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The applicability of the high-frequency Stark effect in the diagnostics of turbulent plas-
mas is demonstrated by measurements of Hel line profiles (4'D-2!P) in a turbulent linear
discharge. The existence of electron plasma waves with field strengths of 6—9 kV/cm is
confirmed spectroscopically. Competing effects—e.g., the emission of molecular lines—are
discussed in detail and are shown to be negligible under our experimental conditions.

I. INTRODUCTION

The high-frequency Stark effect in helium atoms,
which was first investigated theoretically by
Baranger and Mozer,! has received great attention
because of its usefulness in plasma diagnostics (for a
review, see Griem?). The main application is the
determination of the electric field of plasma oscilla-
tions in turbulent plasmas.

After the first experimental verification of the ef-
fect,> a great number of experimenters claimed to
have found “satellites” on HeI profiles. Some of the
results were in excellent agreement with theory,*’
whereas others were hardly apt to increase confi-
dence in the diagnostic method. The observation of
satellite lines was reported under circumstances
where turbulence could be ruled out with great cer-
tainty.®’ Drawin and Ramette® concluded that lines
of helium molecules might be responsible for the
structures on the observed line profiles. For a wide
range of parameters the assumption could be proved
wrong by Wiegart et al.® Piel'® pointed out that H,
lines may lead to misinterpretations of helium line
profiles.

Although these difficulties can often be circum-
vented by applying laser resonance fluorescence
techniques,!! there are some cases where emission
spectroscopy has to be used, e.g., when the lower
level of the transition is weakly populated. It seems
worthwhile to examine what information can then
be won from measured line profiles. A careful inter-
pretation requires the choice of the most suitable
theoretical description and the exclusion of atomic,
ionic, and molecular impurity lines. Clearly, the
complete line profile should be considered. In some
of the earlier investigations (e.g., Ref. 12) large por-
tions of the profile remained unexplained. This, of
course, may be one reason for discrepancies between
experimental results and theoretical predictions.
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II. EXPERIMENT

The experimental set up (Fig. 1) is similar to that
of turbulent heating experiments: A linear
discharge is operated between hollow electrodes
(inner diameter 3 cm), spaced 80 cm apart. First, a
tenuous plasma is generated by means of an rf
transmitter; then a small capacitor (0.3 uF) is
discharged across two coils (ten turns each), acting
like a 6-pinch coil. The main discharge (C=1.9 uF,
U=40 kV, T=5.2 us) follows after a delay of 70 or
80 us. The electron density at this time (n,~10'
cm™?) is known from microwave cutoff measure-
ments."

At filling pressures below 20 mTorr, one finds
characteristic features of a two-stream instability
(Fig. 2): The dI/dt signal displays a strong dip,
which coincides with a maximum in the voltage be-
tween the electrodes, i.e., the resistivity is drastically
increased. At the same time x-ray emission occurs.
This behavior of the plasma resembles that found in
turbulent heating experiments, especially in the one
by Amagishi et al.'* One therefore expects to ob-
serve electron plasma waves and/or ion-acoustic tur-
bulence.

The spectroscopic observation (mainly side-on)
was carried out with a 1-m monochromator and a
photomultiplier RCA 4526. The profiles were mea-
sured on a shot-to-shot basis, averaging over about
nine discharges at each wavelength. The line pro-
files were scanned in steps of 0.01 nm for the most
important portions and 0.02 nm otherwise. The in-
strumental width was 0.025 nm. Ideally, such mea-
surements should be carried out with an optical
multichannel analyzer in order to keep the influence
of statistical fluctuations at a minimum. After a
series of tests, however, we found that such a device
was not suitable, first because at the low intensity
level of our experiment the line wings were badly af-
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FIG. 1. Experimental setup .

fected by noise and second because pulsing the mul-
tichannel analyzer resulted in a distortion of the
profile. Only a specially selected photomultiplier
tube allowed measurements of the line profiles over
more than two orders of magnitude.

ITII. RESULTS AND DISCUSSION

As the emission of Hel lines in the main
discharge starts after the dip in the dI /dt signal, the
large low-frequency field associated with the as-
sumed ion-acoustic instability cannot be determined
spectroscopically. There is, however, some indica-
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FIG. 2. Time derivative of the discharge current (Ro-
gowski loop), voltage between the electrodes, and x-ray in-
tensity (measured with a p-i-n diode with maximum sensi-
tivity between 6 and 20 keV).
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FIG. 3. Profile of the Hel line at 492 nm 1.5 us after
the beginning of the main discharge (delay 80 us); dashed
lines are the positions of the satellite centers of the al-
lowed and forbidden components; note that this figure
and Fig. 5 do not give the correct relative intensities of
the profiles at different times.

tion of the existence of high-frequency turbulence in
all the observed profiles of the Hel line at 492 nm
(4'D-2'P transition with a dipole forbidden com-
ponent 4'F-2'P). A typical example is shown in
Fig. 3.

The question arises of how to interpret a complex
profile like this one. Depending on the properties of
the high-frequency field, one might expect to ob-
serve “satellites” or “dips.” The latter possibility
can be deduced from an extension of existing
theories for hydrogen'>!® to the case of helium,!”
where the Stark effect is generally in the intermedi-
ate range between the linear and the quadratic Stark
effect. Under our experimental conditions, such
dips would most probably not be observable because
of their small width. In any case they would be si-
tuated on the line wings and would therefore not be
able to produce the structure on the forbidden line.

It remains to be decided which satellite theory
gives the closest approach to the effects that are
present in the experiment. As the measured profile
does not change considerably on a time scale typical
of the growth or decay of electron plasma waves, the
turbulence would have to be more or less stationary.
Then the width of the frequency spectrum can be es-
timated to be small in comparison with the electron
plasma frequency.!® Thus the assumption of mono-
chromatic waves seems justified. Furthermore, the
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electron plasma frequency w, (« Vv/n,) is much
larger than the electron-impact width (<n,) at low
densities, and so the satellites may be treated as indi-
vidual lines broadened by the usual mechanisms. As
a consequence, calculations based on those by Hicks,
Hess, and Cooper!® are applicable. In addition to
the satellites, one also expects a static forbidden
component due to the Holtsmark field.

When higher-order satellites are present, the field
frequency Q can easily be determined, because the
spacing of successive satellite peaks is 2Q for the
forbidden and allowed components. Obviously, the
spectrum becomes very complex when several dif-
ferent frequencies are present. Fortunately, we find
that the whole line profile can be explained assum-
ing that just one frequency is present.

Once the frequency (v=Q/2m=22.1 GHz) is
known, one can then relate satellites (e.g., 2(2) and
peak positions. The fact that all even satellites are
shifted to the red by the same amount by which all
odd satellites are shifted to the blue indicates that
the assignment is correct.

Because of the inhomogeneity of the plasma, the
allowed line and the static forbidden component

contain contributions of turbulent as well as of non-
turbulent regions. Therefore the field strength can-
not be obtained from the relative intensity of a satel-
lite with respect to the allowed line, as, e.g., in the
simple case discussed by Baranger and Mozer.! For
the same reason, the agreement of the calculated sa-
tellite pattern with the experimental one should
mainly serve as a qualitative confirmation, but a
more accurate value of the field strength can be de-
rived from the shifts of the centers of the satellite
features on the allowed and forbidden components
(6+0.7 kV/cm). The value for the level spacing
4’D2-511F without perturbation was taken from Mar-
tin.

The time evolution (Fig. 4) should be regarded as
a further proof that the peaks have correctly been
assigned to satellites, because they change their posi-
tions in a consistent manner, i.e., at each time they
form a satellite pattern as expected by theory, with
the field frequency increasing slowly in time.

The electron density that corresponds to the satel-
lite frequency varies from 4X10'2 cm~? at early
times to 10" cm~> 750 ns later. These values are
considerably lower than the average density estimat-
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FIG. 4. Time evolution of the profile shown in Fig. 3.
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ed from the ionization rate that can be inferred from
the time behavior of Hel and Hell lines. Electron
density and temperature cannot be determined by
Thomson scattering here, because the amount of
scattered light would be too small for detection.
The estimated values are 6 10> cm ™3 for the elec-
tron density on the axis at the time of maximum
emission of HeI and 40—70 eV for the electron tem-
perature. Thus the plasma oscillations seem to be
located in a cold plasma layer near the wall. For the
generation of the plasma waves, the following hy-
pothesis is made: Fast electrons that have been ac-
celerated in the cathode fall penetrate into the plas-
ma. In the bulk of the plasma, their velocity does
not suffice to overcome the threshold for an instabil-
ity because there the thermal velocity is high. In a
cold region, however, the threshold value is exceed-
ed, and electron plasma waves or ion-acoustic waves
are produced, depending on the ratio of beam elec-
tron density and plasma electron density. In the
presence of an efficient loss mechanism (losses to
the walls), the turbulence may become stationary.
When the initial conditions are slightly changed
(70-us delay instead of 80 us), the contribution from
the turbulent regions can be seen more distinctly be-
cause of the higher field strength (9.5+0.7 kV/cm)
(Fig. 5). The peaks marked A1 and F1 are assigned
to allowed and forbidden lines originating from non-
turbulent regions because they are nearly unshifted.
The profile shows that for certain cases it is not at
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FIG. 5. Profile of the Hel line at 492 nm 1.25 us after
the beginning of the main discharge (delay 70 us); contri-
butions from nonturbulent regions are marked with
dashed lines.
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FIG. 6. Time evolution of the profile shown in Fig. 5.

all easy to recognize a satellite pattern. Again the
time evolution of the profile (Fig. 6) shows a reason-
able variation of satellite positions. As expected, the
density at early stages is higher than in the first
case. This time the density does not increase as
much as before, but the satellites move according to
the shift of the forbidden (F2) and allowed (42) lines
as the field strength varies. It cannot be excluded
that part of the shift is caused by a low-frequency
field accompanying the high-frequency field.
Therefore the value for the field strength of the
plasma waves may be somewhat lower than the one
calculated from the total shift.

With regard to the small intensities, fluctuations
are bound to have a detrimental effect on accuracy.
On the far wings photon statistics does in fact give
the main contribution to the error as can be estimat-
ed from the number of photons reaching the pho-
tomultiplier tube. For other parts of the profile,
fluctuations in the discharge conditions are more
important. In Figs. 3—6 error bars indicate the
standard deviation of the mean value. For the sake
of easy viewing only a few typical error bars are
given.

For most of the peaks, errors are small enough to
justify the assumption that the peak was not caused
by fluctuations. On no account could fluctuations
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have produced the whole satellite pattern moving
consistently with time. Apart from that, no satel-
lites are observed when there is no indication of tur-
bulence (e.g., when the filling pressure is raised).

Because of the growing skepticism towards this
diagnostic method (e.g., Drawin?!), extra care was
taken to discriminate against competing effects. Im-
purity lines, e.g., constitute a potential source of
misinterpretation. In our case, one would mainly
expect atomic or ionic lines of copper and zinc (elec-
trodes), of silicon and oxygen (walls), as well as of
carbon (diffusion pump). Fortunately, the Hel line
at 492 nm is relatively free of impurity lines unlike
the line at 447 nm which cannot be used here be-
cause of the oxygen lines in the wing of the forbid-
den component. In our case the most harmful im-
purity line would be a Fel line coinciding with the
forbidden line, but as other lines of the same multi-
plet are missing, its appearance becomes extremely
unlikely. For similar reasons other lines can be ex-
cluded.

The number of helium molecules can definitely be
said to be much too low for a disturbing influence
on the Hel line profiles. Not even the otherwise
strongest band e’ll;—a 3} could be detected.
Similarly, at the positions of strong H, lines, practi-
cally no intensity was found.

In principle, one has to beware of some less obvi-
ous sources of error, e.g., quasimolecular lines.?*?
But as this is basically a high-density effect, it is
thought to be of little importance here. Recently, a
collision-induced intercombination line (Hel 2°P-
3'D) was observed.?* For the Hel line at 492 nm
(4'D-2'P), an intercombination line (4°D-2'P) at
0.048 nm to the red of the allowed transition might
appear. In our measured spectra, however, there is
little indication of such a line, which is not amazing
since the density is low. Even if there were an inter-
combination line it would only explain one peak
(—2Q), so the interpretation of the whole profile
would not be questioned.

Finally, it may be argued that the line shape is
changed drastically when a distribution of field
strengths is present. We have carried out calcula-
tions for monochromatic fields with various ampli-
tude distributions showing that the variation in

shape is not really significant as long as the width of
the distribution is—roughly speaking—smaller than
the average field strength. It should be noted, how-
ever, that in such calculations the electric field is as-
sumed to be linearly polarized. The application of
this model in the case of a random distribution of
field directions may lead to an additional error in
the field strength. Furthermore, in all our calcula-
tions the quasistatic fields have been assumed to be
much smaller than the high-frequency field and
have therefore been neglected. Their inclusion into
the formalism is possible from a mathematical point
of view, but the difficulties in the numerical calcula-
tions are immense.

IV. CONCLUSION

The results presented in this paper demonstrate
the applicability of the high-frequency Stark effect
as a diagnostic method in emission spectroscopy.
Information about field strength and frequency of
turbulent fields in plasma may be won by the inter-
pretation of measured spectra, provided sufficient
care is taken to avoid or take into account unwanted
side effects and to achieve the greatest possible accu-
racy. It seems essential to us to regard the time evo-
lution of spectra as well as to interpret the total pro-
file. In our opinion, higher-order satellites—as ob-
served in this experiment—could also explain the
additional peaks in the profiles measured by Davis®
or Kawasaki,'? e.g., if careful reinterpretations were
made.

Nevertheless, in the majority of applications the
use of resonance fluorescence techniques!! is recom-
mendable mainly because in emission spectroscopy
one often faces intensity problems. Preferably, the
method should be applied in combination with
neutral-particle injection.?
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