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Experimental atomic transition probabilities for O 11 lines

G. Vere$ and W. L. Wiese
National Institute of Standards and Technology, Gaithersburg, Maryland 20899
(Received 8 April 1996

We have measured the atomic transition probabilities of 80 spectral lines belongisg3, 3p-3d, and
3p-4s multiplets of On using a wall-stabilized arc. We applied recent lifetime results obtained for several
3p “D levels to normalize our relative data to an absolute scale, and we estimate that the uncertainties of our
data are in the range from 8% to 9%. The agreement of our multiplet values with recent advanced calculations
is typically in the range from 5% to 15%. For many lines of the-3d multiplets, the agreement of our
experimental data with intermediate coupling calculations is much better than L@tboupling data.
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PACS numbdps): 32.70.Cs

I. INTRODUCTION neutral nitrogen and singly ionized oxygen some significant
rearrangements of the locations of various energy levels for
Two advanced atomic structure calculations were recentlyhese isoelectronic spectra occur. For example, far tBe
carried out for the spectrum of @ A very comprehensive 2s2p” term is located much closer to the ground level than
calculation for this spectrum, which used tRematrix ap-  for N1 and thus much farther away from any other levels that
proach in Conjunction with the C|ose-c0up|ing approxima_form the same term. On the other hand, the Strongly interact-
tion, was performed by Lennon and BurkH as part of the ing 3d 4P and the 4 *P terms as well as the corresponding
Opacity Projecf2]. These calculations were limited to mul- doublet terms still are located quite close to each other as in
tiplet data. While the extension to individual line values isnheutral nitrogen. They are therefore expected to lead to sub-
readily achieved by applyingS-coupling strength$3], the  stantial configuration mixing and deviations from the normal
assumption of-S coupling may not be fully satisfactory for LS coupling line intensities.
O 11, an open-shell ion. Another sophisticated calculation, ap-
plied to a smaller number of lines, was carried out by Bell
et al.[4] with the cIv 3 configuration interaction code. In this
work, the strengths of numerous individual lines involving  Since we have applied an experimental technique very
principal quantum numbens=2 andn=3 were calculated. similar to our nitrogen work5], we will describe our method
Bell et al. [4] obtained the data for these fine-structure tran-only briefly. The On spectrum was studied with a high cur-
sitions in intermediate coupling by including relativistic cor- rent wall-stabilized arc discharge, which had a length of 50
rections of the Breit-Pauli type. mm and was operated in a stack of seven water-cooled disks
Numerous differences—some fairly large—are encounwith a central bore of 4 mm. The electrodes consisted of
tered between the results of these two calculations, mostater-cooled tungsten for the cathode and copper for the
likely due to electron correlation effects not fully accountedanode. The areas close to the electrodes were operated in
for and departures frora S coupling. Since neither calcula- pure argon gas, and the midsection was run in helium with a
tion provides intrinsic error estimates, it becomes importansmall admixture of oxygen. The admixture of oxygen to he-
to provide accurate experimental comparison data with delium was kept in the range of 0.5% to 2% by volume. This
tailed consideration of the uncertainties. In this paper, wavas readily achieved by a suitable arrangement of gas inlets
report the first photoelectric measurements for prominenand continuous gas mixing with flow valves. The arc was
near uv and visible emission lines of 10 operated in a current range from 50 to 60 A. The operation of
In an earlier emission experiment for the isoelectronic ni-the arc in almost pure helium in the observation region has
trogen atom[5], we have observed appreciable deviationsthe important advantage that the electron density is kept rela-
from LS coupling for 3-3d and higher transitions. How- tively low so that the Qi lines are narrow. Their relative
ever, in practically all cases these deviations were not nearlintensities in multiplets were measured side-on, while mea-
as large as those calculated by Hibbert and colleaffiles surements of line intensity ratios between selected lines of
their intermediate coupling calculations with tbhey 3 code,  different multiplets were carried out end-on for reasons that
which contain extensive configuration interaction. It is of will be explained later.
interest to determine if this is also true for the lowest ion of The arc was imaged with slight magnification onto the
the nitrogen sequence, singly ionized oxygen, which is imentrance slit of a 2.25-m Czerny-Turner monochromator.
portant for numerous applications in plasma and upper atmdSelf-absorption checks were performed experimentally with
sphere physics, astrophysics, and spectrochemistry. Betwean optical imaging setup that effectively doubled the length
of the ard 7]. Ratios between signals from the arc without or
with its image reflected by a concave mirror were obtained
*Permanent address: KFKI Research Institute for Particle andcross the spectral range of the lines and it was checked if
Nuclear Physics, H-1525 Budapest 114, Hungary. this ratio remained constant from the line wings to the line
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center—the case of an optically thin plasma layer—or if thevalues for these N lines were taken from the receatv 3
ratio decreased at the line center, indicating self-absorptiorcalculations of Belket al.[11] and produced an axis tempera-
We found that optically thin conditions were obtained for all ture of 14 50@-300 K.

measured lines at these low concentrations of oxygen in he-

lium. We also monitored the stability of the arc emission by

utilizing a small 0.25-m monochromator, which was kept IV. RESULTS AND COMPARISONS

fixec_i at a particular @ Iin(_a d“r"?g the measurements. Fluc- We have measured the oscillator strengths for 80 lines of
tuations of the total line intensity during the measurements, o ios 3-3p, 3p-3d, and P-4s multiplets of Oi. We

were found to be less than 1.%' . . first determined the relative values within each multiplet, set-
All measurements of the intensity ratios between selectedng the total value equal to 100 in each case. We then mea-

lines from different multiplets were performed end-on. Theg e 4 strong line from each multiplet versus the 4649.13 A

Ol line emission was observed from an approximately hoyeterence fine to obtain ratios of transition probabilities ac-

b 20 I The h : £ this ol IEording to Eq(1). Setting theA value of the reference line at
was about 20 mm long. The homogeneity of this plasmg, i a5 arbitrary scale was established, which was subse-
!ayer is essential to obtlam a “”'fofm tempergture, and thus t8uently extended to all measured lines with the earlier ob-
mterrelat_e the popula_tl_ons of various atomic energy _Ievelstained relative values in multiplets.

from which the transitions originate. This is done via the Lifetime measurements by Coetzet al. [12] for the
Boltzmann population factors by utilizing the diagnostic 3p *Dyyp 312 512 J€vels were then used to put our data on an

technique described below. absolute scale. In addition to the measured*B—3p “D
transitions, weak transitions occur from thp 3D levels to
ll. METHOD AND PLASMA DIAGNOSTICS the 2s2p* *P levels. Since we were unable to observe these
vacuum ultraviolet transitions at 1150 A, we have taken

We measured the line intensities for 80 persistent O them into account by utilizing the results of tkev 3 and

lines in the visible and near uItraV|o_Iet part Of. the SpeCtr.um'Opacity Project calculations. According to this work, they
Measurements for each group of lines forming the variou

; - T : Tontribute about 7% to the total decay rate. The Coetzer
multiplets were carried out with side-on observations Whereet al. data were obtained by the beam foil spectroscopy

density ol the inh ity is of frPnethod, which may be subject to significant systematic er-
ensity plasma, the inhomogeneéity IS of NG CoNSEqUence 19y, ¢ 4,,q 15 the nonselective nature of their excitation pro-

lines within multiplets since the excitation energies of thecess, which gives rise to cascading effects. Coettel.

upper levelst are elther_ identical or very nequy the SaME. yarefore treated the cascading problem with the well-proven
Measurements connecting selected strong lines of differe NDC (arbitrarily normalized decay curyéechnique. This
multlplet_s(denotedX)_ toa reference lineR) with a S|gn|_f|- method requires the measurement of the temporal decay of
cagtly dlfferentt excgapon tinergé wer3e EgrgorTed mt ana principal feeder level§13]. However, they used this pro-
end-on geometry. sing Ne€SIFg,—p D7/, N Al - caqyre in a simplified manner by considering only two major
4649.13 A as the reference line, we determined the line INZascade levels. A third important leveld 2P, was not in-
tensity ratiosly/l. These ratios are, for the approximately o 404 pecause it was found to be very short lived, which led
homogeneous plasma layer along the arc axis, related to ti@ '

fomic t i babilit tiod /A by th i oetzeret al.to the conclusion that the influence of this level
?3221'(; gransg{oSr]l)pro ability ratiosw/Ag Dy the equation may be neglected. They also state that their measured

3p 4Df lifetimes could be influenced by secondary cascades
from several other higher levels, but their spectral analysis
showed that these may be neglected too.

Table 1 lists all our results on this absolute, lifetime-based
scale. The uncertainties of our data, i.e., the square root of
Here\ is the wavelength of the ling the statistical weight, the sum of the squares of the individual standard uncertainty
E the excitation energy of the upper level of the transition,components, are estimated to &% for the 3-3p transi-
andT is the plasmdexcitation temperature. tions and+9% for the 3-3d and 3p-4s transitions. The

For Eq.(1) to be valid the plasma must be in partial local individual uncertainty components arise from the line inten-
thermodynamic equilibriuntPLTE). PLTE is assured for the sity measurements, the line-shape fitting procedure, possible
upper levels of the investigated I0transition (principal  self-absorption effects, the temperature determination, the as-
guantum numbers=3,4) for our plasma conditions both sumption of a homogeneous plasma, the radiometric calibra-
from equilibrium criteria[8] and from experimental tests of tion procedure, and the lifetime data of Coetetrl. [12]
PLTE conditions[9]. The critical quantity is the electron (further details of our analysis of uncertainties are given in
density, which must be 210** cm™3 or higher. Our mea- Ref.[5]). Table | also contains for comparison the results of
surements of the intensity ratio between the forbidden anthe two advanced calculations, the configuration interaction
allowed components of the 4471-A helium line as well as ofcalculations in intermediate coupling by Beli al.[4], based
the wavelength difference between the two componentsn theciv 3 code, and thd&R-matrix calculations by Lennon
yielded electron densities of 280" and 2<10'® cm 3, and Burke[1]. The latter are for multiplet values only, and
considerably above the required limit. have been combined withS-coupling line strengths so that

We have measured the plasma excitation temperatudine data can be shown. Our lifetime-normalized multiplet
with the Boltzmann-plot techniquglQ], using 7 Nil lines  data agree normally with the calculated results within about
with an excitation energy spread of 2.7 eV. The requibed 15%, and the agreement is somewhat better withcilves
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TABLE I. Results and comparisons. The experimental uncertaifsies text are within =8% for the
lines of the 3-3p multiplets and within=9% for the other lines. Multiplet values are shown in italics. For
some multiplets, data for one line are missing because of blending with another line or because of a very low
signal. Numbers in brackets indicate powers of 10.

Statistical )
weight Opacity
Wavelength This Bell (with LS
Multiplet A) of Ok expt. et al. coupling
3s “P-3p “D° 4651.5 12 20 7.29101] 8.48[-01] 8.32[-01]
4649.13 6 8 7.18-01] 8.49-01] 8.33-01]
4641.81 4 6 5.43-01] 6.2 -01] 5.8 -01]
4638.86 2 4 3.40-01] 3.87-01] 3.49-01]
4676.23 6 6 1.87-01] 2.27-01] 2.44-01]
4661.63 4 4 3.76-01] 4.37-01] 4.41-01]
4650.84 2 2 6.2t-01] 7.20-01] 6.94-01]
4696.35 6 4 2.99-02] 3.31-02] 4.04-02]
4673.73 4 2 1.22-01] 1.27-01] 1.37-01]
3s “P-3p 4pP° 4341.3 12 12 8.68{01] 9.76[—01] 9.71[-01]
4349.43 6 6 6.35-01] 7.19-01] 6.7 -01]
4336.86 4 4 1.44-01] 1.67-01] 1.3G4-01]
4325.76 2 2 1.35-01] 1.49-01] 1.64-01]
4366.89 6 4 3.66-01] 4.19-01] 4.30-01]
4345.56 4 2 7.64-01] 8.2 -01] 8.07-01]
4319.63 4 6 2.34-01] 2.64-01] 2.9-01]
4317.14 2 4 3.40-01] 3.99-01] 4.17-01]
3s 4P-3p 4s° 3735.9 12 4 1.65}00] 1.82[+00] 1.77[+00]
3749.48 6 4 8.56-01] 9.37-01] 8.74-01]
3727.32 4 4 5.34-01] 5.99-01] 5.93-01]
3712.74 2 4 2.61-01] 2.8§-01] 3.00-01]
3s2P—3p 2D° 4418.1 6 10 7.73101] 9.25[-01] 9.50[—01]
4414.90 4 6 7.67-01] 9.26-01] 9.57-01]
4416.97 2 4 6.55-01] 7.71-01] 7.93-01]
4452.38 4 4 1.26-01] 1.47-01] 1.55-01]
3s2P—3p 2pP° 3966.9 6 6 1.29§-00] 1.33[+00]
3973.26 4 4 9.56-01] 1.04+00] 1.1G+00]
3954.36 2 2 8.57-01] 8.94-01]
3982.71 4 2 3.93-01] 4.34-01] 4.37-01]
3945.04 2 4 1.88-01] 2.14-01] 2.29-01]
3p 2s°-3d 2P 3385.8 2 6 1.14§00] 1.50[+00] 1.24[+00]
3390.21 2 4 1.12+00] 1.5 +00] 1.24+00]
3377.15 2 2 1.1[700] 1.44+00] 1.25+00]
3p “D°-3d *F 4074.8 20 28 1.96£00] 2.01[+00] 1.99[+00]
4075.86 8 10 1.94-00] 2.01+00] 1.99+00]
4072.15 6 8 1.82+00] 1.77+00] 1.71+00]
4069.88 4 6 1.4t+00] 1.55+00] 1.5 +00]
4069.62 2 4 1.4p+00] 1.45+00] 1.44+00]
4092.93 8 8 2.44-01] 2.44-01] 2.80-01]
4085.11 6 6 4.18-01] 4.49-01] 4.87-01]
4078.84 4 4 5.07-01] 5.39-01] 5.57—01]
4106.02 8 6 1.56-02] 1.46-02] 1.84-02]
4094.14 6 4 4.32-02] 3.37-02] 3.93-02]
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TABLE I. (Continued).

Statistical .
weight _ Opamty
Wavelength This Bell (with LS
Multiplet A gi Ok expt. et al. coupling
3p “D°-3d “D 3867.2 20 20 4.35(01] 4.88[—01] 5.77[-01]
3882.19 8 8 5.06-01] 5.14-01] 4.84-01]
3864.43 6 6 1.98-01] 2.13-01] 3.31-01]
3851.0-3 4 4 1.46-01] 1.54-01] 2.34-01]
3847.89 2 2 1.79-01] 1.99-01] 2.93-01]
3883.14 8 6 1.04-01] 1.14-01] 1.0-01]
3864.67 6 4 1.65-01] 2.19-01] 2.04-01]
3856.13 4 2 2.10-01] 2.80-01] 2.97-01]
3863.50 6 8 5.97-02] 6.01—02] 8.24-02]
3850.80 4 6 5.50-03] 6.26—-02] 1.3-01]
3842.81 2 4 6.85-02] 9.49-02] 1.47-01]
3p “P°-3d “P 4151.7 12 12 9.63f01] 9.92[—01]
4169.22 6 6 2.49-01] 3.00-01] 6.84—01]
4140.70 4 4 3.76-01] 1.3d-01] 1.39-01]
4121.46 2 2 5.60-01] 1.69-01]
4156.534 6 4 1.94-01] 2.39-01] 4.49-01]
4129.32 4 2 1.65-01] 3.99-01] 8.40—01]
4153.30 4 6 7.24701] 6.64—01] 2.97-01]
4132.80 2 4 8.39-01] 7.37-01] 4.19-01]
3p 4P°-3d “D 4114.4 12 20 1.33 1.53f01]
4119.22 6 8 1.22+00] 1.40+00] 1.54+00]
4104.72 4 6 2.89-01] 4.74-01] 1.07+00]
40097.22 2 4 3.943-01] 2.74-01] 6.44—01]
4120.28 6 6 1.98-01] 6.29-01] 4.54-01]
4104.99 4 4 8.40-01] 9.39-01] 8.17-01]
4103.00 2 2 4.68-01] 8.63—01] 1.24-01]
4120.55 6 4 2.60-01] 7.54-01]
4110.79 4 2 7.08-01] 6.,03—01] 2.54-01]
3p *Po-4s 4P
3287.47 6 6 4.92-01] 4.77-01]
3294.99 4 4 1.00-01] 9.03-02]
3301.41 2 2 1.06-01] 1.17-01]
3305.00 6 4 2.89-01] 3.01-01]
3306.45 4 2 5.55-01] 5.54—01]
3277.56 4 6 2.02-01] 2.0§-01]
3p ?2D°-3d ?F 4703.9 10 14 1.1400 1.40[+00]
4705.35 6 8 1.000] 1.24+00] 1.40+00]
4699.22 4 6 9.36-01] 1.37+00]
4741.70 6 6 4.33-02] 5.80—02] 9.14-02]
3p ’D%-4s %P
3470.67 6 4 8.63-01] 1.14+00]
3470.28 4 2 1.09+00] 1.29+00]
3p 4s°-3d P 4913.0 4 12 5.4801] 6.26[—01]
4924.53 4 6 5.43-01] 6.24—01]
4906.83 4 4 4.1[701] 5.40—01] 6.29-01]
4890.86 4 2 4.41+01] 5.79-01] 6.39-01]
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TABLE I. (Continued).

Statistical )
weight _ Opacny
Wavelength This Bell (with LS
Multiplet R gi dk expt. et al. coupling
3p 4s°—4s 4P 3753.5 4 12 2.89101] 4.10[-01]
3739.76 4 6 2.97-01] 4.19-01]
3762.47 4 4 3.10-01] 4.07-01]
3777.42 4 2 2.25-01] 4.04-01]
3p 2P°-3d 2P 5191.0 6 6 4.43101] 4.64[-01] 6.53[-01]
5206.65 4 4 3.29-01] 3.34-01] 5.40-01]
5159.94 2 2 3.02-01] 3.24-01] 4.44-01]
5175.90 4 2 1.37-01] 1.56-01] 2.2q-01]
5190.50 2 4 1.16-01] 1.2q-01] 1.09-01]
3p 2P°-3d 2P 4943.2 6 10 7.12f01] 8.62[—01] 9.78[—01]
4943.01 4 6 7.15-01] 8.617—01] 9.74-01]
4941.07 2 4 5.40-01] 6.67—01] 8.14—01]
4955.71 4 4 1.67-01] 1.96-01] 1.67-01]

than with theR-matrix data[4]. Also, compared to the theo- sults for the individual lines and the intermediate coupling
retical results, our lifetime-based data appear to be systemiata of Bellet al. [4] is significantly better than with the
atically too low by about 10%. We should note that the omis-L S-coupling line strengths. Our measurements show espe-
sion of any significant cascading transitions from the ANDCCially for the 3p-3d multiplets large departures from the
procedure(see abovemakes the “apparent” primary life- L S-coupling values.

time too long, because some electrons replenishing the popu- pultiplets with the 31 *P or 2P and 4 *P or 2P upper

lation of the primary level are not considered. It i; thus reaterms, which are energetically quite close to each other, are
sonable to assume that a more comprehensive ANDGynected to be especially sensitive to configuration interac-

procedure covering the additional levels mentioned by Coelgqn effects. But, the ratios between our experiment and the
zer et al. [12] would produce a slightly shorter lifetime and two theories appear to vary no more widely for these mul-

correspondingly higheA values. tiplets than for the others.
Generally, the consistency between our experimental re-
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