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Ion-motion effect in the Stark profiles of Ho and HB
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The effects of ion motion on the Stark profiles of the lines Ha and HB have been studied in a plasma jet
for an electron density range from 10'* cm~ up to 2 10'® cm~>. The ion velocity was changed in the ratio
0.5 to 2 by using perturber ions of different masses. The authors have found an important effect in the
central part of HB resulting in a smearing of the dip which becomes complete for n, <2x 10" cm~=?. Good
agreement with a previous experiment at higher electron densities is observed. Furthermore, a narrowing of
the peak separation of HB has been observed for the greatest ion velocities at electron densities lower than
5X 10" cm™3. For Ha, the importance of the Doppler broadening would have required more accurate gas
and ion temperatures, nevertheless an increase in the total width of the line is noted when the ion motion

becomes faster.

I. INTRODUCTION

The 1973 experiments of Wiese ef al.>? (re-
ferred to as WKH hereafter) opened a great con-
troversy over the effect of ion dynamics in the
field of the Stark broadening of spectral lines.
Later work has confirmed that a dynamical-ion
effect actually existed in the central part of iso-
lated lines,® as well as for quasidegenerate
lines*® and for degenerate lines.® On a theoretical
plane for the hydrogen lines, several authors” !
have predicted such an effect. However, their
approaches were rather different, and the de-
tailed mechanism of the action of the ion motion
in the line broadening process is still not under-
stood.

For the Balmer lines, the main experimental
work?® in this field has been performed at elec-
tron densities greater than 10'® cm™. An ex-
tension of these measurements has become de-
sirable, since in the first theoretical predictions'?
a measurable dynamical-ion effect was only ex-
pected at low electron densities (n, < 5X 10*°> em™3).
Therefore our purpose in the present work is to
investigate the profiles of the lines Ha and HB of
hydrogen in the electron density range 10'® ¢cm™3
to 2x 10 e¢m™3, and to study the ion motion effect
in this area, which is still unexplored, as far as
we know.

The experimental method used in this work was
identical to the one used previously* for the line
Hel 447.1 nm, and was based upon the variation
of the reduced mass UL of the radiator-perturber-
ion system as in the work by WKH. We have used
a plasma jet created in a welding-type device,
while other experiments were performed either
in a wall-stabilized arc® or in a shock tube.® Thus
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the independence of the ion motion effects of the
plasma-source type could be demonstrated. In
this paper, we will describe the experimental
and the plasma analysis methods and will present
and discuss our results.

II. EXPERIMENTAL METHOD

A. Plasma source

The plasma device has been described pre-
viously.* It consists mainly of an improved con-
ventional plasma jet with an excellent spatial
stability. Four different plasma were studied,
each one characterized by a different reduced
mass of the radiator (hydrogen-atom)-perturbing-
ion couple. The gas composition was adjusted in
such a manner that in each plasma only one kind
of ion was present or corresponded to more than
99% of the total number of ions. This wasachieved
by using mixtures of 0.1% of either H, or D, in Ar,
in which case, we obtained Uy ,+=0.975 and
Kpar=1.9, of 0.05% of H, in He with Lyyet=0.8
and a mixture of 50% H, and 50% He, for which
byg+=0.5. In this last case, more than 99.9%
of the ions came from hydrogen in our plasma
conditions (T, = 10000 K), and helium was used
mainly to protect the electrodes from damages
caused by the recombination of atomic hydrogen
in molecular hydrogen. The major part of the
excited atoms of helium are deexcited by col-
lisions with a high energy-transfer rate; thus
in the measurement area only the strongest lines
of helium are observable.

The pressure in the plasma chamber varied
from 100 to 300 torr. The electrical power, de-
livered by a stabilized rectifier, varied from 1.5
to 5 kW, and the gas flow, at atmospheric pres-
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sure, varied from 80 to 250 cm®/s. Various com-
binations of these quantities allowed electron
density changes from 10'® up to 2x 10* ¢cm™3. The
lines Ha and HB or similarly Da and DB, were
easily observable in each case.

The cylindrical symmetry of the jet required
side-on observation and the use of the Abel in-
version process. Therefore, for each line, 15-25
profiles were recorded at different positions of
the jet across the entrance slit of the spectro-
meter. A great number of measurements re-
quired a rather long working time, more than
three hours for each experiment; thus the sta-
bility was continuously checked by measuring the
total intensity of the line Ho. Deviations were
always lower than 2% of the total intensity. Great
care was taken in the Abel inversion procedure
in order to limit errors. Symmetry was checked
by comparing the profiles measured on both sides
of the jet, and the radius was determined by a
careful investigation of the plasma edges. Finally,
the Abel inversion was performed by means of an
extremely accurate program® rearranged for
microcomputer use.

B. Optical setup

A schematic description of the optical setup is
given in Fig. 1. The spectrometer has a 1200-
lines/mm grating and a focal length of 1.70 m,
allowing a reciprocal dispersion of 0.44 nm/mm
in the first order at A=486.1 nm. This disper-~
sion could grow up to 0.055 nm/mm in the third
order at this wavelength. The slit width was fixed
at 5 4m; thus the spectral resolution was en-
tirely given by the optical multichannel analyzer
(OMA) which served to measure the line profiles.

The sensitive head of the OMA was formed by a
plate divided into 500 contiguous channels, each
having a width of 25 um and a height of 5 mm.
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FIG. 1. Schematic diagram of the optical experimental
setup. OMA: optical multichannel analyzer, PM: photo-
multiplier.
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This plate was set in the focal plane of the spec-
trometer. Measurements have shown that the ap-
paratus width (at e™') was about three channels
broad whatever the wavelength and the order of
dispersion might be. This was caused by the light
diffusion between neighboring channels inherent
to the OMA construction. Thus the functional half-
width of the apparatus was about 0.025 nm in the
first order and about 0.0032 nm in the third order
for A=486.1 nm. The energy response of the
OMA was checked by means of a calibrated tung-
sten ribbon lamp at each measured wavelength
channel by channel. Variations in the channel
responses of about 35% were found from the edge
(channel 0) to the center (channel 250) of the
plate. This procedure permitted a direct mea-
surement of the absolute line intensities. The
main advantage in using OMA resulted from the
possibility of numerous summations of the lumi-
nous signal over short periods of time. Typical~
ly, 1000 summations over 30 s were realized.
Thus a considerable improvement of the signal-
to-noise ratio was obtained. Finally the OMA
was coupled to a minicomputer, allowing rapid
storage of the digitalized data on magnetic tapes,
followed by the processing of the data.

C. Measurement of line profiles

For numerous lines the continuous background
under the line was negligible. In other cases,
such as HB in an argon plasma, the background,
due mainly to argon, was determined in a pure
argon plasma, operated under the same con-
ditions. Thus by comparison it was possible to
separate the hydrogen and the argon contributions
in the observed spectra.

The line wings of Hoe and HB were estimated
by the asymptotic formula given by Kepple and
Griem (KG).™ The error in the line area de-
termination was finally estimated to be about
1-3% for HB and 4 or 5% for Ha. The lines of
ArIl, which were superimposed on the line HB,
were easily eliminated, owing to the good spectral
resolution of our apparatus. Moreover, the region
of interest, i.e., the line center, was not per-
turbed by such lines.

In another way, the only unidentified lines ob-
served in our experiments were probably lines
of H, but with intensities of about 107° times the
total intensity of Ha or HB, while the observed
effects (see Fig. 5, for instance) represented
about 1072 or more of the total line intensity.

D. Other broadening mechanisms

Under our experimental conditions, T, = 10000 K
and n, = 10*° cm™, the pressure effect was negli-
gible for all observed lines of Ar1, Hel, or HI,
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The Doppler effect might be considered at least
for the lowest electron densities in the line pro-
files and, for a number of lines, it became the
main broadening process. For instance, the Dop-
pler width of Ha was 0.047 nm at 7=10000 K,
while at n, =2x 10*® em™3, the total width was only
about 0.1 nm, depending on the reduced mass.
For the line HB, the thermal motion induced only
a correction consisting of a smearing of the cen-
tral structure of the line (Fig. 3). Nevertheless,
as shown in Fig. 3, this effect alone could not
explain the actual observed profiles. The in-
fluence of the self-absorption was calculated from
the ratio of the line intensity I(A\) multiplied by the
effective length of the plasma d.4, to the black-
body intensity at the plasma temperature B,(A, T),
then using the relation

I(A)deff=B()\,T)[1—exp(— / k()t)dx)];

k(1) being the absorption coefficient. We then ob-
tained

T= fk()\)dx >~ k(h)deff ’

where 7 is the optical depth. Even in the (nearly)
pure hydrogen plasma, with d.s > 3 mm, the
maximum value of 7 for Ha was only 3xX 1072, In
every other case, the value of 7 became smaller
than 107, Thus we could neglect the influence

of self-absorption in the line profiles.

III. PLASMA ANALYSIS

A determination of the gas temperature T, was
required in order to calculate the influence of the
thermal motion in line profiles; moreover, under
the realistic assumption that 7, =7'; this measure-
ment would also give the ion temperature T';,
which was of great interest in the present study.
These temperatures were obtained from the mea-
surements of the Doppler widths of some isolated
lines of ArI or Hel, for which the Stark effect
has the weakest possible influence. Unfortunately,
in the observable spectral range, from 250 to
850 nm, the Stark effect was never entirely negli-
gible, at least for n, = 5x 10*® cm™3, for the iso-
lated lines of the plasma. A deconvolution pro-
cess was then involved, in which the apparatus
function was also taken into account. The un-
certainties in the theoretical Stark widths of the
isolated lines were about 20-30%, but they could
induce errors exceeding 40% in the Doppler widths
after the deconvolution process. In turn, the gas
temperature showed uncertainties up to 80%. How-
ever, for the lowest electron densities the Stark
effect was almost negligible for the selected lines,

and the error in the determination of 7, decreased
to about 20%. At these low densities, the line Ha
could be used in the gas temperature determina-
tion with the Hel isolated lines. The values ob-
tained from Ha were in very good agreement with
those given by the Hel lines. We found that, ex-
cept in He plasmas, T, or T; did not differ by
much (10%) from the electron temperature T,. For
helium plasmas, a systematic discrepancy was
found which indicated a gas temperature about
3000 K lower than T',. Subsequently, for the
greatest densities it was assumed that the same
features were also available. It is worth noting

at this point that if T'; or T, occur in the line pro-
files only by their square roots, either by the
Doppler broadening or by the ion-velocity effect,
then the importance of errors is significantly de-
creased. The electron density was easily deduced
from the HB profile by comparison with the theo-
retical profiles from KG. Except in the line cen-
ter, and also for the lowest electron densities,
excellent agreement was observed. The uncer-
tainties could be estimated to be about 10% for

n, = 5x 10" em™3, but they could increase up to
20% at 10'° cm™3.

The electron temperature T, has generally a
small influence in the Stark broadening. Never-
theless, the accuracy attained in the line-profile
determination was such that every parameter
having an influence on this profile should be
known as accurately as possible. Two methods
using the intensities of lines arising from levels
in partial thermodynamic equilibrium were used
in the determination of T,, first by the ratio of
line intensities and secondly by use of the Saha
equations. Another method using the collisional-
radiative model*> ' was applied to the plasma.

.In this case, the plasma was considered as

stationary and the diffusion, mainly of the atoms
in ground state, was neglected. This model, used
in connection with the equations of state, of neu-
trality, of Saha, and with the initial chemical
composition of the plasma, enabled us to deter-
mine the plasma composition as well as the elec-
tron temperature. The temperatures obtained
from the three different methods were in reason-
able agreement with deviations of about 10% ex-
cept for the (nearly) pure helium plasma where
the divergences could exceed 25%. In this last
case the diffusion of the atoms in ground state
could likely explain the calculated discrepancies.
Finally, the electron temperatures varied from
about 9000 up to 14000 K for the argon or hydrogen
plasmas with the reduced masses pn=0.5, 0.975,
and 1.9, and from 12 500 up to 20000 K for the
helium plasmas with small admixtures of hydro-
gen (4 =0.8). Thus the ion temperatures were in
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the ranges 9000-17 000 K and 9000~14 000 K without
the helium plasma as in Fig. 6 for example.

IV. RESULTS AND DISCUSSION
A. Hp

The variation of the peak separation S (in nm)
is shown in Fig. 2 as a function of 7, for the four
different reduced masses. The theoretical values
from KG are also reported. If we take into ac-
count the experimental uncertainties indicated
in the figure, we may report good agreement be-
tween theory and experiment for », >6x 10'° em™3,
thus confirming numerous previous studies for
equal or higher electron densities. On the other
hand, discrepancies appear for the lowest elec-
tron densities, especially for 1 =0.5. We find
that S decreases with the reduced mass U at a
constant electron density, although the differences
between the reported values for £ =0.8, 1, and
1.9 are within experimental error except at the
lowest electron densities. However, the results
of several experiments are well superimposed
on each other for the same K. In this figure the
main error arises from the electron density
measurement and is about 20%, while the error
in the measurement of S is smaller than 10%;
furthermore the relative error in electron density
between the profiles for different reduced masses
is well below 20% because these profiles have
about the same half-widths. Apart from such

_physical explanations as modifications in the
probability distribution of the ion microfield
caused by ion motion, we have been unable to see
what kind of phenomenon could account for this
narrowing of the peak separation. More par-
ticularly, the plasma inhomogeneities were first
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FIG. 2. Variation of the peak separation S of HB vs
electron density, for the different reduced masses.
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taken into account by means of the Abel inversion;
moreover the inhomogeneity was rather weaker

in the case 1 =0.5, with the narrowest S, than

for the other reduced masses; second, the self-
absorption of the line HB was completely negligi-
ble, the calculated optical thickness being less
than 4% 107%; and third, the influence of the Dop-
pler effect on S seems negligible, as shown in
Fig. 3. This figure shows that the narrowing of

S is closely related to the dip smearing of the line.
We note that the line core, between about -0.1
and 0.1 nm, is not as well fitted by the theory as
at higher electron densities (Fig. 5), while the
experimental wings (JAA| = 0.2 nm) lie slightly
above the theoretical ones. These discrepancies
from the theory observable up to 5x 10'® cm™® are
responsible for the important uncertainties in the
determination of the lowest electron densities.

An examination of the literature shows a similar
effect’” at n, =10 em™3, T, ~ 10000 K and 4

=0.5, while for £ =0.8 (Ref. 17) or 1 (Ref. 18), the
narrowing of the peak separation is almost negli-
gible. The most remarkable feature which ap-
pears in Fig. 3 is the smearing of the central
structure of the line; it is completely eclipsed

for u=0.5, while there is still a trace of a dip

for ©=0.8. The variation of the dip factor D, de-
fined as ‘

D= (Imax _Imin)/lmax ’

as a function of the electron density is plotted in
Fig. 4 (I, and I, are defined in Fig. 3). Three
features appear in this figure. First, the in-
fluence of the ion motion on the dip factor is
clearly demonstrated by the wide differences be-
tween the curves corresponding at different re-
duced masses; second, a rather good agreement
exists, for n,~2X10" ¢cm™3, with the WKH re-
sults, reported in this figure, for each reduced
mass; third, the dip is completely smeared out
at low electron densities, as stated above in Fig.
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FIG, 3. Profiles of HB, ‘normalized in area, at about
n, o 10'% cm=3, Theoretical profiles by KG convolved
with Doppler profile (1) and without convolution (2).
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3, and it disappears gradually from about 2X 105
cm™® for 11 =0.5 to 10*° cm™2 and lower for p=1.9.
The theoretical curve tends also towards zero

for small electron densities, but only under the
influence of the Doppler effect, while otherwise,
without this thermal effect, the theoretical dip
factor tends towards 1. The dependence of the
dip intensity on the reduced mass is shown in

Fig. 5 at an electron density 7, ~ 5x 10*® cm™3, in
which the profiles of HB, normalized in area, are
in excellent agreement with the theory for the dif-
ferent reduced masses, except in the central part
from about -0.2 to 0.2 nm. No mechanism other
than an ion-motion effect can entirely explain

the observed variations of the HB profiles with the
reduced mass, because first, the electron and the
ion temperatures reported in Fig. 5 are nearly
the same as in every other case with different
electron density; thus the Doppler effect is of
comparable importance for each line. Secondly,
the agreement between theory and experiment can
be increased by the inclusion in the calculations
of the time-ordering operator'® or of the inelastic
collisions for the electron collision operator,?
but these corrections are independent of the re-
duced mass, and they cannot account, alone, for
the observed effects.

Finally, we have plotted in Fig. 6 the dip factor
versus u~/ 2 this quantity being proportional to
the ion velocity, for several electron densities.
In contradiction with the WKH results for
n, 2 2X 10 cm™3, our experimental points, ex-
tracted from the averaged curves in Fig. 4, are
not on a straight line; however, an extrapolation
of these curves (dashed lines) at an infinite re-
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FIG, 4, Variation of the dip factor D of HB vs electron
density for different reduced masses. Comparison with
the static theory of KG, including a convolution with the
Doppler profile. The theoretical points of Seidel at 7,
=10'% ¢m~3 take the ion motion into account but do not
include the Doppler effect. The experimental points by
WKH are also reported.

duced mass, i.e., L"Y2=0, suggests that a good
convergence exists between the static theory of
KG and our experiment with very low ion tem-~
peratures. To be consistent, however, we may
note that, for n,=10' ¢m™3, only a slight modifica~
tion of the averaged experimental points, within
experimental error, would allow a linear varia-
tion of D with 1~Y2, as observed by WKH. Final-
ly, as the ion temperatures are about the same
for each electron density, the variation of D with
(T;/1)*? would show curves identical to the one
in Fig. 6.

On a theoretical plane, some work predicts a
modification of the central part of the line, as in
the experiment, but discrepancies still exist.

For instance, Lee?! and Cooper et al.** do not
find a total smearing of the dip at n, =10*®* cm™3
and T, =10* K as in the present work that by
Burgess and Mahon’ for 4 =0.5. At higher elec-
tron density, Seidel” finds important dynamical
corrections, but his results for 4 =0.5 are in
poor agreement with the experimental values (Fig.
4). Demura et al.?? predict theoretically a varia-
tion of the dip as a linear function of ©~* and
n;*/%, and they find a relatively good linear inter-
polation of the WKH results; in the present work,
the variation of the dip as a function of ™! would
not show a linear variation, but, as in Fig. 6,
minor changes in the experimental points, within
experimental error, would give this linear varia-
tion of the dip factor with u~*. Recently, Sholin®
has corrected the calculations by Demura ef al.*®
and finds a variation of the dip intensity scaling
as ﬂ_l/zn;l/3-

B. Ha

For this line, the Doppler effect becomes pre-
dominant for an electron density of about 3x 10*°
cm™3, and it gives an important contribution to

Hg (Dg)
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FIG. 5. Profiles of HB normalized in area, atn,
~5,15x10!° cm=3, showing the smearing of the central
dip for the different reduced masses and for the static
theory by KG. No measurable asymmetry was noted in
the experimental peaks.
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FIG. 6. Variation of the dip factor D of HB vs u-1/2,
The experimental points are extracted from Fig. 4. The

dashed lines represent an attempt in the extrapolation
of the experimental values at an infinite reduced mass.

the profile up to 10 cm™3. Thus highly accurate
temperatures are required in order to compare
the different profiles. Furthermore, several
difficulties arise in the determination of line pro-
files: first, the wing contribution to the total
area of the line is important, and, although the
background continuum was of little importance,
the uncertainty in the line-wing determination
can cause errors of about 3-5% in the total in-
tensity of the line. With the addition of the ex~
perimental errors of about the same amplitude
and some self-absorption effects (less than 2%

in case of the pure hydrogen plasma) the total
amount of error in the profile determination can
go beyond 10%. This quantity is of the order of
the discrepancy amplitude observed in our ex-
periment between each profile at different reduced
masses. Nevertheless, as shown in Figs. 7 and
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1

A ap-art

o Hoav{Te=Ti=10000 K
—Kepple-Griem Te=10000 K H.
---Kepple-Griem Tg=10000 K D.

INTENSITY (nm)

1 L L y
9075 -05 -025 o 025 A X {nm) 075

FIG. 7. Profiles of Ha atz, =~ 5,15x10'5 cm = for two
reduced masses and for the static theory of KG con-
volved by the Doppler profile for hydrogen (1) and deu-
terium (2).

3

Hec (D)
Ng=29,0"% e 3 1

o {| AD-Ar’ To=Tj=9700 K

) +H-He' Te=17400,T;=14 500 K
[ ] z-u*l T&:Ti:io ?0)0 K
—Kepple-Griem (1 _

L ~-Kepple-Griem (2) Te=10000K

sseKepple-Griem | 3)

INTENSITY (nmJ”

0 4 i 1 A d
-075 -05 -025 0 025 O (nm) 075

FIG. 8. Profiles of Ha atz, =~ 2.9%x10'® cm™? for dif-
ferent reduced masses. Theoretical profiles by KG
convolved with Doppler profile for hydrogen (1), for
deuterium (3), and without convolution (2).

8, we have found an ion-motion effect which in-
creases the total width of the line, or, in a re-
lated manner, decreases the central peak in-
tensity. In these figures a better agreement exists
between theory and experiment for 1 =1.9 than
for p= 1 or 0.5. In Fig. 8, the profile at u=1.9,
i.e., the line Da, is in good agreement with the
theory convolved with the Doppler effect for
deuterium. We note the great influence of the
Doppler broadening in this case, and then the
need for an extremely accurate temperature de-
termination.

V. CONCLUSION

The results reported in this paper corroborate
and complete those previously obtained at higher
electron densities by other authors. As expected,
the effect of ion motion on the lines Ho and HB
is important at low electron densities; however,
as shown in Fig. 4, this effect is attenuated to-
wards 10*° em™3. This is due mainly to thermal
motion, which tends to mask the ion-velocity
effect. We have noted a total smearing of the cen-
tral structure of HB for about 10*® cm™2, depending
on the reduced masses; nevertheless, we can as-
sume, following Fig. 6, that for much lower ion
temperatures than ours (T; <10000 K) the dip will
always exist for densities well below 10%° cm™3,
as indicated by the static theory. Another unex-
pected aspect of the ion-motion effect is the nar~
rowing of the peak separation for n, < 5.10%° cm™3,
especially for hydrogen-ion perturbers, i.e.,

K =0.5. No error of such importance could be
detected in our measurements; thus it can be sug-
gested that there perhaps exists a modification

in the ion microfield distribution, caused by the
ion motion, inducing a shift in the Stark-com-
ponent positions. For the time being, Hey and
Griem® and, in a more elaborate manner, Demura



et al.,” have used a modified distribution for the
ion microfield including the ion motion, but no
prediction of such an effect is reported in these
papers. Thus the problem is still open.

In conclusion, it would be very interesting to
get some measurements of Ha or HB profiles in
plasmas having very low ion temperature in order
to check the validity of the extrapolation in Fig. 6
between finite and infinite reduced masses.
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Finally, it seems necessary to determine the elec-
tron density from independent measurements not
involving the line broadening, at least for densi-
ties below 5% 10*® cm™3.
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