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The central regions of the plasma-broadened Balmer lines H,, Hg, and H, have been measured in a wall-
stabilized arc over an electron density range between approximately 4X 10 and 2Xx10'® cm~3 The
experimental profiles exhibit much less structure in the line core than predicted by theories based on the
static-ion approximations. These discrepancies increase towards lower electron densities and lower Balmer-
series members, e.g., the H, half-width as well as the central minimum of Hj deviate by about a factor of
three from current hydrogen-broadening theories at low electron densities (10~° cm™3). Consistent with
earlier experiments, the central minimum of H; was found to depend on the reduced mass of the radiator-
ion perturber system. Also, the temperature dependence of the experimental data suggests that the central
H; minimum depends approximately linearly on the relative mean velocity between radiator and perturber.
Extrapolation of the Hy results to the static case yields good agreement with the quasistatic calculations.
The theoretically predicted “shoulder” in the H, line shape is nearly absent in the experimental profile.
Besides ion dynamics, fine-structure (spin) effects can account for a considerable portion of the observed
discrepancies in the case of H,, and possibly a small part in the case of H; at low electron densities (& 10'%

cm™3).

I. INTRODUCTION

Calculations based on a generalized impact ap-
proximation performed by Kepple and Griem?

(KG) yield line profiles showing less structure in
the line centers than line profiles obtained from
the “unified theory” by Vidal, Cooper, and Smith?
(VCS). The difference between these two theories
is mainly that the VCS calculations retain the
upper - state—-lower-state interference term,
while the KG theory does not. Experimental in-
vestigations of the lower members of the Balmer
series show considerable disagreement with both
theories for the regions near the line centers.3™8
In general, the calculated profiles exhibit sig-
nificantly more structure than is observed experi-
mentally. In attempting to account for the dis-
crepancies between theory and experiment, the
recent literature contains several discussions
suggesting experimental as well as theoretical
reasons for this disagreement. The following pos-
sibilities have been considered:

(i) Neglect of time ordering: Calculations by
Roszman,’ taking into account time ordering for
the unified theory, show that the inclusion of
time-ordering produces someé smearing of the line
centers of H, and Hg. However, this smearing is
much less than that observed experimentally, and,
therefore, the neglect of time ordering can explain
only a minor part of the discrepancies.

(ii) Inelastic collisions: Investigations by Hill,
Gerardo, and Kepple” show that the inclusion of
contributions to the line broadening from inelastic
collisions between perturbing electrons and the

radiating atom give an improved agreement with
experiment in the line centers of Hg, H,, and Hg,
but poorer agreement is obtained over the profile
as a whole.

(iii) Ion-dynamic effects: The suggestion made
by some authors”+'® that the observed discrepancies
are due to the breakdown of the quasistatic approxi-
mation for the ions was confirmed experimentally.
It was observed by Kelleher and Wiese'® and Wiese
et ql.** that the central regions of the first four
Balmer lines depend significantly on the reduced
mass u in the radiator- (ion) perturber system.
With increasing reduced mass the experimental
profiles tend to approach the calculated prcfiles.
Assuming a simple 1/Vu dependence of the H,,
half-width (this dependence was observed for the
central minimum or “dip” of Hg), surprisingly
good agreement with theory®® was found by extrapo-
lating the experimental values to the static case.
This implies that the current hydrogen-broadening
theories may be interpreted as a limiting case for
vanishing relative radiator- (ion) perturber veloc-
ity. Ion-dynamic effects produce a further smear-
ing of the line centers.

In contrast to these experimental results, some
theoretical studies on the subject of ion dynamics
in the case of hydrogen lines yield only minor ef-
fects.!02921 (However, a recent calculation by
Voslamber® for L, predicts ion-dynamic effects
which increase the width by 80%. Significant ef-
fects are also expected for Balmer lines.) H, and
H, profiles calculated by Cooper, Smith, and
Vidal?® (CSV) show a considerable smearing of the
line centers due to inclusion of ion-dynamic effects,
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but the validity of these computations are restric-
ted to electron densities below 10*® cm ™3,

(iv) Plasma inhomogeneities: In a recent experi-
ment Hey and Griem?™ investigated the central
structure of H, and Hg (Dg) by means of an elec- -
tromagnetically driven shock tube. Their ob-
tained H, (Dg) profiles show much less structure
in the line centers than predicted by the theories.
On the other hand, their measured Hg and Dy
“dips” do not show any reduced mass dependence.
The authors explain the discrepancies between ex-
perimental and theoretical profiles in terms of
plasma inhomogeneities, i.e., the central mini-
mum of Hy is filled in by narrow line profiles
emitted from a thin end layer in the shock tube.

In this paper we report results concerning the
plasma-broadened shapes of H, (D,), Hg (D), and
H, in the electron-density region between ap-
proximately 4x10™ and 2x10% cm™. Most of the
experimental work on hydrogen line broadening
has been done®~*% at electron densities in the
range between 10'® and 2x10'" cm™. Only a few
experimental data exist at lower values.'®™® If
the present experiment is combined with earlier
ones,?+°:1*1% arc measurements of the first three
Balmer lines are now available for nearly three
orders of magnitude in electron density. This
wide range of conditions affords a very critical
test of Stark-broadening theories and to some ex-
tent makes it possible to distinguish between the
different broadening mechanisms mentioned above.
Also, at very low electron densities, hydrogen
and deuterium profiles can be spectrally resolved
in the same plasma due to the isotopic shift be-
tween H and D lines. This method allows a clear
decision as to whether the reasons discussed in
(iii) or (iv) above are responsible for the observed
discrepancies in hydrogen line centers.

II. EXPERIMENT
A. Experimental setup

Figure 1 shows a schematic of our experimental
setup. The light source was a wall-stabilized arc,
running in pure helium with a small admixture of
hydrogen and deuterium, respectively, only in
the central portion of the arc length. The wall-
stablized arc has been described extensively in
earlier publications.?*?% The arc used in this
experiment is very similar to that described in
Ref. 26; here we only give the main details. The
arc channel of 3.2 mm diameter and about 70 mm
length was built up from a stack of 30 water-
cooled copper plates, each of them approximately
1.6 mm thick. The plates were insulated elec- '
trically from each other by means of rubber rings
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FIG. 1. Schematic diagram of the experimental setup.

/

producing a spacing between the plates of about
0.4 mm. This narrow spacing ensured a nearly
uniform plasma column by avoiding expansion of
the plasma into the space between the plates. At
a few positions within the arc channel, where gas
inputs and outlets were necessary, the spacing
between the plates was a little wider. Anode and
cathode each consisted of a set of four water-
cooled tungsten electrodes. The whole arc was
placed in a vacuum-tight vessel, allowing opera-
tion of the arc at low pressures with the aid of

a vacuum regulator. The arc was operated with a
current-stabilized dc power supply; the ‘residual
current ripple was less than 0.3%, and the cur-
rent stability was approximately 0.2% over many
hours of running time.

We observed the arc end-on down the central
axis. Because the hydrogen lines were most
strongly emitted from an outer shell close to the
arc channel wall, we did not make any side-on
measurements due to problems with the Abel in-

~version. In order to avoid any end-layer effects,

only the central length of the arc contained a small
admixture of less than 1% atomic hydrogen,

while a “plasma window” of pure helium was
maintained in the electrode regions. In our helium
arc a good gas separation could only be obtained
under certain gas flows. Ultrapure helium entered
the arc channel from both ends with a high flow
and came out between two cascade plates in the
arc center. A mixture of 98% He and 2% H, was
added to the helium flow approximately 10 mm
above and below the central region of the arc
channel. The voltage across the arc plates turned
out to depend very sensitively on the hydrogen ad-
mixture to the pure helium arc. By measuring the
voltage across the central arc region containing
the hydrogen admixture and across the hydrogen-
free electrode regions, we were able to determine
the optimal gas-flow rates for a good gas separa-
tion. During the experiment the voltage measure-
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ments served as a monitor for hydrogen-free elec-
trode regions. In the case of the low-pressure
arc, a suitable gas flow was maintained by means
of a throttle valve in the pumping line between the
arc vessel and the vacuum pump.

The arc channel was imaged with a magnifica-
tion ratio of about 2:1 onto the entrance slit of a
monochromator with a spherical mirror. A small-
aperture optical system (f/140) and a mask before
the monochromator entrance slit ensured sufficient
spatial resolution. The optical depth was checked
by focusing the light passing through the back end
of the arc back onto the arc axis with a spherical
mirror. The whole system was calibrated by
means of a tungsten strip lamp. A 2 m Czerny-
Turner monochromator with a holographic 1800
lines/mm grating was used. The resolution in
first order is 0.03 A with optimal slit settings.

The instrumental profiles—determined by means
of a %®Hg microwave discharge—were found to be
closely Gaussian in the line core, but somewhat
shallower in the line wings. The line profiles were
recorded photoelectrically with a strip-chart re-
corder or, where necessary, a digital recorder
which allowed for storing the data on tape for fur-
ther computer analysis.

B. Line-profile measurements

The results of this experiment as well as the
plasma analysis are based on'line-shape measure-
ments. In order to avoid systematic errors in the
obtained results, the following factors entering
into the line-profile measurements have been con-
sidered.

(i) Homogeneity of the obsevved plasma region.
We checked spectroscopically for plasma inhomo-
geneities by observing the shape of the lines He I
.5016 A and Hg, respectively. The helium line is
broadened as well as blue-shifted by the plasma.
A profile emitted from an inhomogeneous plasma
layer exhibits an asymmetry, enhancing the red
wing over the blue one, because emission from
plasma layers of relatively low electron density
mainly contributes to the intensity of the red line
wing in the observed profile. In our arc the above-
mentioned helium lines showed a distinct asym-
metry, which could be removed by introducing
neon instead of helium into the electrode regions,
while a helium plasma was maintained only in the
arc center. In this case the helium line showed a
much smaller asymmetry of opposite direction,
namely, enhancing the blue over the red wing in
agreement with theoretical predictions®’+?® and
experimental results. (See, for example, Ref. 29.)

We concluded from this that end-layer effects
in our arc would cause significant errors in line-

profile measurements, but that, if the end layers
are removed by a suitable plasma window, the
observed plasma column containing the study gas
in the arc center is homogeneous.

Figure 2 demonstrates the influence of plasma
inhomogeneities on the central structure of Hg.
Figure 2(a) shows an H, profile emitted from a
homogeneous plasma layer. Whenever a very small
amount of hydrogen was allowed to enter the “hel-
ium window,” dramatic changes occurred in the Hy
line center as can be seen in Fig. 2(b). The cen-
tral dip is filled in by the relatively narrow line
emitted from low-electron-density regions, and
simultaneously the asymmetry, which is hardly
detectable in Fig. 2(a), increases significantly.
This enlargement of the asymmetry is due to the
red shift® of the main body of the Hy profile with
respect to the narrow line profiles emitted from
low-electron-density regions; this effect increases
the blue peak more than the red one. Hydrogen
impurities in the electrode regions producing pro-
files like that shown in Fig. 2(b) were clearly de-
tectable by means of the voltage measurements
across arc plates. Hj profiles like that shown in
Fig. 2(a) were only obtained when the voltage
across the electrode regions remained exactly
unchanged after introducing hydrogen and deuteri-
um, respectively, to the center of the helium arc.
Thus, the well-known structure of the Hy line
center can serve as’'a very sensitive homogeneity
monitor.%°

(ii) Stability of the plasma conditions. This was
checked at the beginning and repeatedly during
each experimental run by monitoring the'intensity
at certain wavelength positions in the center of
helium and hydrogen (deuterium) lines as well as
by Hg (Dg) half-width measurements. After a
“warm-up time” of as long as several hours, no
systematic trends could be observed, and the
scatter in the obtained values lay typically within
+19%. This stability of our arc source (and the

(a) (b)

FIG. 2. (a) Hy line center emitted from homogeneous
plasma layer (b) Hg line center emitted from inhomo-
geneous plasma layer; the dip is filled up by narrow
line profiles produced in cold end layers. The asym-
metry is enhanced by the red shift of the main body.
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photoelectric registration equipment) enabled a
long time integration of the signals and allowed an
excellent signal-to-noise ratio.

(iit) Optical depth. Emission of the investigated
line profiles from an optically thin plasma layer
was confirmed directly by focusing the light pass-
ing through the rear end of the arc back onto the
arc axis. The optical depth 7 can be obtained from

7y =In[(A-1)/(B, - 1)], (1)

where A is the ratio of the signals with and without
the reflected light included, measured at an op-
tically thin wavelength (e.g., line wing), and B, is
this ratio at a wavelength » where 7 is desired.
By adjusting the concentration of the study gas in
the arc center, the optical depth in the line peaks
was always kept below 0.02. Therefore, no cor-
. rections were necessary.

Very often the optical depth is determined by
comparing the absolute intensities of the line
peaks I(\, T) with those of a blackbody B(x, T) at
the plasma temperature T':

I, T) =B, T)[1 - exp(-7)]. (2)
For small optical depths (7« 1), one obtains
T=IN, T)/B(\, T). i (3)

However, this method is only applicable in the
case of local thermodynamic equilibrium (LTE).3!
Inthe caseof anon-LTE plasma, if radiationfrom
only one line is significant, i.e., continuum and
other line radiation are negligible, the tempera-
ture in the Planck function

B\, T) =(2nc* /25 exp(hc/ eT) - 1)]™ 4)

is the population temperature for the energy levels
of this particular line (%, ¢, and k are the usual
constants). Replacements of the exponential in

(4) by the Boltzmann distribution

ny/n, =(g,/8,) explhc/\kT) (5)
leads to the source function
(2hF g -t (6)
S(A,T)=<—#_1> ;
A°® g,

n, and n, are the population densities of the lower
and upper states of the considered line, and g,
and g,, their statistical weights. In the case of a
non-LTE plasma,®! the value of the source func-
tion, which gives the blackbody limit for a par-
ticular line, can be considerably lower than the
value of the Planck function based on an experi-
mentally obtained “plasma temperature.” Es-
pecially, resonance lines or transitions ending on
a metastable state should be treated with caution
due to overpopulation of the lower state. In the
present experiment we found significant deviations

from LTE and, therefore, the optical depth was
always measured directly as described above.

(iv) Background undev the lines. In order to
obtain the real line shape, the background has to
be subtracted from a recorded line profile. At the
beginning of each run, the spectrum of the pure-
helium arc was recorded in the wavelength regions
where lines were desired to be measured. The
underlying continuum intensity generally turned
out to be very constant, and thus—after intro-
ducing the study gas into the arc center —the
background could readily be obtained from the
continuum level on both sides of the lines. At
higher electron densities, the wings of the lines
He 14922 and 4388 A had to be taken into account
in the Hy and H, line-shape measurements. Due
to overlapping with the helium line, the H, mea-
surements were restricted to electron densities
below 8 x 10 cm ™3,

(v) Expervimental setup and instrumentation.
We paid particular attention to the following as-
pects of our instrumentation: exact alignment of
the arc, linearity of the photoelectric registration
equipment, possible changes in the spectral sen-
sitivity of the photomultiplier within one line pro-
file (which were negligible), calibration of the
scanning rate of the spectrometer, prevention of
interference and fluorescence effects in windows
and optical filters, sufficient instrumental resolu-
tion including the time constant of the regisfration
equipment, and calibration of the whole system
by means of a tungsten strip lamp. Besides these
factors of general interst, other factors concern-
ing special lines will be discussed later.

C. Plasma analysis

In this section we report the diagnostic methods
and results for the determination of the plasma
parameters. -

(i) Electvon tempervature. As will be shown in
the following, strong deviations from LTE are
present in our helium arc; e.g., the electron tem-
perature is much higher than the gas temperature.
Therefore, one has to consider first of all what
temperature is important for the present investi-
gations. The usual line-broadening theories for
hydrogen'” treat the ions statically; only the
velocity of the electrons, i.e., the kinetic electron
temperature, enters the calculations. Since the
calculated profiles depend rather weakly on the
electron temperature, this physical quantity is
not a very critical factor in our case. We deter-
mined the electron temperature from the intensity
ratio of the argon lines A 11 4348 A/A1 8115 A as-
suming LTE population of the argon states. For
this purpose trace amounts of argon were intro-
duced into the arc center. The influence of the
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very small argon admixture on the helium plasma
was checked by monitoring the intensity of line
He15016 A. After introducing the argon into the
arc, the intensity of the helium line was found to
be approximately 3% lower, and thus the distur-
bance of the helium plasma was minor. Though
deviations from LTE in the population of the argon
excited states are possible, these LTE deviations
should cause relatively insignificant errors in the
electron temperature. Since the argon intensity
ratio depends very steeply on the electron tem-
perature, even strong deviations from an LTE
population of, for example 100% would only cause
an error in the measured value of about 1000 K
(5%~1%)-

(i) Gas temperature. The Kinetic temperature
of the neutral atoms and ions (both species are
assumed to have the same temperature, which is
called here gas temperature) can be obtained by
means of the Doppler width of a suitable spectral
line, if a Maxwellian velocity distribution exists.
In this experiment we determined the gas tempera-
ture from the Doppler width of the Ne I 6402- A
line. For this purpose trace amounts of neon were
added to the arc center. For our experimental con-
ditions Doppler broadening of this line dominates
all other broadening mechanisms. In order to ob-
tain the pure Doppler width, the other broadening
effects had to be taken into account. The influence
of the instrumental resolution was kept small by
using the 2-m Czerny-Turner monochromator with
an apparatus function close to a Gaussian profile,
having a full width at half maximum of 0.035 A for
our slit settings. The measured neon lines showed
a Voigt profile arising from a convolution of a
Gaussian (Doppler and instrumental broadening)
and a dispersion profile (Stark and neutral-atom
braodening). A deconvolution procedure was per-
formed by applying a Voigt profile analysis (see
Ref. 32), from which we obtained the Gaussian as
well as the dispersion part of the measured pro-
file. Subtraction (difference of squares) of the in-
strumental broadening from the Gaussian part
finally led to the pure Doppler width.

This deconvolution procedure was checked in the
following way: we added small amounts of neon to
the center of an avgon arc. At the electron densit-
ies produced in this arc (near 10" ¢cm™3), the neon
line mentioned above is primarily Stark broadened;
the obtained Stark half-width agreed quite well
with values calculated by Griem,» The half-
widths of the dispersion profile contained in the
Voigt profiles were only slightly larger than one
would expect from these results, showing that
the major portion in the dispersion part is caused
by Stark broadening of the neon lines. The addi-
tional small broadening (10-20 mA) is partly due

to Van der Waals broadening (~7 mf&) by neutral
helium atoms.

In the analysis of our results, we assume that
the temperature of the trace hydrogen atoms as
well as the helium atoms and ions have the same
temperature as that determined from the trace
neon atoms. One might question the validity of
this assumption for hydrogen on the grounds that
the dissociation of H, produces hydrogen atoms
with extra kinetic energy. Dissociation occurs via
excited molecular states which, in the Franck-
Condon region above the ground state, have an
energy greater than that required for dissociation.
This extra energy turns up as kinetic energy of the
resultant atoms. For example, an energy of about
8.8 eV is required to excite the repulsive 1%,
state from the H, ground state. Since the H, dis-
sociation energy is only 4.5 eV, each H atom de-
parts with an extra kinetic energy of 2.2 eV. Ac-
cording to Massey and Burhop,® this is one of the
more important dissociation mechanisms.

In the following we wish to demonstrate that the
temperature of the hydrogen atoms we observe is
very close to that of the other heavy particles in
the plasma. The energy threshold for “dissocia-
tive excitation,” which yields excited atoms
directly, is too high for this process to be sig-
nificant in our cool plasma. Dissociation into the
ground state predominates, and at our plasma con-
ditions these atoms equilibrate before they are
excited. At very low electron densities we could
check the validity of this more directly. A com-
parison of the widths of H, and D, allows us to
put an upper limit on the H (» =3) temperature.
This temperature is only 10% greater than that
deduced from’the Doppler temperature of a neon
line. In the following discussion, we consider
each of these points in more detail.

The threshold for dissociation leaving one of
the atoms in the » =3 state is 17 eV (4.4 for sepa-
rating the nuclei plus 12.6 for the » =3 excitation).
In a recent review of dissociative excitation of H,,
Glass-Manjean®* points out that “slow” atoms of
about 0.42 eV kinetic energy are produced by
electron impact in the 19-25-eV incident energy
range via predissociation. Above 25 eV, “fast”
atoms of 4 to 8 eV Kkinetic energy are formed from
doubly excited repulsive states. Considering that
the effective threshold for dissociation directly
into the » =3 state is about 19 eV, and about 8.8
eV for neutral products, dissociation into the
ground state is thus about exp(19-8.8)/1.5 or 10°
times as important in a plasma with 1.5-eV elec-
trons. Also, in this weakly ionized plasma we can
ignore dissociative recombination.

Thus the dominant mechanism for generation of
n =3 hydrogen atoms is dissociation via electron
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collisions into the ground state and subsequent ex-
citation to » =3. The rate for electron excitation
can be approximated from the work of Gryzinski®:

kn=1-3)=4.6x107° exp<_12'09> em? s71,
kT,

At an electron temperature of 1.5 eV and an elec-
tron density of 10'® cm™, the rate of excitation
v =k N, is about 10® §7'. As we will show below,
this rate of excitation from the ground state is
about five orders of magnitude less than the rate
at which the atoms are equilibrated.

Excitation of hydrogen neutrals by helium atoms
is negligible due to the low helium-hydrogen colli-
sion rate. The helium atoms are much cooler than

the electrons, in addition to being much more mas-

sive. Resonant energy exchange with metastables,
which for some plasmas can also lead to anomal-
ously high kinetic energies,* is unimportant in the
present case because the helium metastable level
is 7.6 eV above the hydrogen n=3 level. The mean
free path (mfp) A for a hydrogen atom in a plasma
composed primarily of neutral helium is given by®®

X =Ny Ry +Rye P(1 +myg/my, )2,

The helium density at 70 Torr, 7, =6000°K is
10" cm™. Using geometrical values for the radii,
the mean free path of a neutral hydrogen atom in
the arc is about 0.05 mm.

Energy transfer in a hydrogen-helium collision

is relatively efficient. For a gas with two particles

of mass w and M, temperature T, and T,, respec-
tively, the fractional energy loss is®®

A=§[mM/(m+MPI(1-T,/T,).

For Ty> Ty, A=0.43. Thus relatively few col-
lisions are required for equilibration. The hydro-
gen-helium collision frequency, v=x"1v, for T
=6000K, is about 10® s™! or five orders of mag-
nitude greater than the excitation rate from elec-
trons.

We conclude that dissociated hydrogen atoms in
our plasma equilibrate before radiating. This is
especially the case along the central axis of the
arc where our measurements were made. Most
of the dissociation occurs near the radial edge of
the arc, as can be seen by an outer “ring” of H,
emission. With a mfp of 0.05 mm, atomc exper-
ience many collisions before reaching the central
axis.

As an experimental check on this important
conclusion, we were able to determine directly
an upper limit for the hydrogen temperature at
very low electron densities. D, is isotopically
shifted from H, by 1.8 A. At electron densities
below 5x 10 the profiles of the two lines can be
spectroscopically resolved [see Fig. 3(a)]. By
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FIG. 3. (a) H, and D, emitted simultaneously from
the same plasma at an electron density of about
4x10' cm™3, T,=2000K. The dotted and dashed lines
indicate the separated profiles and the background.
The reduced mass is 0.8 (H —He*) for H, and 1.3
(D —He') for D,. The gas temperature required to
Doppler-fold D ,to the same width as H, was only about
10% greater than 2000K. (b) Hg and Dg, same condi-
tions as in (a). After separating the two profiles, the
Dg profile was convolved with a Gaussian profile to
give it the same Doppler width as Hg, assuming T,
=2000K. The Dg profile then has the same width as
Hg (0.90 &), but its dip is 0.145, while that for Hg is
only 0.087.
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assuming that the difference in their widths is

due entirely to Doppler broadening at 7, =2000 K,
we derived an upper limit to the hydrogen tempera-
ture which was on the average about 10% larger
than that derived from the Doppler width of the
neon line. This implies relatively small ion-
dynamics effects for these conditions, which is
consistent with the fact that in this case the ion
temperature is about eight times lower than the
electron temperature. In this case the ion colli-
sions are much more quasistatic in nature, i.e.,
the electron-atom collisional lifetime is much
less than the ion-atom collision duration. How-
ever, even at these conditions, the Hg-Dg dips
showed a pronounced ion-dynamic effect. After
the D, profile [Fig. 3(b)] was substracted out from
the Hy profile and then Doppler-folded (7, =2000 K)
to have the same Doppler width as Hg, the widths
of the two profiles were identical, yet the result-
ant dip of Dy was 0.145 while that of Hg was only
0.0817.

We conclude that the kinetic temperature of the
excited hydrogen atoms we observe is equal to
that of the other heavy particles in the plasma, as
indicated in Fig. 4.

(iii) Electrvon-density. The electron density
was determined from the half-width of the Hg (Dg)
profile using Stark-broadening tables published
by Vidal, Cooper, and Smith.? The difference
between electron and gas temperature was taken
into account by convolving the tabulated profiles
for the measured electron temperature (without
Doppler broadening) with the Doppler profile for
the measured gas temperature. Though the ob-
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FIG. 4. Temperatures in the helium arc vs arc cur-
rent for arc pressures of 1 atm and 70 torr. Electron
temperature (T,), gas temperature (T, ), and black-
body temperature of the line Hel 5876 (T' 5876) are very
different. While T, does not depend on the arc pressure
at a fixed current, the gas temperature decreases
significantly by reducing the arc pressure from 1 atm
to 70 Torr. T 5876 was only determined for the 1 atm
arc.

tained electron density depends on the electron
temperature, and vice versa, an iteration pro-
cedure did not give any further improvement,
because both quantities depend very weakly on
each other. The Hy profile has been widely used
as a diagnostic tool for the determination of elec-
tron densities, and good agreement was found with
independently determined electron densities. Re-
cent measurements show that the error is less than
109 for N,~ 10 ecm™ and is possibly slightly high-
er at N,= 10 cm™ [Refs. (8), (16), and (34)].

(iv) Blackbody temperature of the line He I
5876 A. In the case of LTE, a further evaluation
of the plasma temperature is possible by means
of spectral lines having a measurable optical depth
in the line center. As has been described in Sec.
IIB (iii), the value of the source function, and thus
the Boltzmann n =2, 3 population temperature, can
be obtained if the optical depth and the absolute
intensity are known at a certain wavelength. In
this experiment we applied this method to the line
He 15876 A. To minimize the influence of cold
end layers causing reabsorption effects mainly in
the very line center, the measurements were done
at approximately three-fourths of the peak intensity
on the blue side.

(v) Results. Figure 4 shows the measured
temperatures plotted versus the arc current for
arc pressures of 1 atm and 70 Torr. As can be
seen, we obtained drastic differences between
electron and gas temperatures on the one hand,
and between electron temperatures and blackbody
temperatures of the helium line (T 5876) on the
other. While only minor changes in the electron
temperature were observed by reducing the arc
pressure from 1 atm to 70 Torr at a fixed arc
current, the gas temperature decreased at the
same time to significantly lower values. The low
value of T 5876 with respect to T, determined by
means of the argon line intensity ratio (measure-
ments were only carried out for the 1-atm arc)
can be readily understood in terms of lower-level
overpopulation of the helium transition according
to the discussion above. Thus, this temperature
does not have any further significance for the in-
vestigations of this experiment, but it gives an
example of the importance of direct checks of the
optical depth in a non-LTE plasma.

Extensive investigations of non-LTE effects have
been carried out by Uhlenbusch et ¢l.*®° These
authors have published results for a 1-atm helium
arc with a channel 3-mm in diameter (this experi-
ment: 3.2 mm) operated at an arc current of 50 A.
It can be seen in Table I that our measurements
are in close agreement with these results obtained
in a quite different manner. The range in the
values of Uhlenbusch et al. reflects the results of
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TABLE I. Comparison of measured values for elec-
tron density, electron and gas temperatures with results
obtained by Uhlenbusch et al. (Ref. 39) for a helium arc.

Author N, (cm™) T, (K) T, K)
Uhlenbusch ef al.  (6—=10)x 10! 21000 (9—11)x 103
This experiment 7.8x 10% 19000 11500

different methods applied in the investigations.
This agreement supports our experimental results,
especially the electron temperature; our slightly
lower value may be due to non-LTE effects in the
population of the argon states.

For convenience in later discussion, we have
plotted the measured electron and gas temperatures
versus electron density in Fig. 5. In the 1-atm
helium arc we were able to cover an electron-den-
sity range between 3.5x10% and 2x 10 cm™. By
running the arc at 70 Torr, an electron-density
range between approximately 7x10* and 4x 105
cm™ could be spanned. Nearly all hydrogen-
line measurements were carried out either in a
l-atm—or a 70-Torr—arc, and thus values for
the electron and gas temperatures can be obtained
from Fig. 5 at a certain electron density. A few
measurements at very low electron densities were
performed at about 50-Torr arc pressure (not in-
cluded in Fig. 5). Note especially in Fig. 5 the
overlapping regions around N, =3.5x10" cm3;
here we were able to obtain hydrogen profiles
at the same electron density, but at a different
set of temperatures.

Uncertainties in the gas and electron tempera-
tures were due mainly to non-LTE effects and the
deconvolution procedure, respectively. The error
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FIG. 5. Gas and electron temperatures of this experi-
ment vs electron density.

was estimated to be about +10% in case of the gas
temperature, and we conclude a similar error for
the electron temperature from Table I. Since these
systematic errors affect the obtained temperatures
in both the 1-atm and 70-Torr arc in the same
direction, the gap in the temperatures at n,=3.5
x10% cm™ in Fig. 5, which is of some importance
in later discussions, should be well established.

D. Individual line profiles

The intention of this experiment was to investi-
gate the plasma broadening of the first three mem-
bers of the hydrogen Balmer series and to compare
the obtained results with recent calculations as
well as other experimental investigations. In the
following we discuss the obtained results for the
individual line profiles.

(i) H, Figure 6 shows an experimental H, pro-
file in comparison to profiles calculated by KG!
and VCS.? All profiles are area normalized to
unity assuming the unmeasured wings of the ex-
perimental profile to follow a Ax~5/2 dependence.
The calculated profiles are convolved with the
Doppler and instrumental profile. The agreement
between the theoretical profiles is poor, as it is
between the calculated and experimental profiles,
the latter being much shallower in the line core
than predicted by both theories. With respect to
the calculations, intensity in the observed pro-
file is mainly “transferred” from the very line
center to the near line wings, while good agree-
ment is found with the VCS calculations in the line
wings. The higher wing intensity of the KG theory
is outside our experimental error bars and con-
sistent with earlier experimental investigations
at higher electron densities.®*'? In the far wings,
both the experimental and VCS profile follow a
AX"%2 glope.

The discrepancies in the line center indicate
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FIG. 6. Experimental and theoretical H,, profiles.
The temperatures are T', =18 000 K and T, = 10 200 K.
Alp is the (half) Doppler half-width. All profiles are
area normalized; the calculated profiles are convolved
with the Doppler and instrumental profiles.



that there are probably some problems in the cal-
culations with the unshifted central Stark compo-
nent, which dominates strongly in the core of H,.
Including earlier arc experiments®*® H, measure-
ments are now available in the electron density
range between 7x10* and 10 cm™. Figure 7
shows the overall situation, expressed in terms
of the H half-width. The present experiment ex-
tends the earlier arc measurements to low elec-
tron densities, and a good agreement.in the over-
lapping region at N,= 1.3 x10'® ¢cm™ can be seen in
Fig. 7. The H, half-widths obtained in the 70-Torr
arc are somewhat smaller than those obtained
from the 1-atm arc in the overlapping electron
density region around N,=3.5x10" cm™, This
difference is due at least in part to the different
plasma temperatures in the two arcs (see Fig.

5); the higher electron temperature as well as
the lower gas temperature (Doppler effect, ion
dynamics) in the low-pressure arc cause a slight
narrowing of the line profile.

In order to make a reasonable comparison with
theory, we corrected the measured H,, half-widths
for Doppler and instrumental broadening. This
was performed assuming that the H,, profiles at
low electron densities have nearly the same shape
as those obtained at higher densities, where non-
Stark broadening effects are negligible. H, Stark
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FIG. 7. Full half-width of H, vs electron density.
The curves (-~--, KG; ——, VCS) show the calculated
Stark half-widths without Doppler and instrumental
broadening. The symbols indicate the following arc
experiments: O and @, this experiment (helium arc at
70 Torr and 1 atm, respectively); X, Wiese et al ,
(Ref. 3); A, Ehrich and Kusch (Ref. 9). The hatched
area indicates the estimated experimental half-width
without Doppler and instrumental broadening. GT is
the H, half-width determined by means of a Geissler
tube and FS is the wavelength distance between the two
strongest fine-structure components. e®®, results of
Roszman (Ref. 19) using a time-ordered unified theory
for the electrons. XXX, result of a weighted superposi-
tion of Lorentzian profiles at each FS component, each
profile having a half-width given by the KG theory.
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profiles with a known shape were convoluted with
the Doppler and instrumental profiles. This pro-
cedure led to the measured profile for a certain
Stark half-width and, thus, to an estimation of the
pure Stark half-width of H, at low electron den-
sities. The hatched area in Fig. 7 indicates the
pure H, Stark half-width and includes the esti-
mated uncertainty due to errors in the gas tem-
perature and in the deconvolution procedure.

The curves in Fig. 7 show the pure Stark half-
widths of H, calculated by KG and VCS, respec-
tively, for our experimental electron temperature.
In regions where measurements with different
electron-temperature overlap, we averaged the
slightly different theoretical values for clearness
in the graphs. As can be seen in Fig. 7, the dis-
crepancies between the theories and experiment
increase significantly towards low electron den-
sities; at N,=10" cm™3 the experimental half-
width is approximately three times larger than
predicted theoretically.

In a recent paper’® Hey and Griem report good
agreement between electron densities obtained
from the profiles of H, and Hy if the KG theory
is applied. This shock-tube experiment covers an
electron-density range between 6 x10'® and 1.6
% 10 ¢m ™3, and inspection of Fig. 7 shows that
these results are consistent with the earlier arc
measurements at higher electron densities. The
good agreement between experiments and KG
theory, however, is obviously restricted to just
this density range and appears to be accidental,
since the theoretical curve seems to overlap the
experimental data points at N,=7x10% c¢m 3.

This overlapping between KG theory and experi-
ment is also clearly visible in the data of Hey and
Griem (Table V, p. 179 Ref. 10). Thus, the pres-
ent results obtained at lower electron densities are
not in contradiction to the measurements of these
authors, but these measurements may lead to the
misleading conclusion that there exists a general
consistency between experiment and KG theory for
H,. .
By means of Fig..7, we are now able to explain
why the peak of the experimental H, profile in Fig.
6 lies below both theoretical line peaks, while it
was observed to lie between the VCS and KG values
in higher-density arc measurements.®** This fact
is due to the different slopes of the H, half-width
versus electron density in Fig. 7, the experiment-
al slope being shallower than the theoretical ones.
Therefore, the peaks of the area-normalized cal-
culated profiles increase more strongly than the
experimental H, peak with decreasing electron
density.

In order to account for the observed discrepan-
cies between theory and experiment we considered
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the following possibilities.

(a) Neglect of fine-structure (FS) splitting in
the theories. This was the subject of an earlier
paper,'® to which we refer for details, but for
completeness we will repeat briefly the most
salient points. The fine-structure pattern of H,
consists of seven components, the wavelength dis-
tance between the two most intense lines being
0.142 A. The H, profile emitted by a Geissler tube
(GT), for example, is decisively influenced by the
H, fine-structure pattern, which is smeared by
Doppler broadening of the components. The half-
width of this profile (GT) can be considered as a
lower limit to the H, half-width in a plasma if
Doppler broadening corresponds to a temperature
of more than about three thousand degrees. GT
and FS are marked at the lower-left side in Fig.
7, and it can be seen that the H half-widths (which
include Doppler broadening) measured in this
experiment tend to approach the GT value. The
pure Stark half-width (hatched area) is expected
to approach the FS value towards very low elec-
tron densities. The theoretical half-widths, how-
ever, already have the same magnitude as FS at
N,= 10" ¢cm™, and thus fine structure should
significantly contribute to the line broadening of

H,, at least around and below N, =10 cm ™,

(b) Neglect of ion-dynamic effects in the theories.

Ion motion was found to be responsible for the
observed discrepancies in the line centers of H,,
Hg, H,, and H; in recent arc experiments at
higher electron densities.!*'*® Towards higher
electron densities the influence of fine structure
should decrease rapidly and the differences be-
tween experiment and theory are probably caused
mainly by ion-dynamic effects.

(ii) Hg. Since the Stark pattern of Hy does not
have an unshifted central component like H, and H,,
the plasma-broadened H, profile exhibits a rela-
tive intensity minimum (“dip”) in the line center.
While good agreement was found in numerous in-
vestigations between experimental and theoretical
half-widths, serious discrepancies have remained
in the central region of the profile, the experi-
mental dip being considerably smaller than pre-
dicted theoretically.

Figure 8 gives an example of a recorded Hy line
profile for an electron density near 10" cm™. The
dip is defined in the usual way, where “max” is the
averaged intensity of the two line peaks, the red
peak being always some percent lower than the
blue one, and “min” the intensity of the central
minimum. The value of the observed dip in Fig.

8 is 0.17; this is considerably less than predicted
by the theories. The KG as well as the VCS cal-
culations yield an approximately three times
larger value for the dip. Consistent with earlier

max -min
_______ i max

FIG. 8. Recorded Hy line profile with definition of
the “dip.”

arc measurements the Hy dip was found to depend
on the reduced mass of the radiator- (ion) pertur-
ber system. The results are shown in Fig. 9. In-
troducing small admixtures of hydrogen and deu-
terium to the center of our helium arc, reduced
masses of 1 =0.8 (H-He*) and yu =1.3 (D - He*),
respectively, were obtained. The present results
are consistent with the arc measurements of
Kelleher and Wiese®® included in Fig. 9 and per-
formed for reduced masses of y =0.5 (H~H"),
=10 (H-A*), and u=1.9 (D-A*): the dip
deepens systematically with increasing reduced
mass. Towards lower electron densities the dip
in general decreases, in contrast to the calcula-
tions, which predict dips between about 0.35 for
N,=10"" em™ and greater than 0.5 at our lowest
electron densities. (Doppler and instrumental
broadening are taken into account.) These dip
values are out of scale in Fig.9.

In order to determine the effective reduced
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FIG. 9. Central dip of Hg vs electron density with the
reduced mass as parameter. The straight lines repre-
sent the results of Kelleher and Wiese for reduced
masses of p=0.5 H-H*), 1,0 (H—-A*), and 1.9
(D —A*). The present results for p=0.8 (H —He')
(symbols @ and (»)) and p=1.3 (D —He") (symbols x,
and +) are shown, too. The dip values indicated by
x(u = 0.8) and + (u=1.3) were obtained in a 70-Torr
helium arc, the dips at higher electron densities in a
1-atm helium arc, theoretical dips range from 35%

2, = 10" cm~%) to more than 50% at low electron den-
sities; Doppler and instrumental broadening are taken
into account.
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mass, which has to be evaluated from the rela-
tive density of helium and hydrogen (deuterium)
ions in the plasma, we observed the width of
helium lines with and without the small admixture

of hydrogen (deuterium) in the arc center. No
significant change in the helium linewidth could be
found to indicate a change in electron density and,
thus, helium ions were always the dominant
species of perturber ions in our plasma.

At an electron density of 3.5x10 ¢cm™ in Fig.
9, the arc pressure changes from 1 atm to 70
Torr. This reduction of the arc pressure pro-
duces an increase of the Hg dip from 11.5% to
about 169 at fixed electron density and reduced
mass. In the Table II we have put together all
physical quantities which may produce the ob-
served effect (see also Fig. 5).

In the following we discuss in detail the influence
of these quantities.

(a) Changes in neutral-atom density. While the
electron density remains unchanged, the density of
neutral atoms changes considerably. Since Van der
Waals broadening is negligible in comparison to
Stark broadening, we can discount the neutral-
atom effects.

(b) Electron temperature. The quasistatic-ion
theories predict an increase of the dip with in-
creasing electron temperature, but only about 5%
as compared with 28% for the jump in electron
temperature stated in Table II. There is no evi-
dence for such a strong dependence of the dip on
electron temperature in the experimental data
either; e.g., in the Kelleher-Wiese experiment!®
no change in the Hy dip is observed at approxi-
mately fixed electron density and reduced mass in
an argon and neon arc, the electron temperature
in the latter being considerably higher.®® Thus,
only a small portion of the dip increase can be
attributed to the increase of the electron tempera-
ture.

(c) Gas temperature. The difference in Doppler
broadening due to the jump in the gas temperature
is less than 1% of the H, half-width and accounts
for a relatively small portion of the observed

difference in the dips associated with the two tem-
peratures. Most of the increase in the dip can be
related to the decrease of the gas (atom-ion)
temperature, i.e., to ion-dynamic effects. This
behavior is consistent with the reduced mass de-
pendence of the dip, since one would expect from
the mean velocity between radiator and perturbing
ion,

v=(8RT,/T)"?, (7

and increase of the Hy dip with increasing reduced
mass and decreasing gas temperature, if ion mo-
tion relative to the emitting atom is responsible
for the observed discrepancies between experi-
ment and theory. In this consideration the quasi-
static calculations have the character of a limiting
case for v=0.

Inspection of Fig. 9 shows that at an electron
density of 2x10%* cm™ dip values for five different
reduced masses are available. Kinetic tempera-
tures range from 1-2x10% K for the electrons and
from about 1 to 1.5x10* K for the ions. In the
earlier arc experiment,’® the Hy dip was observed
to scale as 1/Vu for a fixed electron density and
at approximately the same electron and gas tem-
perature. In Fig. 10 we have plotted all dips ob-
tained at N, =2x10'® cm™ vs (T,/u)"?, i.e., the
mean relative atom-ion velocity. In this represen-
tation the dips measured in this experiment lie
somewhat above the straight line through the
Kelleher-Wiese results. This can be related to
the quite different electron temperatures of T,
~2x10%* and T,=~ 10* K respectively, in the two
experiments. If our measured dips at T,~2Xx10* K
are adjusted to T,~ 10* K, assuming the calculated
dependence of the dip on the electron temperature?+?
to be valid, the obtained values fall on the straight
line through the data for 7,~10* K (crosses in Fig.
10). This suggests a gbod agreement between
experimental and theoretical dependence of the H,
dip on the electron temperature. Extrapolation of
the dips to the static case by assuming a linear
dependence of the dips on the mean ion-atom
velocity (for an approximately fixed electron tem-

TABLE II. Variation of Hy “dip” with temperature.

Arc Pressure (Torr) 760 70 Change (%)
Electron density (cm™?%) 3.5% 10% 3.5x 109
Reduced mass 0.8 0.8
Dip (%) 11.5 ~16 +28
Electron temperature (K) 17500 20000 +12.5
Gas temperature (K) 10200 8100 —20.6
Stark width (FWHM) 44 & 44 A
Van der Waals (FWHM) 0.08 & 0.008 &
Doppler (FWHM) 0.35 A 0.31 &
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FIG. 10 (). Central Hg minimum vs (T, /1)/%. @,
Kelleher-Wiese experiment (T, = 10t K); ©, this ex-
periment (T', = 2x10* K); x, this experiment, T, cor-
rected to 10° K according to the calculated T, depen-
dence of the Hy dip. Linearly extrapolated values to
the static case are in good agreement with the VCS dip
values for both temperatures (the KG values are only
slightly smaller). Central Hg minimum vs (T /u)‘/ 2 at
N, =3.5x10'% cm-3.

perature) yields surprisingly good agreement with
the quasistatic calculations for both electron tem-
peratures. The VCS dip values are marked in
Fig. 10 (the KG values are ‘slightly smaller).

The above treatment only considers a single
radiator- (ion) perturber pair. Hey and Griem?™
point out the many-body nature of this problem:
the line centers are formed by small field strengths
which are produced by many ions rather than a
single perturber. Though this fact makes our re-
sults even more surprising, a purely accidental
agreement of the extrapolated values with the cal-
culations seems rather unlikely.

At an electron density of approximately 10
cm™ we have compared our measured Hy and D,
profiles with recent calculations by Cooper,

Smith, and Vidal (CSV),?® which include ion-
motion effects. The “unified” theory utilized in
both the VCS? and CSV?® calculations does not make
the completed collision (“impact”’) approximation.
Within the limits of its other approximations (e.g.,
binary strong collisions and neglect of time-order-

ing effects associated with the rotation of the per-
turbing electric field with respect to the atomic
dipole), the theory is valid over the full range of
interaction time scales from the impact to the
quasistatic regime. The VCS and CSV calculations
differ in that the VCS calculations treat only the
electrons according to the unified theory (ions

are treated as quasistatic), while CSV treat both
electrons and ions ina“unified” way. This second
treatment has a very limited range of validity,
since the unified theory assumes that all strong
collisions are binary. The interaction time with
an atom is of course much longer for a slow-
moving ion that it is for an electron, and it turns
out that strong atom-ion collisions are isolated in
time only for electron densities below about 105
cm™3 at our experimental temperatures.

The authors (CSV) have provided us with exten-
sive unpublished tables of their results, which
allowed us to generate a profile for our experi-
mental electron density and reduced mass, and to
convolve the Stark profile with the Doppler profile
corresponding to our experimental gas tempera-
ture. It was not possible to circumvent the assump-
tion made by CSV that T'; =T,, and in our plasma
these two temperatures were quite different.
However, most of the temperature dependence of
the CSV profiles appear to be correlated to the
electron temperature (this can be seen by compari-
sion with the VCS profiles, which assume that
T;=0). The dependence of the CSV profiles on T,
is apparently very weak, as it is on the reduced
mass. While this is not in qualitative agreement
with our measured results, it does mean that the
profile in Fig. 11 corresponding to the CSV calcu-
lation (T, =T;=17000 K) is probably quite similar
to that which would be calculated at our experi-
mental conditions (T,=17000 K, T, =4500 K). Both
theoretical profiles in Fig. 11 have been con-
volved with a Doppler profile corresponding to
experimental conditions (7,=4500 K, instrument
function width of 0.05 A). Computed profiles have
been normalized to have the same half-width and
peak height as the measured ones; the experiment-
al profiles are an average of the red and blue
side (see Fig. 8).

Note the difference in the electron densities be-
tween CSV and VCS profiles having the same
width; in a recent experiment®® excellent agree-
ment of the VCS calculations with an independently
determined electron density is reported at an elec-
tron density of about 10" cm™. A comparison of
the profiles in Fig. 11 indicates that while the
agreement of the measured Hy dip with the CSV
calculation is better than with the VCS quasistatic-
ion results, it is worse in the remainder of the
profile. The measured ion-dynamic effects appear
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FIG. 11. Experimental Hy and Dg profiles as well as
theoretical Hy profiles with (CSV) and without (VCS) ion
dynamics. Hy and Dg profiles emitted simultaneously
from the same plasma. The half-width of one line is
about 1 &, the asymmetry is due to overlapping of the
line wings. The central minimum of Dg is much more
pronounced than that of Hg.

to affect only the region very close to line center,
within the Hy maxima.

Calculations have been performed*~# which in-
clude the nonadiabatic effect of the rotation of the
ion-electric-field vector with respect to the atomic
dipole. In this theory, an attempt is also made to
account for many-body effects by considering an
effective net rotation; the main limiting approxi-
mation is the expansion of the time-dependent
electric field to second order, which is valid only
if ion-dynamic effects are small. Computed
values for the Hy dip agree reasonably well with
measured ones, although the scaling of p ™' is in
disagreement with the experimental one of p ~*2.

Calculations based on the “model microfield
method”**~%° (MMM) can be made in a straight-
forward way to include ion-motion effects. The
method approximates the actual electric micro-
field with a series of “kangaroo processes” (KP).
The vector field is constant over certain intervals,
making sudden jumps between values. The time-
averaged distribution of the field amplitude is
weighted according to the quasistatic microfield
probability distribution. The intervals between
jumps have a Poisson distribution, except that the
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characteristic jumping frequency “v” is not a
constant; rather it is made to depend on the field
strength in such a way that the autocorrelation
function of the KP field is equal to that of the
actual time-dependent field. The solution to the
Schrddinger equation with KP fields can be found
exactly in the semiclassical approximation. The
time-dependent fields of both the electrons and
ions can be taken into account simultaneously, and
there is no need for the questionable process of
convolving the electron and ion profiles.

A complete and rigorous justification of the MMM
is still lacking.*® However, Seidel*® has recently
demonstrated the remarkable fact that the MMM
calculations for the electrons agree almost per-
fectly with the unified-theory results (including
time ordering). The existing experimental vindi-
cation is also impressive, particularly in the cen-
tral region of hydrogenic lines where the binary
theories generally break down when the ions are
included. Though some discrepancies still persist,
particularly at low electron densities, agreement
with the core of measured H, and Hy profiles is
quite good.*** Also, the first-order corrections
for ion-dynamical corrections turn out to be pro-
portional to the relative ion-atom velocity, in
agreement with experiment. [This has been shown
by Brissaud and Mazure® by expanding Eq. (17) of
Ref. 46 to first order in v(E), the KP frequency. ]
Finally, a MMM calculation® for L, which in-
cludes dynamical-ion contributions predicts a
total width that is twice as large as calculated
when the ions are treated quasistatically,'* in
agreement with the recent experimental result of
Griitzmacher and Wende.*

Measurements by Burgess and Mahon®® for the
same electron density and reduced mass (0.8),
but a gas and electron temperature of 10* K
(this experiment, T, =4500 K) yield a dip of at
most 49 (this experiment, =15%). This result is
qualitatively consistent with our observed depen-
dence of the Hy dip on the gas temperature.

In two recent experiments the central region of
Hg has been investigated at electron densities near
10" cm™3, Evans, Aeschliman, and Hill*® ob-
tained Hy profiles by means of a hydrogen-seeded
argon-plasma jet for 7,=10* K and 7, =6000 K,
while Ramette and Drawin'” observed the Hy profile
in the afterglow of a Z-pinch discharge in the tem-
perature range 5000-3500 K. In comparison to our
profiles, relatively strong asymmetries enhancing
the blue peak over the red one and smaller Hg
dips are observed in both experiments, indicating
possible homogeneity problems (see Fig. 2). In
the case of the afterglow plasma, the authors ob-
served spectral features in the line core and line
wings, which are believed to be caused by ion and
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electron plasma waves, respectively. Our mea-
sured profiles do not show any indications of those
structures, but the conditions in our stationary
light source may be rather different from those in
a transient plasma.

Finally it should be noted that the static Stark-
effect pattern of Hy exhibits a small unshifted
central component at low-field strengths (elec-
tron densities), if fine-structure (spin) effects are
included in the calculations.®! This fact should
contribute to the filling in of the Hy dip at very
low electron densities.

(iii) H,. Figure 12 shows a measured H, pro-

_file, obtained at an electron density of 1.1x10%
cm ™3 in comparison to a theoretical profile cal-
culated by VCS (the KG profile is very similar).
Both profiles are area normalized to unity, the
far wings of the experimental profile are assumed
to follow a AX75/2 glope. No asymmetry could be
found in the measured profile. As can be seen in
Fig. 12, the calculated profile exhibits a pro-
nounced “shoulder,” produced by the unshifted
central Stark component superimposed on a “back-
ground” of the shifted components. As with H,
and Hy, less structure is observed near the line
center than predicted theoretically; the shoulder
is outlined only weakly in the measured H, profile.
With respect to the calculated profile, intensity
in-the experimental profile is mainly transferred
from the very line center to the nearby wavelength
region, filling in the theoretically predicted
shoulders. This behavior is quite similar to that
observed in the H, line center, indicating again

that there may be some problems with the un-
shifted Stark components in the calculations. With-
in our experimental-error bars, which are mainly
due to uncertainties in electron density, the re-
mainder of the calculated profile below the shoulder
is in good agreement with our measured profile.
Particularly at low electron densities, the absence
of a pronounced shoulder in the experimental pro-
files give rise to significant discrepancies between
theoretical and experimental half-widths of H, .
This situation is shown in Fig. 13, where the
ratios of the measured as well as calculated

(VCS) H, and H g half-widths are plotted versus
electron density. While the experimental ratio is
nearly constant, the VCS ratio decreases towards
low electron densities; towards higher densities
this ratio tends to approach the experimental value.

III. CONCLUSIONS

Measurements of the plasma broadening of the
Balmer lines H,, Hy, and H, in the electron-den-
sity range between approximately 4 x10'* and 2
x10% cm ™ have yielded the following main re-
sults.

(i) The measured line shapes show less struc-
ture in the line centers than predicted by theories
based on the quasistatic approximation for the
ions. These discrepancies increase towards low
electron densities, and become very large for H,.
At a fixed electron density the overall agreement
in the line center between experiment and theory
improves with increasing principal quantum num-
ber of the upper state.

(ii) The central minimum of Hy was found to de-
pend inversely on the square root of the reduced
mass in the radiator- (ion) perturber system.
Also, our data indicate that the Hy dip depends
on the gas temperature in such a way that the Hy
dip appears to depend linearly on the mean relative
velocity between radiator and perturber. Extrapo-
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FIG. 12. Experimental and theoretical H, profiles
for T, =16 500 K and T, = 4000 K. The profiles are
area normalized; Doppler and instrumental broadening
are taken into account in the VCS profile. (The KG pro-
file is very similar.)

FIG. 13. Ratio of the H, and Hg half-widths vs elec-
trondensity. O,®,: experimental values for the 70-Torr
and 1-atm arc, respectively. Doppler and instrumental
broadening are taken into account in the theoretical
(VCS) linewidth ratio.
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lation to the static case gives good agreement with
dips calculated by quasistatic-ion theories. Re-
cent calculations®® including ion-dynamic effects
show improved agreement with the experimental
Hg line center, but the agreement with the half-

width and the remainder of the profile is degraded.

Other calculations®* ™ indicate the nonadiabatic
effects due to electric-microfield rotation are
important. Model microfield calculations*s*® are
apparently in quite good agreement with experi-
ment.

The Hg-Dg “twins,” which were spectrally re-
solved in the same plasma, show clearly that the
reduced mass dependence of these profiles is not
produced by instabilities or similar phenomena.
Ion-dynamic effects can account for a consider-
able part of the observed discrepancies in hydro-
gen line centers. The dependence of the H, (and
possibly H,) as well as Hy line centers on ion
dynamics indicate that ion-dynamic corrections to
the line broadening should not be restricted to the
field-strength distribution,® because these cor-
rections do not affect the unshifted central Stark
components. This, as well as other theoretical

investigations, has yielded no significant ion-dy-
namic effect up to now in case of Hg.*°

(iii) At the lower end of our investigated elec-
tron-density range (< 10 cm™), a considerable
part of the observed discrepancies in the H line
center can be attributed to the neglect of fine-
structure (spin) effects in the calculations; also,
a part of the filling in of the Hy dip should be due
to this effect.
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