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Broadening of visible Kr1, Kr11, and Xe 11 lines is measured behind reflected shock waves in a di-
aphragm shock tube. Revised estimates of broadening by competing mechanisms reduce the Stark
parameters for seven lines of Xe 1l measured earlier in the shock tube. Stark broadening for 30 lines
are obtained, including 16 not previously reported. Results are compared with findings elsewhere,
and systematic broadening trends in the homologous ion sequence are examined.

I. INTRODUCTION

Systematic trends are often found in the Stark broaden-
ing of strong emission lines.! For prominent visible lines
of homologous ions, such trends can persist over four
rows of the Periodic Table.? Recent measurements of
Kri1 and Xell widths have sought to determine the
effects pronounced fine-structure splitting have on sys-
tematic Stark-broadening trends®~°

The present shock-tube experiments were intended to
simultaneously record Arii, Kril, and Xell visible line
profiles and then compare the measured widths in an at-
tempt to evaluate trends and to discover possible sources
of discrepancy between data from past shock-tube experi-
ments® and from other light sources.® In particular, we
wanted to find out if Stark broadening in the heavy rare-
gas ions varies approximatively linearly with the princi-
pal quantum number n, as had been suggested by com-
parison with line broadening in the “mirror-image” alka-
line earth ions.® Furthermore, such measurements help
determine whether array-averaged semiempirical (SE)
computations,’ which successfully approximate the com-
parative Stark broadening of third-period ionic lines® are
still of use in the presence of pronounced fine-structure
splitting.

II. EXPERIMENT

The apparatus and methods have been described previ-
ously, ®%° but the gas compositions are new, consisting of
neon as carrier gas and an admixture of either 1.97%
Ar+1.05% Kr+0.63% Xe, or 0.20% SiH,+0.57 Kr, or
0.68% B,H¢+7.9% Kr (partial pressures). In the test
section, filling pressures are in the 15-30-Torr range. The
bursting pressures in the driver section are 80-100 atm.
The shock-compressed and -heated plasma behind the
first and multiply reflected shock waves is in the 7-12-
atm and 10000-12000-K ranges. The corresponding
electron densities, determined by fitting Hy profiles to the
theoretical Stark shapes,'® range from 5 to 20X10'
cm 3. In some electron-density determinations, empiri-
cal corrections!! have been reported to the theoretical
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widths.!® On the average, these corrections increased the
measured electron density by 3%.

Various combinations of initial conditions and photo-
graphic exposure times were tried in an effort to obtain
good photographic image densities for the simultaneously
recorded Ar1l, Kril, and XellI lines, but the argon-ion
lines were always too faint. Simultaneous recording of
Kr 11 and Xe 11 was frequently possible, though.

The improved photometric quality of some of the later
experiments revealed that we had sometimes undercom-
pensated for finite optical depths in our earlier experi-
ments. For the brighter Xe II lines, the proper compensa-
tion is a 2-7 % reduction in the line profile widths.

The Lorentzian components of the measured widths
were reduced in the usual way.'? The Lorentzian
linewidths were 14-2 times the width of the instrument
profile, which was Gaussian. Collisions with neon atoms
at shock-tube pressures of 10 atm can cause van der
Waals broadening by some 0.1 A (Ref. 13) for the typical
Kri1 and Xell lines. This effect had been neglected ear-
lier,® but here we used Griem’s formulas'® to correct for
this competing broadening. Most data were collected
within £500 K of 11000 K and no attempt was made to
normalize to one temperature.

III. RESULTS AND DISCUSSION

The experimental Stark widths and electron densities
N, are shown in Fig. 1 for typical 6s-6p and 6p-6d Xe Il
and 5s-5p Kr1I lines. Our random error estimates are
based on the grain noise in our fast emulsions and on the
reading errors in determining the baselines of the investi-
gated lines and Hy profiles. To within experimental accu-
racy, the broadening is linear in electron density for both
the narrower and wider investigated lines.

The data points in Fig. 2 are for Xe Il and Kr 11 Stark
profiles of lines simultaneously recorded on the same ex-
posures. These data are linearly related. The slope
agrees with the corresponding linewidth ratio determined
from Kr 11 (Ref. 14) and Xe 1l (Ref. 5) data from cascade
arc experiments.
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FIG. 1. Measured broadening of XeII lines at 4238.3 A (6p-
6d) and Xell lines at 4603.0 A (6s-6p), and the Kr1I line at
43555 A (5s-5p) vs electron density. Widths are FWHM,
corrected for instrumental and van der Waals broadening, but
including broadening by ions. The Xe 11 lines 4238.3 and 4603.0
A are denoted by open circles and triangles, respectively, and
the Kr 11 line at 4355.5 A is denoted by shaded circles.

The present results and experimental comparisons for
Kr1 and Kr1I are given in Table I, and for Xe IT in Table
II. The estimated error in the broadening parameters is
25%. The random errors in the broadening parameter
averages (from four to 15 experiments per line) are usual-
ly 10-17%, due mainly to grain noise, interference, and
profile baseline fitting. Transient spatial inhomogeneities
and temporal fluctuations during exposure contribute to
jitter but do not invalidate the results because (i) the in-
vestigated lines and Hj tend to react covariantly to small
source fluctuations, and (ii) large fluctuations in excita-
tion temperature are detected by monitoring the pho-
toelectric intensity of the NeT line at 5852 A, while large
electron-density deviations are detected photoelectrically
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FIG. 2. Comparison of Krii and Xell Stark widths from
simultaneously recorded line profiles. Line a denotes the ratio
adopted (including data recorded in experiments where the lines
appear separately), and line b indicates the corresponding ratio
of the data Nick et al. (Ref. 5) to that of Brandt et al. (Ref. 14).

as shifts in the continuum (whose intensity scales as N2).
When large temporal fluctuations occur, usually because
a shock transition zone is inadvertantly sampled, the data
are discarded.

There are several possible sources of reproducible er-
ror: (i) Uncertainty in the computed approximations of
the van der Waals widths contributes 5-8 % (that is, 50%
uncertainty in a 10-16 9% correction term, (ii) slight un-
detected densitometer-slit misalignments can increase
linewidths in a single experiment by a few percent. The
reproducible errors in slit deconvolution and in optical-
depth compensation should each average less than 5%.

For the one Kr1I line where measurements overlap,
Table I shows that the present results are 30% larger

TABLE 1. Experimental Stark half-widths [full width at half maximum (FWHM)] for krypton (in A)
for an electron density of 10'” cm ~* and a mean temperature of 11000 K.

Wavelength This Klein Brandt
Spectrum Transition® (A) work et al.® et al.®
Kri S5s(3)3-6p(3); 4274.0 2.75¢
55(3)i-6p(3); 4463.7 2.63¢
55(3)3-5p'(1), 5570.3 0.864 0.96¢ 0.63
Kri 55 *Ps,,—5p *D3 4355.5 0.39°
5s%Py,,=5p *D%,, 4765.7 0.51 0.39
55 %Ps,,—5p *D% 5 4739.0 0.49f 0.29
5s*Py,,—5p *D3,, 4292.9 0.30"
55 %P, ,~5p *DS 4431.7 0.31"
55 *Ps,,—=5p *P5 5 4658.9 0.45°
552P,,,—5p *D%,, 4619.2 0.54 0.34

*Reference 16.

®Reference 15.

‘Reference 14.

dEstimated accuracy +20%.
*Temperatures (9.4-10.3) X 10* K.
"Estimated accuracy +25%.
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than the Stark widths from a cascade arc'* and are 10%
smaller than those from another shock-tube experi-
ment. !> The present Kr 11 widths exceed those of Brand
et al.'* by 30-70 %, thereby going beyond the estimated
combined tolerances. Electron densities and tempera-
tures in the two experiments are comparable. Total den-
sities in the two experiments differ by an order of magni-
tude, but van der Waals widths are compensated for the
same way in both experiments.

The measured and adjusted Stark widths for XeII are
given in Table II. According to our revised analysis,
some Xe II widths are reduced by 15-25 % from our pre-
vious values® and now agree with those of Richou et al.*
These authors also used a diaphragm-type shock tube,
but an optical multichannel analyzer (OMA) II for
recording xenon profiles, and they determined electron
densities by interferometry rather than by fitting Hg
profiles. The present results differ from widths measured
with a cascade arc® by factors ranging from 0.98 to 1.93.
The arc apparatus is appropriate for signal averaging and
long test times that reduce random error and, hence, al-
lows the use of narrow slits that avoid systematic decon-
volution errors. It also has a tenfold-higher degree of
ionization, which causes less of the competing pressure
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FIG. 3. Comparison of measured Stark half-widths for ns-np
transitions in rare-gas first ions. Each point represents an indi-
vidual line in the transition array. Sources are as follows: P,
Platisa et al. (Ref. 17); N, Nick et al. (Ref. 5); C, Chapelle ez al.
(Ref. 18); K, Konjevic et al. (Ref. 19); L, Labat et al. (Ref. 20);
B, Brandt et al. (Ref. 14); R, Richou et al. (Ref. 4); and T, this
work. The dashed line connects array-averaged broadening pre-
dictions in the semiempirical approximation of Griem (Ref. 7).

TABLE II. Experimental Stark half-widths (FWHM) for Xe 11 (in A) for an electron density of 10"
cm? and a temperature of 11000 K.

Wavelength This Prior Richou Nick
Transition® (A). work® result? et al.© et al.
65 *Ps,,—6p *D5 4844.3 0.72 0.86 0.383¢
65 *P,,,—6p *D%, 5419.1 N.A. 0.95 0.90 0.5748
65 *P;,,—6p ‘D3 > 4603.0 0.65 0.84 0.4518
65 *Ps,,—6p *P% 5292.1 0.79 0.93 0.443¢
65 *Ps,,—6p *P5 5339.4 0.64¢ 0.60
65 *P;,,—6p *P3 5372.4 0.65 0.90 0.67 0.4958
5d*D,,,—6p *D3 5472.6 0.82 0.96 0.596¢
5d*D,,,—6p *D3, 5531.1 0.63
5d*Ds,,~6p *P% 6036.2 0.75 0.658¢
5d D, ,,—6p *P3 6051.1 0.75 0.96 0.686¢
5d *D,,,—6p *P5 5667.6 0.61 0.6268
6s 2P, ,—6p 2P3 ), 4921.5 0.56
65 P, ,,—6p 2P5 4524.2 0.74
65 2P, ,,—6p S 5439.0 0.54 0.67 0.483¢
6s'2Ds,,—6p' 2F3 4532.5 0.55
5d 2Ds ,,—6p' D3, 4414.8 0.44
6p *D3,,-6d *D, 4585.5 1.32
6p *PS,,—6d *D5 ), 4180.1 1.16
6p *D3,,-6d *F; 4330.5 1.32
no classification 4448.1 1.32

*Reference 16.

"Estimated accuracy +25%; lines at 5419.1 subject to interference.
“Unresolved blend of two Xe 11 lines (Ref. 16), of which 6s-6p should be the strongest.

dReference 6.
‘Reference 4.
"Reference 5.

tCorrected for Doppler and instrumental broadening, but not corrected for van der Waals broadening

(Ref. 5).



1370 A. LESAGE, D. ABADIE, AND M. H. MILLER 40

broadening than with the shock tube. All these factors
suggest that shock-tube error is the source of the present
discrepancy. However, with essentially the same ap-
paratus and techniques, the present shock tube has been
used to measure Stark widths of other spectra, including
C1 lines and such narrow lines as those of S11,? in agree-
ment with results from another cascade arc. '

A recent low-pressure pulsed-arc study of broadening
trends for rare-gas—ion np-nd transitions® included no
Xe I line overlap with the present set of data. The mea-
sured widths of two 6p P°~6d °D lines (normalized to
N,=10" cm %) were 1.47 and 1.53 A, which are not un-
like the present widths of 1.14 and 1.32 A for lines in the
6p*P°—6d*D multiplet.

Experimental Stark-broadening data for ns-np transi-
tions in rare-gas ions are shown in Fig. 3. Regardless of
how one weighs the results from a particular study or by
a particular method, the trend line is nonlinear in n,
differing from earlier expectations® based partially on
trends found in the broadening of (“mirror-image”)
alkaline-earth ions.

Transition-array-averaged semiempirical calculations’

have confirmed measured trends in array Stark broaden-
ing of the third row of the Periodic Table of the elements
Al to AriL.® Such array averaging becomes unsuitable
when upper-state energies of some of the multiplets cor-
respond closely (AE <<3kT) in energy to perturbing
states connected by strong dipole transitions,>* but that
is not the case here. The dashed line in Fig. 3 connects
SE predictions for ns-np transition-array averages in
rare-gas ions. Transition arrays perturbing the emitting
levels include nd-np, ns-np, (n +1)s-np, and (n —1)d-np,
and lower-state perturbers are also included. The com-
puted trend line agrees closely with experimental data. It
should be noticed that the experimental data of Platisa
et al.'” were obtained at T =28 300 K, while SE predic-
tions are calculated at 10000 K. The XeII linewidths of
Richou et al.'* are obtained at 8000 K, which explains
why the widths are larger than those of Nick et al.’ at
10000 K, as demonstrated in Ref. 21.

Recently, Dimitrijevic et al.?*> demonstrated that a
normalization factor can be calculated along the Arli,
Kri11, Xell homologous sequence; their results are con-
sistent with the present results and those of Vitel et al.?
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