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Absolute transition probabilities and Stark widths for some prominent multiplets of S I and S II have
been determined experimentally. A wall-stabilized arc was operated in SO~ with a small hydrogen admixture.
The spectroscopic measurements were performed photoelectrically. Side-on observations were transformed
via the Abel inversion to give the radial dependence of the measured quantities. Measurements of the
absolute intensity of 0 I lines and the width of Hp served for the plasma analysis; the results of these meas-
urements together with the application of equilibrium and conservation relations for arc plasmas enabled
the determination of the temperature and various particle densities. Mass-separation effects are taken into
account. The measured Stark widths generally agree well with values calculated from Stark-broadening
theory; in the case of the S II lines the agreement with recently calculated values is substantially better
than that with earlier theoretical data.

I. IN'TRODUCTION

~ lHE high-current, wall-stabilized arc has proven to..be a suitable and reliable source for measurements
of transition probabilities and line pro61es of neutral
and singly ionized atoms. This is in great part because
this source is generally in a state of local thermal
equilibrium. For obtaining transition probabilities on
an absolute scale, the density of the emitting species
as well as the temperature must be known. While this
is relatively easy to accomplish for a one-element arc
plasma, it becomes increasingly complex with the num-
ber of chemical elements present. Unfortunately, the
generation of one-element arc plasmas is readily feasible
only for a small number of elements, namely those
available in gaseous form under normal temperature
and pressure. In other cases one best employs gaseous
compounds of the element to be studied, i.e., one has
to analyze a multi-element plasma. Sulfur has, with
SO& and H2S, two relatively attractive compounds
available.

Despite astrophysical interest in sulfur, very few
data for sulfur transition probabilities have been re-
ported as yet in the literature. ' ' An experimental
determination of transition probabilities of some lines
of sulfur thus appeared desirable and is one of the two
principal subjects of this paper. Parallel to the intensity
measurements, the Stark widths of these S I and S II
lines were also determined and compared with theo-
retically predicted widths. Numerical calculations of
Stark. widths for lines of many elements have become
available since 19644; however, relatively few experi-

* Supported in part by Project DEFENDER sponsored by the
Advanced Projects Agency, Department of Defense, through the
Once of Naval Research.

t Based on a thesis submitted by J. M. Bridges in partial ful-
Gllment of the requirement for the degree of Doctor of Philoso-
phy, University of Maryland.' B.M. Glennon and W. L. Wiese, NBS Misc. Publ. 278 (1966).' M. Miller et a/. , Bull. Am. Phys. Soc. 11, No. 6, 818 (1966).'B. D. Savage and G. M. Lawrence, Astrophys. J. 146, 940
{1966).

4 H. R. Griem, P/asma Spectroscopy (McGraw-Hill Book Com-
pany, Inc. , New York, 1964).

mental checks have been performed, especially for ionic
lines. ' It will be seen that the present measurements
on the S II lines have furnished quite interesting and
surprising results, which —together with some other
recent measurements on ionic lines —have triggered a
revision of the existing Stark-broadening theory.

II. METHOD

The experimental method employed here follows the
standard emission-measurement technique for the de-
termination of atomic transition probabilities which
has been often explained before. ~ We shall therefore
treat in some detail only the specific problems con-
nected with the determination of the number density
of the emitting species.

The transition probability AI, ; of a transition from a
higher atomic level k to a lower level i may be de-
termined from emission intensity measurements via
the relation

At,;=47rlt„(X/Itc) [Z(T)/Ngq] exp(Eq/kT) Xl ', (1)

where II,; is the total intensity of the spectral line and
X its wavelength; E& and g& are, respectively, the energy
and statistical weight of the upper atomic level k;
S is the number density of the emitting species; T is
the temperature; Z(T) is the partition function; and
/ is the length of the (homogeneous) plasma layer.

The partition function is readily calculated if the
temperature is known, ~ and E& and gI, are usually
available from spectroscopic tables. The transition
probability may thus be obtained from an absolute
intensity measurement provided one can determine
simultaneously N and T. However, Eq. (1) holds only
under the conditions that local thermal equilibrium
exists in the plasma and that the line suGers no self
absorption. These assumptions need to be verified.

W. L. Wiese, P/asma Diagnostic Techniques (Academic Press
Inc. , New York, 1965), Chap. 6.' H. R. Griem, Phys. Rev. Letters 1V, 509 (1966).

~ See, e.g., W. L. Wiese and J. B. Shumaker, J. Opt. Soc. Am.
51, 937 (1961).
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conjunction with Stark-broadening theory, the electron
density; and the line intensity furnishes a relation
containing the temperature and the density of neutral
oxygen, as may be seen from Eq. (1). Alternatively,
the temperature could be also determined directly from
measurements of the relative intensities of several 0 r
multiplets.

The practical determination of the sulfur transition
probabilities proceeded then as follows: At arc temper-
atures of about 1 eV, the atomic species present in
significant quantities are neutral and singly ionized
sulfur atoms, neutral and singly ionized oxygen atoms,
and electrons. The relevant equilibrium and conser-
vation relations' for the Ave corresponding densities
and the temperature were 6rst combined to express
the densities as a function of the following variables:
the temperature T, and the sulfur-oxygen density ratio
P(Es+1Vs+)/(JVo+Xo+) j, denoted by a. Numerical
calculations were performed for a large number of T
and 0. values. As an example, Fig. 1 illustrates the
functional dependence of the electron density X, with

respect to these quantities. Next, the intensities of
several 0I multiplets of well-known transition prob-
abilities were also calculated applying Eq. (1) and
plotted as functions of the same variables. For the
case of the 0 r 7156-X line this is presented in Fig. 2.
Measurements of E, and of the absolute intensity of

Fro. 1. Calculated electron density versus temperature with
sulfur/oxygen density ratio a as parameter. lO

While it is often possible to measure the temperature
directly, one has normally to apply a rather indirect
approach for the determination of E. Namely, one has
to employ a number of equilibrium and conservation
equations by which the various densities and the tem-
perature are related. ~ Generally, for a plasma con-

sisting of X elements and I' different species one
encounters V+1 unknowns, namely F densities and
the temperature. For these one has available I"—X—1

Saha equations, Dalton's law (with a known total
pressure of one atmosphere) and the condition of local
electrical neutrality; that is, altogether I'+1—X equa-
tions. Formerly, stoichiometric ratios have been em-

ployed as additional relations. This, however, has turned
out to be an incorrect procedure, because recently dis-

covered mass-separation eBects may cause the local
mixing ratios to be quite different from the initial
stoichiometric ratios. It is seen, then, that for a plasma
containing X elements one has to determine experi-
mentally at least X unknowns (or equivalent combi-
nations of these) to obtain a complete solution for the
densities and temperature.

For the two-element case of SO2, it was decided to
measure the width of a strongly Stark-broadened line
and the intensity of an oxygen line of known transition
probability. The linewidth measurement furnishes, in

' W. Frie and H. Maecker, Z. Physik 162, 69 (1961).
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FxG. 2. Calculated intensity of the 0 z 7156-A. line versus tem-
perature with sulfur/oxygen density ratio n as parameter.

9High-density corrections according to Ref. 4 were applied.



S I AND S II LINES 33

at least one 0 r multiplet then yielded two relationships
between the variables n and T. The simultaneous
solution for the two quantities was obtained graphically
as illustrated in Fig. 3. Kith the thus determined sulfur
densities and temperature the absolute values of the
transition probabilities could be immediately computed
for those lines of Sr and Sn whose intensities were
measured.

The method outlined above of determining the
particle densities in a plasma containing more than one
element may be considered as a simplified variation of
a procedure applied by Boldt" for determining the
particle densities in a mixture of argon and carbon
dioxide. By measuring, in addition to T and N„various
relative line intensities in plasmas containing the same
elements in different proportions, Boldt was able to
determine all particle densities without using any pre-
determined values for transition probabilities. In our
analysis of the SO2 plasma, however, we decided to
make use of available 0 r transition probabilities since
these are quite reliable. "Furthermore, for the case of
a sulfur-oxygen mixture we encounter the favorable
circumstance that the electron density depends sensi-
tively on the mixing ratio, since the first ionization
potentials of these two elements are quite diferent.

The measurements of the Stark widths and shifts
proceeded in a relatively straightforward manner, since
under the experimental conditions the line pro6les are
relatively broad and could be easily resolved with a
monochromator of moderate dispersion (10 L/mm).
Other line broadening mechanisms as well as apparatus
broadening always gave smaller contributions than
Stark broadening, and could readily be accounted for.

III. EXPERIMENTAL

Apparatus antI Basic Procedure

The light source used for this experiment was a wall-
stabilized arc, the details of which have been described
previously. " A —', -in. -diameter arc channel was used,
and for operation with SO2 the copper discs which
form the channel for the arc were gold plated to prevent
corrosion. Another important change from the pre-
viously used con6guration was to set the observation
window back to 4 cm from the arc axis, and direct a
small Qow of SO2 into the center chamber just inside
the window. This was necessary to prevent the for-
mation there of a cloud of suspended sulfur generated
by sulfur atoms upon leaving the arc column. A sig-
ni6cant amount of sulfur did deposit out in the arc
sections adjacent to the center where the main SO2
Qows were directed into and out of the arc, but not

'0 G. Boldt, Z. Naturforsch. 18a, 110'/ (1963).
~' VV. L.%'iese, M. %'. Smith, and B.M. Glennon, Atomic Tran-

sition Probabilities (U.S. Government Printing Once, Vilashington,
D.C., 1966), NSRDS-NBS 4, Vol. I.

~ W'. L. %'iese, D. R. Paquette, and J.E. Solarski, Phys. Rev.
129i 1225 (1963).
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FIG. 3. Graphical solution for temperature T and sulfur-oxygen
density ratio n for radial position of 0.4 mm. Dotted lines re-
present estimated uncertainties in the positions of the curves.

enough to cause irregular arc behavior during a run.
(Previous to the experiment with SOs, attempts to
operate the arc in H2S proved unsuccessful due to
excessive depositing of sulfur which caused arc insta-
bilities after a few minutes operating time). The total
flow rate of SOs gas was about 1400 ml/min. Argon
was admitted near the electrodes with a total Qow rate
of 800 ml/min. Spectroscopic checks were made to
verify that no significant quantity of argon ((0.1%)
was present in the center arc section. The arc column
was observed end-on or side-on with two Ebert-type
monochromators: A 0.5 m instrument with reciprocal
linear dispersion of 32 A/mm in erst order, and a
0.75 m instrument with reciprocal linear dispersion of
10 L/mm in first order. An S20-type photomultiplier
(EMI 95888) was used for observations in the wave-
length range below about 7500 A; for longer wave-
lengths an S1-type phototube (RCA 7102) was em-
ployed. The latter tube was cooled with dry ice to
improve the signal-to-noise ratio.

A tungsten strip lamp, calibrated by the Radiation
Thermometry Section of the Bureau of Standards,
served as the intensity standard. Intensity calibrations
were carried out after each run by placing the strip
lamp in the arc position.

Most measurements were performed side-on. For
measuring the absolute intensity emitted, from a given
volume element, the arc was positioned with its axis
parallel to the entrance slit of the monochromator. By
slowly driving the arc image across the entrance slit
the projected arc intensity was obtained. For recording
the data, a special automatic data recorder" was avail-
able. This device integrates the signal from the photo-
multiplier over successive preselected time intervals,
and records the integrated values on paper tape. The
use of shift registers allows data to be recorded while
other data are being read in, so that the recorder can
be operated continuously. The data, recorded on paper
tape, were then fed to a computer for an Abel inversion

"D. R. Paquette and W. L. Wiese, Appl. Opt. 3, 291 (1964).
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process, which yielded the radial intensity pro61c of
the arc.

For determining line profiles and intensities, measure-
ments are made at wavelength intervals suitably spaced.
across the line pro61e and extending suKciently far
from the linc center to gct accurately the underlying
continuum leveL Plotting the (Abel-inverted) inten-
sities from a given arc radius versus wavelength, the
linewidths may be obtained directly from the plotted
curve and the line intensities obtained by graphical
integration. In. most cases, however, the line intensities
couM be measured in a simpli6cd procedure by opening
the monochromator exit slit wide enough to let pass
most of the line intensity together with the underlying
continuum, Then with the same slit settings the con-
tinuum intensity on both sides of the line was measured.
The continuum intensity Rt the position of the line

could be obtained by interpolation, and was subtracted
from the original measurement to yield the uncorrected
intensity of the line. A correction must then be made
to account for the intensity in the far wings of the
line which is not included within the wavelength band
passed by the monochromator. This correction is easily
coIDputcd RssuIDlng R dispersion shape for thc 11nes,

which is to a very good approximation borne out by
thc pI'061c measurcmcnts.

All the measured lines were examined with regard
to self absorption. This was done by comparing the
intensity at the line peak to that which wouM be
emitted by a Mack body at the temperature of the are.
An additional check was also performed by rejecting
thc Rlc lnlagc bRck through thc Rlc ltsclf Rnd measuring
the increase in intensity. RCAection losses were ac-
counted for by repeating the measurements at wave-

lengths (in the continuum) where negligible self ab-

sorption occurred. Self absorption was found to be
appreciable only for the strongest lines measured. and
required special measuremcnts in a diluted SO2 plasma
ln thcsc CRscs.

Some measurements mere made with the arc in the
end-on position. In this con6guration relative intensities
could be compared directly since the observed radiation
was restricted by a small aperture (1:100) to that of a
narrow conc centered at the arc axis, over which volume

thc plasIDR pI'opcl ties RI"c RppI'oxlIDRtcly UnlfoI'm.

Transition-Probability Measurements

As thc 6rst step, thc plasma conditions had to bc
determined. In order to obtain. the electron density,
thc stloQgly bI'oRdcncd hydI'ogcn linc Hp was cIDployed~

for which very reliable Stark-broadening data exist. 5

A 2% admixture of hydrogen was admitted with the

SO2, which gave sufFicient intensity for observing the

Hp pro6le precisely, but was still too small to signi6-

cantly Rfkct the plasma conditions. A strong S Ir line,

J. M. BHdgcs~ dlsscI'tktloIl~ UTllvcl sit/ of M3,1'glaQdq 1966
(unpublished).

blended with Hp at about the half-maximum intensity
position on one wing, complicated the measurement.
The over-all pro61e of the blended line was 6rst ob-
tained; next the pro61e of the sulfur line alone was
scanned by making a run without the admixture. Sub-
tracting thc two plo61cs lcsUltcd ln RQ lntcnslty plo61c
due to hydrogen alone, from which the half-width of
Hp was measured, In performing the measurement, the
prohle was fitted to the theoretical profile of Gricm
et u3."The 6t of the experimental points to the theo-
retical pro61c was sufhciently good. that the width of
Hs was estimated. to be determined to within 4%,
which represents a contribution of 6% to the error in
the electron density. 4' Vhth a further uncertainty in

S, estimated not to exceed 7% from Stark-broadening

theory, s the total error in X, amounts to about 9%.
The time-consuming Hp measurement was not in-

cluded 1Q cRch. lun 1Q which sulfur lntcQsltlcs welc
measured; this was not considered necessary, since Rll

runs werc made under identical conditions, and. com-

plete reproducibility of the particle densities and tem-

perature was obtained within the experimental errors
for the runs in which Hp was measured.

The measurement of the absolute i~tensity of one
0 I line of known transition probably was now suf6cicnt
to determine the plasma conditions. As a check against
possible systematic errors and also to obtain increased
accuracy, the intensities of several multiplets were

measured in each run. The prominent 0 r multiplets
Rt 7773 8227, 7949 7157 Rnd 7477 A werc Used. Their
transition probabilities were taken from a recent critical
compilation. '~ For a given density, the intensity meas-

urements of the various multiplets gave values for the
temperature which agreed to within +I50'. The results

from these measurements were averaged in the 6QR1

analysis. Analyzing the data from several arc radii,
the radial tcIDpcI atuI'c Rrld particle-densl ty dlstl lbutlons
were computed and are shown in Fig. 4.

Using the relative intensities of the above-listed 0 x

multiplets, the temperature was also determined di-

rectly from the slope of the plot of 1n(Is,),/AI, ~gs) versus

the various Es LThis may ea. sily be seen by regrouping

Eq. (1).j This temperature determination has the
advantage that only relative transition probabihties
are required and only relative intensities need to be
measured; nevertheless, due to the small differences in

the values of EI, for the measured multiplets, this de-

termination resulted. in a less accurate value for T
than that obtained by the above method. The temper-
ature determined from the relative intensity measure-

ment is estimated to be accurate within 3%, which is

about twice the uncertainty estimated from the earlier
determination using the absolute intensity measure-

ment. The two results did agree within the combined

experimental errors.

»H. R. Gricm, A. C. Kolb, m,d K. Y. Shen, AstroPhys. J.
135, 272 (1962).
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The intensity of each S x multiplet was measured in
at least four runs. Among the S x multiplets, only for
the O'S' O'P —multiplet (X =9212—9237 A.) were the lines
suKciently resolved that the individual line intensities
could be determined. For all others, only the total
multiplet intensities were measured. Of the S xx lines,
only the 3 strongest were observed with the arc side-on;
the remaining lines were measured relative to these
strongest lines with the arc end-on; three such runs
were made. In the latter configuration the line-to-
continuum ratio was more favorable and the relative
line intensities could be more accurately measured.
Since all observed S xx lines have upper levels of ap-
proximately the same energy, these relative intensity
measurements are practically independent of T and
not subject to large error even if the observed central
portion of the arc were not quite homogeneous.

Data from two runs were analyzed at several radii
and no systematic variation of sulfur transition prob-
abilities was found. Data from all of the remaining runs
were analyzed at one radial position only.
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Stark Widths and Shifts of Sulfur Lines

The Stark widths and shifts of several S x and S xx

lines vrere measured both end-on and side-on. For the
end-on measurements, a vrider arc channel of 4.8 mm
diameter was used to eliminate completely any bulging

of the arc column in the insulating sections. In addition
to Stark broadening, both instrumental broadening
and Doppler broadening are significant under the ex-
perimental conditions and were taken into account.
The instrumental function was found by scanning the
profiles of lines of very small intrinsic widths generated
in a low-pressure discharge. For the slit opening mostly
used, namely 10 p, , the apparatus function resembled
a Gaussian of 0.15 A. half-width. The Doppler half-
width was calculated from the known arc temperature
to be about 0.07 A.. Assuming the observed line profile
to be a Voigt profile, and knowing the width of the
Gaussian contribution (instrumental and Doppler
widths folded), the width of the dispersion contri-
bution, i.e., the Stark width, was easily found. ' "The
Doppler broadening and slit function contributed only
a very small amount to be observed widths of the S x

lines, but were an appreciable percentage of the ob-
served S xx widths, as may be inferred from the numeri-
cal results.

The theoretical Stark-broadening data' refer to indi-
vidual spectral lines; the broadening parameters are
the same for all lines within a multiplet. But, in this
experiment as was already mentioned, almost all meas-
ured S x multiplets could not be resolved into lines since
the latter overlap completely. For the comparison with
theory, the individual line profiles thus had to be
retrieved from the observed multiplet prodles. First, it
was observed that the intensities of three resolved lines
of the Os 5S'—Op 'I' multiplet of S r were within 5% of
those obtained under the assumption of I.S coupling.
For the other S x multiplets with completely overlapping
lines the intensity ratios from IS coupling were there-
fore assumed to be valid, too. By assuming then, as in
the theory, that the lines of a multiplet were all shifted
and broadened by the same amounts, the individual
line widths could be easily deduced from the observed
over-all multiplet shapes.

For the line-shift measurements, lines from a thorium
electrodeless lamp were used for the wavelength cali-
bration.

IV. RESULTS AND DISCUSSION

Transition Probabilities

t.2
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In Tables I and II are listed the transition prob-
abilities determined for the S x and Sxx lines and
multiplets, along with the total estimated uncertainties.
Also given for comparison are values calculated vrith
the Coulomb approximation by Bates and Damgaard. '~

The main contribution to the over-all uncertainty
originated in the simultaneous determination of sulfur
density and temperature. This error in turn arises
from an estimated error in the X, determination of 9%

FIG. 4. Radial distribution of the various densities and the
temperature in the arc. (The subscripts at the densities N denote:
S=neutral sulfur, 8+=singly ionized sulfur, 0=neutral oxygen,
0+=singly ionized oxygen, e=electrons).

'6 J. T. Davies and J. M. Vaughan, Astrophys. J. 137', 1302
(&963).

»D. R. Bates and A. Damgaardp Phil. Trans. Roy. Soc.
London A242, 101 (1949).
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TABLE I. Measured S y transition probabilities in 10~ sec ' and comparison with the Coulomb approximation. ~

Multipletb

4s 5S -4p 5I' (1)

4s '5'-5p 'I' (2)
4s15'-4p 1P (3)
4s 'S'-5p 3I' (4}
4p 5P-4tg 1D' (6)
4p 'I'-M 'D' (8)

9222
9212.9
9228. 1
9237.5
4695

10 456
5279
8685
6752

This
experiment

4.0&35%
4. 1+35%

3.9+35%
0.103+30%
3.0+35%
0.054+30'Pg
1.6+30%
1.10+35%

Coulomb
approximation

2.68
2.68
2.68
2.68

Cancellation
2. 18

Cancellation
1.22

0.76

3 Entries for vrhich J values are omitted refer to complete multiplet.
"The numbers in parentheses refer to the multiplet numbers given by C. E. Moore, Natl. Bur. Std. (U.S.) Tech. Note 36 (1959).

(as discussed earlier), errors in the 0 x intensity meas-
urements of about 10%, and estimated uncertainties in
the 0 x transition probabilities of not more than 10%."
These errors give rise to a relative uncertainty of about
30% in the transition probabilities, as may be con-
veniently inferred from Fig. 3. To this main contri-
bution must be added the experimental errors in the
sulfur line-intensity measurements of order 10%, which
lead to over-all uncertainties estimated not to exceed
errors of 30—40%.

As previously noted, the determination of transition
probabilities by the method we have used requires the
plasma', to be in a state of local thermal equilibrium

(LTE) . Our assumption that deviations from LTE are
negligible over the axial region of the arc is based upon
ful6llment of theoretical equibbrium criteria for sta-
tionary inhomogeneous sources' as well as upon results

of numerous previous arc experiments conducted under
rather similar conditions (see, e.g. , Ref. 12).

Comparing the experimental transition probabilities
with those from the Coulomb approximation (assuming
LS coupling), one finds that the experimental values
are generally higher by varying amounts. The Coulomb
approximation gives, among the tabulated values, the
most reliable data for lines of the transition arrays
4p-4d and 4p-Sd of S x and 4s-4p of S xx. This follows

from the general criteria for the applicability of this
method. It is noted that for these lines almost constant
factors of 1.40 and 1.30 for 8 r and S lx, respectively,
exist between the theoretical and measured data. Part
of tllls difference (which ls wltlllll the expel'lllle11tal

error limits) is probably due to the relatively large
uncertainties obtained in determining the sulfur den-

sities and temperature. These aGect all S t lines and

TABLE H. Measured S n transition probabilities in107 sec ' and comparison with Coulomb approximation.

Multiplet'

3s3p'2p-3s 3p'4p S (1)
4s'I' —4p'D' (6}

4s 4I'-4p 4r' (7)
4s 'I'-4p 'S' (9)

4s 'Z-4p 'D' (14)
3d 4D-4p 4I" (19)
3d 2F-4p 'D' (26)
4s"D 4p"F' (38)—

3 I
2 2
5 V
2 2
3 5

1 3
2
5 5
2 2
3 3
2 2
1 1

2
5 5'r 2
5 3
Y 2
3 3

2
9
2 2
5 3
2
3 1
2 2
3 3

2
'I 5
2 2
5 3
2
5 V
2 2
3 5
2 2

5027.2

5453.8
5432.8
5428.6
5564.9
5509.7
5473.6
5032.4
4815.5
4716.2
5606.1
5659.9
5664. 7
5819.2
6305.5
6312.7
5320.7
5345.7

This
experiment

3.6+40%
10.0+35%
/. 8+35%
5.0&35%
2.0~35+f)
4.6+35%
8.6+35%
8.7&35'Po
9.4~35%
3.4a35%
4.0~35%

4.8&35 jg
1.2+40%
2 3+35'Fo
2.6&40%

11.6+35%
11.5&35%

Coulomb
approximation

7.83
5.54
3.30
2.21
4.03
6.43
6.90
5.66
4.00
1.89
1.64
2.04
1.16
1.31
1.97
8.45
7.78

n The numbers in parentheses refer to the multiplet numbers given by C. E, Moore, Natl. Bur. Std. (U,S.} Tech. Note 36 (1959).
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TABLE III. Comparison of measured relative line strengths to strengths predicted by IS coupling and intermediate coupling for
lines belonging to the 4s-4p transition array of S rL (The data are normaHzed for the 5455.8-L line to the absolute line strength ob-
tained fmm the Coulomb approximation. )

Multiplet~

4s 4P 4p 'D-' (6)

4s4P 4p4P' -P)
4s 4P-4p 4S' (9)

4s sP-4p 'D' (l4)
s4" D-p4" P'(58)

x (L)

5453.8
5432.8
5428.6
5564.9
5509.7
54'0.6
5032.4
4815.5
4/16. 2
5819.2
5320. 'F

5345. '7

This
experiment

50.2
29
12.4
8.0

11.7'

10.8
25.6
16.3
5.5
3.6

53.9
40.9

Intermediate
coupling

50.2
29.2

11.9
8.10

12.2
10.7
29.0

1'.32
10.2
2.82

50.2
32.9

I.S
coupling

50.2
26. 1
10.3
1'L.3
13.3
10.3
26.3
12.4
8.16
4.53

50.2
35.1

~ The numbers in parentheses refer to the multiplet numbers given by C. E. Moore, Natl. Bur. Std. (U.S.) Tech. Note 36 (1959).

silllilally Rll S II llncs by thc same RIIlounts which ls
1n agrcemcnt with tlM almost constant fRctoI's observed.
On the other hand, the above quoted transitions must
be regard. ed as only moderately excited, for which the
Coulomb approximation does not produce very precise
values. For the same classes of transitions in 0 I and
0 rr, where the analogous outer electron con6gurations
are encountered, , the results of the Coulomb approxi-
mation agree with other theoretical and experimental
results generally in the range from 10-25%."

The large and irregular differences between the
Coulomb approximation and this experiment for the
3p'3d-3p'4p transitions of S rr are not unexpected. In
these cases there are shell-equivalent electrons in the
lower state. Thus the CGccts of con6guration inter-
action become very important, which are not included
1n tlM theory. As hRs bccn demonstrated by Wciss~
these cGects may alter the theoretical results drastically,

Our value for the S r multiplet at 4695 X is higher
by a factor of two than that reported recently by
Miller et c/. ,' however, this disagreement is not greater
than the combined experimental errors. No other ex-
perirnental results are available for comparison.

: Garstang" has computed relative line intensities for
the multiplets of the 4s—4p array of S xr based on the
intermediate-coupling scheme. Table III hsts the rela-

tive line strengths, i.e., essentially relative intensity
values, for all measured lines of this array according
to I.S coupling, intermediate coupling, and our experi-
mental results. The values are normalized to agree with
the Coulomb approximation value for the 5454-L line.
For the lines of the 4s 'I' 4p 4D' mu-ltiplet, the experi-
mental values substantiate intermediate coupling rather
convincingly; for the other scattered material no prefer-
ence is noticeable. For the two lines of the 4s 'I' 4p '5'-
multiplet, a puzzling disagreement exists among the
three ratios, and suggests a possible error in the classi6-
cation.

The experimentally determined value for the
sulfur/oxygen ratio near the arc axis turned out to be
about one-half of the stoichiometric ratio for SO2. Had.
we assumed the stoichiometric ratio rather than using
the experimentally determined value, the values for
the transition probabilities would be lowered by about
the same amount, i.e., they would be about 20% below
the values from the Coulomb approximation, on the
average.

Stark Widths and, Shifts

In Table IV the measured Stark widths of the S r
lines are presented along with the estimated uncer-
tainties and compared with the values calculated by

TABLE IV. Comparison of measured Stark rvidths and shifts of S I lines to calculated values.

Multlplet+

4s 'S'-4p 'P (1)
4g5S -5p5P (2)
4s 'S'-4p 'p (3)
4s 3S'-5p 3P (4)
4p 'P-5d'D' (8)

x (X)

9222
4695

10 455
5280
6752

FuH half-width (k)
Experiment Theory

1.5w0. 2 1.48
3.4a0.3 3.6
2.3+0.3 1.98
3.0&0.3 3.5

26.0~2.0 24.0
~ ~ ~

1.0~1.5 1.4

Shift (A.)
Experiment Theory

~ ~ 0

1.1%0.2

E,
(tOI cm—

)
6.3
j.0
6.3
7.0
7.5

T
(108 'K)

12.2
11.2
12.2
11.2
11.4

The numbers in parentheses refer to the multiplet numbers given by C. E. Moore, Natl. Bur. Std. (U.S.) Tech. Note 36 (1959).

"A. %'. gneiss (to be published).» R. H. Garstang, Monthly Notices Roy. Astron. Soe. 114, 118 (1954).
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Txnzz V. Comparison of measured Stark widths of S II lines to calculated values (X,='/. 0&&10's, 7=11 100'K).

Full ha1f-width (A,)
This Theory

experiment Ref. 4 (1964) Ref. 6 (1966)

BsBP"P-Bs'BP"Ps8' (1)
4s 'I' —4P 4D' (6)

4s'P-4P sP' P)
4s sP 4P '8' —(9)

Bd 'F 4p 'D' (11—)
4s' 'D—4p' sF' (3g)

5027
5453.8
5432.8
5428.6
5509.7
5473.6
5032,4
4815.5
4716.25'.i
5320.7
5345.7

0.39~0.05
0.39~0.05
0.42~0.05
0.39a0.05
0.42+0.05
0.45+0.05
0.53+0.05
0.7 a0. |.
0.7 ~0.j.5
0.37&0.05
0.53+0.05
0.46+0.05

0.12
0.074
0.074
0.074
0.074
0, 074
0.065
0.057
0.057
0.078

0.25
0.32
0.32
0.32
0.32
0.32
0.35
0.22
0.22
0.42
0.31
0.3|,

~ The numbers in parentheses refer to the multiplet numbers given by C. E. Moore, Natl. Bur. Std. (U.S.) Tech, Note M (1959).

Griem. 4 The calculated values are for the electron
density determined from the measured width of Hp.
Since this experimental determination of S, contains
an uncertainty of 9%, the calculated values are un-

certain by this amount in addition to purely theoretical
errors.

For the S I multiplets, good agreement is observed
between the experimental and theoretical results. In
aH cases the agreement is within the combined experi-
mental and theoretical error estimates. The ratio of
experimental to theoretical widths, averaged over the
five mul. tiplets, turns out to be 1.01. Similar excellent
agreement for such averaged ratios has been measured.
for Cs I2O and 0 I" lines.

Also given in Table IV are the measured and calcu-
lated4 values for the Stark shifts of two multiplets of
Sl. Here again the measured and calcula, ted values
agree within the combined error limits.

In Table V are listed the measured Stark widths of
the S Ir lines and compared with the theoretical data
calculated by Griem. '6 The hnewidths obtained form
the earlier theory4 are all drastically srna, lier than the
measured values. The ratio of experimental to theo-
retical widths, averaged over the measured lines, turns
out to be 6.9. Similar discrepancies have been found

ss P. M. Stone and L. Agnew, Phys. Rev. 121, 1157 (196&).
"W.L.Wiese and P. W. Murphy, Phys. Rev. 131,2103 (1963)~

for Ar II"" and. Call'425 hnes. Griem then extended
the theory recently' by taking into account the strong
Coulomb interaction between perturbing electrons and
emitting ions (this was not important for neutral
cllll'ttcl's) and by consider lllg colllsloll induced tran-
sitions between upper and lower atomic levels. Applying
the net data, the ratio of experimental to theoretical
widths a,veraged over the measured multiplets is 1.6,
Leaving out multiplet 9, the ratio comes out as 1.3.
Even though this represents a va st improvement the
situation is still not nearly as satisfactory as for the
neutral Sr lines. A very large discrepancy (factor of
3.2) remains for the S II multiplet No. 9. It is signiicant
that for this same multiplet the relative hne intensities
grossly disagreed with the calculated data from I.S
coupling as well as intermediate coupling (Table III).
This again points to a possible error in the classification.
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