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The whole Balmer Hb line profiles are studied in detail experimentally in the T-tube discharge for the wide
range of plasma parameters. Besides the common one, two additional parameters are introduced to characterize
the asymmetry behavior of the experimental Stark profiles with the reference point chosen in the center of the
line. The experimental data are analyzed and benchmarked versus the simple theoretical model based on the
effects of microfield nonuniformity and electron impact shifts.
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I. INTRODUCTION

The new extensive observations of the entire Balmer Hb

line profiles emitted from T-tube discharges were performed
for the following ranges of plasma parameters variation: the
electron densityNe=s2.28–7.30d31017 cm−3, and the elec-
tron temperatureTe=s1.94–3.4d3104 K.

The measurements of the Balmer Hb Stark profiles were
done before numerously as wellf1–38g because of funda-
mental significance for testing the extent of current under-
standing of diverse physical phenomena of Stark broadening
in plasmas versus theoretical approaches validity, and in at-
tempts to improve the potential of diagnostic predictions
based on characteristics of its Stark profile, such as a
HWHM f39–43g. In time the precise observations revealed a
series of interesting physical effects, that each time were
quite astonishing since the adopted overall picture seemed
complete and clear. In spite of general physical laws estab-
lished for Stark broadening of hydrogen spectral lines, each
line has its own unique features and interrelations of various
broadening mechanisms that show up in some distinctive
appearance of its Stark line shape being characteristic only
for this line. For example, the effect of reduced mass was
detected in the Hb profile by the depth of its dipf4–9g, and
the effects of the dip shiftf24,28g and peaks shiftf30,37g as
well as peaks separationf16,17,26g, also were extracted and
carefully measured, when it seemed that nothing else has
been left. In this context the asymmetry of Hb peaks and red
and blue wings was noticed visually a long time agof1,2g
and revisited many timesf12,13,24,33g.

The latter asymmetry feature was the first one attempted
to be explained theoretically by developed up to date ap-
proachesf44–64g, but in spite of published declarations of its

excellent description inf44g, then inf45g and at last inf61g,
it was shown that in fact it did not get the final, consistent
and convincing theoretical treatmentf64g.

In the present experimental study it is shown that there are
additional ways to characterize the asymmetry behavior of
the whole Stark profile much more thoroughly than it has
been done commonly for a long time earlierf1–38g, and
likely the abilities and predictability of current theoretical
approaches are not ready for this challenge yetf44–64g. Ba-
sically it occurs that an attentive and careful investigation of
comparison of theoretical calculations with experiment, re-
veals recently large discrepancy between theoretical and ex-
perimental asymmetry behavior in the far wings of this spec-
tral line f64g. Therefore at the moment it is appropriate to
trace qualitatively this set of new characteristics using, in the
basis of theoretical calculations, physically transparent ef-
fects in Stark broadening of Hb that may cause its asymme-
try. Namely, the effects of ionic microfield nonuniformity
f46,48g and the effect of electronic impact shiftsf59,60g
transformed to give the electronic shifts of individual Hb

Stark componentssseef46,64gd are considered. Intentionally
to underline the qualitative significance of this extensive ex-
perimental treatment of the profile asymmetry, the pioneer
version of the theory describing the Stark profiles asymmetry
in terms of the many-body nonuniform ionic microfieldf46g
joined with contribution from the electron impact shifts
f59,60g is taken as a benchmark to separate, classify and
discuss the functional characteristics of the discrepancy be-
tween experiment and theoretical predictions. The effects of
the Debye electron screening, ion-ion correlationsf49–58g,
and ion dynamicsf43,56,57,62,63g are not included. The
specific effects of strongly coupled plasmas are also omitted
here. The reason for such a choice is that in the present study
the “middle” part of the profile is analyzed at detuning from
the line center around HWHM, leaving apart the line center
with peaks region and the line wings. In this detuning region
the other effects causing the Stark profile asymmetry are
thought to be insignificant, for example, the line dissolution
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in the strong electric field known to induce the blue asym-
metry ssee for examplef65gd.

It is important to underline that the functional asymmetry
behavior crucially depends on the choice of the reference
point f64g. For the asymmetric profile with a complex struc-
ture in the line center with peaks and dips, as in the case of
Hb line, the different choices of the reference points on the
wavelength scale produce the drastically different dependen-
cies of the asymmetry parameter on the detuning from the
reference pointf64g. At the same time for such complex
asymmetric profiles it is impossible even to introduce the
unique definition of the line shiftf64g. Therefore in the
present investigation the middle point on the wavelength
scale at the level of the half intensity of “maximum” is cho-
sen for the position of the reference point. The “maximum”
for the line with two peaks in its turn is defined as one half of
the sum of intensities in the blue and red maxima. This ref-
erence point differs from the position of the unperturbed
wavelength of the transitionl0 and from the position of the
dip ldip. This important circumstance should be taken into
consideration in the analysis of the measured asymmetry.

The Hb line Stark profile obeys, in general for a rather
wide range of parameters, the main predictions of Holtsmark
theory of quasistatic broadening by ionsf46,48,66g. Thus its
HWHM is approximately proportional toNe

2/3, making from
this line the tool to diagnose plasma density. The calculated
values of HWHM were defined more accurately accounting
for the electron impact broadeningf39–42g and providing
symmetrical and unshifted Stark profilesf40g that are ad-
dressed as the standard theory resultssSTd. But there are
known small deviations versus the square root of reduced
mass values of the perturber-radiator pair, indicating the im-
portance of ion dynamics for the dip value determination
f2–9,38,43g. It is interesting that the special experiments
aimed to find a correlation between ion dynamics and asym-
metry of Hb profile did not detect any noticeable interrelation
f14g. However, this resume contradicts the results of the full
scale calculations for Lya showing significant influence of
ion dynamics, in the frames of the MMMsmodel microfield
methodd, on asymmetry of line profilef55–57g. Nevertheless,
this contradiction could not be considered as indication of
some incorrectness primarily due to the difference in the
characteristics of these lines. For example, it is known that
the ion dynamics change drasticallysby the factor of 2.5d
HWHM of Lya f67g while the influence of ion dynamics on
Hb profile is quite moderatef6–9,14,38g.

In the present article the experimental observations of Hb

profiles in T-tube plasmas for various values of plasma den-
sity and temperatures are compared with simple theoretical
description of Stark profiles asymmetry, based on notions of
nonuniformity of ion microfield in the quasistatic approxima-
tion f46,48g and the electron impact shiftsf59,60g. The vari-
ety of plasma conditions allows in principle to trace differ-
ences between experimental and theoretical results versus the
density and temperature, and might give a key for under-
standing the physical origin of asymmetry.

This article is organized as follows. After the introduction
in Sec. I, the description of experimental setup and plasma
parameters for which measurements were performed, fol-
lowed by the substantial analysis of the experimental proce-

dure could be found in Sec. II. Also in Sec. II the set of three
asymmetry parameters is defined, exploring various charac-
teristics of profile asymmetry in more detail. Section III is
devoted to presentation of the experimental results. The main
basics of the theoretical model that is used to benchmark the
experimental findings are outlined in Sec. IV. In Sec. V the
analysis of experimental results and their comparison with
theory is performed and discussed. Section VI summarizes
conclusions of the study.

II. EXPERIMENTAL MEASUREMENTS OF H b STARK
PROFILES

A. Plasma source

The plasma source used in this experiment is the small
magnetically drivenf68g, T-shaped shock tubef69g, made of
glass with the inner diameter of 27 mm. The quartz reflector
is placed at 130 mm from the discharge electrodes. The
T-tube was energized from the low inductance capacitor
bank made of the four parallel connected capacitors, 1mF
each, and charged up to 20 kV. The filling gas was pure
hydrogen under the pressure of 300 Pa. The discharge was
initiated by the 11 kV trigger pulse via the spark-gapsFig.
1d. Due to the constant flow of hydrogen from behind the
reflector to the discharge electrodes, as well as to the acti-
vated zeolite molecular vapor trap, the background contami-
nation was negligible. The discharge current was critically
damped by the resistor RsFig. 1d and its duration was 3ms.
This time was equal to the time necessary for the incident
shock front to reach the reflector when the filling pressure
was 300 Pa. It has been generally acceptedf68g that plasmas
produced in small electromagnetic T-tubes are quite homo-
geneous, both radially and axially, behind the reflected shock
front.

B. Line shape recording

The experimental setup is schematically presented in Fig.
1. The plasma was observed at the region 4 mm in front of

FIG. 1. The experimental setup.
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the reflector. The light emitted from T-tube was focused onto
the entrance slit of the 1 m monochromator with the inverse
linear dispersion of 0.833 nm/mm. The monochromator is
equipped with 1200 g/mm grating and with the photomulti-
plier at the exit slit. The signals from the photomultiplier
were led to the oscilloscope. The spectral intensities were
measured at 1, 1.5, 2, 2.5, and 3ms after the reflected shock
front passed the point of observation. The Hb line was
scanned at close intervals from successive dischargessshot-
to-shot techniqued over a wavelength band of ±25 nm from
the line center. The resulting signal for each of the wave-
length setting of the monochromator represents the average
of the six shots.

C. Plasma diagnostics

The electron densitiesNe ranging from 2.2831017 cm−3

to 7.3031017 cm−3 have been determined from the Stark
widths of the Hb line profiles. TheNe deduction was per-
formed with the help of the theoretically calculated data from
f39,40g. The estimated uncertainties of the electron densities
do not exceed ±9%.

The electron temperaturesTe, ranging from 19400 K to
34000 K, have been determined from the line-to-continuum
ratios of the Hb line f39g. The uncertainties for the electron
temperature measurements are between ±8% and ±15% from
the lower to the higher values. The existence of the local
thermodynamic equilibrium was checked.

D. Processing of experimental profile

In the recording procedure the signal intensities are nor-
malized to the spectral sensitivity of the optical system. It
has to be done, since the experimental profiles of Hb line are
very broad, several tens of nanometers. In the next step, the
contribution of the adjacent Ha and Hg lines is eliminated.
The influence of Hb line is practically negligible while the
influence of Hg line to the blue wing of Hb line is substantial.
The red wing of Hg line raises the blue wing of Hb line at the
detuning from the line center of about the two halfwidths.
For electron densities from 2.2831017 cm−3 to 7.3
31017 cm−3 this contribution ranges from 20% to 57%, re-
spectively. The continuum level is determined in assumption
that the far line wings could be described by the asymptotic
formula I ~ sDld−5/2 f39g.

In principle, the measurement of the intensity of radiation
from pulsed sources, such as electromagnetic shock T-tube,
gives scattered points due to a very short observation time
and experiences certain irreproducibility of plasma param-
eters. This makes the detailed analysis of the Hb line profile
rather difficult especially in the region of the profile maxi-
mums. A substantial part of the uncertainties in determina-
tion of various parameters from the experimental profile
arises just due to scattered points. The point scattering is
decreased to the optimal level by taking each point of the
recorded profile as the average value of six measurements.
Therefore, each point has its own error bar entering the least
square fit. The corresponding fitting curves through the given

profile provide the optimal values for the intensities or posi-
tions. The same curves enable to deduct the halfwidth of Hb

line profile as well as the asymmetry parameters.

E. Analysis of necessary experimental conditions for asymmetry
measurement

Before determining the asymmetry parameters from ex-
perimentally recorded profiles of Hb line, it is necessary to
eliminate from the profile the trivial asymmetry. The experi-
mental trivial asymmetry sources are instrumental asymme-
try, line self-absorption, plasma inhomogeneity, emitter mo-
tion along the line of observation, and overlapping of
neighboring spectral lines.

The instrumental asymmetry is simply checked using a
spectral line emitted from a low-pressure source. The line
emitted under these conditions is symmetric and practically
only naturally broadened. The example of the instrumental
profile of Hb line, emitted from Geissler tube is presented in
Fig. 2. The profile is symmetric meaning that the monochro-
mator and the optical system at large do not introduce any
additional asymmetry.

The emitter motion along the observation line, i.e., Dop-
pler effect also should not be the asymmetry source. The
Doppler halfwidth is only about 0.6% of Stark halfwidth of
Hb line in the present experimental conditions. The emitter
distribution over thermal velocities in the present experimen-
tal conditions do not differ noticeably from the Maxwellian
isotropic distribution. There exists only the motion of the
shock wave front in T-tube, i.e., the motion of plasma as a
whole with respect to the observation system. In this case
only the transverse Doppler effect might be remarkable. This
effect is however negligible with respect to the longitudinal
one. In the most unfavorable case, for the velocity of the gas
behind the shock wave front equal to 13106 cm/s f36g, the
wavelength change due to this effect equals only 3
310−7 nm. So, this effect also could be discarded as a pos-
sible source of the trivial asymmetry. The check of self-
absorption was performed in earlier worksf3,69g, indicating
that it does not exceed 2%. The theoretical estimatesf39,42g
show that for considered parameters the radiation self-
absorption of Hb must be below 4%. Thus deviations in in-
tensity due to self-absorption are within the limits of both
theoretical and experimental errors and could be neglected

FIG. 2. The recorded instrumental profile of Hb line emitted
from low pressure Geissler tube.
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during the processing and analysis of the experimental data.
Moreover, the emitted radiation can in principle be absorbed
in the colder layer close to the wall of the discharge tube. It
was shown inf22g that this effect could decrease the inten-
sity of the spectral line for about 2.5%, if the cold layer
width is about 1 mm. However, as it was demonstrated in
f18g the width of the cold layer within first 2.5ms, after the
passage of the reflected front of the shock wave through the
observation point, is much smaller than 1 mm and negli-
gible, but rises linearly with time. Only after first 2.5ms it
raises faster than linear, yet after 5ms it is still smaller than
1 mm. The similar conclusions are valid for the influence of
the cold layer to the intensity of the continuum radiation
f23g.

Besides the absorption, the emission from the cold layer
can also occur. Such emitted profiles of Hb line are, however,
substantially narrower than the profiles emitted from hot
plasma. They might have some effect in the later moments of
the plasma lifetime, but only in the central part of the profile.
The emissivity of the cold layer is considered to be much
smaller than the radiation from hot plasmas due to its much
lesser radiation volume as well. Moreover, the central part of
the profile is not the object of the present experimental study.
Thus, for the particular experimental conditions and setting,
the influence of the cold layer could be discarded as well.

During the analysis of the local thermodynamical equilib-
rium conditions it was possible to verify that according to the
calculated diffusion length, plasma during the observation
time of 3 ms is homogeneous. As the indicator of plasma
homogeneity it is possible to use the ratioDlp/Dl1/2 f7,8g,
whereDlp denotes the separation between the red and the
blue maximums of Hb line profile. The theoretical calcula-
tions in f40g give the value 0.35, and 0.37 in VCSf41g. The
experimental measurements, performed inf7,8g andf17g, re-
port for this ratio correspondingly the values 0.36 and 0.354
in good agreement with theoretical calculations. Thus the
results obtained in the present experiment, ranged between
0.35 and 0.36, could be a confirmation of the plasma homo-
geneity. It should be pointed out, that a very small tempera-
ture gradientf69g, as well as very small electron density
gradientf21g, exist along the tube axis. But the gradients of
temperature and electron density along the radius, i.e., the
observation direction are practically negligiblef69g.

Since the plasma within the T-tube is nonstationary mo-
bile, one should take into account the possible turbulence
effects. The observable turbulence is noticed for the incident
wave but it practically disappears in the reflected wavef25g.
This means that plasma turbulence can be eliminated as a
possible trivial source of the experimental profile asymmetry.

F. Treatment of experimental profile and introduction of
asymmetry parameters

Apart from above mentioned experimental sources of
trivial asymmetry, proper treatment of the experimental data
is also important. It was already mentioned that Hb line emit-
ted from plasma possesses more or less asymmetric profile,
which is also shifted with respect to the wavelength that
would be emitted by an isolated and motionless atom. The

blue maximum in an experimental profile is higher than the
red one, while the red wing is always higher than the blue
one. This was observed in a series of experimental studies
ssee for examplef1–19gd, and confirmed as well in the
present experiment.

Often under the “Hb profile asymmetry” the inequality of
the two maxima of this line is meant, e.g.f16,45,61g. This
asymmetry was noticed already in the thirties of the preced-
ing centuryf1g. In this paper the wider notion of asymmetry
is used to describe the whole shape of the Hb line profile as
in f64g. Figure 3 shows the Hb line experimental profile
asymmetry for the electron density 3.331017 cm−3 and elec-
tron temperature 21200 K. The middle points of the separa-
tion between blue and red wings are denoted at various
heights with respect to the maximal intensity. These points
are connected by the dashed curve, which clearly indicates
the asymmetry of the profile.

Here the “line center point”lC designates the position of
the middle point at the half maximumsHMd height of the
profile, and will be used in the following as the reference
point instead of the position of the unperturbed line wave-
lengthl0 or position of the dipldip. The HM is nothing else
but one half of the maximal intensityI0 defined as the mean
value of the blue and red maximums.

Astonishingly there are only few works attempted to con-
duct the analysis of the whole Hb line profile asymmetry
f4,64g, according to our knowledge. The profile asymmetry
can be analyzed in terms of the corresponding parameters,
which can be defined in various waysf64g. In this work the
three parameters to estimate the asymmetry are used. The
first parameter of asymmetry is determined conventionally
by the expression

A1sDld =
IRsDld − IBsDld
IRsDld + IBsDld

. s1d

The parameterA1sDld is common and does not need any
special introduction, but it is necessary to note that in the
present definition it does not contain the factor 2 in the nu-
merator and for the reference point the line centerlC is taken
instead ofl0. As already pointed out, this choice of the ref-
erence point could drastically change the functional behavior
of A1sDld when compared with the reference point at the

FIG. 3. The demonstration of the asymmetry in the experimental
profile of Hb line.
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unperturbed line positionl0 f48,64g. The procedure for de-
termining the parameterA1sDld is demonstrated in Fig. 4sad.
ThereIRsDld andIBsDld denote the intensities in the red and
the blue sides of the profile measured at the equal distances
Dl with respect to the chosen reference pointlC—“the line
center” ssee Figs. 3 and 4d.

The second asymmetry parameterA2(wsDld) is intro-
duced in fact as the transcendent function of the intensity
normalized profilewsDld= IsDld / I0. It is defined by the
equation

A2„wsDld… =
DlRfwsDldg − DlBfwsDldg
DlRfwsDldg + DlBfwsDldg

, s2d

in which the values ofDlR,BfwsDldg are determined from
the equality

wsDlRd = wsDlBd. s3d

The determination of the parameterA2(wsDld) is illustrated
in Fig. 4sbd. The DlB and DlR denote the distances on the
blue and red sides of the profile from the central linelC,
measured at the various intensity levels.

The third asymmetry parameterA3(wsDld) is defined ad-
ditionally to the second one, and determines the one half of
the difference betweenDlR andDlB

A3„wsDld… =
DlRfwsDldg − DlBfwsDldg

2
. s4d

This parameterA3(wsDld) is not quite new. Indeed, the
asymmetry in the wings was evaluated previously as well
f70g, using Eq.s4d. In the wings it was possible to perform
expansion of Eq.s4d and expressA3(wsDld) in terms ofDl
f46g. But with the definition of reference frame adopted here
the functional behavior ofA3(wsDld) might be quite differ-
ent. Moreover, inf48g it was shown that in the wings
A3(wsDld) in terms of Dl in fact can be expressed as the
limit of A1sDld at largeDl. The third asymmetry parameter
represents the distance of the middle point at some line in-
tensity levelsI / I0=0.1,0.2, . . . ,0.8d from the central line, as
shown in Fig. 4sbd. The parametersA1 andA2 are dimension-
less while the parameterA3 is expressed in the units of wave-
length.

III. EXPERIMENTAL RESULTS

A. Overall analysis of experimental profile: halfwidth, peaks,
and dip

The example of the overall comparison of the experimen-
tal profile and the normalized to unity theoretical profiles of
Hb line f42,46,48g for the corresponding electron density and
temperature is given in the Fig. 5. The halfwidth of each
theoretical profile was set to the value of the experimental
line halfwidth. Hence the slightly deviating values of elec-
tron densities are read for the different theoretical approaches
f42,46,48g, see Sec. IV, noting that VCSf41g does not
contain tabulation for electron densities higher than
131017 cm−3.

Obviously, the symmetric ST profilef42g cannot describe
the central structure of the experimental profile. Besides that
it gives a much larger dipf42g than in the experiment. The
theoretical approach inf46,48g, contrary to STf42g, gives
different intensities of two maxima, but with somewhat
smaller dip between them. These deviations could be de-
scribed in terms of the following coefficientDD ssimilar to
f6gd:

FIG. 4. The illustration of the procedure used for determination
of asymmetry features.sad Description of quantities entering in pa-
rameterA1 evaluation.sbd The intensity levels at which the values
of parametersA2 andA3 were sampled.

FIG. 5. The comparison of the experimental profile of Hb line
with corresponding theoretical profiles.
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DD =
I0 − ID

I0
3 100 % , s5d

expressing the relation between the intensities of the maxi-
mum I0 and the dip minimumID in percents. In the case of
experimental profiles and inf46,48g the intensity of the
maximumI0 represents the average value of the blueIB and
red IR maxima. The value of the coefficientDD for the ex-
perimental profile in the Fig. 5 is 14%, inf42g it is 30%, and
in f46,48g it is 10.7%.

At the same time the latter analysis of the dip is oversim-
plified, first of all with respect to the neglected ion dynamics
f11g and fine structuref15g effects. Moreover, the central dip
depth in experimental profiles of Hb line recorded in the
shock electromagnetic tube may be influenced also by the
emission from the colder layers close to the walls of the
discharge tubef15g. If this occurs then, in principle, the cen-
tral part of Hb line might be used for testing plasma homo-
geneity f7,8g. It is also well established that the dip and
peaks experience shifts depending on density and tempera-
ture f4,9,24,28,30,37g. Thus it is obvious that the treatment
of the central part of Hb represents a rather complex problem
in the case of T-tube plasmas experimental observations.

On the other hand, it should be noted that the accuracy of
the density diagnostics from the measurement of the line
halfwidth in fact is limited by the existence of the character-
istic peaks of Hb profile and due to the continuum level
determination problem. That is why the other proposed
methodsf20,32,34,71g of the density diagnostics are based,
for example, on fitting exclusively the experimental line
wingsf20,32g or areas under maximaf32,72g to VCS profiles
f41g. However, it was shownf34,71g that methods using the
whole experimental profiles for thex2-minimization fitting
provide by about 10% the lesser density values than those
determined from the halfwidth. In general, fitting only the
parts of experimental profiles could lead to higher electron
densitiesf34,71g than the real ones. Interestingly, the output
of these methods depends on the direction of fitting proce-
dure implementation with respect to the line centerf34,71g.
It turned out that fitting is more successful if it started from
the wings towards line center. Inconsistency of the fitting
output might be a result of insufficiently refined theoretical
models and profiles that lack to reproduce the real interrela-
tions of various physical effectsf39g. For example, in the
case of VCS profiles, which in the range of low density
exhibit three times larger dip than in the experiment, this
leads to the fitting output of lower electron densitiesf34g.
That is why the fitting procedure often was used avoiding the
central region of the linesseef34,71gd.

However, for the electron densities within the range
1016–1017 cm−3 the line halfwidth is highly sensitive to Stark
broadening, while the effects of ion dynamics are small. In
this case, the halfwidth method is rather reliable for the de-
termination of electron density with relative error of about
5% f32g. Thus, according to results of the previous section,
the estimated accuracy of the experimental profiles in the
context of attributing to them the certain density and tem-
perature values varies from ±13% to ±20%. The best agree-
ment of all three profiles in the Fig. 5 is in the region of the

line halfwidth. The whole experimental profile of Hb line
possesses certain asymmetry which is mostly expressed in
the region of maxima and in the line wings. The similar
properties are manifested by the theoretical profiles in
f46,48g.

B. Experimental asymmetry parameters

The experimentally determined values of asymmetry pa-
rameters of Hb line, A1sDld, A2(wsDld), andA3(wsDld), are
presented in Fig. 6 as a set of curves corresponding to the
different density magnitude, and are indicated by numbers
within brackets. The parameterA1sDld is plotted in terms of
the distanceDl from the line centerlC, and the other two
parameters are given in terms of the ratio of the height at
which the measurement is performed and the maximal inten-

FIG. 6. The experimental values of asymmetry parameters ob-
tained in this work for indicated plasma conditions.
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sity IsDld / I0=wsDld, thus being transcendent functions of
Dl through the values of normalized profilewsDld. All pa-
rameters by definition vanish within the range of the line
halfwidth since they are calculated with respect to the central
line lC ssee Fig. 3 and Fig. 4d. The measured values of the
mentioned parameters unambiguously indicate the existence
of the asymmetry of experimental profiles of Hb line. The
asymmetry parameters measured at the upper half of the pro-
file, i.e., above the halfwidth region of Hb line are negative.
This implies that the “minus” sign is valid for the values
Dl,Dl1/2/2 andI / I0.0.5, if to exclude as it was arranged
above the region of maximassee Fig. 3d. The functional de-
pendence of the experimental asymmetry parameterA1sDld
significantly differs from the known common functional be-
haviorf48g as it was warned earlierf64g due to the difference
in the definition of the reference pointlC instead of more
commonl0 or ldip.

While examining the functional behavior of asymmetry
parameters it should not be forgotten that the each fixed elec-
tron density value corresponds to the certain value of elec-
tron temperature and thus it is unlikely reasonable to seek a
simple proportionality between the curves in the set, corre-
sponding to the different density values, although the simi-
larity of the functional behavior is visually obvious. Further-
more, the density and temperature dependence of the
normalized profiles is rather complicated and not linear.
Therefore, with respect to the subtle profile features such as
asymmetry parameters, it should be kept in mind that it is
difficult to achieve sufficient overall experimental accuracy.

IV. THEORETICAL MODEL

The theoretical approach shortly outlined here is based on
the description of broadening by plasma ions in the frames of
quasistatic approximationf46g and the broadening by elec-
trons in the frames of the impact approximationf46,73g.
Namely, the difference in the characteristic time scales of
ions and electrons movement preserves from cancellation the
contribution to broadening due to the effects of microfield
nonuniformity on atomic scale, i.e., due to the expansion of
the interaction potential to the second order with respect to
the ratio of the characteristic atomic scalen2a0 sn is principal
quantum number;a0 is the Bohr radiusd to the mean distance
R0 between the radiator and the perturbing particles with
the opposite charge. It is obvious, if taken on the same foot,
such contributions would practically cancel each other
f42,46,48,53g.

In order to tackle the nonuniformity of ion microfield, the
joint distribution function of the ion microfield strength vec-

tor FW and the linearly independent components of its non-
uniformity tensorh]Fi /]xjj is constructedf46,48–58g. How-
ever, such a function of the eight linearly independent
variables could not be evaluated for the aims of realistic
calculationsf46,48–58g. But if to use the perturbation expan-
sion to the contour in the first order of the perturbation pa-
rameter«=n2a0/R0!1, then it is possible to express the so-
lution through the first moments of the nonuniformity tensor,
which drastically simplify the calculationsf46g. Moreover, it
is possible to obtain in the closed form the expressions for

these first moments in terms of the universal functions, di-
rectly related to the generation function of the microfield
distributions obtained in various approachesf46,48–56g.

In this section the parabolic basis of the quantum states of
hydrogen atom is used as inf46,48g. Then the each Stark
sublevel is characterized by the set of quantum numbers
hn,n1,n2,mj, wheren1,2 are parabolic quantum numbers and
m is the magnetic quantum number. In the diagonal approxi-
mation for the electron collision operatorf46,48g the Stark
profile of hydrogen spectral lineInn8sDvd describing the line
shape of the radiative transitionn→n8 may be represented as
a sum of the profilesI snad,sn8bdsDvd of the individual Stark
components, corresponding to the transition between the
Stark sublevela of the upper leveln and the Stark sublevel
b of the lower leveln8

Inn8sDvd = o
ab

I snad,sn8bdsDvd, s6d

whereDv=v−v0, v is the frequency of radiation andv0 is
unperturbed frequency of the transitionn→n8. Then for the
sum of the profiles of the two symmetrical individual Stark
components designated by the indexk and −k, for which the
constant of linear Stark effectCk

s1d is proportional toDk
d

=fnsn1
a−n2

ad−n8sn1
b−n2

bdg, that obeys the relationDk
d=−D−k

d ,
it is possible to write the following expressions that include
effects of microfield nonuniformityf46,48,53,64g and the
electron impact widthsgk and shiftsdk

sed

Ik,−ksDvd = IksDvd + I−ksDvd, s7d

Ik,−ksDvd =
Ik

s0d

psok
Ik

s0ddE0

`

dbWsbdfLksDv;bd + L−ksDv;bdg,

s8d

LksDv;bd = gkLk
s0dsDv;bd + Lk

sIdsDv;bd + Lk
sDdsDv;bd

+ Lk
sgdsDv;bd, s9d

Lk
s0dsDv;bd = fsDv − Ck

s1db − Ck
s2db2 − dk

sedd2 + gk
2g−1,

s10d

Lk
sIdsDv;bd = Lk

sI,qdsDv;bd + Lk
sI,qsdsDv;bd, s11d

Lk
sDdsDv;bd = Lk

sD,qdsDv;bd, s12d

Lk
sI,qdsDv;bd = Lk

s0dsDv;bdfdk
sqdxDsbd + dk

sq0dxD0sbdg,

s13d

Lk
sD,qdsDv;bd = Lk

s0dsDv;bdfqk
sqdLDsbd + qk

sq0dLD0sbdg,

s14d

Lk
sgdsDv;bd = Lk

s0dsDv;bdGk
sgdsDv;bdfPk

sqdLDsbd

+ Pk
sq0dLD0sbdg, s15d

Gk
sgdsDv;bd = 1 − 2gk

2fLk
s0dsDv;bdg2, s16d
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Lk
sI,qsdsDv;bd = Lk

s0dsDv;bddk
sqsdb. s17d

Here Ik
s0d is the unperturbed intensity of thekth Stark com-

ponent, b=F /F0 is the reduced value of ion microfield,
whereF0=2ps4/15d2/3eZpNi

2/3, e is the electron charge,eZp

is the charge of the perturbing ions,Ni is the density of the
perturbing ions, andWsbd is the ion microfield distribution
function. The universal functionsxD,D0sbd andLD,D0sbd de-
scribe the Stark profile asymmetry due to the quadrupole and
polarization interactions. They were first defined inf50,51g
by the expressions

LD,D0sbd =
1

b
fWsbdBD,D0sbdg,

xD,D0sbd = −
d

db
fWsbdBD,D0sbdg. s18d

The universal functionsBDsbd and BD0sbd were also intro-
duced and constructed in the frames of the Baranger-Mozer
cluster expansion approach for the arbitrary composition of
plasma ions in the Debye approximation inf50,51g scompare
with f52gd. They were generalized for the arbitrary type of
correlation and screening functions inf53,54g, studied for
various plasma ionization compositions and tabulated using
as Baranger-Mozer cluster expansion as Monte Carlo simu-
lations for various values of the ratioa=R0/RDe and the ionic
plasma coupling parametersGi =e2ZpZr / sR0iTid. Here RDe

stands for electron Debye radius, whileeZp andeZr are the
charges of the perturbing and radiating ions correspondingly,
with R0i as mean distance between ions andTi being the
ionic temperaturef53,54g. The functionBDsbd corresponds to
the quadrupolar part and of the first moments of the mi-
crofield nonuniformity tensor, while the functionBD0sbd cor-
responds to the scalarspolarizationd part of the same first
moments with account of screening by electrons, ion-ion cor-
relations and polarization effectssseef50,51,53–58gd.

The written above expressions are obtained as the pertur-
bation expansion for the line profile and contain the follow-
ing corrections of the Stark components subprofiles due to
the ion microfield nonuniformity:sad corrections to the in-
tensity values, proportional todk

sq,q0d; sbd corrections to the
frequencies, proportional toqk

sq,q0d; scd corrections to the
electron impact widths, proportional toPk

sq,q0d. These correc-
tions are proportional to the dimensionless parametera0Ni

1/3,
and can be expressed through corresponding matrix elements
between parabolic quantum statesf46,48,53,56g.

The asymmetry features of the contour arise from the
following symmetry relations with respect to the redC−k

s1d

,0 s−kd and blueCk
s1d.0 skd shifted Stark componentsssee

f46,48,53,56gd

Ck
s1d = − C−k

s1d,

dk
sqd = − d−k

sqd, qk
sqd = − q−k

sqd, Pk
sqd = − P−k

sqd, s19d

dk
sq0d = − d−k

sq0d, qk
sq0d = − q−k

sq0d, Pk
sq0d = − P−k

sq0d.

In all expressions the subscriptk designates the certain set of
quantum numbers, which uniquely determine the Stark com-
ponent of the line. The superscriptq designates quadrupole
effects and the superscriptq0—the polarization effects aris-
ing due to the scalar part of the microfield nonuniformity
tensor. TheCk

s1d is the constant of the linear Stark effect and
Ck

s2d is the constant of the quadratic Stark effect of thekth
Stark componentf74g. The first one is proportional to the
sa0Ni

1/3d2, while the second one to thesa0Ni
1/3d4

f46,48,53,56,64g. The corrections to intensity due to the qua-
dratic Stark effect are defined bydk

sqsd that is proportional to
sa0Ni

1/3d2 f53g. The quadratic Stark constants obey the fol-
lowing symmetry relationsf74g

Ck
s2d = C−k

s2d, dk
sqsd = − d−k

sqsd, s20d

that obviously also generate some asymmetry in the Stark
profile f74g. In fact the corrections due to the quadratic Stark
effect are introduced here to demonstrate once more that it is
necessary to consider simultaneously the corrections to the
energysthe well known quadratic Stark shiftd and to the in-
tensity f46,48g.

Very often the latter corrections were omitted that led to
erroneous non-self-consistent results in the frames of just
only the quadratic Stark considerationf49,61,63g. But the
real situation is much more complex, and demands to con-
sider at the same time all corrections of the same order.
Namely, besides the already entered quadratic Stark effect
corrections of the first order, it should be considered addi-
tionally: the octupole and the second order quadrupole cor-
rections to the energy, the octupole and the second order
quadrupole and the second order quadratic Stark corrections
to the intensityssee firstf46,48gd, that in the case of many-
body microfield consideration was not resolved up to now,
since the derivation of moments of the more complex joint
distribution functions is requiredf46,48,53g. For brevity the
lengthy analytical expressions for variousC, d, q andP fac-
tors expressed through the parabolic quantum numbers are
omitted here, but they are available inf53,56g.

In the present calculations the electronic impact shiftsdk
sed

consists from two parts—symmetricaldk
sesd, and antisym-

metricaldk
sead

dk
sed = dk

sesd + dk
sead, dk

sesd = − d−k
sesd, dk

sead = d−k
sead. s21d

The antisymmetrical partdk
sead is due to recoil effects at the

isoenergetic surface with the fixed principal quantum num-
ber, that are beyond the classical trajectory impact approxi-
mation, and due to the contribution from the inelastic colli-
sions inducing transitions between the nearby levels with
principal quantum numbersn=n±1 f60g, that in its turn is
beyond the no quenching approximation. This part mainly
causes the red shift of the Stark components and the line as a
whole. The similar contributions to the impact width are con-
ventionally considered as negligiblef42g. The values of the
antisymmetrical shifts were provided in accordance with
Green’s function approachf59,60g and transformed from the
initially spherical basis to the parabolic one employed in the
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present formulation. The contribution from the recoil effects
is made possible due to the fully quantum-mechanical for-
mulation of Green’s function methodf59g. The rather weak
dependence ofdk

sead on Dv is neglectedsseef60,61gd. This is
usually considered as the condition of the ST conventional
impact approximation, but it is not so, because all contribu-
tion to the antisymmetrical part arises in fact due to going
beyond its limitsf59,60g. This approach does not have prob-
lems with “cutoffs” of the impact parameter and is thought to
give more accurate account for the strong collisions, than so
drastically influenced by “cutoffs” the semiclassical electron
impact shift valuesf75–77g. The term “impact” here means
“collisional” and not “in the impact approximation,” al-
though the Green’s function approach is assumed to take
account of many-body effects of electron-atom interaction
being in virtue the statistical approach operating with the
plasma dielectric functionf59g. Thus in the present model
the approaches for the calculations of the widths and the
shifts of the Stark components are different, but nevertheless
it could not be considered as any inconsistency.

In the present paper the simplified results of the outlined
theory are intentionally used, where the effects of Debye
screening by electrons, ion-ion correlations and polarization
effects were neglected. Then the microfield distribution func-
tion may be either Holtsmark distributionHsbd or the nearest
neighbor distributionWNsbd, and the terms in the general
expressionsfsee Eqs.s13d–s15dg, containing factors with su-
perscriptssq0d are omitted.

As it was already stated this approach significantly differs
from the STf39,40,42g by the description of asymmetry fea-
tures, but neglects the off-diagonal matrix elements of the
electron broadening operator in the parabolic representation,
because they prevent to reduce the problem in the frames of
the perturbation approach to the moments of the joint distri-
bution function. This causes the somewhat increasing of the
HWHM of the present profile with respect to ST due to the
absence of the inversion procedure for the resolvent matrix,
under condition that the same microfield distribution func-
tion is used in both casesf46,48,53g. Here the area normal-
ized Stark profiles with the parabolic electron impact widths
are calculated using the Holtsmark microfield distribution
Hsbd that is somewhat wider than the Hooper distribution
function f78g used in the ST calculations. So, it is not aston-
ishing that the HWHM of the resultant profile is a bit wider
than the ST one as it could be seen from comparison of the
experimental profile with ST and the profile, calculated along
with f46,48g, already presented in Fig. 5. The reason for that
is the wider microfield distribution function and the absence
of resolvent matrix inversion. It is also seen the lesser dip
depth of Hb in the present calculations with respect to ST. If
the same microfield distribution function is used then this
fact counts in favor of the fact that the effective electron
broadening in ST is narrower than in the present calculations.
However, it is known that the ST electronic impact operators
omit the interference terms, important for the decreasing re-
duction in the values of the electron impact widths, while in
the used here parabolic electron impact operator they are
presentf46,48g. So, those spherical impact widths should be
wider than parabolic ones, but it occurs the opposite. So, the

difference seems to besadditionally to resolvent matrix in-
versiond in the implemented in ST semiempirical procedure
for cutoffs applied for the integration over impact param-
eters, that in particular, may approximately take account of
incomplete collisions and thus the electron impact widths
start to depend on the detuning from the line center in the
line wings f40g. The fact that the cutoff procedure is the
source of the difference between the parabolic electron im-
pact widths of the individual Stark components accepted
here and the spherical electron impact widths in the ST was
established in earlier works during the comparison of the
results of kinetic theory of broadeningf79g with the simula-
tions performed inf80g. However, the individual parabolic
electron impact widths more properly correspond to the so-
lution when the wave functions are quantized along the ion
microfield directionf73g. So, in fact the resolution of ques-
tion which approach is more correct for the description of the
electron density values needs the special study and should be
determined by the independent diagnostic methods because
the HWHM is an integral function of rather numerous pa-
rameters. This is quite a difficult task that is beyond the
scope of the present work. However, returning to the recipes
of semi-empirical cutoff procedure in ST it should be under-
lined that they were elaborated during certain efforts and
time to accomplish the match between ST and the set of
experimental profiles accumulated to date of the ST formu-
lation, but since then the various aspects of the theory of
electron broadening were considerably remade from the re-
sponse to detected new discrepancies between predictions of
ST theory and experimentf81g.

The discussed sources of deviations however may be
practically removed. Indeed, first of all the procedure of
semiempirical cutoffs might be introduced in any formula-
tion of the impact approximation and in particular in used
here parabolic representation of the electron impact broaden-
ing operator.

Secondly, to account for nondiagonal matrix elements of
the electron impact broadening operator one has to use the
Hamiltonian and thus resolvent averaged over components of
the microfield nonuniformity tensor. This approximation al-
lows avoiding the perturbation expansion in the contour, al-
though statistically it is less justified. The further step then
consists in the inverting matrix of resolvent during which in
principal the new linear combinations of wave functions are
introduced in the calculation of the dipole matrix elements,
describing Stark intensities. These new wave functions diag-
onalize resolvent with respect to:sad the electron broadening
operator;sbd the linear Stark effect;scd the quadrupole and
polarization effects expressed through the first moments of
the microfield non-uniformity tensor;sdd the quadratic Stark
effects contributionf46,48,53,56g. However, the procedures
of matrix inversion usually are constructed formally thus
special care should be taken in order not to lose in the basis
set the appropriate corrections of the wave functions due to
quadrupole and polarization effects and to the quadratic
Stark effect, that were described earlier above. This way
would need much more computational efforts and very often
the basis set is intentionally cut by omission of the basis set
corrections due to, for example, the quadratic Stark effect
f61g. But as it was already stated here as well as in other
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works f46,48,53,56g the better agreement with experiment
gained by such a proceduref49,61g is not more than an illu-
sion created by nonconsistent accounting for the quadratic
Stark effect correctionsf64g.

Nevertheless, discussed sources of discrepancy of the
“bulk core of Stark profile” with respect to the HWHM and
dip values and compared to ST profilef39,40g, that in the
frames of the simple model used here does not include asym-
metry corrections, are quite clear and insignificant for the
aims of the present paper. It should be also stressed that one
should distinguish the results derived by the rigorous consis-
tent theoretical formulation, and those that were obtained in
addition by various fitting procedures in an attempt to make
theoretical values better than they are in reality. One of the
examples of such practice is the semiempirical cutoff proce-
dure in the ST.

As about the difference with VCS, keeping aside asym-
metry features and its mismatch with experimental values, it
is connected with the employed in VCS the one electron
approximation procedure for description of the transition be-
tween the impact and quasistatic regime of broadening by
electrons versus increasing the detuning from the line center.
It is seen that the realization of this transition, that also was
constructed by hands to sew the one electron approximation
with the impact limit, seems to underestimate the range of
the validity of the impact approximation and thus leads to
lesser HWHM and wing intensity.

The above analysis is illustrated by comparison per-
formed in Fig. 7. In Fig. 7sad these profiles are compared,
while in Fig. 7sbd one can see deviations in the HWHM. It
should be noted as well, that the parabolic individual impact
widths give larger values of the impact broadening than
spherical ones in ST. Although this fact is known since the
work of f73g it was not systematically studied. The similar
paradoxes were met recently in the other problem, analyzing
the rates of cascade transitions for the dielectronic recombi-
nation in the electric field in the parabolic and spherical basis
f82g. In a more general setting when the assumption of the
density matrix diagonality is avoided, it is necessary to con-
struct somehow the transition from population of levels in
the hn,mj space tohn1n2mj one. This smooth transition ver-
sus the detuning from the line center is quite a complex
problem, which is not resolved yet and needs to go beyond
conventional setting of the broadening problem. In fact the
proper setting is possible in the frames of kinetic theory of
broadening by joining the balance and radiative coherence
equationsf79g.

V. COMPARISON OF EXPERIMENTAL AND
THEORETICAL RESULTS

A. Parameter A1

Figure 8sad shows the comparison of the experimental
values of asymmetry parameterA1 in terms of the distance
from the central line with the model results for the electron
density of 7.3031017 cm−3. The distances from the central
line Dl, at which the asymmetry parameterA1 is measured,
are chosen to be approximately equal to the distances which
correspond to the points at 0.8, 0.7,…, 0.1 of the maximal

intensity I0. The increase of the absolute values of the pa-
rameterA1 versus the increase ofuDlu towards either smaller
or larger wavelengths is clearly seen. For negative values, at
the lowest measured detuning from the central line, the ratio
A1

sexptd /A1
stheord is typically below 10.0, and for positive values

at the highest detuning from the central line it is around 4.
The experimental and theoretical curves should cross at the
distanceDl=Dl1/2/2 from the central line whereA1=0. The
small deviations from this value arise due to an error intro-
duced during the determination of the asymmetry parameter.
The errors amount from ±5% up to ±19% for negative val-
ues, and ±6% up to ±20% for positive values of the asym-
metry parameterA1 depending on the electron density. The
measurement errors are also indicated in Fig. 8.

B. Parameter A2

The comparison of the experimental and theoretical val-
ues of the parameterA2 is presented in the Fig. 8sbd versus
the ratioI / I0 with electron density and temperature as in the
case of parameterA1. It is clear, on the basis of the definition
of the parameterA2 that it vanishes at the half-intensity
I / I0=0.5. The measured positive values of the parameterA2
are from 7.5 to 4.0 times higher than the theoretical values,
while the negative ones are from 4.6 to 8.2 times higher with
increase of electron density. For positive values of the asym-
metry parameterA2, the measurement errors are in the range

FIG. 7. sad The comparison of Hb spectral line profiles predicted
by different theoretical models.sbd The various theoretical depen-
dencies of Hb halfwidth on the electron density.
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±5% to ±13%, and for the negative values these errors vary
from ±10% to ±40%.

C. Parameter A3

The comparison of experimental and theoretical values of
the asymmetry parameterA3 is presented in Fig. 8scd in the
same way as the values of the parameterA2. The asymmetry
parameterA3 also vanishes forI / I0=0.5. Although the ex-
perimental results show the similar behavior as the theoreti-
cal ones, the positive experimental values of the parameter
A3 are higher than the theoretical ones about 7.2 to 3.3 times,
while the negative values are higher from 6.3 to 10.0 times
with increase of electron density. The measurement errors for
positive values ofA3 are in the range from ±5% to ±13% and
for the negative values from ±10% to ±43%. It is clear that
in the measurement of the very small valuessclose to zerod

of all asymmetry parameters, introduced error is much higher
and can reach even ±80%.

D. Discussion

Summarizing the results of comparison performed above
ssee Fig. 8d it is necessary to underline that the set of theo-
retical curves for each of the three asymmetry parameters
have similar functional dependencies as experimental curves,
thus demonstrating qualitative overall agreement in the main
trends with suggested here the model description of the
asymmetry in the whole Stark profile of Hb line. This en-
circles the expected behavior versus density and temperature.
Although at the first sightssee Fig. 5d, the complete experi-
mental profile can be described rather well within the used
theoretical model, the magnitude of the asymmetry in the
model profiles is drastically lower than in the experimental
ones. As it was noted above in the theoretical description
applied here, the Holtsmark function was used for the ion
microfield distribution function and the universal functions
describing asymmetry are directly expressed through it
f46,48g. These functions have much more flat “shoulders”
and are wider than the corresponding functions accounting
for the Debye screening by electrons and the ion-ion corre-
lations f50–54g. That is why it may be expected that the
inclusion in the scheme of the latter functionsf50,51,53,54g
which are narrower, steeper and have much higher maxima,
would make the HWHM noticeably narrower while the be-
havior of asymmetry steeper at times, because the asymme-
try functions contain the differentiation operationf50g. One
also should take into account the polarization effects
f50,51,53,54g.

It should be separately underlined that the theoretical pro-
file and asymmetry are calculated first in the natural scale for
the theory representation, namely, versus the circular fre-
quency of radiation or the detuning in the circular frequency
scale. On the contrary, the natural scale in the experiment is
the wavelength of radiation. The procedure of conversion
from one scale to another deforms the symmetric profile and
this asymmetry contribution due to the conversion from the
circular frequency scale to the wavelength scale is also as-
cribed to trivial asymmetry. The characteristics of such
“trivial asymmetry” depend on the shape function. For ex-
ample, the asymmetry sign would be different for the Lor-
entz profile and the Holtsmark asymptotic profile. In the case
of the calculations performed for Hb it occurs that the con-
version operation drastically decreases the magnitude of
asymmetry in the wavelength scale in comparison with the
circular frequency scalef64g.

It is conventional to ascribe also to trivial asymmetry the
radiative ratesdue tov4 factorsd and the Boltzmann factor
dependence on current frequency values in the contourf61g,
although in ST both these factors are dropped outf39,40g.
The influence of these factors on asymmetry is opposite: the
Boltzmann factor increases the red wing with respect to the
blue one, while thev4 factor increases the blue wing. Al-
though the exponential Boltzmann factor is a stronger func-
tion than the power function, the result of competition be-
tween two mechanisms depends on the line specificsssee

FIG. 8. The comparison of experimental and theoretical asym-
metry parameters investigated in this work.
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Fig. 9d. As Fig. 9sad illustrates, in the case of Hb such com-

petition may lead to red asymmetrysA1
v4B.0d for all relative

detunings sx;uDlu /l0d only if plasma temperatureT is
lower than certain critical temperaturesTcr=7399 Kd. The
critical relative detuningxcr for given plasma temperature
T.Tcr is defined as point in Fig. 9sad at which the asymme-

try parameterA1
v4B soriginating solely due to Boltzmann and

v4 factord changes its sign. It is obvious from Fig. 9sbd that
xcr=0 defines critical plasma temperatureTcr which in turn
strongly depends on the spectral line in question. However,
there is a lot of controversy with the inclusion of these fac-
tors because in this case the possibility of normalization of
the contour to unity becomes doubtful in the conventional
setting when the upper and lower integration limits ofDv
could be put to ±̀ accordingly. The inclusion of those fac-
tors is possible only for the fixed spectra limits and in fact
leads to the failure of the applicability of the conventional
profile definition as it is. No words that for such an ex-
tremely wide line as Hb this problem has crucial importance.
Moreover, the introduction of Boltzmann factors contradicts
the fundamental assumption in the theory of broadening—

the density matrix diagonality for the degenerate states with
fixed principal quantum number, used conventionally in the
derivation of the profile expressionf64g. And at last, the test
calculations for plasma temperatures found in this workfsee
Fig. 9sadg, reveal that the direct implementation of both fac-
tors in the line shape leads in the case of Hb to the strong
blue asymmetry for all investigated values of detuning from
the line center that evidently contradicts to experimentf64g.
It is strange, that in other works on the subject the problems
encountered here with the formal substitution of Boltzmann
factors andv4 factor were not reportedf61g. There is also
another debatable consideration, in which these factors are
attributed to the continuum, which would lead to the much
larger experimental asymmetry and would overturn the cur-
rent experimental methods of the experimental treatment. So,
in view of all this controversy these factors are dropped
again in the line shape expressions due to the absence at the
moment of the consistent procedure of their consideration.
Probably, the correct consideration of the inclusion of the
mentioned factors into the asymmetry calculations should be
performed together with the description of the electron
broadening transition from the impact to the quasistatic re-
gimes and simultaneously accounting for the polarization
and quadrupole effects in the electron-radiator interaction.

The other concern is of the strong dependence of asym-
metry on the values of the electronic impact shifts. In the
earlier paper it was shown that the increase of the shifts by
1.5 times strongly influences the asymmetry behavior even
qualitatively, depending on the choice of the reference point
f64g. At the moment there is still a lot of controversyf83–87g
in the calculations of the electron Stark shifts and further
development in this field would give possibility to improve
the asymmetry description. It should be noted, however, that
in the cited works the shift of the “line gravity” is consid-
ered, contrary to the impact shifts of individual Stark com-
ponents employed in the present work.

And the last concerns the further theory development in
order to include the terms in the next order on the parameter
«. Here it would be appropriate to warn again against the
inconsistent inclusion of only the quadratic Stark effect
sQSEd shifts that leads to the illusive satisfactory agreement
with experimentf49,61g, as it was once more shown explic-
itly in f64g.

In this context in the recent publicationf63g it was at-
tempted to address QSE with enlarged basis including
quenching interaction with levelsn8=n±1, n±2 in a some-
what artificial spherical basis. Indeed, it is known that
namely these levels give the main contribution to QSE, but it
happens in the parabolic basis, that in the spherical basis
would either correspond to infinite sums. Thus it is unlikely
that this method can reproduce well known results of QSE
and therefore the benefits of its implementation seem doubt-
ful. Besides that, as already was shown inf56g, the results in
f52g for the matrix elements of quadrupole interaction were
obtained with arithmetical mistakes that entered in calcula-
tions in the further worksssee for examplef60,61gd.

VI. CONCLUSIONS

The subject of this study is the asymmetry of the experi-
mental profiles of Hb in T-tube plasmas for the wide range of

FIG. 9. sad The additional contribution of Boltzmann andv4

factors to the asymmetry parameterA1 in the case of Hb spectral
line found for different plasma temperatures and wide range of
relative detuningx;uDlu /l0. sbd The illustration of how line spe-
cifics set the temperature dependence of critical relative detuningxcr

and define the values for critical temperatureTcr below which red

asymmetrysA1
v4B.0d completely takes over.
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electron densities and temperatures. Actually, the asymmetry
of the complete profile except line peaks was considered.
The results obtained are compared to the theoretical data
f46,48g. The set of three asymmetry parameters is defined
and both the experiment and the theoretical modelf46,48g
are described in detail. It is shown that the theoretical ap-
proach accounting for the microfield nonuniformity in the
quasistatic approximationf46,48g and the electron impact
shifts f59,60g, provides qualitatively proper description of
the shape of the experimental profile of Hb line obviously
much better than ST and VCSf40,41g. However, it should be
mentioned, that the implemented theoretical modelf46,48g
gives for the same linewidth about 15% lower electron den-
sity than ST. However, this is not astonishing since the de-
ployed model uses the Holtsmark microfield distribution
function, which is wider than the Hoopers distribution in ST.
The special attention was paid during the experimental re-
search in avoiding the appearance of possible trivial asym-
metry sources. In order to analyze the profile of Hb line,
three asymmetry parameters were investigated. The param-
eterA1 describes the asymmetry in terms of spectral intensi-
ties of the blue and red parts of the line profile as the func-
tion of the distance from the central line, and the parameters
A2 andA3 in terms of the distance from the central line as a
function of the ratio of the spectral intensity at the measure-
ment site and the maximal intensity. All three parameters
indicate that experimental profiles have larger magnitude of
asymmetry than the theoretical onesf46,48g. The form of the
dependence, however, for all three asymmetry parameters is
of the same type as the theoryf46,48g predicts. The asym-
metry of the profile of Hb line increases either towards
longer or shorter wavelengths from the line center. The
asymmetry also increases with increasing electron density.
These data undoubtedly indicate that the asymmetry is the

property of the complete Hb line profile, and not only of the
clearly expressed blue and red maximum.

The intention of this work, besides the determination of
the profile asymmetry, is to indicate also the necessity to use
the whole profile of Hb line for the diagnostic purposes, and
not to measure only the line halfwidth. The presented here
theoretical description, based mainly onf46,48g, indicates
that such possibility with further improvement of the theo-
retical calculations can become a real option. The first step of
refinement should account for the Debye electron screening,
ion-ion correlation and polarization effects, which is cur-
rently feasiblef53,54g.

It is expected that presented above experimental data,
benchmarked by the comparison with the transparent theo-
retical model, will serve for the further improvement of un-
derstanding and treating the Stark profiles asymmetry of
hydrogen-like radiators in plasmas.
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