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An electromagnetic T tube was the source of a plasma used to measure line profiles of singly ionized
atoms. The profiles of C 11 lines emitted by a plasma composed of He and CO; in the ratio 95: 5 were scanned
with a monochromator. The profile scans were accomplished by repeated firings of the T tube while ad-
vancing the monochromator in wavelength steps. Also measured was the profile of the 3934 A Ca 1r res-
onance line emitted by a plasma composed of He, Hy, and CO, in the ratio 20:10:70 with Ca as an impurity.
The profile of the 3889 A He 1 line was also measured and its halfwidth was used to determine the plasma
electron density in the case of the C 11 lines. Likewise H, was used to determine the electron density in
the case of the Ca 1 line. The experimental C 11 and Ca 11 Stark-profile half-widths were compared with

the theoretically calculated values.

I. INTRODUCTION

HE Stark-broadening theory for isolated lines! of

neutral atoms has been experimentally checked for
a number of cases.? In general 209, agreement has been
found between theory and experiment. The experi-
mental tests of the Stark-broadening theory for singly
ionized atoms®® other than helium have yielded results
differing by as much as a factor of 10 from the theoreti-
cally predicted values.! Recent improvements® on the
Stark-broadening theory show closer agreement be-
tween these experiments and the theory.

The purpose of this experiment was to provide more
data to compare with theory. The general approach to
this experiment was to generate the spectra of C 11,
Ca 11, He 1, and H using an electromagnetic T tube.
Spectral-line profile scans were obtained by repeated
firings of the T tube. C 11 was chosen because of its
simple spectral structure and Ca 11 was chosen because
of a recent experiment® at a lower electron density
(6X10% cm~?). The Stark widths of the 3889 A He 1
and H, were compared with theory! and were used to
determine the plasma electron density. The spectra of
C 11 and Ca 11 as well as the strong lines of H, He 1,
He 11, Si 11, Si 111, and O 11 were generated in the T
tube using mixtures of helium, hydrogen, and COs.

II. DESCRIPTION OF APPARATUS AND
EXPERIMENTAL METHOD

The source used to generate the emission spectra of
C 11, Ca 11, He 1 and H was an electromagnetic shock
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tube (T tube). This source has been described in detail
previously?® and its use for scanning line profiles has
also been described.':* This experiment employed a T
tube with a quartz side arm 19 mm i.d. in which the
reflected plasma was observed. The plasma was gene-
rated by the discharge of a 0.5-uF capacitor charged to
35 kV. Two sets of initial conditions were used. The
first set of conditions was used to generate the Ca 1I
and H spectra. The initial pressure in the T tube was
5 Torr of a helium, hydrogen, and CO, mixture in the
ratio 20:10:70. Calcium occurred as a natural impurity.
The reflected plasma was observed 3 mm from an
aluminum reflector placed 8 cm from the electrodes. In
the second case the spectra of C 11 and He 1 were
generated. The initial pressure was 1 Torr of a helium
and CO, mixture in the ratio 95:5. The reflected plasma
was observed 5 mm from the aluminum reflector placed
10 cm from the electrodes. These two sets of initial
conditions were found empirically to optimize signal-
to-noise ratios and spectral-line-to—underlying-con-
tinuum ratios, and to prevent self-absorption of strong
spectral lines.

The radiation emitted by the plasma was measured
by two photoelectric monochromators. Both instru-
ments were on the same optical axis and viewed the
same portion of the plasma (Fig. 1). Using a telescope,
the optical system was aligned to within 0.1 mm. The
radiation was split by a half-aluminized mirror, M.
The 0.5 m Ebert monochromator was used to observe a
specific portion of the emitted spectrum and the signal
derived from it was used as a monitor for shot-to-shot
scanning. The monitor for the C 11 experiment was the
integrated intensity from a C 11 line. In the case of
Ca 11, H, was used as a monitor. The time history of
the signals was displayed on a dual-beam oscilloscope
and photographed. The line intensity to be measured
was evaluated at a time corresponding to a value of the
monitor signal which was chosen to be the same for
each shot. This condition insured the maximum
reproducibility of the line profile because the tem-
perature has been found to be a slowly varying function
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Fic. 1. Schematic diagram of
apparatus My, M., Ms, and M, are
front surface mirrors (M, is half-
aluminized on quartz). P.M.’s are
1P21-1P28 type photomultipliers.
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of time and approximately reproducible from shot to
shot.!2 All of the signals were analyzed after the peak of
the reflected plasma. The 1.5-m Czerny—Turner
spectrometer, used with a fixed exit slit, observed that
portion of the emitted spectrum around the spectral
line to be scanned. The scanning was accomplished by
repeated firings of the T tube while advancing this
instrument in wavelength steps. Because only small
spectral regions were scanned (<10 A), calibration of
the system with an intensity standard was not neces-
sary.

To insure that only the Stark width of the spectral
lines under investigation was measured, the instru-
mental width was made small enough so it could be
neglected in most cases. In order to verify this a pre-
liminary scan of the spectral line profile was taken and
its half-width compared to the instrumental half-width
which was measured using a very narrow line source.
The line source used was an electrodeless Fe-halide
lamp® excited by microwaves with lines typically less
than 0.01 A in half-width. A Gaussian function was
found to be a good representation of the instrumental
slit profile. This representation was used for any neces-
sary instrumental unfolding. Because the Stark profile
of ion lines can be represented by a dispersion function
1/(1+442/6%) 415 any folding or unfolding of profiles can
be accomplished using the Voigt function.’® With one
exception, all the spectral lines had a Stark-broadened
half-width large enough so the instrumental width
could be neglected. The experimental width corre-
sponded to <% of the total profile; therefore, the slit
function made up less than 59, of the total profile.?

III. RESULTS

For the first set of initial conditions i.e. the Ca 11
and H spectra, only two lines were scanned. These were
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the 3934 A Ca 11 resonance line and H,. In this case
H, was used as a reference to measure the plasma elec-
tron density. Its profile was compared with theory!
which predicted a corresponding electron density. For
the case of C 11 and He the following lines were scanned:
2992, 3361, and 3920 A C 11, and 3889 A He 1. The He
1 line profile was compared with theory! to determine
the plasma electron density.

The models used to calculate the profiles so they could
be compared with theory are as follows:

He 1, 3889 A: For this line the theory has been
experimentally checked.”” Therefore its Stark profile
should give a reliable measure of the electron density.
Even though tabulated values are given for this pro-
file,”® they were graphically compared to a dispersion
function of the same half-width and discrepancies much
less than the experimental scatter were noted. For this
reason a dispersion profile model was used for this line.
The entrance slit width corresponded to 0.40 A for this
line.

C 11, 2992 A: In this case the entrance slit corre-
sponded to 1.1 A. Like the He 1 line a dispersion profile
model was used.

The model formula used for the two above profiles
was:

1y

I(an) = 14 (AN Ahgyo)?

+I., (1

where I, is the peak intensity of the dispersion profile,
AN is A—N\o where Ao is the line center wavelength,
ANy is the dispersion profile half-half-width,* and I,
is the intensity of the underlying continuum.

For the 3361 and 3920 A C 11 multiplets with slit
widths of 0.40 and 0.14 A, respectively, the model
formula for the experimental profile took the form of
the sum of two displaced dispersion profiles with one
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TaBLE I. Ci1and Ca 1 experimental Stark widths.
Run N Transition array 1AM (R) Exptl. scatter ANyz(th) /A2 (exptl.)

rumber N(A) and multiplet (exptl.) in $ANp(A) N (X10cm™3)  Olde New?
1 3889 He 1 2s35-3p3P° (2) 2.04 =+0.20 1.4 1.00e oo
1 2992 C 1t 3d2D-5f2F° (8) 3.79 +0.30 1.4 0.39 0.52
1 3361 Cur 3d2D-5p2P° (7) 0.88 +0.04 1.4 1.13 1.92
1 3889 He 1 2s385-3p3P° (2) 2.02 +0.20 1.4 1.00¢ eee
1 3920 C 3p2P°—4s52S (4) 0.72 +0.05 1.4 0.70 0.59
2 3889 He 1 25385-3p3P° (2) 2.23 +0.26 1.5 1.00e
2 2992 C 3d2D-5f2F° (8) 3.67 =+0.20 1.5 0.44 0.58
2 3361 C 1 3d2D-5p2P° (7) 1.26 =+0.05 1.5 0.90 1.46
2 3920 C 3p2P°452S (4) 0.76 +0.06 1.5 0.68 0.60
3 3934 Ca 4s25-4p2P° (1) 0.12 =+0.02 2.35 0.92 1.13
3 6563 H, 2p2P°-3d2D (1) 8.0 +0.4 2.35 1.00¢

# Reference 1. b Reference 9.

profile multiplied by the branching ratio® plus a con-
tinuum.

H,, 6563 A: This line is not accurately represented
as a dispersion function. However, its profile has been
numerically tabulated,! and this tabulation was used
to determine the Stark width of the profile to give a
reliable measure of the electron density for the case of
the Ca 11 profile scan. The slit width for H, was 1.4 A.

Ca 11, 3934 A: Because this line was narrow for  the
condition exhibited in the T tube, the 1:5 slit-width-
to-total-line-width ratio could not be maintained. The
experimental slit width for this line was 0.25 A and
represented about one-half the total line width. It was
necessary to use the convoluted profile in this case (a
Voigt profile) . The convolution of an experimental
slit function in the form of a Gaussian function with a
Stark profile represented by a dispersion function is as
follows:

I, A\g [= exp(—\%)
™ A)\1/2 —io 1+[A)\/A)\G+A>\G/A)\1/2]2

1(aN) = I,

(2)

where A\, 1,,, and I, are as before, ANz is the dispersion
profile half-half-width, and ANg is one-half the 1/e
width of the Gaussian function.

The scatter in the scanned line data is attributable to
variations in the plasma homogeneity, electron density,
and temperature, even though a constant monitor
signal was used. However, this scatter was smaller than
the inherent uncertainties in the line broadening theory.

The profile data points were made to fit their respec-
tive models by using a least-squares fit with the aid of a
computer. The parameters A)ye, I, and I, were varied
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to accomplish this. Samples of these fits are given in
Figs. 2 and 3. Figure 2 is a scan of the 3889 A He line
and Fig. 3 is that of the 3920 A C 11 multiplet. The
error flag represents the standard deviation of the data
points as given by the fit. The results of these line profile
scans with a comparison between the Stark-broadening
theory! and its new modifications’ are presented in
Table I. The half-half-width of the experimental pro-
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F16. 2. A plot of the 3889 A He 1 data points and the least-
squares fit of the model. (solid lines).
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files as well as their experimental scatter are given in A
units. The three C 11 line profiles were scanned twice
each. The He 1 reference line profile was scanned twice
in run No. 1 to assure that the electron density had not
changed. The differences between runs 1 and 2 are that
the T tube was changed and the two runs were analyzed
at different monitor signal heights. The consistency of
the half-width ratios of Table I between the same lines
is an indication of the experimental precision. The
experimental scatter given in Table I is the standard
deviation of the half-half-width in A as given by the
least-squares fit. The first column under the half-width
ratio is that given by using Ref. 1 and the second
column by using Ref. 9.

IV. DISCUSSION OF RESULTS

Most Stark profiles have only a slight dependence on
temperature. For this reason an accurate temperature
determination was not necessary. The temperature for
the initial ratio had been determined in a previous
experiment!? using the same apparatus. For these initial
conditions the temperature was approximately
30,000°K. The temperature was estimated at 25,000°K
for the 20:10:70 He:H:COs initial conditions from the
same previous experiment.!? This temperature is not
critical, however, since a 10 000°K uncertainty at
30 000°K would produce an uncertainty in the Ca 11
half-width! less than the experimental scatter.

39208 cn
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Fic. 3. A plot of the 3920 A C 1t multiplet data points and the
least-squares fit of the model (solid lines).
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The optical depth of the strongest line centers was
experimentally checked. The experimental arrangement
for this was to replace the telescope of Fig. 1 by a
spherical mirror. The position of the mirror was made
at twice its focal length from the T tube center so that
twice the amount of intensity would reach the spectro-
graph slit. However, reflection and absorption losses in
the mirror and absorption from the light transmitted
through the T tube wall reduced this factor somewhat.
The optical depth was checked using the 1.5 m instru-
ment which observed the center and wings of the
strongest lines in question while the 0.5 m instrument
observed the monitored integrated line intensity. The
T tube was fired with and without the optical-depth
mirror. This was done for five firings each at the line
center, the line wing, and the continuum wavelengths.
Using a constant monitor signal, the signals were then
averaged. Ratios of signals with and without the mirror
were compared for the three wavelength settings. The
result of this experiment showed the plasma to be
optically thin for the lines that were investigated be-
cause all ratios were the same within the experimental
scatter.

The combined experimental uncertainties from the
experimental scatter of the electron density references
and the scanned lines are approximately =109.
Additional uncertainties due to theoretical unknowns
in the Stark width calculations! of the 3889 A He 1 and
6563 A H, lines can only be estimated. Comparison
between experimentally measured? and calculated H,
Stark widths, using the Stark width of Hg as an experi-
mental electron density standard, showed the experi-
mental H, widths to be within 159, of the theoretically
calculated values. The 3889 A He 1 had been experi-
mentally checked” and 109, agreement between experi-
ment and theory was found. Experimental unknowns
such as distortion of observed lines by impurity lines
can only be estimated and are put at <5%,. This brings
the total uncertainty to <=4209,.

V. CONCLUSION

It is evident from the comparison between experi-
ment and theory for the C 11 lines that individual dis-
crepancies are still present. Averages of the last two
columns of Table I (excluding the values defined to be
1) gives 0.74 for the old theory and 0.97 for the new
theory. On the average, the modified theory? is therefore
in better agreement with our measurements than the
previous theory.! However, in individual cases, devia-
tions are even larger than before indicating that further
theoretical and experimental efforts are needed if these
discrepancies are to be reduced.?2
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