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Observation of an ion effect in the profile of the 4471-k line of Hei

C. Fleurier and G. Coulaud
Centre de Recherches sur la Physique des Hautes Temperatures, Centre National de la

Recherche Scientifique, 45045 Orleans Cedex, France

J. Chapelle
UER de Sciences Fondamentales et Appliquees, Universite d'Orleans 45045 Orleans Cedex, France

(Received 21 February 1978)

We have measured the profile of the 4471-L line of Hei at electron densities n, = 3 X 10", 10's, and
3 X 10' cm ' in plasmas of difFerent chemical composition. We have observed a smearing of the central dip
of the line varying with the inverse square root of the reduced mass of the radiator-perturber system. A
comparison with a calculation using ion dynamics at n, = 3 )( 10" cm ' shows a bette!r agreement for the dip
intensity than with the usual quasistatic ion calculations.

Comparison over the last ten years of the ex-
perimental profiles of the 4471.5-A line and its
forbidden 4470-A component with the theories of
Griem' and Barnard et al. s (BCS I), while showing
a fair agreement for the allowed line, exhibits
systematic discrepancies, especially for the in-
tensity of the dip between the two lines. In 19VO,
Burgess' imputed these discrepancies to the fail-
ure of the usual quasistatic-ion approximation
when applied to the line center of the forbidden
line, at low electron densities (n, & 5 && 10" cm ');
he suggested taking the ion motion into account in
the calculations. Subsequently, Lee~ and Barnard
et af.s (BCS II) calculated an important ion-motion
effect at low electron densities in agreement with
the experiments, "while Segre and 7oslamber'
and Brissaud et al. predicted a negligible influ-
ence of this effect.

A quite similar controversy existed for the line
H~. An important experimental improvement was
completed by Kelleher and Wiese" (KW), who
observed a smearing of the central structure of

H~ depending on the inverse square root of the
reduced mass of the radiator-perturber system,
(p) '~'. These authors attributed this effect, ob-
servable at high electron densities (n, 10' cmv~-),

to the influence of the ion motion. In contradic-
tion, Qriem" interpreted the KW experiment in

. terms of a collective interaction of plasma parti-
cles with the radiator. Such collective effects
were reported by Ramette and Drawin" and
Ramette" in a plasma in strong recombination
stage. But recently, Seidel" calculated an ion-
motion effect at high electron densities (in con-
tradiction with the predictions by Burgess) of
about the same importance as the one observed by
KW but with only a passable agreement. Thus,
owing to a lack of good theory-experiment agree-
ment no final conclusion concerning the actual
influence of the dynamical ion effect can be made.

For the 4471-A line of He I, no ion effect has yet
been demonstrated; thus, it is the purpose of this
paper to put forth experimental evidence of an ion
effect of a similar appearance to the one observed
in H~. For this study, the lines of HeI were emit-
ted in a plasma arc which was created in the form
of a conventional plasma jet with the addition of a
transfer anode (anode B in Fig. 1). Thus, an
electrical arc between anode B and the cathode
could be superimposed to the usual one. This
modification improved the spatial stability and
decreased the axial and radial gradients of elec-
tron density. Furthermore, the additional energy
delivered to the plasma increased the intensity of
the helium lines by a factor of 10-20.

Three different plasmas were studied, each one
characterized by a different reduced mass p, of
the radiator-perturbing ion couple, specifically
p, =0.8 for the He-H plasma, p, =2 for the He-, He
plasma, and p. =3.34 for the He-Ne plasma. The
flow rates of hydrogen and neon were calculated
to provide more than 99% of ions in the plasma.
In the case of a He-H mixture, the He I lines were
weakly excited but this disturbance was easily
overcome by our data-recording equipment (see
below). An electron-density range from 2 x 10" to
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FIG. 1. Schematic diagxam of the plasma source.
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FIG. 2. Peak-separa-
tion measurements com-
pared with theoretical
data.

0p 0

~ ~ I I I I I I I I

1.8
ELECTRON DENSITY 618 cm )

5X 10"cm ' was obtained by variations of the dc
electrical power together with the use of different
pressures from 150 to 760 Torr.

The optical setup consisted of a 1.7-m Hilger
and Watts monochromator with a 1200 lines/mm
grating, having a reciprocal, dispersion of 4.4
A/mm in the first order. The data were either
digitally recorded with an optical multichannel
analyzer'I (QMA), or recorded on photographic
plates. Most of the data were collected with the
OMA permitting numerous summations, especially
for the low-intensity signals, over short periods.

Up to 4000 summations were achieved in about 2
min for the 4471-A line in He-H plasma leading
to very reliable results. The apparatus width at
1/e was found to be the width of three channels,
i.e., 0.33 A in the first order and 0.12 A in the
second order for the 4471-A line. The photo-
graphic techniques were used for the very un-
stable He-H plasma at atmospheric pressure (n,
&3 && 10"cm~) with time exposures of about1 sec.

The cylindrical symmetry of the jet required
side-on observations and the use of the Abel inver-
sion process. Therefore, the arc was mounted on
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FIG. 3. Experimental
and theoretical profiles
of the 4471-A line of He &

at an electron density of
N~ = 3X 10~~ cm 3. The
electron temperature is
indicated for each plasma.
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FIG, 4. Experimental
and theoretical profiles of
the 4471-A line of He f at
an electron density of N,
= 10~~ cm 3. The electron
temperature is indicated
for each plasma.
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a bench allowing very precise alignment of the
image across the entrance slit. The electron den-
sity was first estimated from the measurements
of the half widths of the isolated lines of He I by
using the. theory by Griem" and some previous
studies" in this laboratory. The errors were es-
timated to be about +1$%. The peak separation of
the two components of the 4471-A line was then
plotted as a function of electron density (Fig. 2).
No important discrepancies .were observed in this
curve'between the different experiments and the
theories, mainly by BCS I from n, = 3 & 10" to
3 & 10' cm~. Therefore, the averaged experi-

mental curve of the peak separation was used as a
common reference for the electron-density deter. -
mination for further comparison. The determina-
tion of the electron temperature was performed by.
measuring the absolute intensities of several lines
and by using the collisional-radiative transfer
model of Drawin and Emard" to take nonlocal-
thermodynamic-equilibrium effects in considera-
tion. The errors were estimated to be +10%. No
reliable measurements of ion temperature were
made; they could only be,estimate/ from the Dop-
pler widths of the 3889- and 5016-A lines of He I,
to be about 3000-6000 K lower than the electron
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FIG. 5. Experimental
and theoretical profiles
of the 4471-A line of He i

at an electron density of
N, =3~10~6 cm 3. The
electron temperature is
indicated for each plasma.
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FIG. 6. Relative dip intensity vs the inverse square
root of the reduced mass at different electron densities.
The extrapolations of the experimental data at infinite
reduced mass are indicated by the dashed lines.

temperature for the He-He and He-Ne plasmas.
For the He-H plasma, owing to the weak deviation
from local thermodynamic equilibrium, they were
assumed not to differ from the electron tempera-
tures.

The normalized (in amplitude) profiles of the
4471-A line at n, =3 & 10', 10', and 3 &10' cm"3

are presented in Figs. 3-5 for thy different plas-
mas together with theoretical data by BCS I and
BCS II, which give the best fits with the experi-
ments. The experimental profiles are averaged
over two to four experiments, the divergence
between each individual profile being less than
+5%. The determination of the underlying continu-
um was made over a spectral range of 21 A at n,
= 3 x 10" .cm~ and 55 A at the other electron den-
sities. It has been checked that no impurity or
molecular lines (from H, ) could perturb the line
profDe as well as the lines 4475.6 and 4466.8 A
of NeI. Thus the total error in the 4471-A line
profile can be estimated to be +5/o in the line core
up to +20/p as we go further in the line wings.

The most remarkable feature that appears in
Figs. 3-5 comes from the smearing of the dip in
the line center especially for the He-H plasma.
The linear variation of the dip intensity as a
function of (i") '~' plotted in Fig. 6 illustrates the
strong correlation which exists between these two

quantities. Furthermore the extrapolation of the
data (dashed lines in Fig. 6) at infinite reduced
mass exhibits a noteworthy agreement with the
static results by BCS I. The use of the actual pa-
rameter of the ion motion, (T,/p, )' ', with the ion
temperature P, , wouM probably not change the
curves in Fig. 6 because the ion temperatures
were estimated not to differ by much for tbe three
different plasmas. The dip intensity is found to be
in best agreement with the calculations by BCS II,
including ion dynamics at n, = 3 x 10" cm3 than
with the previous theories. Se can also point out
that the forbidden linewidths for the He-H plasma
are slightly wider than for the others, leading to
the conclusion that an extra broadening arises for
low reduced masses. Nevertheless, as discussed
above for K~, an interpretation in terms of an
ion-motion effect cannot be made definitely, fur-
thermore, for the time being, no theory predicts
such effects at high electron densities. In another
connection the compari. son with the theory shows
a quite good agreement for the allowed line pro-
file, mainly at n, = 3 && 10"cm ' within the uncer-
tainty in the electron-density determination. For
the forbidden line we note that the theoreticaj
widths are narrower than the experimental ones,
while the discrepancies in peak intensities change
with the electron density.

Finally, we may state that an ion effect exists,
even at high electron densities, for the 4471-A
line of HeI which depends on the reduced mass of
the radiator-perturbing ion system. This effect
can be physically interpreted only by processes
involving the reduced mass, and among them, the
ion-motion effect seems the more likely. Besides,
the interpretation by a coupling with the ion or
electron plasma waves does not hold because the
spectral position of the resulting satellites would
be either in the forbidden peak (ion waves) or in
the line wings (electron waves).
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