng]Ehs fc;r Be'utler S:_atesns381 andnd3D1'2 Ievel§ measured by the LIF methpt]
32,52 W€ consiaered conhguralion Interaclion gre however, systematically smaller than our measurements.
among the following configurations: In this experiment a stepwise excitation was realized. Elec-
4d%5p? + 4d%5s6s + 4d%6s? + 4d°5p6p tron excitation of the p °P% , Cdi metastable states in a cw
discharge was used as a first step, while the laser excitation
and from these metastable states was performed as a second step.
40°5s5p + 4054 + 4d56p The difference between our data and the experimental results
of Ref.[19] might possibly be due to collisional deexcitation
(calculation B. in the discharge, used in R4fl9].

When considering the numerical values of Table I, it is
observed that the radiative lifetime values of the excited
The radiative lifetimes for Cd Cdu excited states, mea- states belonging to thed ®D multiplets are increasing with

sured and calculated in the present work, are presented increasingJ values. Oscillator strengths for Cdsnp>P°-
Tables | and Ill. In Tables Il and IV, results for oscillator Ssndg’Dl’2 and 5ns’S;-5snp®P° transitions calculated in
strengths(gf, g=2J+1, whereg is the statistical weight of the present work and normalized using the new experimental
the lower level of the transitignrand transition probabilities values of radiative lifetimes are presented in Table Il where
(gA, g=2J3+1, whereg is the statistical weight of the upper previous results are also shown. The HFR theoretical life-
level of the transitiopnare presented and are compared withtimes obtained in the present work appear systematically but
previous results. coherently smaller than the experimental measurements ex-

IV. DISCUSSION OF THE RESULTS
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cept for the higher members of timel series. the theoretical result appears, however, somewhat smaller
than the experimental one for the &, level. In Table IV,
B. Cdu oscillator strengths and transition probabilities of-5p,

5p-6s, 5p-5d, and P-4d%5s? transitions, calculated and mea-
sured in the present work as well as normalized by experi-

oI[n i . .
2 L . ental lifetimes are presented and compared with previous
the &°S,, level of Cd is in a good agreement with the o s The experimental transition probability data, ob-

value measured by beam-foil spectroscopy, with mUItIeXpO'tained in the present work, presented under the headings

nentlall tre?t:jnetnt O.f dgczl;\y E#rvgsf]. Tdhe I|_fet_|(rjne of the th ‘{‘Fxp. 1” and “Exp. 2" agree very well, with the exception of
same level determined by the delayed-coincidence methogl, ‘oo < e 0 EZD3,2 state.

I[alf]evylttr;wgr?ncs)e:e(r:g;/eltelgrcr::aorg e.gc'rtzt'Qnr}c')fmrgct’.fnth:naﬂgg In Ref. [45], several theoretical approaches were
9 . ur- resuft. e : : : Vallable  sed  for oscillator strength calculation of resonance
about this experiment but it can be supposed that the tim

2
. . S S,/
resolution of the setup was not sufficient for measurement o, 0 2P°1/z,3/25petha| lines but, in Table IV, we report only the

short lifetimes. Tzhis hypothesis is cqnfirmed by the fact thatRHF+CP results. Similar considerations apply to the results
our rgsult .for 6°S,/, agrees well with the single-channel of Ref. [42] (5p-5d and H-6s transitiong and the results
quasiclassical theoretical valgad). dreported in Table IV were obtained with the quasirelativistic

2po H
b E]s t?gaz—lfg‘f/?n i?ﬁbgﬁ'lﬁgdsiﬁfse|2i§intieﬁgt?nei§gnr-e guantum defect orbital formalism with polarization effects
y ! ] P """ included. In both cases, large discrepancies are observed

cidence techniquédll. In both experiments, measurementswhen comparing these results with our experimental and the-

were carried out using an unresolved multiplet. These ValueSretical values. This emphasizes the difficulty to perform ac-

a[f;ﬂ;:fgﬁirﬁtr?]i}?hgzojveasmjgguﬁg dlinn th:ﬂpggf%\; \é‘/;;kr'_ Th rate calculations of radiative parameters in the heavy neu-
P Ree] tral or singly ionized atoms.

mination of radiative lifetimes of the ®°P°; 232 levels. In
this experiment, the cascades from tl€5? °D levels were
taken into account, but not froms6S; 5, 5d “Ds, 5/, levels V. CONCLUSIONS
(see Fig. 1 from which the main cascade repopulation does
occur. This could explain why the radiative lifetimes of Ref.  The results of the present experiment are compared with
[12] are larger than our results. This is confirmed by the goodheoretical calculations of lifetimes using a multiconfigura-
agreement between our results and those obtained either kipnal relativistic Hartree-Fock method, taking core-
the Hanle method applied to cadmium ions produced in golarization effects into account. A good agreement between
discharge of He-Cd mixturg¢36] or by the level-crossing the measured and the calculated lifetime values is obtained.
method on a fast ion beagmeasurement of radiative life- As both in Cd and Cdu, transition probabilities and oscil-
time of 5p 2P, excited statg[34]. The beam-foil method lator strengths available in the literature concern only a lim-
was also used for life time measurement pf°8°,, 5,lev-  ited number of transitions, generally connecting levels of low
els [33] with a multiexponential or an ANDC treatment of excitation (see, e.g., Ref[7]), we have deduced in the
the decay curves. The cascades frasi%,, and 51°D,, 5,  Present work a set of transition probabilities and oscillator
levels were adequately taken into account. Laser excitatioatrengths for the transitions depopulating the levels of inter-
was also employed in the same experiment. Both the resulgst. For that purpose, we have combined, fon @@ experi-
deduced using nonselective and selective excitation agregental lifetimes and the theoretical branching fractions and,
within the error limits with our measurements. The data fromfor Cdu, the experimental lifetimes and measured branching
Ref. [33] presented in Table llI, correspond to selective ex-fractions. The agreement observed between the normalized
citation. Cdu transition probabilities and those deduced from LIBS
An unresolved multiplet was used in a beam-foil experi-measurements strongly supports the new set of results pro-
ment to measure radiative lifetimes ofi 8D, 5, levels ~ posed in the present paper.
[14]. Cascade repopulation is the possible explanation for the
discrepancy observed between the value of Refl and our
measurement. A level crossing experiment on a fast ion beam ACKNOWLEDGMENTS
was applied for measurement of radiative lifetimes of
5d 2D3,2 and of the unresolved ternd3D [34]. These results The experimental part of this work is supported by the
agree, within the error bars, with our measurements. Th&uropean Community, under the program “Access to Re-
beam-foil method was applied for measurements of radiativeearch Infrastructures,” Contract No. HPRI-CT 1999-00041.
lifetimes of 52D3/2,5/2 states, using multiexponential treat- K. Blagoev, G. Malcheva, V. Pentchev, and E. Biémont are
ment of decay curvel83]. These results were included in the grateful to their colleagues from the Lund Laser Center for
ANDC analysis of the decay of P, 5, levels, per- their kind hospitality and support. We would like to thank
formed in this work. Professor M. C. Sanchez Trujillo and her group Dpto. Fisica
The agreement theory.e., HFR metho@lexperiment for de los Materiales, Univ. Complutense de Madrid for making
Cd radiative lifetimes obtained in the present work is good;in their laboratory the necessary alloys for this experiment.

The Cdi radiative lifetimes are reported in Table llI,
where they are compared with previous results. Our result f
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