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Stark broadening of the hydrogen resonance line L& in a dense equilibrium plasma
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Profiles of L& emitted from small hydrogen additions in a dense argon plasma (n, = 1, 2, and 3 g 10"
m ', T = 10' K) were measured under controlled optical depth over wavelength separation hX from X~p of
about eight times the half-halfwidth h.iE, &,. Reabsorption in the boundary layers of the plasma, usually
caused by hydrogen as well as argon atoms, was avoided. The Stark profiles P(AX) obtained (uncertainty
+4% for ~AX~/hX», & 4) were found to be for ~hX~/dX„, & 0.6 in good agreement with calculations
according to the "unified" theories (Vidal et al. and Seidel) and to the modified impact theories (Griem and
Bacon). For ~hX~/hk„2 & 0.6 deviations remain, particularly in the line center, even when time ordering
and ion dynamics (Seidel) are taken into account. These residual discrepancies indicate, in accordance with
deviations recently found for I. , that broadening mechanisms which are not finally identified are efficacious.
The experimental L& profiles exhibit an asymmetry behavior similar to that calculated by Bacon, yielding
that the asymmetry is mainly caused by ion-field inhomogeneities. Using the scale of angular frequencies the
change of sign of the asymmetry is found to be at Ace/des»2 ——0.5, whereas it is predicted by Bacon at
hco/Ago», ——1.2. The measurements indicate red shifts of the centers of the profiles of about 10 'hew»,
(=10 nm for n, = 2y 10 m ).

I. INTRODUCTION

In the line center, Stark profiles measured for
Balmer lines (see, e.g. , Ref. 1) emitted from dense
plasmas deviate from those calculated according
to the modified impact theory (Griem') and the
unified theory (Vidal et al. '). From detailed in-
vestigations of the Balmer lines, particularly by
varying the reduced masses of the emitter-per-
turber system (Refs. 4 and 5) it was concluded
(Ref. 6) that these discrepancies vanish if ion dy-
namics and time ordering (Ref. 6) are taken into
account for the calculations. Later, large dis-
crepancies were found for I (Ref. f), for which
measured halfwidths are larger by a factor of 2.5
than those calculated according to Griem' and
Vidal ef al. ' This could be expected because the
Balmer lines compared with the Lyman lines can-
not reveal as sensitively the details of the broad-
ening mechanisms owing to the overlapping effects
of the numerous Stark components. of the upper
and lower levels in the case of the Balmer lines.
Recent calculations by Seidel, ' using the model
microfield method (Ref. 9), yield that significant
deviations remain for I.„even when time ordering
and ion dynamics are taken into account. These
residual discrepancies indicate that broadening
mechanisms are efficacious, which are not finally
identified, Theoretical estimates by Griem ' for
L, , allowing for electron-produced low-frequency
fields, yield an additional broadening which may
be responsible for the discrepancies observed.
For a final interpretation, however, the contribu-
tion of this effect has to be studied additionally

for other hydrogen lines, in particular for I 8.
From the experimental point of view L, B is more

suitable than I for an investigation of second-
order effects, such as ion-field inhomogeneity
and quadratic Stark effect, by measuring the shift
and the asymmetry behavior of the profile. The
influence of second-order effects was recently
studied by Bacon" using the impact theory,

In the earliest experiment, Elton and Griem, "
using 3, shock tube, showed that their relative in-
tensity measurements of the I, z wings were in
agreement with the earlier calculations of Griem
et a/.""The detailed measurements recently
performed by Fussmann, "using an argon arc .

plasma, are particularly falsified by reabsorption
in the cooler layers outside of the plasma due to
the wing of the argon resonance line.

For our measurements we have chosen an argon
arc plasma with smaQ hydrogen additions which
was operated at comparatively high number den-
sities of the electrons (n, ~ 10"m '). The I.s
measurements required the circumvenbon of the
well known reabsorption problem in the cooler
boundary layers outside the plasma caused by
hydrogen as well as by argon atoms. %ith in-
creasing n, some advantages are implied for the
investigations: (i) the I,s profiles become nearly
true Stark profiles (Doppler and van der Waals
broadening become negligible); (ii) the influence
of the ion dynamics decreases (this is advantageous
for investigations of unidentified contributions to
Stark broadening); (iii) the asymmetry caused by
second-order effects increases.

The advanced status of the theories necessitates

1978 The American Physical Society



STARK BROADENING OF THK HYDROGEN RESONANCE LINE. ..

a detailed comparison of normalized experimental
and theoretical profile values instead of a com-
parison of shape parameters as half widths and
dips. For this purpose, the measurements of L6
profile values were extended to wavelength sep-
arations AA. from A, ~ of about 8 times the half
halfwidt»

AXED/2

in order to guarantee that uncer-
.tainties due to the required normahzation are in-
significant.

to vuv optical
system

a) ~3

anode to cathode side

10 mm

II. EXPERIMENTAL SET UP, METHODS, AND PLASMA
PARAMETER

Ar(H&0, 02 & 2ppm} Ar with Hz addition
I

A. Arc source and spectrometer

The LB line radiation was excited in a common
wall-stabilized cylindrical arc operated in argon
with small hydrogen additions [4-mm channel dia-
meter; 80-mm length; current between 40 and 220
A; pressure between 1.1 and 4 bars; concentration
of hydrogen (H,) in argon between less than 2 and
3x10' ppm]. The arc plasma was observed in
end-on direction at the anode side (1:100 beam
aperture) and was focused by a platinum-coated
mirror (1.4-m focal length) 1.36-fold enlarged
onto the entrance slit of a highly resolving Eagle
mount spectrometer which was equipped with a
MgF, -coated holographic concave grating (1200
lines per mm;3-m radius of curvature}. For slit
widths af 6 p, m at the exit and entrance and for an
entrance slit height of 100 p, m a spectral band-
width of the spectrometer of 3x10 ' nm (full half-
width of t:he instrumental function) was found in
the region around 120 nm. For the radiation mea-
surement a windowless photomultiplier (EMI, type
9643/2B) was used. In the 1.8 region the measured
relative spectral change of the overall response of
the vacuum-uv optical system was about 3% per
nm. Wavelength positions of the spectrometer
were stable within an uncertainty of 10 ' nm during
one day and the spectrum could be scanned in
steps of 2.8x10 4 nm. Counting rates correspond-
ing to measured photomultiplier currents and
wavelength positions were fed on line into a Hew-
lett-Packard data processing system MX 21
which performed the total data evaluation up to
the final results as given in Figs. 2-5.

B. Differential pumping system and gas handling

The mall-stabilized arc was connected to the
vacuum-uv optical system using a differential
pumping system of three stages which allowed a
plasma pressure of more than 4 bars in the arc
chamber to be reduced less than 10 ' bar. In ad-
dition, reliable measurements of strong reso-
nance lines excited in a dense plasma require
some attention with respect to the connection of

y- ~. " ry . -qw ry-

b) I

Ar(-10ppm H2 oddition) Ar with H2 addition

FIG. l. Arrangement of the diaphragm D between
the arc chamber and the chamber (1) of the differential
pumping system. (a) Reabsorption-free mode, the
plasma expands into the differential pumping system,
hence cool boundary layers are avoided. (b) Reabsorp-
tion mode, a region of cool argon C length 5 mm) sep-
arates the plasma column from the diaphragm D.

the are source and the differential pumping sys-
tem (Fig. 1). To avoid reabsorption in cooler
boundary layers, the first diaphragm of the pump-
ing system (0.6-mm diam. ) was located between
the three anodes of the arc close to the end of the
plasma column, so that the high-pressure plasma
expanded into the pumping system and recombined
at pressures which were severa. l orders of magni-
tude below the pressure in the arc chamber. This
operating mode will be called the "reabsorption-
free mode" [Fig. 1(a)].

For the measurement of the hydrogen resonance
lines the hydrogen concentration had to be kept
small in the anode region. This was achieved by
a continuous stream of highly purified argon (impu-
rities of H,O and 0, less than 2 ppm) which was
fed into the arc chamber at the anode side and
left the arc channel at the cathode side (typical
flow rate 13 cm's '}. In particular, 0, impurities
have to be small in order to obtain La profiles
free of distorting 0 I lines. The hydrogen was
fed into the arc channel at a distance of 22 rnm
from the anode side of the plasma column using
a gas mixture of argon and hydrogen having hy-
drogen concentrations between 10' and 5 F10 ppm.
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In this way a constant hydrogen concentration in
the arc column axis was reached within 10 min
and hydrogen concentrations (H,) between 10 and
3 x10' ppm could be obtained with a relative change
of less than 2% during a time interval of more
than 1 h which was sufficient for several runs of
L~ profile measurements.

The described system [Fig. 1(a)] allows obser-
vation of the hydrogen resonance lines without
reabsorption in the boundary layers caused by
hydrogen atoms themselves (see the measure-
ments of J in Ref. 7). In the case of I z the vi-
cinity. of the Ar I resonance line (X~rr = 104.822

mn, A~ =102.572 nm) leads to further reabsorp-L 8
tion due to the argon atoms which can strongly
distort the Lz profile. In this experiment the pro-
file measurements are not falsified due to the
argon reabsorption up to A, -A. ~ =1 nm. In orderLg
to characterize the efficiency of the system in the
reabsorption, -free mode, it may be mentioned that
the half halfwidth of the reabsorption dip within
the argon resonance line is only 0.1 nm for a
plasma pressure of 1.1 bar.

A careful determination of the wavelength posi-
tion AX =0 (corresponding to the wavelength X~ )
is required for all statements concerning the line
shift and the asymmetry behavior of the L8 pro-
file. For this purpose LB profiles with sharp Lz
reabsorption dips (half halfwidths &4x10 ' nm)
were generated by using a modified version of the
differential pumping system. In the "reabsorption
mode" [Fig. 1(b)] the first diaphragm of the dif-
ferential pumping system was separated from the
plasma column by a region of cool argon (5-mm
length) with hydrogen additions on the order of
10 ppm.

C. Choice of plasma parameters

The L8 measurements were performed at elec-
tron densities n, = (1,2, and 3) x10"m ' generated
at plasma pressures of 1.1 and 2 bars. High val-
ues of n, were chosen, because the interesting
asymmetry of LB could be expected to increase
with n, and the influence of Doppler broadening on
the profiles becomes negligible. Values of e, & 10"
m ' were not used because in this case deviations
from the local thermodynamic equilibrium (LTE)
model may occur causing some complications for
the evaluation of the measurements to arise. Al-
though the arc source enabled us to provide elec-
tron densities of more than 3 x10"m ' at higher
plasma pressures it seemed unreasonable to us to
measure L8 at these parameters, because the ar-
gon background intensity determined by the wing
of the Ar I resonance line increases to more than
75% of the source function at hA, =-1 nm (n, =4

x10"m ', p = 4 bars; b, X is defined in Ref. 16).
In the chosen range of n, = (1-3)x10" m ' the cor-
responding argon backgr'ound intensity is suffi-
ciently small and varies between 4.5% and 14%
of the source function at AA. =+1 nm and between
9% and 36% at EX =-1 nm.

D. Plasma diagnostics

The comparison of measured and calculated Lz
Stark profiles necessitates an accurate determina-
tion of the number density of the electrons n, and
an approximate determination of the temperature
T. Number densities n, were determined with
an uncertainty bn, /n, &+0.1 by measuring the
continuous radiation at A. ='481.6 nm and by ap-
plying a g factor of 2.0+ 0. 1 as measured in Ref.
17. The LTE model is sufficiently approximated
for an argon arc plasma of the given electron
number density n, ~ 10"m '. Therefore T was
calculated from equilibrium relations from mea-
sured values of n, or was taken as given in Ref.
18 (uncertainty ET/T&0. 03).

When small hydrogen additions are fed into a
pure argon plasma (arc current and pressure con-
stant), T and n, increase slightly. This behavior
was determined from measured changes of the
source function of the krypton resonance line at
123.6 nm applying Planck's law and LTE rela-
tions. The maximum increase of the source func-
tion and the corresponding increase of n, (1.1%
for the source function, 0.7% for n, ) occurs at the
lowest electron density of 1x10 ' m ' and at H,
concentrations of 3 &&10' ppm and is negligibly
small. The corresponding increase of the argon
background is more significant and was therefore
taken into account in the evaluation procedure
(see Sec. III B).

. III. MEASUREMENT AND EVALUATION

A. Procedure of the line-profile measurement

The measurements for determining the L8 pro-
file f unticon J'"~ [normalization see Eq. (4)] were
extended to wavelength separations )AA. ) =1 nm
(about 8 times the half halfwidth) so that 98/o of
the total line absorption coefficient were obtained.
In order to determine the Ls profile function in
this region, it was necessary to measure the cen-
tral region, the near wings, and the wings suc-
cessively, using stepwise increasing hydrogen con-
centrations of the arc plasma. The different types
of measurements are symbolized by the integers
j =1,2, ... , 6 in Table I. For j =2, .. . , 6 the opti-
cal depth of the plasma ~(A) was set in the record
ed wavelength interval hA, „ to different maximum
value T,„by adjusting the hydrogen concentration
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TABLE I. ,Set of measurements were performed in order to determine one profile of L, e, .
Forthemeasurementof the spectral radiances, (L"),'", &~) the optical depth of the plasma was
set in the recorded wavelength interval &A,„ to different maximum values v'm, „. The set of
data was measured for n~ = 1x 10 ~ m 3 at a plasma pressure P = 1.1 bar, for n~ = 2 && 10+ m 3

atP = 1.1 and 2 bars, for n~ = 3x10 3 m atP = 2 bars.

Type of measurement
Spectral ~

radiance

Wavelength
interval

(nm)

Number of
records

1 argon background

I ~ central region

L ~ central region with
reabsorption dip

4 L & near wing

LI g wing
I 8, wing and

source function

LAr+H

+ 1.0
+ 0.17

+ 0.17

+ 0.33

+ 1.0
+ 1.0

009 0.45b

0,4

0.4

2.5
» ]

10

10

10

10

The corresponding photomultiplier currents are s «(EA, ), i«+H(AA, ), and i ~ (AA.).
v~ „of the argon background at 4~ = -1 nm(red side of the L~ profile) depends strongly on

the plasma parameters.
For these measurements the differential pumping system was used in the "reabsorption

mode" [Fig. 1 (b)].

to the required level between 200 and 3&&10 ppm.
The optical depth 7(X) was determined according
to Eq. (1),

7'(A. ) =-ln(l —I."q" /Sq) .
S„ is the measured source function (j = 6, Table I)
and Lz" the spectral radiance of the plasma de-
termined by the argon background intensity and the
L& intensity. As a first step of data reduction,
the measurements (see column 6 in Table I) were
averaged for each integer j and the measured
time-dependent change of-the spectral response
of the vacuum-uv optical system was taken into
account. This change was smaller than 2% for an
operating time of 1 h.

B. Radiative transfer

From equations of radiative transfer applied to
an argon plasma column containing hydrogen ad-
ditions in a region of the length L„the expression

S), —L«(4X) =—In
H

can be obtained for the absorption coefficient «(AX)
of Lg. L),

' "is the spectral radiance emitted from
the plasma column, whereas L&' would. be the
emitted spectral radiance if the hydrogen emis-
sion did not contribute to the radiation of the
plasma column. Variations of the source func-
tions $~ owing to the small hydrogen concentra-
tions have to be negligibly small (as realized in

the experiment, see Sec. IID). If the spectral ra-
diances Sz, Lz' and L),

""are substituted by the
corresponding photomultiplier currents i one ob-
tains

(3)

This expression was applied in order to calculate
(Ref. 19) «(aA. ) values of I.s from the sets of mea-
surements listed in Table I.

«(b, X) can be determined without knowing the
overall spectral response of the vuv optical sys-
tem. In addition, reabsorption of the radiation in
the boundary layers of the plasma does not falsify
the determination of «(4A. ) according to Eq. (3) if
all quantities S„, L&, and L&""underlie identical
reabsorption. In general the generation of the
source function S~ is limited to wavelength sepa-
rations of a few halfwidths of the optical thin line.
Therefore one is forced to extrapolate measured
i~(hA) to larger wavelength separations. In the
case of strong wavelength-dependent reabsorption
(e.g. , due to the wing of the argon resonance line)
this extrapolation may lead to significant errors
(having, e.g. , falsified Fussmann's Lz wing re-
sults, see Sec. IVC). For the determination of
the relative wavelength dependence of i~(hA. ) the
source function was generated in this experiment
for wavelength separations ( 6X I

~ 0.2-0.3 nm
(H, concentrations about 3%). Then measured
i (hA. ) were linearly extrapolated to larger values
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of )6X ( which is justified because the reabsorp-
tion due to the wing of the argon resonance line
was negligible (see Sec. II B).

Finally it may be mentioned that L,z' is approxI
mately equal to the spectral radiance of the pure
argon plasma (j = 1,Table I). The slight increase
of I.z' caused by the hydrogen additions was mea-
sured at ~ = 110.5 nm (red wings of the argon res-
onance lines, well separated from L„and I,s) and
was taken into account for the evaluation in Eq.
(3). The observed maximum increase of I~' was
found to be 2.5%, occurringfor thelowestelectron
density 1x1O"m ' at H, concentrations of 3&1O'
ppm.

C. Other broadening mechanisms

The I,s profiles [a(AA. ), Eq. (2)] obtained for the
central region (IAA l &0.17 nm) are weakly in-

fluenced by Doppler broadening. A proper com-
parison with calculated Stark profiles therefore
requires a deconvolution with respect to Doppler
br oadening.

This was performed by applying Fourier analy-
sis reducing the problem of solving the integral
equation to the calculation of the ratios of Fourier
coefficients. The maximum corrections of z(~X)
owing to the deconvolution procedure were found
to be about 2/o.

In 'order to investigate the influence of van der
Waals broadening due to the argon atoms, I.8 pro-
files were compared for n, =2xlo" m ' generated
at plasma pressures of 1.1 and 2 bars, corre-
sponding to a variation of the number density of
the argon atoms by a factor of 10 (calculated from
LTE relations). Because of the good agreement
[see Table II, footnote (a)], we conclude that van
der Waals broadening is insignificant. This could

Iol
(10 )

Unified theories
Vidal et al . Seidel!"!/"«, (M~ m-') (nm)

TABLE II. Comparison of theoretical and experimental I
& profiles for three values n, . In order to simplify the

comparison of symmetric profiles (calculated by Griem, 2 Vidal et al. , and Seidel ) and slightly asymmetric ones
(measured in this work and calculated by Bacon ) mean values P = $ (P«o+Pof«) were used for the calculation of devi-
ations. The deviations, 100(P' "' P)/P'" ", of -the calcul'ated profile values from measured ones are given. Additiori-
ally, the measured values P,',"&and P&'&"„, with the corresponding uncertainties are listed. 4& is the wavelength separation
fromX~s (Ref. 16) and EA~/2the measuredhalfbalfwidth; u=AA/(125x10 n o3) with EA innm andno in m 3. Elec-
tron densities and corresponding temperatures (uncertainties: An~/n~& +0.10; 6 T/T& +0.03) are as follows:
n~

.= 1x 10@m" 3 at T = 12 700 K; n~ = 2x 10 m at T = 16 000 K and T = 13300 K; n~ = 3x 10 m 3 at T = 14800 K.

Deviations in %

ng Modified impact theories & ' (~~)
Griem Bacon red blue

0.37 b

0.6

—29 —8
-28 -ll
-26 -11
+]6
+10
+
+ 9
+ 8

Sc

—12

-32
—32
-30
+ 8

-21
-20
—18
+

10c

128
130
134

154
156
158
137
139
141
79.8
81.8
83.6
22.7
23.6
24.2
4.52
4.68
4.73
1~ 17
1.20
1,22

159
163
167
135
137
138
76.5
77.7
78.8
21.7
22.4
22.8
4.30
4.42
4.45
1.11
1.13
1.14

0.0
0.0
0.0
0.0244
0.0377
0.0446
0.0346
0.0612

y4 % 0.0804
0.066
0.102
0.134
0.132
0.204
0.268
0.264
0.408
0.536
0.462

~8% 0.712
0.938

0.0
0.0
0.0
0.906
0.882
0.885
1.47
1.43
1.44
2.45
2.39
2.39
4.90
4 ~ 77
4 ~ 78
9.80
9.54
9.57

17.2
16.7
16.7

or n~ = x 0@ m" 3 the values P'" (A&) were measured at T = 16 000 K(p = 1.1 bar) and T = 13300 K{p = 2 bars).
The P'" (AA) values differed byless than +S/o for [6A!/b, h'/2=4. The values given in the fable correspond fo
T= 16000 K.

bar//aX, g, =+0.37 corresponds to t e wavelengt s of t el. ~ peaks.
'Given are mean values of the deviations obtained for n, =1,2, and 3 x10' m
"In the regions covered by brackets the deviations are not specified because they are less than +5%.
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be expected because theoretical estimations using
the method of Ref. 20 yield that van der Waals
broadening and furthermore resonance broadening
are negligible under the conditions of this experi-
ment.

Konjevic studied the effect of angular deviations
of light rays due to refractive index gra, dients in
plasmas. In Ref. 21 he showed that L profiles
measured end-on from a pure hydrogen arc
(2-mm channel diameter) would be significantly
falsified (particularly in the central region) due
to the influence of the refractivity corresponding
to the L transition. For the quite different con-
ditions of this experiment estimations according
to Konjevic yield that the refractivity correspond-
ing to the transition LB and the argon resonance
lines have insignificant influence on the LB pro-
files obtained.

a = hA/E F,= 1.25. x10 (5)

with 4X in nm and n, in m . The first integral
in Eq. (4) corresponds to the measured region of
the profile (n, corresponds to hX =1 nm), whereas
the second integral (n ~ n, ) is a correction quan-
tity taking into account the far wings P""(n}which
were not measured. For these residual parts of
the profiles 2.3 times the values of the asymptotic
Holtsmark wing [see Eq. (7) and Fig. 4j were used.
The contributi. on of the second term in Eq. (4) is
small (=0.02). Therefore significant uncertainties
of P '"(a) have insignificant influence on the nor-
malized values P '"~(n) obtained.

By comparing the final I 8 profiles in a wave-
length range 0.05 & I hA. I

+ 0.17 nm with those pro-
files having the reabsorption dip (measurement
j = 3 in Table 1), the wavelength position hA. = 0
was determined with an uncertainty +5 x].0 4 nm
by setting the minimum of the sharp LB reabsorp-
tion dip (half halfwidth &4x10 ' nm) equal to the
L 8 wavelength.

In order to check the quality of the total evalua-
tion procedure, particularly determined by Eq.

D. Composition of the total Lp profile and consistency of the
evaluation procedure

The final I.8 profiles were composed from v{4K)
values obtained for the line center (after decon-
volution), the near wings, and the wings and then
were converted to reduced profiles P'"~(n) by ap-
plying the normalization

CXy 00

P'"'(n) dn + 2 P'" (a) dn = 1 (4
0.' CXy

e is the reduced wavelength separation in A per
cgs field strength as used in the theories (Refs. 2
and 3)

(3), we composed four final L8 profiles from dif-
ferent types of measurements j (Table I) which
correspond to different levels of the hydrogen con-
centration and the optical depth. The measure-
ments j =2, 4, 5;j =2, 4, 6;j =4, 5; and j =4, 6 were

. used for the composition. The agreement between
the four profile functions P'"~ (LX) within +3%%uq for
wavelengths up to I EX (/AX, &,

= 4 and within + 5%%uq

up to Ib A. I/AA. ,~, —- 8 demonstrate the reliability
of the measurement and of the evaluation even up
to an optical depth r = 1 (Ref. 19}.

IV. COMPARISON BETWEEN THEORETICAL AND

EXPERIMENTAL L
p

STARK PROFILES
I

A. General remarks

For all electron densities investigated, in gener-
al, a good agreement between the measured pro-
files P'"~(hA) and the calculated ones P'""' (hA. )
(Ref. 22) according to the 'unified" theories (Vi-
dal et al. ', Seidel, "model microfield method:
MMM) and to the impact theories (Griem' and Ba-
con") is found.

Because of the advanced status of the theories
it seems necessary to compare in detail P(6A. )
values in order to obtain additional information
on those contributions to Stark broadening which
are not finally identified. For the Balmer lines,
e.g. , in early papers "shape parameters" like
halfwidth values and dip parameters were usually
discussed because these parameters could be
measured more easily than P(hX) values. This
discussion seems less useful because it may re-
sult in misleading conclusions. . This becomes
clear from a simple example: for L8 the P(b, A)
values according to Vidal et al. and Seidel" agree
within 2%%ug at wavelength sep'arations near hX,&„
whereas the halfwidths of the profiles differ by
about 10%%uo because of different peak heights of the
profiles at hA. /AX, &,

—-+0.37.
In Fig. 2 measured profile values and calculated

values according to the unified theories were
compared in order to demonstrate representative-
ly the good general agreement between the theories
and the experiment. A more detailed comparison
is given for all theories and all investigated values
of n, in Table II for a selected number of wave-
length separations given in terms of the measured
half halfwidth LA.,&,. The measured P'"~(hX) val-
ues are listed for the blue and red side of the pro-
files, in order to show the slight asymmetry of
the profiles. Excellent agreement between cal-
culated and measured data in the near wing range
(0.6 & [AX i/bX, &, &2) for all theories can be recog-
nized, whereas slightly increasing deviations occur
for the far wings. The most significant deviations
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10-

n,

1Q-

Yidal, Cooper, Smith——Seidel, MMM. Ar-H ion dynamics included

10

I I

1Q nm 1

FIG. 2. Measured L& profile in comparison with "uni-
fied" theories.

are found for the central region of the profiles,
particularly in the line center. This could be ex-
pected, because it is well known that in the cen-
tral region measurements of the Balmer lines
(Ref. 1) and particularly of L„(Ref. 7) deviate
from calculations according to Griem and Vidal
et al, .' Our special interest is concentrated, there-
fore, on this region.

B. Centrai region

In Fig. 3 calculated L, B profiles are compared
with the measured ones for the central region.
We have tried to illustrate the different results
within the modified impact theories (Griem' and
Bacon") and wii:hin the unified theories (Vidal et
al. ' and Seidel"). The progress of modified im-
pact calculations, taking into account time order-
ing and second-order effects (Bacon"), can easily
be recognized. We see a filling of the central dip
(the deviation for hX = 0 compared with Griem re-
duces from -82% to -20%, see Table II) without
remarkable influence on the peak heights. The
slight asymmetry of the profile according to Ba-
con (e.g. , note the different peak heights) appears
due to second-order effects and will be discussed
later. The comparison of both the unified theories
shows the evident influence of ion dynamics and
time ordering simultaneously, because the Seidel
calculations include explicitly the ion dynamics
while time ordering is implied in the MMM itself.
Here the filling of the dip (the deviation reduces
from -28% to -11% compared with Vidal et al. ')
appears due to ion dynamics and time ordering,
while the lowering of the peaks depends only on
the ion dynamics.

Remarkable deviations between experiment and
theory remain even for the most advanced calcu-
lations of Bacon" and Seidel." The residual de-

",",","measurements

Yldat, I:ooPer, Smith

——Seidel, MHM, ion dynamics Ar'-H and time ordering inc/uded

FIG. 3. C entral region of
measured L& profiles in com-
parison with calculated ones
in order to demonstrate the
pr edicted contributions to
Stark broadening caus ed by
time ordering and ion dynam-
ics. The two measuredpro-
files were obtained under dif-
ferent optical depths (j= 2
and 4 in Table I).
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FIG. 4. Measured L& wings compared with ca1culated ones using the asymptotic wing representation tEq. {6)].

C. %finis

Theoretical and experimental results of the LB
wings are compared in Fig. 4 applying the asymp-

, totic wing representation R

a(ax) =a(~z)/s'"(sz) . (6)

viations in the central region indicate that the ef-
fects of ion dynamit;s and time ordering are not
the only ones responsible for the deviations in the
line center. This is evidently established further-
more by a L„exprei ment (Ref. 7). For n, = 2

x10"m ' theoretical Stark profiles deviate in the
line center by 22% for MMM results recently cal-
culated by Seidel, "+ 115% for Vidal et al. , + 93%
for Griem, ' and +60% for Bacon."

From detailed investigations of the Balmer lines
(Ref. 5) it was concluded that the disagreement in
the central region between theoretical and experi-
mental Stark profiles vanishes, if ion dynamics
and time ordering will be taken into account by the
theories. Because of the residual discrepancies
established by the experimental studies of the Ly-
man lines, we cannot confirm this conclusion for
I„and I ~.

Theoretical estimates by Griem' for L allowing
for electron-produced low-frequency fields yield
an additional broadening which may be responsible
for the discrepancies observed. For a final in-
terpretation, however, the contribution of this ef-
fect in the case of L~ should be studied.

R is the ratio of profile values P to the corre-
sponding values of the asymptotic Holtsmark wing
PH

)= -"( ...) ()
with A.~ =1.79x10-'.

Lg
In the wing region of highest experimental accu-

racy ( I LA. I/hA. ,&,
~ 4) the best agreement between

calculated and measured data is found for Seidel
(MMM), whereas the results according to Vidal
et al. are a few percent smaller (Fig. 4). This
may be caused by the contribution of the time-
ordering effect implied in the MMM. For
IAA. I/AA. ,&, &4 the increasing deviations of the

Seidel results may be due to limitations of the
computation time (Ref. 23). Deviations found for
the Bacon data with increasing l AA. ) and n, in the
region lb. k. I/b, A, ,&, &2 can be understood, because
this region lies outside of the validity limit of the
impact theories (impact limit b X~/b, A» = 1.4 for
n, =2@10"m '; hA~ is the separation correspond-
ing to the plasma frequency v~). Although the
Griem data show the same tendency with increasing
n„ this is not so obvious, because they are, in
general, a few percent higher than the Bacon data
(Fig. 4) and were not extended to large values of

In the earliest experiment, Elton and Griem, "
using a shock tube (s, =3x10"m ', T=20000 K)
showed that their relative intensity measurements
of the Ls wings were in agreement with the earher
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FIG. 5. L& asymmetryA IEq. (8}]vs hz/6&/2 ob-
tained from measured and calculated profiles f ~+~F2
corresponds to measured &A, &y2J. The shaded region
represents about 75/& of all asymmetry values obtained.

impact theory of Griem et al."'" The reported
indication of a LB blue shift of about 0.02 nm is
not confirmed by our measurements which yield
a red shift of about 1.5 x10 ' nm for g, = 3 x10"
m

The measurements recently performed by Fuss-
mann ' using an arc plasma (n, = 0.7 x10 m ', T
=12200 K) deviate systematically from our re-
sults. In the region 0.4 & I 6A. I/4 X,/e & 2 Fussmann
measured about 15% higher profile values for the
blue wing than for the red one. This contradiction
to our results is mainly caused by two facts. ' In
the region of small values a falsified wavelength
reference used by Fussmann is particularly re-
sponsible for the discrepancies. The wavelength
scale underlying the Fussmann results is based
on the value of the unshifted 01 line. (X = 102.743
nm) while a red shift had to be considered (about
0.02 nm according to Qriem'). For larger values

t hA. I the strong wavelength-dependent reabsorp-
tion in Fussmann's experiment due to the wing of
the argon resonance line had a systematic falsify-
ing influence on the LB profile.

LB by treating the quasistatic ion perturbation in
a similar manner to that described by Sholin. '
The predicted asymmetry of these lines is mainly
caused by the ion-field inhomogeneity, whereas
the quadratic Stark effect is responsible only for
a comparatively small contribution. Theoretical
L8 profiles according to Griem, ' Vidal et al. ,

' and
Seidel" are symmetric with respect to the scale
of angular frequencies co. For the dicusssion of the
shift and asymmetry of the experimental profiles
the use of the scale of angular frequencies seemed
adequate to us. It shouldbe mentioned, that the posi-
tion nA. = 0 (6' = 0) in the La Profiles Presented in Ta-
ble II and Figs. 2-4, corresponds to the wave. —

length A.~, which was determined within an un-L8)
certainty of +5 &&10 ' nm using a sharp L8 absorp-
tion dip. Computing the centers of the profiles
P'""(~

c)a, red shifts of (I+ 0.5) x10 'L&u, /, were
found (Refs. 25 and 26). For the correct treat-
ment of the asymmetry, it would be necessary to
relate the asymrqetry to the centers computed.
Because of the small red shift and its large un-
certainties, it seemed reasonable to us, however,
to relate the L& asymmetry to E& =0.

The comparison of the slight asymmetry, seen
in calculated L6 profiles (Bacon) and measured
ones, requires a sensitive representation. The
asymmetry A. was calculated using

P" (b.~) —P '"glacd)
P" (b.aa) +P "'(b.m)

If /I is presented versus A&a/h~», for all investi-
gated values of n, (Fig. 5), approximately the same
result for A is found within comparatively high
uncertainties. Asymmetry values, measured and
predicted, exhibit the same tendency with both n,
and Ee/he, /, . However, the change of sign (cross
over point) comes out at different values h&u/A&a, /, .
For all values n, investigated, this crossover is
found to be at b~/b~, /, =0.5+ 0.05, whereas it is
predicted by Bacon at A&a/lcd, /, -—1.2.

D. Shift and asymmetry

Bacon recently studied (Ref. 11) the influence of
second-order effects on the broadening of L,„and
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