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The atomic transition probabilities and radiative lifetimes of neutral argon have been the subject
of numerous experiments and calculations, but the results exhibit many discrepancies and incon-
sistencies. We present a unified set of atomic transition probabilities, which is consistent with essen-

tially all recent results, albeit sometimes only after critical reanalysis. The data consistency and

scale confirmation has been achieved in two ways. (i) We have carried out some
lifetime —branching-ratio measurements for a principal Sp level and the associated 4s-Sp transitions.
These measurements have very closely confirmed the accuracy of the results of recent independent
emission experiments. (ii) We have critically reanalyzed and revised the literature data for the 4s-4p

transitions, as well as utilized the results of a similar critical analysis for the 4s-Sp transition array,
to establish complete sets of absolute data for these arrays. We have found these data to be mutual-

ly consistent from cross-correlation checks between the two arrays, using recent literature data. Fi-
nally, we have proposed renormalization factors for other argon transitions based on this analysis.

I. INTRODUCTION

Argon, an inert atomic gas, has been one of the most
attractive media for testing and applying the methods of
plasma spectroscopy, including the determination of
atomic transition probabilities for spontaneous emission.
Also, argon has often been selected to test the various
techniques to determine mean lifetimes of excited atomic
states. During the last 30 years, at least 35 transition
probability determinations utilizing emission spectrosco-
py' and 24 atomic lifetime determinations ' have
been performed on neutral argon. When such a large
number of experiments is involved, a certain amount of
scatter will show up in the numerical results. But,
surprisingly, the scatter —both in the emission and life-
time data —turned out to be much larger than expected,
with many discrepancies outside the mutual error esti-
mates. From the emission experiments, two scales for the
atomic-transition-probability data seemed to evolve,
which differed by about 30%.

For the prominent 4s-Sp lines, several recent experi-
ments ' ' as well as critical evaluations of earlier
work ' have now produced a satisfactory under-
standing of the major causes of the discrepancies.

Corrections of some earlier work, suggested by these crit-
ical analyses, have produced consistency among most
data. But all these data are based on the absolute-
emission approach only. To achieve further progress it
becomes necessary (a) to supplement this "emission"
scale with an independent approach, (b) to extend the
critical evaluations to other known lifetime and
transition-probability data of argon, especially to the im-
portant 4s-4p array, and (c) to make an attempt to assem-
ble all these data into one unified comprehensive set.
This is the main objective of this paper, and to this end
we have undertaken some required lifetime and
branching-ratio measurements.

II. APPROACH

This paper has two main parts. (a) We describe an ex-
periment comprising lifetime measurements of an Ar I Sp
leve1 as we11 as extensive branching ratio measurements
for all transitions originating from this level. (b) We criti-
cally review the lifetime and transition probability data
for the two most important groups of Ar I lines —the
lines of the 4s-4p and 4s-5p transition arrays —and pro-
pose a unified absolute data set, which is shown to be
consistent with the large majority of recent results.
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FIG. 1. Partial energy-level diagram for Ar I.

The combination of lifetime and branching-ratio mea-
surements is an attractive technique for the accurate
determination of atomic transition probabilities. But for
the Ar I 5p levels, this approach is difficult to carry out
because (a) numerous emission-line branches, typically
about 15, go from each of the ten 5p levels into the lower
3d, Ss, and 4s levels (see Fig. 1), with a few lines located
in the optical range and the large majority being infrared
transitions, and (b) the lines of main interest, the 4s-Sp
transitions in the blue-green range of the visible spec-
trum, are relatively weak within this set of lines. Thus
very accurate measurements of all these branches in
widely different regions of the spectrum are required—
which is probably the reason why no such measurements
exist as yet.

Experimental approach. We have selected the
Sp [—,']2 level (3ps in Paschen notation) and all its radia-
tive branches for our measurements. A wavelength range
from 400 to 6100 nm had to be covered with high resolu-
tion to measure all 16 possible branches from this level.
We found the 1-m Fourier transform spectrometer ' at
the National Solar Observatory, Tucson, Arizona to be
well suited for this task. A folded Michelson
configuration is employed and the total internal path
length of 12 m is completely evacuated during operation.
The maximum path-length difference is half a meter, if
interferograms symmetric about the zeroth-order fringe
are to be obtained. One of the mirrors can be offset to
yield a maximum path-length difFerence of 1 m for one-
sided interferograms. During one scan of the mirrors a

maximum of one million data points are sampled at a
typical rate of 2.5 kHz. Two outputs with complementa-
ry phases are provided and two detectors with different
sensitivity may be used simultaneously to extend the use-
ful wavelength interval of a single scan. A total wave-
length range from 240 to 18000 nm is accessible in our
overlapping segments depending on the type of beam spli-
tters and optics installed. Because of these boundary
conditions our measurements had to be split into three
runs.

The first run served to bridge the large gap between the
blue lines and the first group of infrared lines at 2512 nm
and below. This run covered the range from 400 to 2600
nm, using Ultrasil beam splitters with aluminum coating.

We recorded the ir lines with an indium-antimonide
detector and simultaneously the blue line at 430 nm with
a silicon p-i-n diode. The blue part of the spectrum was
undersampled and recorded in third order to achieve a
resolution of 0.011 cm '. No apodization procedure was
employed during the Fourier transformation. To avoid
overlapping of the aliases of the blue part with the rest of
the spectrum we had to insert appropriate filters to re-
strict the spectral response of the instrument to narrow
bands around the lines of interest. A Schott 430 filter
was used for the blue channel and a wedged germanium
filter for the infrared channel. An additional advantage
of restricting the spectral response was a dramatic reduc-
tion in overall noise as compared to broadband spectra.
In Fourier spectra the overall noise is determined by the
shot noise in the strongest lines, and the strong red argon
lines were eliminated in our case.

As a light source we used a high-current hollow
cathode as described by Danzmann and Kock. This
light source is especially suitable for measurements re-
quiring long integration times because the intensities of
spectral lines produced by this source have proven to be
exceptionally stable in time. It should be emphasized,
however, that all spectral lines were recorded simultane-
ously. Any temporal drift in the discharge conditions
does not change the measured relative line intensities.

We used a nickel cathode with a bore of 8 mm diame-
ter and 100 mm length. The discharge was operated in
spectroscopically pure argon at a presure of 130 Pa (1
Torr). Three spectra were taken at discharge currents of
1, 1.5, and 2 A. Each spectrum was obtained by adding
together four consecutive scans.

A second run covered the spectral range from 300 to
550 nm to further improve the relative intensity measure-
ments of the three blue lines. The experimental condi-
tions were almost identical to the first run, but we used
two p-i-n diodes as detectors and restricted the spectral
response by a copper sulfate filter. The unapodized reso-
lution was set to 0.047 cm

The third run covered the 1800 nm to (approximately)
6000 nm range to establish the relative intensities among
the infrared lines. During this run we installed calcium
fluoride beam splitters with GaP coating and used two in-
dium antimonide detectors. Wavelengths shorter than
1800 nm were cut off by a germanium filter. The unapo-
dized resolution was set to 0.009 cm

To prevent atmospheric absorption by strong CO2 and

3p6
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HzO bands, the total external optical path was shielded

by beam tubes and purged with dry nitrogen. The light
source for this run was a water-cooled, medium-current
hollow cathode with a vanadium cathode of 30 mm
length and a bore of 6 mm.

Three spectra were taken at discharge currents of 0.2,
0.4, and 0.56 A using an argon pressure of 130 Pa (1
Torr). Each spectrum was obtained by adding together
eight consecutive scans.

To determine the spectral efficiency of the spectrome-
ter, we recorded two reference spectra of radiation stan-
dards immediately before and after each run. We used a
tungsten-ribbon lamp with a sapphire window and a
tungsten-ribbon lamp with a fused-silica window, both of
which were calibrated traceable to the National Bureau
of Standards. By flipping a mirror the standard spectra
could be recorded in the same optical setup as the argon
spectra.

The resolution of the infrared reference spectra was set
to 0.102 cm ' to be able to resolve any residual atmos-
pheric absorption bands, but no such bands could be
detected. The resolution of the other reference spectra
was set to 0.5 cm

Since the radiation standards were calibrated at
discrete wavelengths, we fitted blackbody curves to the
supplied calibration tables in the relevant wavelength re-
gions. The efficiency of the spectrometer was obtained by
comparing the measured reference intensities at the line
positions to the standard intensities calculated from the
blackbody fit. The agreement between relative spectral
efficiencies using the two different tungsten-ribbon lamps
was better than +2.7% over the whole wavelength range.

In a separate experiment, the lifetime of the Sp[ —,']z
level was determined by the method of laser-induced
fluorescence (LIF). In order to apply this technique of
selective level excitation to the highly excited Ar I 5p lev-
el (14.5 eV above ground state, see Fig. 1), a low pressure
argon plasma was generated in a specially designed dc
hollow cathode discharge. Metastable argon atoms in the
4s states were preferentially produced by extracting a
beam from a hole at the end of the discharge into a vacu-
um chamber. (A detailed description of the source is
found in Ref. 63.) Two of the four 4s states are metasta-
ble, i.e., no electric dipole transitions are allowed to the
ground state. Electrons in the metastable 4s[—3]~ state
were thus resonantly excited into the Sp [—,']z level with a
tuned, nitrogen-pumped pulsed dye laser, and the spon-
taneous emission from the 5p level was studied with the
delayed coincidence method, applying a single-photon
counting technique. The distribution of spontaneously
emitted photons was accumulated and processed with a
computer, based on about 8000 to 10000 photon counts
for each decay. Further details of our experimental
method and instrumentation are given in Refs. 56 and 57,
where also possible alignment effects and the influence of
weak magnetic fields are discussed.

2. Results. All of the 16 possible transitions from the
Sp [—', ]z level could be measured except for the very weak
6123.9-nm line. For this line, which is about at the cutoff
of our detector, we can only give a rough upper limit.

The line intensities Ik were determined from the

b,S/S = g (bLq IS)
k

(3)

The lifetime of the Sp [—,']z level was measured over a
pressure range from 0.026 Pa (2X 10 Torr) to 0.26 Pa
(2X10 Torr) in the observation area. A systematic
dependence of the lifetime on pressure was observed,
which is expected on account of collisional shortening of
the lifetime due to the large deexcitation cross sections
for the Ar I Sp levels. (These are roughly estimated to be
of the order of 20 nm for our experimental conditions,
and are derived by assuming a thermal velocity distribu-
tion. ) Thus, a linear extrapolation to zero pressure was
carried out. Our end result was a radiative lifetime of
~=152+7 ns for this argon level. During our work, we
became aware of another very recent experiment by Hira-
bayashi et al. , performed with the same laser-induced
fluorescence technique, which produced a lifetime of
127+10 ns, appreciably outside the mutual error limits.
It appears that for the pressure range of their experiment,
which is roughly a factor of 10 higher than ours, the
rather extended extrapolation to zero pressure is more
uncertain than was estimated by the authors. Stryla

Fourier spectra by calculating the areas under the line
profiles over an interval of ten times the full width at half
maximum. The line shapes were well resolved on our
spectra. The profiles can be reproduced by almost pure
Doppler broadening corresponding to kinetic tempera-
tures of about 1400 to 2300 K, depending on discharge
current. No line-wing corrections had to be applied, be-
cause only relative intensity measurements of similar
profiles out to the same cutoff points in the wings are in-
volved.

We have checked the lines for self-absorption by com-
paring the results obtained at different discharge
currents. No systematic variation could be found.

A critical examination of the line profiles did not reveal
any signs of self-reversal in cool boundary layers. None
of the lines of interest was disturbed by blends with other
lines.

The branching ratio of a line is defined as the ratio of
the line intensity (in terms of photons/s) to the sum of the
intensities of all lines from that particular upper level.
We have used the intensity Io of the line at 2512.5 nm as
a reference to evaluate, in a first step, relative intensities

La =Ia/lo
from three separate runs. From these relative intensities
we subsequently calculated branching ratios

Rq =Lg I+Lq .
k

The branching ratios of all 16 transitions from the Ar I
level Sp [—,']z are listed in Table I. The quoted uncertain-
ties for each branch k are two standard deviations of the
mean values and have been obtained from the square root
of the sum of the squares of two contributions: (i) The
statistical uncertainty b,L& lL& (fractional standard devi-
ation of the relative intensity Lq ), (ii) The uncertainty of
the sum of all branches S = gz Lq as calculated from the
fractional standard deviation
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et al. have now redetermined the lifetime of the 5p[ —', ]z
level with our LIF apparatus at even lower densities and
obtained a value of 154+7 ns. The arithmetic mean of
the two closely agreeing results, ~=153 nm, was there-
fore adopted for this work. An overall uncertainty of +7
ns was obtained by combining the statistical measure-
ment errors (two standard deviations) with an allowance
for systematic errors.

B. Critical review and data assembly

In the spectrum of neutral argon, the two transition ar-
rays 4s-4p and 4s-5p—with a total of 30 transitions in
each case—are of key importance, and give rise to the
prominent "red" and "blue" groups of lines. This is seen
in the partial energy-level diagram of Fig. 1.

1. 4s-4p transition array. In this case lifetime measure-
ments of the 4p levels are very attractive, since from a
given 4p level, radiative decays are only allowed to the
four 4s levels. Depending on the selection rules, one to
four transitions (branches) are possible. Thus combina-
tions of lifetime and emission branching-ratio measure-
ments should produce accurate transition probability
data for the 4s-4p lines. Lifetime measurements have re-
cently undergone a considerable advance with the advent
of the laser-induced-fluorescence technique. This laser-
based selective excitation scheme, which totally elimi-
nates the cascading problem, has been applied to all ten
argon 4p levels by Quadfasel and Helbig. Another very
similar lifetime experiment by Chang and Setser, also
with the selective tunable laser excitation technique, but

on a slightly less comprehensive scale, is in excellent
agreement with Quadfasel and Helbig's work, as shown
in Table II. A lifetime measurement by Fujimoto et al.
specifically for the 2p4 level, again performed with the
laser excitation technique, is also in excellent agreement
with the other lifetime data (Fujimoto et al. , 30.5 ns;
Quadfasel and Helbig, 29.3 ns; Chang and Setser, 33.2
ns).

Lifetime values and ratios of lifetimes from different
levels may be also derived from comprehensive emission
experiments. These data should be quite accurate on a
relative basis, but less so on an absolute scale. Thus
Table II contains also the (relative) results of two emis-
sion studies, ' * which have been for purposes of easy
comparison renormalized by a least-squares fit to the re-
sults of Ref. 55. It is seen that these relative results show
the same distribution among the various levels as the
directly obtained lifetimes.

Strong independent support for the absolute scale
comes also from theory. Several calculations have
been carried out for the 4s-4p array, with a very similar
overall approach. While there are appreciable differences
in the results for individual lines due to uncertainties in
the determination of intermediate-coupling parameters,
the overall theoretical scales are in close agreement with
each other and in excellent agreement with the above
recommended experimental scale. This is readily ap-
parent from the data comparison between the lifetimes ~
and the inverse transition probability sums
( g; Az;) '=r„assembled in Table II. The table con-
tains the theoretical data of Lilly as probably the most

TABLE I. Branching ratios R of transitions from the Ar t Sp [—', ]z level (F.„=116999.39 cm ') and

corresponding transition probabilities, normalized to the average (153 ns) of the atomic lifetimes ob-
tained by Ralfs (Ref. 56) and Stryla et al. (Ref. 57).

Lower level

4s [-,' h
4s [-,']i
4s [q]|
3d [-,' 1|
3d[ —', lz

3d [—', ];
3d [-,' ll

5s[~]2
5s [-', l|
3d [-,'N

3d [-,']i
~d'f —,']2
3d'[-', ll
3d'[ —', ];
5s[q]i

E; (cm ')

99 143.80

93 750.64

95 399.87

111818.09

112 138.98

113020.39

113426.05

113468.55

113643.26

114716.61

114 147.75

114641.04

114805.18

114821.99

114975.07

115366.90

A, (nm)

419.071

430.010

462.844

1929.491

2056.879

2512.509

2797.740

2831.415

2978.811

3045.369

3505.799

4239.098

4556.209

4591.384

4938.586

6123.946

100R

4.29

5.82

0.606

0.193

1.93

21.25

5.55

13.88

43.31

2.25

0.0623

0.455

0.189

0.198

0.0274

& 0.06

4R ( Jo)

10

Transition
probability
W(10' s-')

0.280

0.380

0.0396

0.0126

0.126

1.39

0.362

0.907

2.83

0.148

0.004 07

0.0297

0.0124

0.0130

0.001 79
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TABLE II. Atomic lifetimes for the Ar I 4p levels (in nanoseconds).

Level

Direct lifetime measurements
Quadfasel Chang and

and Helbig' Setser

Emission measurements
Shumaker Musiol

and Popenoe' et al. ' Theory
Lillyg

4S '[ —,']o
4S '[ —,']i
4s '(-', ]2

4p'[ —', ]i

4P l —,']o
4m[ —,']~
4u l —,']i
4u'E-,' h
4u [-,']3
4S l —,']i

21.7
28.3

29.0

29.3

24.4

29.4

30.2

30.7

40.5

26.5

27.6

33.2

27.0

29.8

30.1

42.2

23.0

28.6

29.4

31.3
25.5

28.8

29.3

29.9

38.2

21.5

25.3

30.6

33.4

22.6

25.6

27.6

29.0

27.0

28.7

31.4
28.7

'Reference 55.
Reference 26.

'Renormalized by a factor 0.85 for least-squares fit with Ref. 55.
Reference 10.

'Relative data, normalized for best fit with Ref. 55.
'Reference 33.
Reference 64.

advanced theoretical result; however, as was just men-
tioned, earlier calculations by Garstang and Van Bler-
kom 6s Johns fon, 66 Gruzdev and Loginov, and
Meiners produce quite similar results.

All the data in Table II show very similar patterns, and
they clearly establish the lifetime data of Quadfasel and
Helbig as the appropriate starting point for the absolute
scale of the 4s-4p transition probabilities, which we thus
adopt.

In order to proceed from this absolute scale to data for
individual lines, we utilize (a) the renormalized
comprehensive emission data by Shumaker and Po-
penoe' (see discussion below) as well as (b) branching-
ratio measurements. Among three available sets of
branching ratios, ' ' ' we have selected those of Nick
and Helbig ' as the most advanced and accurate set. Our
main considerations for selecting their work were their
detailed inclusion of line-wing intensity contributions,
optical-depth studies and corrections, and their choice of
the radiation standard. For the transitions originating
from 2p8 and 2p, o, which were not measured by Nick
and Helbig, we use the branching ratios of Chang and
Setser. Both data sets (a) and (b) have been normalized
to the lifetime data of Quadfasel and Helbig which were
adopted for our absolute scale. The agreement between
the two data sets (a) and (b) is 7% or better, except for
the 800.616-nm line where it is 14%. (For half of the 20
lines in common, the agreement is within 3%.)

Another approach to determine the 4s-4p data is via
absolute emission line intensities. Recent measurements
with this method for a few selected lines were carried out
by Nubbemeyer, and Nick and Helbig, ' and their re-
sults are shown in Table III. As was shown in a critical
analysis of such argon emission experiments, these au-
thors have addressed all critical factors, including the im-

portant line-wing-intensity corrections, and the experi-
ments are therefore expected to deliver accurate results.
However, in Nubbemeyer's work the line-wing correc-
tions have not been carried out as part of the line intensi-
ty measurement, but have only been considered as a
correction factor in the final results. Thus his plasma di-
agnostic approach, done with untreated line intensity
data, is not quite correct. An earlier emission experiment
on the complete transition array by Shumaker and
Popenoe' —with full corrections for the line wing
intensities —suffers from the circumstance that the diag-
nostic technique used for the plasma analysis (Stark
broadening) was at the time (1967) based on approximate
theoretical data, which were repeatedly improved in the
meantime. Thus Shumaker and Popenoe's relat&'Ue scale
should be exce11ent; their absolute scale is expected to be
on the high side. Nick and Helbig ' have calculated that
this scale should be changed by a factor of 0.78 based on
the most accurate experimental Stark broadening results.
We have therefore reduced Shumaker and Popenoe's ab-
solute data by this factor.

In Table III, we have also compared these emission
data' ' ' ' with results from the lifetime —branching-ratio
approach. ' The numbers are consistent within the
mutually estimated error limits. (It should be noted here
that the emission scale correction by a factor of 0.78 for
Shumaker and Popenoe's' data, as mentioned above, is
quite close to the correction factor of 0.85 cited in Table
II, which we obtained from a least-squares fit of their in-
verse A&; sums to the lifetime data of Quadfasel and Hel-
big. ")

Therefore, for the 4s-4p array of Ar I, very good overall
consistency is found between the absolute-emission data,
the lifetime —branching-ratio approach, and theory. One
is thus in a position to assemble a data list for all indivi-
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TABLE III. Absolute transition probabilities for some prominent lines of the Ar I 4s-4p transition
array (in 10' s '). QH, Quadfasel and Helbig (Ref. 55) (lifetime); NH, Nick and Helbig (Ref. 31)
(branching ratios) ~

Line

4s [ 2 ]z-4p [ 2 ] i

4s [ 2 ]z-4p [ 2 ] i

4s [ 2 ];-4p '[
~ ],

4s[ , ]i-4p —[—, ]o

4s'[ —,
' N-4p'[ —,

'
lo

k (nm)

714.704

696.543

727.293

667.728

750.387

Nick and
Helbig'

5.75

59

17

2.19

399

Emission method

Nubbemeyer

6.51

Shumaker and
Popenoe,

renorm. ,"
5.52

56.9

16.9

2.03

398

Lifetime,
branching

ratios
QH and NH

6.51

66.0

18.2

2.46

448

'Reference 31.
Reference 23.

'Reference 10.

dual lines which should be, except for some weak lines, of
high accuracy. The data we have selected are the aver-
aged values of the emission measurements by Shumaker
and Popenoe' and the branching-ratio measurements by
Nick and Helbig, ' which were both normalized to the
lifetime data of Quadfasel and Helbig. The two data
sets are in excellent agreement, exceeding a difference of
6% only for the 800 6 nm line. For a few longer-
wavelength transitions, which were not measured by
Nick and Helbig, we have utilized the branching ratios of
Chang and Setzer which were also found to be in very
good agreement with the data of Shumaker and Popenoe.
The list of recommended data for the 4s-4p array is given
in Table IV, with our accuracy estimates, which include
the uncertainties given for the lifetime and averaged
emission data.

2. 4s-5p transition array. For this group of 30 lines in
the blue part of the spectrum, the data situation is quite
different from the 4s-4p array. Much of this has to do
with the accidental circumstance that these transitions
are all rather weak. (a) Theoretical methods do not pro-
vide reliable results, because the transition integral for
the 4s-5p array is very small. Its positive and negative
parts nearly cancel each other, and thus make its precise
determination very uncertain. (b) The combination
technique of lifetime and branching-ratio measurements
is much more difficult to apply to this transition array
than to the 4s-4p array. This is due to the fact that each
Sp level has numerous radiative decay branches. Among
these branches, the Sp~4s emission is relatively weak,
and represents only a small fraction of the overall radia-
tive decay rate (typically about 10%%uo, see Table I) so that
very precise branching-ratio measurements are required
in order to achieve acceptable accuracies. The large
spectral range that must be covered presents significant
technical difficulties, too. Our experiment described in
Sec. IIA is the first measurement of this kind. (c) Be-
cause of the difficulties encountered with approaches (a)
and (b), the emission technique has been for a long time
the main source of data for this array. Indeed, numerous
emission experiments have been done for its various lines.
This applies especially to the line at 430.010 nm, which

seems to be the generally preferred transition because it is
a well isolated line. For this line, where 17 independent
emission studies have been performed (Refs. 1—8, 12, 14,
16, 18, 20, 23, 24, 27, 28, and 35), the appearance of two

Atomic

3.4
I

1. Emission Experiments (revised):

Drawin (1956)

Gericke (1961)

Richter (1965)

Popenoe 0;id &humaker {1965)

Chapelle et al. (1968)

Wende (1968)

Bues et al. (1969)

Wujec (1969)

0

v. Houwelingen and Krulthof (1971)
Nubbemeyer (1976)

Transition Probability

A(105s ')

3.6 3.8 4.0
I I I I

I

I

o
I 0

!

0(

Io
I

o I

I

I

Preston (a) (1977)

Preston (b) (1977)

Baessler and Kock (1980)

Nick (1982)

Hirabayashi et al (1987)

ol
I

o

0

Mean Value

2. Lifetime and Branching Ratio Expts. :

Mls
YXr t
+5%,

1

7his Work

+6%

FIG. 2. Results of atomic-transition-probability measure-
ments for the 4s-Sp transition of Ar I at 430.010 nm: (1) emis-
sion experiments (Refs. 1—4, 12, 14, 16, 18, 20, 23, 24, 27, 28,
and 35), critically analyzed and revised (Ref. 60); (2)
lifetime —branching-ratio approach of this experiment.
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different scales for its transition probability, which are
about 30% apart, was repeatedly noted. ' ' ' ' A re-
cent detailed analysis has, however, reconciled the
different data and has established one definite scale,
which is consistent with all experiments after reinterpre-
tation. Briefly summarized, this critical analysis has
shown that several problem areas existed. (1) A plasma
diagnostic problem arose in some early experiments' '
due to the application of inadequate plasma line-
broadening (Stark-broadening) data. These results have
been corrected by the substitution of recent, more accu-
rate Stark-broadening data. (2) Unrecognized deviations
occurred from the assumed plasma model of local ther-
modynamic equilibrium (LTE). This problem again arose
in early experiments, since no quantitative experimen-

tal or theoretical LTE studies were available yet to serve
as a reliable guide. In the meantime, a minimum value
for the most critical parameter, the electron density in
the plasmas, was established from several experimental
and theoretical studies to be about 5 X 10 m ', which
thus represents the lower limit for the existence of LTE.
Many experiments were performed at somewhat higher
densities, up to 1.5X10 m, but some early experi-
ments carried out at electron densities significantly below
the critical value had to be excluded from final considera-
tion. (3) The intensity contributions by the extended line
wings were sometimes not included (Refs. 1, 2, 4, 12, 14,
16, 18, 20, and 27). This amounts to missing roughly
20%%uo of the total line intensity and leads to an equal
reduction of the transition probability. Therefore, such

TABLE IV. Recommended atomic transition probabi1ities for the Ar I 4s-4p transition array.

4&'[-,' ]I

4s'[
~ ]0

4&[—', ]|

Transition

4s '[-,' lo

4S '[-,' li

4u'[-,']2
4p'[-,' ]i
4m[ —,

'
lo

4m[-,' ]2

4m[-', li
4u'[-', ]2

4m[-,' l|

4S '[ —,']i
4u'[ —,

' ]i
4S [-', ]i
4u [—,

'
li

4S '[ —,']0
4u'[2 ]|
4~'[-', ]2

4u'[-,']l
4u [ —,

'
]0

4S [-,']2
4p[ —', ]|
4u'[-', ]2

4u [ —,']i

4u'[-,' ]i
4s '[-,' ]2

4u [-,']i
4u'[-', ]2

4u [-,']3
4Z [-,']i

A, (nm)

750.384

826.452

840.821

852.144

857.806

922.450

935.422

978.450

1148.811

772.421

794.818

866.794

1047.005

667.728

727.293

738.398

747.117

751.465

800.616

810.369

842.465

965.778

696.543

706.722

?14.704

763.511

772.376

801.479

811.531

912.297

~ (10' s-')

44.5

15.3

22.3

13.9

(0.001

5.03

1.06

1.47

0.19

11.7
18.6

2.43

0.98

0.236

1.83

8.47

0.022

40.2

4.90

25.0

21.5

5.43

6.39

0.625

24.5

5.18

9.28

33.1

18.9

Estimated
uncertainty

+8%
+5%
+5%
+8%

+10%

+8%
+30%

+5%
+8%
+8%

+15%

+ 10%

+5%
+8%

+8%
+15%
+5%
+5%

+5%%uo

+8%
+5%
+8%
+8%
+8%
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amounts have been added for all experiments where line-
wing corrections were not mentioned by the authors. (4)
An inadequate definition of the emission layer occurred
in one experiment, i.e., measurements were performed in
a highly inhomogeneous plasma. These results were
therefore excluded from further consideration.

The critical analysis finally established for the Ar I
430.010-nm line an atomic transition probability of

430 Q~o
=3.74 X 10 s '. This mean value of the revised

results of 14 emission experiments agrees with all indivi-
dual results within +5%, as shown in Fig. 2, and it agrees
almost exactly, i.e., within +1%, with the recent pre-
cision experiments of Preston and Nick.

The 430.010-nm line is, on the other hand, also one of
the branches originating from the Sp [T5]z level which we

have determined in this experiment with our completely

TABLE V. Comparison of comprehensive emission data sets for the Ar I 4s-5p transition array, nor-
malized to the earlier established value for the 430.010-nm line.

Transition

4s [2 ]i

4s [~ ]o

4s [ —,]2

A, (nm)

425.936

433.534

433.356

434.517

451.073

458.929

459.610

462.844

470.232

418.188

419.103

442.400

452.232

397.972

404.596

404.442

405.453

419.832

426.629

427.217

430.010

436.379

394.898

394.750

395.7

3.9

0.35

0.59

0.27

1.2

0.0036

0.090

0.039

0.11

0.56

0.0066

0.091

4.04

0.376

0.553

0.314

1 ~ 14

0.007

0.093

0.037

0.10

0.529

0.539

0.008

0.091

3.99

0.436

0.562

0.308

1.20

0.008

0.101

0.039

0.117

0.593

0.0873

0.037

0.34

0.023

0.28

0.77

0.377

0.012

0.42

0.054

0.044

0.310

0.028

2.52

0.351

0.844

0.377

0.012

0.453

0.066

0.349

0.0302

2.48

0.305

0.776

0.377

0.492

0.048

Transition probabilities (10 s ')
Bues, Haag, Jones and

Wende' and Richter Wiese'

415.859

416.418

419.071

420.067

425.118

1.3

1.00

0.092

1.40

0.312

0.246

0.939

0.123

1 ~ 50

0.961

0.117

'Reference 14.
Reference 16.

'Reference 34.
The result of our lifetime —branching-ratio approach is A =0.0383 (see Table II).

'Not observed.
'The result of our lifetime —branching-ratio approach is A =0.280 (see Table I).
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independent lifetime —branching-ratio approach. Our re-
sult, A4'3p p]p 3.80X 10 s '+7% (see Table I), fully
confirms the emission scale, from which it di8'ers by only
1.6%%uo.

The absolute scale appears to be thus firmly settled,
and we are now in a position to normalize, or renormal-
ize, three fairly complete sets of emission data' ' ' for
the 4s-5p array to obtain numerical values for all indivi-
dual lines. The emission-data sets were all obtained from
photoelectric measurements with wall-stabilized arcs.
Table V contains a comparison of these data sets, which

are normalized to the 430.010-nm line, and a generally
very satisfactory agreement is seen. The only problem
cases are (a) the nearly blended lines at 419.071 and
419.105 nm, which have been separately measured only
by Bues et al. ' (at lower densities), and (b) the weak lines
at 458.929 and 442.400 nm, where the available results
di8'er appreciably.

We thus recommend for the lines of the 4s-Sp array (a)
to base the absolute scale on the arithmetic mean of (1)
our result for the lifetime —branching-ratio approach and

TABLE VI. Recommended atomic transition probabilities for the Ar I 4s-5p transition array.

4s [2]1

4s'[ —,
'

]i'i

4s[2]2

Transition A (nm)

425.936

433.534

433.356

434.517

451.073

458.929

459.610

462.844

470.232

418.188

419.103

442.400

452.232

397.972

404.596

404.442

405.453

419.832

426.629

427.217

430.010

436.379

394.898

394.750

395.7

415.859

416.418

419.071

420.067

425.118

A (10 s ')

3.98

0.387

0.568

0.297

1.18

0.0062

0.0947

0.0383'

0.109

0.561

0.539

0.0073

0.0898

0.041

0.333

0.027

2.57

0.312

0.797

0.377

0.012

0.455

0.056

1.40

0.288

0.280'

0.967

Estimated
uncertainty

+6%
+12%
+7%

+10%
+7%

+20%
+9%
+6%
+9%

+9%
+15%
+15%
+8%

+10%
+9%

+ 15%

+8%
+12%
+8%
+5%

+10%

+9%
+15%

+9%
+9%
+8%
+7%

+15%%uo

'Includes the result of our lifetime —branching-ratio approach (see Table I).
Line not observed.
For this transition, which nearly overlaps with the line at 419.103 nm, we apply the result of our

lifetime —branching-ratio approach (see Table I) which is estimated to be much more accurate than the
emission result of Bues et al. {Ref. 16).
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TABLE VII. Transition probability ratios for some 4s-4p and 4s-5p lines measured in emission.

Pair of transitions

4s [-,']2-4P'[-,']i
4s [—,]t-5p [ —, ]0

4s [ —,
' ]2-4p [ ~ ] i

4s [—', ];-5P [ 2 ],
'Reference 16.
'Reference 23.
'Reference 20.

Wavelengths
(nm)

696.5, 425.9

714.7, 430.0

This
work

1.62

1.68

Bues
et al. '

1.46

Nubbemeyer

1.49

1.66

Transition probability ratios
van Houwelingen

and Kruithof

(2) the result of the emission experiment analysis, which
1S

343p pip
=3.77 X 10 s

and (b) to normalize the three emission-data sets dis-
cussed above' ' ' to this scale and to average them.
This set of recommended data is given, with two standard
deviations, in Table VI.

Finally, it is also essential that the two independently
established data sets for the 4s-4p and 4s-5p arrays be
consistent with each other. At this time, not many accu-
rate cross connections between these transition arrays ex-
ist that could provide reliable tests. The available materi-
al, assembled in Table VII, indicates that consistency is
achieved within the estimated error limits. The closest
agreement is obtained with Nubbemeyer, whose pre-
cision data should carry considerable weight. But the
data by Bues et al. ' are not very accurate (they estimate
uncertainties of +20%) so that the quoted comparison (as
well as additional possible comparisons from their data
set) are not a critical test.

III. SUMMARY

We have established a unified scale for the transition
probabilities of Ar I by measuring some 4s-Sp transitions
with a lifetime —branching-ratio approach and by critical-
ly evaluating and assembling all recent literature data.

We have arrived at a set of A values for the important
4s-p and 4s-5p transition arrays which is consistent with
all recent literature data and possesses internal consisten-
cy between the two arrays. One may extend this scale to
other transitions of Ar I, utilizing the comprehensive
tables of Ar I transition probabilities contained in the

NSRDS-NBS compilation of 1969. This material,
which is based on emission data, should be slightly renor-
malized as follows: (i) All transitions with reference num-
bers "5n" (the work of Bues et al. '

) and "6n" (Corliss
and Shumaker ), with a renormalization factor of 0.96,
(ii) Transitions with reference number "8n" (Malone and
Corcoran ), with a factor of 0.94, and (iii) Transitions
with reference number "9n" (Wiese et al. '

), with a fac-
tor of 0.89.

However, these data are generally not as well estab-
lished and accurate (most are estimated to be accurate
within +50%%uo, see Ref. 58) as those for the 4s-4p and 4s-

5p arrays and further measurements are very desirable.
Finally, we should emphasize that the recommended

transition probabilities are, as usually defined, those for
an isolated atom. In plasmas, the radiating atoms are
often significantly affected by the electric microfields of
the surrounding electrons and ions (as well as possible
external fields), and the emitted lines are then appreciably
shifted and broadened and exhibit extended line wings.
Thus, for the consistent application of these transition
probability data in such emission experiments, the line in-
tensity measurements need to include the line-wing inten-
sity contributions, which may be best accounted for by
corrections with a plasma line-shape model.
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