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ABSTRACT

Absolute transition probabilities have been measured for lines originating from the 5d°6d
and 5d°7s electronic configurations in the spectrum of singly ionized gold (Au ). The laser-
induced breakdown spectroscopy has been applied to free gold atoms and ions produced by
laser ablation. Absolute transition probabilities have been determined using the branching
fraction and the Boltzmann plot methods. Theoretical branching fractions as well as radiative
lifetime values have also been obtained by a relativistic Hartree—Fock method taking core
polarization and configuration interaction effects into account. The new results are compared
with previous results when available.
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1 INTRODUCTION

The investigation of stellar abundances of heavy elements, includ-
ing gold, is important in astrophysics in relation with nucleosyn-
thesis processes. In that field, new determination of accurate tran-
sition probabilities for singly ionized gold (Au) lines is needed
and timely, particularly for the analysis of chemically peculiar (CP)
stars spectra.

Au1l lines have indeed been identified in Ap and Bp stars
(Fuhrmann 1989; Adelman 1994; Castelli & Hubrig 2004). The
overabundances of some heavy elements, including gold, have also
been extensively discussed in the literature (Wahlgren et al. 1995;
Brandt et al. 1999; Wahlgren et al. 2001; Castelli & Hubrig 2004)
and these investigations emphasize the need for additional determi-
nation of atomic parameters, particularly for singly ionized gold.

In plasma physics, gold is used as an active medium in metal
vapour lasers. Numerous laser transitions, in the spectral range 253—
763 nm, have been observed when exciting a helium discharge in
a gold-plated hollow cathode by Reid et al. (1976). Consequently,
the determination of accurate radiative parameters of Au 11 excited
states, including transition probabilities, is of great interest.

Transition probabilities and oscillator strengths in the spectrum
of singly ionized gold are rather sparse, particularly on the experi-
mental side.

Transition probabilities of two-electron 5d®(n+1)s>~5d°(n+1)p
transitions in Au II spectrum have been evaluated in a Hartree—Fock
approximation (length and velocity forms of the transition operator)
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by Blagoev et al. (1990). The radiative lifetimes of 11 excited states
belonging to the 5d°6p electronic configuration of Au have been
measured by Beideck et al. (1993) with the beam—foil spectroscopy
method. Theoretical lifetimes have been calculated by the same au-
thors using the Cowan’s codes (Cowan 1981). Radiative lifetimes of
excited states belonging to the Au 11 5d°6s, 5d°6p and 5d°7s configu-
rations and the transition probabilities of 5d°6s—5d°6p, 5d'°-5d°6p
and 5d°6p—5d°7s transitions have been obtained theoretically us-
ing a Hartree—Fock method in intermediate coupling by Loginov &
Tuchkin (1998). In the paper of Rosberg & Wyart (1997), gf val-
ues for some transitions arising from the 5d°7p, 5d%6s6p, 5d°6p,
5d°7s, 5d8s, 5d°6d and 5d’6s26p configurations of Au Il have been
calculated by Cowan’s computer codes. Theoretical transition prob-
abilities and oscillator strengths obtained with a method of super-
position of configurations (length and velocity formalisms) have
been published for 5d!°-5d°6p and 5d°6s—5d°6p transitions of Au 1t
by Bogdanovich & Martinson (2000). In the same work, theoreti-
cal radiative lifetimes of the upper 5d°6p states of the investigated
transitions have also been reported.

More recently, Zhang et al. (2002) reported the lifetimes for three
of the 5d°6p excited levels of Au 1l measured with the time-resolved
laser-induced fluorescence (TRLIF) method. The same lifetimes and
the gf values for the 5d°6s—-5d°6p transitions have been computed
by a relativistic multiconfiguration Dirac—-Fock (MCDF) method.
Very recently, Fivet et al. (2006) measured the radiative lifetime
of one 5d°6p level of Auil using the TRLIF technique as well, a
lifetime which was found in agreement with the theoretical value
obtained in the same paper by a relativistic Hartree—-Fock (HFR)
method taking core polarization and configuration interaction effects
into account. In the same paper, oscillator strengths for sixty-three
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Figure 1. Schematic energy diagram of Au1. Only the few configurations
of interest for this work are plotted on the figure.

5d°6s-5d°6p, 5d°6p—5d°7s and 5d'°-5d°6p ultraviolet transitions
have been obtained.

In this paper, we report on transition probabilities for spectral lines
of astrophysical interest emitted from 6d and 7s configurations of
Au1 (Fig. 1), transitions which, up to now, have not been considered
experimentally. Some of the transitions included in the line list are
of special interest for laser physics.

This work on Au 11 is the continuation of a long-term effort for im-
proving the radiative data for heavy elements belonging to the sixth
row of the periodic table. Some of the results obtained previously
are stored in a data base created on a web site of Mons University
(Fivet et al. 2007) (data base Database on Sixth Row Elements at
the address: http://www.umh.ac.be/~astro/desire.shtml) where the
relevant references can be found.

2 EXPERIMENT

The measurements were carried out using the laser-induced break-
down spectroscopy (LIBS). A schematic diagram of the experimen-
tal setup is shown in Fig. 2. This experimental arrangement is similar
to the one used in our previous works (Campos et al. 2005; Ortiz
et al. 2007). Consequently, only a brief description is given here.
Free gold atoms and ions were produced by laser ablation using
a Nd:YAG laser (YG 585 Quantel) at 1064 nm wavelength with
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Figure 2. Experimental setup for branching fraction measurements (for a
detailed description, see the text).
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Figure 3. Time evolution of gold plasma. The relative intensities of some
line are plotted as a function of the wavelength for different values of the
delay (100-500 ns).

7 ns pulse duration at 20 Hz and 160 mJ pulse energy. The plasma
is generated by focusing the laser beam on to the sample surface.
The rotating target, made of 99.9999 per cent pure gold, was placed
in a vacuum chamber filled with Ar at 8 Torr pressure. The light
emission from the plasma was directed on to the entrance slit of a
1-m grating Czerny—Turner monochromator with 2400 groves/mm
and 0.03 nm resolution. The gold spectrum was registered by a
time-resolved optical multichannel analyzer system (OMA 111, EG&
G) having 1024 channels. This system allowed the recording of
10-nm spectrum sections. Every spectral region was registered after
different delay times (i.e. 100, 200, 300 and 500 ns, respectively)
following the laser pulse (Fig. 3). The examination of the plasma
evolution with time provides the possibility of choosing the optimal
value of this delay by retaining the best signal-to-noise ratio. We
adopted the spectra registered at 200 ns after the laser pulse for
the determination of the experimental transition probabilities. The
experiment was carried out with a glass filter placed in front of the
entrance slit of the monochromator allowing, in this way, to avoid
the possible influence of the second order spectra.

The calibration of the spectral response of the experimental sys-
tem and of the OMA photodiode array was determined according
to the method described in our previous paper (Xu et al. 2004). The
total error due to the calibration of the system is estimated at about
6 per cent.

In addition to Ar, the experiments were also carried out using Ne
as buffer gas in order to detect Ar lines that could be responsible of
blending problems with Au lines.

The spectral lines were analysed using a special software allowing
to deduce the main line parameters, that is, the intensity, the width
at half maximum, the Gaussian and the Lorentzian components of
the profiles. With this programe, it was possible to calibrate the
spectrum to substract the background and to separate the overlapping
or closely spaced spectral lines. The intensities from 10 different
measurements were averaged to determine the final value of each
line.

The experimental relative transition probabilities were normal-
ized using the theoretical estimates of the radiative lifetimes of the
upper levels of the transitions as calculated in this work (see Sec-
tion 3). The corresponding HFR lifetimes are reported in Table 1.

The transition probabilities for some of the transitions investi-
gated in this work were determined using a Boltzmann plot. The
hypothesis of local thermodynamic equilibrium (LTE) was made
involving that the Saha and the Boltzmann laws were valid. For
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Table 1. HFR lifetime values (in ns).

E(@m 1  Level® 7 (ns)? E(em N  Level 7 (ns)?

108 172.952 7s(5/2,1/2)3 1.651
108631.442 7s(5/2,1/2), 1.728
120822.927 7s(3/2,1/2); 1.644
121 118.779 7s(3/2,1/2), 1.708

118029.272 6d(5/2,5/2); 1.500
118168.022 6d(5/2,5/2)s 1.649
120269.507 6d(5/2,5/2)9 1.614
129287.875 6d(3/2,3/2); 1.269
129560.535 6d(3/2,3/2); 0.981
129918.201 6d(3/2,5/2); 1.176
130198.661 6d(3/2,5/2)4 1.575
130266.093 6d(3/2,3/2), 1.277
130464.446 6d(3/2,5/2), 1.277
130749.252 6d(3/2,5/2); 1.612
131563.734 6d(3/2,3/2)9 1.491

116050.55  6d(5/2,3/2); 1.012
116946.327 6d(5/2,3/2)4 1.011
117065.629 6d(5/2,3/2), 1.080
117297.679 6d(5/2,5/2); 1.513
117346.060 6d(5/2,5/2)s 1.529
117511.998 6d(5/2,3/2); 1.084
117983.169 6d(5/2,5/2)3 1.526

“From Rosberg & Wyart (1997)
YHFR values: this work.

satisfying the LTE hypothesis, the criterion proposed by Griem
(1964) (see also Thorne 1988) was adopted:

3
N. > 9.10" L
\ 13.6

, M
where N, is the electronic density in cm™, T is the temperature
expressed in K and AFE is the maximum energy difference in eV.

Considering that the ionic broadening parameter is negligible
because its weight is generally lower than 2 per cent, it is possible
to determine the electronic density by the formula:

A

N. = 10‘6A— 2)
w

AE
13.6

where w is the Stark broadening that can be found in the literature and
AA is the FWHM of the spectral line profile. Using the Boltzmann
equation, the following formula can be written as

1 ! Eupper +C 3)
n|f — | =—— s
gA kT

where C is a constant.

For obtaining the plasma temperature, a Boltzmann plot has to
be considered, that is, a plot of In({/gA) versus the energy of the
upper level of the transition (Fig. 4). The plasma temperature can be
obtained from the slope of this plot. Some of the transition probabil-
ities of the spectral lines investigated in this work were determined
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Figure 4. Boltzmann’s plot for Au1. The estimated plasma temperature is
18700 £ 2000 K.
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using equation (3). They are marked with an asterisk in Column
6 of Tables 2 and 3. The plasma temperature was assumed to be
T = 18700 % 2000 K and the adopted electron density was N, =
(1.51 £0.28) x 107 cm™3. Since the limit for the Griem criterion is
3.4 x 10'® cm™3, we can conclude that our plasma satisfies the LTE
hypothesis.

The value of the temperature was derived from a Boltzmann plot
for Au 1 (Fig. 4) obtained with the line intensities of the present ex-
periment and the transition probabilities calculated in this work. The
lines used were 6s(3/2,1/2),-6p(5/2, 3/2), 5, 6p(5/2, 3/2),—6d(5/2,
5/2)3, 6p(5/2, 3/2),—6d(5/2, 5/2),, 6p(5/2, 1/2),—7s(5/2, 1/2);
and 6p(5/2, 1/2);—73(5/2, 1/2),. By means of the Saha equation,
we can infer that the plasma composition is N(Au1)/N(Au I) =~
309 and N(Aum)/N(Au1) =~ 0.91.

The possible presence of self-absorption effects in the plasma was
evaluated by considering the estimated electron density. Once the
total density of Au 1l was deduced from the corresponding densities
of the different species present in the plasma, the intensity of the
absorption line could be integrated along the profiles for all the lines
observed in the plasma. In fact, we calculated the ratio between the
observed intensity and the one emitted by an optically thin plasma
(the condition being that the optical depth is much lower than 1
(Thorne 1988)), that is,

KO\)D « 1, 4

where K(1) is the self-absorption coefficient and D (expressed in
cm) is the plasma thickness (estimated to be around 1 mm in our
experiment). If this ratio exceeds 0.97, which would be equivalent to
a self-absorption lower than 3 per cent, the plasma can be considered
as optically thin. Since the largest effects were found to be lower
than 3 per cent [for the Au1r line at 192.457 nm with K(A) = 0.28],
we may consider that the self-absorption effects are negligible for
the investigated transitions.

3 HFR CALCULATIONS

Goldis aheavy atom (Z = 79) and performing accurate atomic struc-
ture calculations in Au 1l requires that both relativistic and correla-
tion effects are considered simultaneously. In the framework of the
HFR approach (Cowan 1981), the relativistic corrections were the
mass-velocity, the one-body Darwin terms and the Blume—Watson
spin-orbit interaction. The latter contribution includes the part of the
Breitinteraction that can be reduced to a one-body operator. The cor-
relation effects were included in different ways following the type
of interactions, that is, valence—valence or core—valence contribu-
tions. Core—valence interactions were taken into account through a
polarization model potential and a correction to the dipole operator
according to a well-established procedure (see e.g. (Quinet et al.
1999)) giving rise to the HFR + Core-poralization (CPOL) method.

The calculations in Aull have been described previously (Fivet
et al. 2006) and, consequently, only a short summary of these cal-
culations is reported here.

The configurations retained explicitly in the model were: 5d'°,
5d°6s, 5d°7s, 5d°8s, 5d°6d, 5d°7d, 5d36s2, 5d%7s?, 5d36p?, 5d%7p?,
5d%6s7s, 5d%6s6d, 5d76s%6d and 5d76s6p? (even parity), and 5d°6p,
5d97p, 5d°5f, 5d°6f, 5d86s6p, 5d86s7p, 5d86s5f, 5d36s6f, 5d76s26p,
5d76s25f and 5d”6s6f (odd parity). The level values adopted for the
fitting procedure were taken from Rosberg & Wyart (1997). These
authors have thoroughly investigated the Au1l spectrum and their
analysis includes 450 classified lines and 120 energy levels. 37 even
levels and 84 odd levels were retained in the fit of this work. The
parameters (slater integrals) not adjusted in the calculation were
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Table 2. Transition probabilities for 5d°6p—5d°7s lines of Au11. Only the transitions for which the values of gz Ay; are larger than 0.05 x 108 s~! are quoted.

Lower level Upper level 2 AL(108 571

A(nm)? E(cm~1)* design E (cm™ e design Exp. HFR Previous

221.56398 63053.318 6p(5/2,1/2), 108 172.952 7s(5/2,1/2)3 8.44 +0.54 15.07 15.24,2 1526, 15.26¢
231.574 62 65003.594 6p(5/2,1/2), 9.41 +0.97 7.55 7.67,7.84,° 8.05¢
280.203 55 72495.129 6p(5/2,3/2), 192+1.7 14.18 14.76,0 14.42,¢ 14.424
285.673 96 73178.291 6p(5/2,3/2), 0.57 £0.11 0.30 043, 0.42,° 0.35¢
299.480 03 74791.477 6p(5/2,3/2), 476 £0.76 521 5.03,2 553, 5.46¢
317.23501 76 659.700 6p(3/2,1/2), 0.06 + 0.01 0.02 0.02,% 0.02,¢ 0.03¢
219.33498 63053.318 6p(5/2,1/2), 108 631.442 78(5/2,1/2), 0.44 + 0.06 0.85 0.94, 0.85,° 0.85¢
229.14073 65003.594 6p(5/2,1/2); 10.90 £ 0.96 13.30 13.30,% 12.30,¢ 12.10¢
281.97993 73178.291 6p(5/2,3/2), 8.49 + 0.68 6.96 6.66,7 7.25,¢ 7.20¢
283.784 84 73 403.839 6p(5/2,3/2), 3714092 3.34 3.45,93.65°3.15¢
295.42223 74791.477 6p(5/2,3/2), 4.11 £ 0.65 3.38 3.66,2 3.60,€ 3.90¢
312.685 56 76 659.700 6p(3/2,1/2), 0.41 +0.05 0.23 0.20, 0.15,° 0.25¢
370.654 69 81659.828 6p(3/2,1/2); 0.71 +0.10 0.63 0.70, 0.35,° 0.407
436.104 04 85707.570 6p(3/2,3/2), 0.15 +£0.01 0.22 0.24,2 0.05,¢ 0.15¢
209.82058 73178.291 6p(5/2,3/2), 120 822.927 7s(3/2,1/2) 0.28 +0.03 0.32 0.25,20.78,° 0.457
226.362 68 76 659.700 6p(3/2,1/2), 7.90 £ 2.70 8.82 8.80, 8.22, 8.49¢
255.265 80 81659.828 6p(3/2,1/2), 1.08 £0.19 1.47 1.38,21.35,2.524
261.639 32 82613.781 6p(3/2,3/2), 226 +0.44 1.94 1.90,% 1.98,c 1.98¢
284.692 02 85707.570 6p(3/2,3/2), 371 +£0.94 3.00 2.99.2 3.60,c 2.73¢
291.82347 86565.667 6p(3/2,3/2), 3.07 £0.42 2.52 2.59,02.91,¢ 2.944
208.525 61 73178.291 6p(5/2,3/2), 121118.779 78(3/2,1/2), - 0.38 0.18,% 0.02,° 0.40¢
209.51138 73 403.839 6p(5/2,3/2), 225+ 0.29 * 2.93 325,255 3.65¢
224.85621 76 659.700 6p(3/2,1/2), 71422 % 5.93 6.03,2 6.45° 6.10¢
253.35176 81659.828 6p(3/2,1/2), 3.58 +0.42 * 421 37723952754
282.254 62¢ 85700.201 6p(3/2,3/2), 13.0 £ 2.0 10.53 10.54,7 10.65,¢ 11.00¢
282.31335 85707.570 6p(3/2,3/2), - 1.15 145, 0.80,c 1.25¢
289.324 68 86565.667 6p(3/2,3/2), 432 +£0.81 * 3.80 3.64,2 4.15,¢ 4.20¢

*Obtained from Boltzmann’s plot.
“From Rosberg & Wyart (1997).

The underlined wavelengths are of special interest for laser physics (see the text).

’From Rosberg & Wyart (1997).

“From Loginov & Tuchkin (1998): the parameters used in the calculations were obtained from a Newton’s method.
4From Loginov & Tuchkin (1998): the parameters used in the calculations were obtained by a least-squares fit.

Exp.: this work.
HFR: this work.
¢Blended with A 282.313 35.

scaled down by 0.85 while the spin-orbit integrals were kept at their
ab initio values. The mean deviations obtained reached 66 cm™!
(even parity) and 194 cm~! (odd parity), respectively. The value
of the dipole polarizability was adopted from Fraga, Karwowski &
Saxena (1976), that is, oy = 4.45 au, while the cut-off radius, which
corresponds to the mean value < r> of the outermost orbital of the
core 5d’, was chosen equal to r. = 1.47 au.

The Au HFR lifetime values reported by Fivet et al. (2006) for
the 5d°6p configuration were found to agree well with experiment
(Beideck et al. 1993; Zhang et al. 2002), the only exception being
the level at 85708 cm™'. For 76 660 cm™', the HFR value, in good
agreement with the MCDF value, confirmed the laser-induced fluo-
rescence measurements of Zhang et al. (2002) but not the beam—foil
measurement of Beideck et al. (1993). The lifetimes calculated by

Bogdanovich & Martinson (2000) and, to a lesser extent, by Bei-
deck et al. (1993) (HFR approach), were found systematically to be
too low (lower than all the other results), the discrepancies being
attributed to the rather simple model adopted by these authors that
did not take the CPOL effects into account.

The oscillator strengths of the 5d°6p-5d°6d and 5d°6p-5d°7s
transitions of Aull are reported in Tables 2 and 3. In our previous
paper, the HFR oscillator strengths for the 5d°6s—5d°6p transitions
did agree quite well with the MCDF results. Large discrepancies
with the results of Rosberg & Wyart (1997), also obtained with
Cowan’s code, were observed and could be explained by the fact
that Rosberg & Wyart (1997) have considered, in their calculations,
a very limited number of configurations (in fact the configurations
observed experimentally) and have not retained the CPOL effects.

© 2007 The Authors. Journal compilation © 2007 RAS, MNRAS 380, 1581-1588
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Table 3. Transition probabilities for 5d°6p—5d°6d lines of Au11. Only the transitions for which the values of gzAy; are larger than 0.05 x 108 s~ are quoted.

Lower level Upper level gkAri (108 s71)
A(nm) E (cm™ 1 design E (cm™ 1 design Exp. HFR Previous®
188.689 10° 63053.318 6p(5/2,1/2); 116 050.55 6d(5/2,3/2), - 27.42 31.10
233.180 73178.291 6p(5/2,3/2); 1.58 £0.21¢ 1.41
234414 73403.839 6p(5/2,3/2); - 0.57
253.791 76 659.700 6p(3/2,1/2); - 0.10
290.692 81659.828 6p(3/2,1/2)i - 0.07
192.51972° 65003.594 6p(5/2,1/2); 116 946.327 6d(5/2,3/2)4 56 + 134 80.98 96.66
224.896 06° 72495.129 6p(5/2,3/2)2 42+ 1.8 3.86 5.25
237.148 220 74791.477 6p(5/2,3/2); 43+ 1.1¢ 4.11 451
185.081 63053.318 6p(5/2,1/2); 117 065.629 6d(5/2,3/2), - 32.32 42.58
192.016 65003.594 6p(5/2,1/2); 64+ 1.7¢ 6.36
227.787 73178.291 6p(5/2,3/2); - 1.06
236.478 89° 74791.477 6p(5/2,3/2); 99+2.7¢ 6.42 6.55
327.776 86565.667 6p(3/2,3/2); 0.10 £ 0.02¢ 0.01
184.289 63053.318 6p(5/2,1/2); 117297.679 6d(5/2,5/2), - 3.38 5.53
226.587 63b 73178.291 6p(5/2,3/2); 3.07 £ 0.92¢ 3.61 4.01
227.75206>¢ 73403.839 6p(5/2,3/2)? 12.5 £2.9¢ 9.34 10.69
280.517 840 81659.828 6p(3/2,1/2)? 2.27 £0.30¢ 2.72 3.08
316.46321° 85707.570 6p(3/2,3/2)c1 0.46 £ 0.08* 0.71 0.78
222.89151%¢ 72495.129 6p(5/2,3/2)j1 117 346.06 6d(5/2,5/2)5 629 £7.1¢ 71.80 84.71
183.564 63053.318 6p(5/2,1/2); 117511.998 6d(5/2,3/2)3 - 23.27 27.95
190.383 65003.594 6p(5/2,1/2); 27.31 35.05
222.069 85° 72495.129 6p(5/2,3/2)z - 3.29 3.72
225.492 13b 73178.291 6p(5/2,3/2); 1.99 £ 0.39¢ 1.34 1.28
234.007 820 74791.477 6p(5/2,3/2); 9.6 £2.2¢ 9.09 10.60
181.989 63053.318 6p(5/2,1/2); 117983.169 6d(5/2,5/2)3 - 0.08
188.690 65003.594 6p(5/2,1/2)§ - 5.00 5.53
219.769 43b 72495.129 6p(5/2,3/2)2 - 0.45 0.42
223.120 620 73178.291 6p(5/2,3/2); 254 +£52¢ 27.25 32.87
231.454 850 74791.477 6p(5/2,3/2)§ 17.5 £4.5¢ 11.94 15.31
241.919 66> 76 659.700 6p(3/2,1/2); - 0.99 1.09
181.897 65° 63053.318 6p(5/2,1/2); 118029.272 6d(5/2,5/2), - 2.96 1.03
188.587 86" 65003.594 6p(5/2,1/2); - 2.28 1.30
222.89151b¢ 73178.291 6p(5/2,3/2); 45.9 4+ 6.9¢ 17.35 2291
224.01791% 73403.839 6p(5/2,3/2)? 8.0 +£2.0¢ 7.41 8.38
231.208 020 74791.477 6p(5/2,3/2); - 0.59 1.50
241.650 15% 76 659.700 6p(3/2,1/2); 0.61 £ 0.08* 0.87 0.85
274.874 780 81659.828 6p(3/2,1/2)? - 1.34 2.07
309.299 87° 85707.570 6p(3/2,3/2)i 0.52 £+ 0.08* 0.48 0.68
188.095 69° 65003.594 6p(5/2,1/2); 118 168.022 6d(5/2,5/2)4 - 1.18 0.90
218.87977% 72495.129 6p(5/2,3/2)?1 16.87 21.06
230.468 420 74791.477 6p(5/2,3/2); 36.23 44.54
213.308 52° 73403.839 6p(5/2,3/2)? 120269.507 6d(5/2,5/2), 3.07 £ 0.45¢ 591 7.18
258.92500° 81659.828 6p(3/2,1/2)£1) 0.45 £ 0.09¢ 0.13 0.39
289.25079% 85707.570 6p(3/2,3/2)1 - 0.13 0.19
178.162 73178.291 6p(5/2,3/2); 129 287.875 6d(3/2,3/2), - 0.16
178.881 73403.839 6p(5/2,3/2)cl - 5.31 7.56
189.950 76 659.700 6p(3/2,1/2); 1.67 £ 0.55¢ 1.11
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Table 3 — continued

Lower level Upper level kA (108 571
A(nm) E (cm™h? design E (cm™h? design Exp. HFR Previous®
209.894 81659.828 6p(3/2,1/2); 3.27 +0.48° 3.54
214.2311 82613.781 6p(3/2,3/2), 1.30 £ 0.17¢ 3.50
229.39075% 85707.570 6p(3/2,3/2), 744129 7.28 7.63
233.999 86565.667 6p(3/2,3/2), - 254
177.300 73178.291 6p(5/2,3/2), 129 560.535 6d(3/2,3/2)3 - 3.27
189.033 00° 76 659.700 6p(3/2,1/2), - 62.11 72.63
227.927 85700.201 6p(3/2,3/2), 42+ 1.1 3.34
2325145158 86565.667 6p(3/2,3/2), 1.77 £0.28¢ 2.39 2.70
176.182 73178.291 6p(5/2,3/2), 129918.201 6d(3/2,5/2)1 - 0.18
176.885 73 403.839 6p(5/2,3/2); - 234
187.701 76 659.700 6p(3/2,1/2), - 2.26
207.151 83 81659.828 6p(3/2,112), 11.21 9.80
211.329 84b-h 82613.781 6p(3/2,3/2), 1324214 8.06 11.32
226.119 89? 85707.570 6p(3/2,3/2), 0.89 =+ 0.23¢ 0.98 248
230.597 86565.667 6p(3/2,3/2), - 0.25
153.327 65003.594 6p(5/2,1/2), 130 198.661 6d(3/2,5/2)4 - 0.26 0.12
224.657 200 85700.201 6p(3/2,3/2); 4754974 56.15 2.64
148.722 63053.318 6p(5/2,1/2), 130266.09 6d(3/2,3/2), - 0.1
175.108 73178.291 6p(5/2,3/2), - 0.44
175.863 547 73 403.839 6p(5/2.,3/2), - 6.21 7.14
186.544 90" 76 659.700 6p(3/2,1/2), - 8.55 17.09
205.668 64° 81659.828 6p(3/2,1/2), 354134 44 9.94
224318 85700.201 6p(3/2,3/2), - 1.9
224.355 85707.570 6p(3/2,3/2), 524 1.6 4.67
228.760 18” 86565.667 6p(3/2,3/2), 12.14 11.35
174.502 73178.291 6p(5/2,3/2), 130464.446 6d(3/2,5/2), - 0.67
175.192 73 403.839 6p(5/2,3/2), - 0.19
185.85727° 766 59.700 6p(3/2,1/2), 10.85 7.18
204.83296° 81659.828 6p(3/2,1/2), 12.84 10.74
223.324 85700.201 6p(3/2,3/2), - 0.07
223.359 965 85707.570 6p(3/2,3/2), 18.6 + 6.3% 12.85 18.03
227.726 430 86 565.667 6p(3/2,3/2), - 1.03 4.46
147.661 63053.318 6p(5/2,1/2), 130749.252 6d(3/2,5/2)3 - 0.39 0.17
173.698 697 73178.291 6p(5/2,3/2), - 0.19 0.16
184.878 46" 76 659.700 6p(3/2,1/2), 0.50 0.60
22191118 85700.201 6p(3/2,3/2); 82+ 1.1 10.72 12.93
226.25837° 86565.667 6p(3/2,3/2), 35.3 £8.4 29.9 35.87
171.880 73 403.839 6p(5/2,3/2), 131563.734 6d(3/2,3/2)o - 277 2.06
200.32025% 81659.828 6p(3/2,112), 1.65 + 0.27¢ 2.97 6.32
218.00491° 85707.570 6p(3/2,3/2), 1.32 +0.43¢ 0.85 2.28

Exp.: this work.

HFR: this work.

“Evaluated from Boltzmann’s plot.

bFrom Rosberg & Wyart (1997); otherwise from NIST atomic data base.
“From Rosberg & Wyart (1997).

4The transition at 227.752 06 is blended with the 6p—6d transition at A 227.787.
¢Blend of A 222.89 151 [6p(5/2,3/2)z—6d(5/2,5/2)5] with 222.89 151 [6p(5/2,3/2);—6d(5/2,5/2)2].
/Blend with the 6s>~6s6p transition at 214.29 467 nm.

¢Blend with the 6s>—6s6p transition at 232.57 108 nm.

"Blend with the 6s—6s6p transition at 211.35955 nm.

iBlend with A 223.324.
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Our calculations, which do include more correlation effects, are in
good agreement with the MCDF data of Zhang et al. (2002). Similar
considerations apply to the 5d'°-5d°6p transitions. A better agree-
ment with the calculations of Rosberg & Wyart (1997) is observed
for the 5d°6p-5d°7s transitions but it should be emphasized that,
for these transitions, CPOL effects are much smaller.

4 RESULTS AND DISCUSSION

The experimental and the theoretical transition probability values
obtained in this work are presented in Tables 2 and 3 for 6p—7s
and 6p—6d transitions, respectively, where they are compared with
previous results when available (Rosberg & Wyart 1997; Loginov
& Tuchkin 1998). The wavelengths and energy levels are taken
from Rosberg & Wyart (1997). The wavelengths taken from older
compilations (Harrison 1939; Zaidel et al. 1968) were also consid-
ered. Some wavelengths, not observed in Rosberg & Wyart (1997),
whose upper levels belong to the 6d states with energies larger than
129287 cm™!, were calculated using the energy levels taken
from Rosberg & Wyart (1997) and from Moore’s tables (Moore
1958).

The experimental relative transition probabilities were converted
into an absolute scale using the HFR theoretical values for the ra-
diative lifetimes calculated in this work and reported in Table 1.

The gA values evaluated from a Boltzmann’s plot are indicated
with an asterisk (Table 2) or with the letter a (Table 3). The spectral
lines of special interest for laser physics (Ivanov, Latush & Sem
1996) are underlined. These laser lines have been observed in quasi-
CW and CW hollow cathode discharges using He as a buffer gas
(Reid et al. 1976; Jain 1980).

In the evaluation of the total errors, the contributions arising from
the calibration of the recording system as well as those originating
from the statistical errors and from the plasma temperature determi-
nation were taken into account. The total experimental errors are,
for almost all the transitions, included in between 6 and 25 per cent
for the measured transition probabilities and in between 14 and
32 per cent for the values obtained from a Boltzmann’s plot.

For some transitions, there are no experimental transition proba-
bilities reported in the tables. This is due either to the fact that the
corresponding wavelengths were outside of the accessible spectral
range (190-600 nm) or to blending problems of the lines with other
gold transitions or with transitions originating from the buffer gas.

For most of the lines, we observe a good agreement between the
experimental transition probabilities and the HFR ones keeping in
mind that the results derived from the Boltzmann’s plots are affected
by larger uncertainties.

Some of the theory—experiment discrepancies can be explained
by blending problems affecting the measurements which are due to
6s2—6s6p and 6p—6d AuTl transitions. The details can be found in
the notes to Tables 2 and 3. Some differences remain unexplained
for a few lines, the most notable case being the 6s—6p transition
at 221.56 398 nm for which a discrepancy reaching a factor of 2
is observed between the experiment and the different theoretical
values (which are in good agreement).

The agreement of our HFR values with previously published re-
sults (Rosberg & Wyart 1997; Loginov & Tuchkin 1998) is also
reasonable, the discrepancies observed with the results of Rosberg
& Wyart (1997) being explained by the fact that these authors did
consider configuration interaction effects in a more limited way
and, more particularly, did not take core polarization effects into
account.
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5 CONCLUSIONS

The absolute transition probabilities of the transitions originating
from the 5d°6d and 5d°7s electronic configurations of Aul have
been measured from a combination of lifetime calculations by the
HFR method and of relative measurements by the LIBS method.
These first experimental results for the 6p—6d and 6p—7s transitions
agree reasonably well with the theoretical results obtained with arel-
ativistic Hartree—-Fock method, taking core polarization effects into
account. There is also generally a good agreement with previously
published results.

In the few cases where a discrepancy is observed between the the-
oretical and the experimental scales of A values, we would suggest to
adopt as a first choice the experimental results which are considered
as the best results presently available for these transitions.

This first set of experimental results is expected to be useful not
only for the astrophysicists but also for the physicists working in
plasma physics and in laser physics.
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