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Asymmetry of Hg Stark profiles in T-tube hydrogen plasma
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The whole Balmer H 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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[. INTRODUCTION excellent description if44], then in[45] and at last iff61],

) ) ) it was shown that in fact it did not get the final, consistent
. The new extgnswe observat|0n§ of the entire Balmgr H gpq convincing theoretical treatmeiee].
line profiles emitted from T-tube discharges were performed |n the present experimental study it is shown that there are
for the following ranges of plasma parameters variation: theadditional ways to characterize the asymmetry behavior of
electron densityN,=(2.28-7.30x 10" cm 3, and the elec- the whole Stark profile much more thoroughly than it has
tron temperaturd,=(1.94-3.4 < 10* K. been done commonly for a long time earligr—38], and

The measurements of the Balmey, Btark profiles were likely the abilities and predictability of current theoretical

done before numerously as w¢ll-38) because of funda- approaches are not ready for this challenge[$4t-64. Ba-
mental significance for testing the extent of current undersically it occurs that an attentive and careful investigation of
standing of diverse physical phenomena of Stark broadeningomparison of theoretical calculations with experiment, re-
in plasmas versus theoretical approaches validity, and in a¥€als recently large discrepancy between theoretical and ex-
tempts to improve the potential of diagnostic predictionsPerimental asymmetry behavior in the far wings of this spec-

based on characteristics of its Stark profile, such as #@l line [64]. Therefore at the moment it is appropriate to
trace qualitatively this set of new characteristics using, in the

HWHM [39-43. In time the precise observations revealed ; ) . -
a%)ass of theoretical calculations, physically transparent ef-

series of interesting physical effects, that each time wer ots in Stark broadening of Hhat may cause its asvmme-
quite astonishing since the adopted overall picture seemetg g of Hh \ay ¢ >ymm

complete and clear. In spite of general physical laws esta ry. Namely, the effects of Ionic rr_ucroﬂeld nonunlform|ty
lished for Stark broadening of hydrogen spectral lines, eactEf,'6’48] and the effect of electronic impact shiff§9,60

. . . ? . . ansformed to give the electronic shifts of individuaj; H
line has its own unique features and interrelations of varioug componentésee[46,64)) are considered. Intentionally
broadening mechanisms that show up in some distinctiv? ’ y

fits Stark li h bei h terisi I0 underline the qualitative significance of this extensive ex-
appearance ot Its stark liné shape being charactenstic onlyo ;enta) treatment of the profile asymmetry, the pioneer
for this line. For example, the effect of reduced mass wa

detected in the K profile by the depth of its dip4—9], and ersion of the theory describing the Stark profiles asymmetry

the effects of the dip shif24.28 and peaks shiff0,37 as in terms of the many-body nonuniform ionic microfigk6]

I K {686.17 26, al tracted and joined with contribution from the electron impact shifts
well as peaks separati¢s, S 4, also were ex racted an 59,6Q is taken as a benchmark to separate, classify and
carefully measured, when it seemed that nothing else h

b left. In thi text th ; K d red scuss the functional characteristics of the discrepancy be-

aﬁgnblie. V\r/]inglss \(/:v(;g en):)ticee da\?iyan2I1I§ r;/ I(Z)Bnge'fiimseag[]g Q%e tween experiment and theoretical predictions. The effects of
ey . the Debye electron screening, ion-ion correlatiph8-59,

and revisited many timed 2,13,24,33 y screening, lon-| rrelatipas-54

The latt irv foat the first t ¢ nd ion dynamicqg43,56,57,62,6Bare not included. The
€ lalter asymmetry Teature was tne first one attempte pecific effects of strongly coupled plasmas are also omitted
to be explained theoretically by developed up to date apy,

: : ; ) .“Fhere. The reason for such a choice is that in the present study
proache$44—-64], but in spite of published declarations of its 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

* Author to whom correspondence should be addressed. Email adhe other effects causing the Stark profile asymmetry are
dress: Alexander.Demura@hepti.kiae.ru thought to be insignificant, for example, the line dissolution
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in the strong electric field known to induce the blue asym- ~ 1m Monochromator

metry (see for examplg65]). T T
I\ /

It is important to underline that the functional asymmetry
behavior crucially depends on the choice of the reference \ /
point[64]. For the asymmetric profile with a complex struc- \ /
ture in the line center with peaks and dips, as in the case of \ /
Hg line, the different choices of the reference points on the \ |/
wavelength scale produce the drastically different dependen- \/ | High
cies of the asymmetry parameter on the detuning from the _L voltage |050i110560pe|
reference poin{64]. At the same time for such complex J
asymmetric profiles it is impossible even to introduce the N~ Photomultiplier

unique definition of the line shiff64]. Therefore in the | |—

present investigation the middle point on the wavelength

. ! . . A -

scale at the level of the half intensity of “maximum” is cho- <i> Lens ~~a— Trigger
sen for the position of the reference point. The “maximum” | Trigger unit
for the line with two peaks in its turn is defined as one half of | A pulse Voltage
the sum of intensities in the blue and red maxima. This ref- | T - Tube Y1 kv comparator
erence point differs from the position of the unperturbed [ R _T J
wavelength of the transitiony and from the position of the ! High voltage
dip Agip- This important circumstance should be taken into  Reflector T power supply
consideration in the analysis of the measured asymmetry.

The Hg line Stark profile obeys, in general for a rather FIG. 1. The experimental setup.

wide range of parameters, the main predictions of Holtsmark ) )

theory of quasistatic broadening by iof#6,48,68. Thus its ~ dure could be found in Sec. Il. Also in Sec. Il the set of three
HWHM is approximately proportional tN§’3, making from  @symmetry parameters is defined, exploring various charac-
this line the tool to diagnose plasma density. The calculate%erIStICS of profile asymmetry in more detail. Section IIl is

values of HWHM were defined more accurately accountin evoted to presentation of the experimental results. The main
for the electron impact broadenii@9—42 and providing asics of the theoretical model that is used to benchmark the

symmetrical and unshifted Stark profil§40] that are ad- experimental findings are outlined in Sec_. IV. In Se_c. Vv th_e
dressed as the standard theory res(®3). But there are analysis of experimental results and their comparison with

known small deviations versus the square root of reduceH1eory is performed and discussed. Section VI summarizes

mass values of the perturber-radiator pair, indicating the imconclusions of the study.

portance of ion dynamics for the dip value determination || ExpPERIMENTAL MEASUREMENTS OF H s STARK

[2-9,38,43. It is interesting that the special experiments PROFILES
aimed to find a correlation between ion dynamics and asym-
metry of Hg profile did not detect any noticeable interrelation A. Plasma source

[14]. However, this resume contradicts the results of the full The plasma source used in this experiment is the small
scale calculations for Ly showing significant influence of magnetically driveri68], T-shaped shock tud&9], made of
ion dynamics, in the frames of the MMMnodel microfield  glass with the inner diameter of 27 mm. The quartz reflector
method, on asymmetry of line profilg55-57. Nevertheless, is placed at 130 mm from the discharge electrodes. The
this contradiction could not be considered as indication off-tube was energized from the low inductance capacitor
some incorrectness primarily due to the difference in thebank made of the four parallel connected capacitoraF1
characteristics of these lines. For example, it is known thagach, and charged up to 20 kV. The filling gas was pure
the ion dynamics change drasticallgy the factor of 2.5  hydrogen under the pressure of 300 Pa. The discharge was
HWHM of Ly, [67] while the influence of ion dynamics on initiated by the 11 kV trigger pulse via the spark-gdpg.
H profile is quite moderatg6-9,14,38. 1). Due to the constant flow of hydrogen from behind the

In the present article the experimental observations pf Hreflector to the discharge electrodes, as well as to the acti-
profiles in T-tube plasmas for various values of plasma denvated zeolite molecular vapor trap, the background contami-
sity and temperatures are compared with simple theoreticalation was negligible. The discharge current was critically
description of Stark profiles asymmetry, based on notions oflamped by the resistor fig. 1) and its duration was @&s.
nonuniformity of ion microfield in the quasistatic approxima- This time was equal to the time necessary for the incident
tion [46,48 and the electron impact shiff§9,60. The vari-  shock front to reach the reflector when the filling pressure
ety of plasma conditions allows in principle to trace differ- was 300 Pa. It has been generally accep&& that plasmas
ences between experimental and theoretical results versus tpeoduced in small electromagnetic T-tubes are quite homo-
density and temperature, and might give a key for undergeneous, both radially and axially, behind the reflected shock
standing the physical origin of asymmetry. front.

This article is organized as follows. After the introduction ) )
in Sec. |, the description of experimental setup and plasma B. Line shape recording
parameters for which measurements were performed, fol- The experimental setup is schematically presented in Fig.
lowed by the substantial analysis of the experimental procet. The plasma was observed at the region 4 mm in front of
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the reflector. The light emitted from T-tube was focused onto T T T T
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, anqi8 after the reflected shock
front passed the point of observation. The; tine was
scanned at close intervals from successive dischdsies-
to-shot techniqueover 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.

—
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T
!
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o
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<
T
1

1862 4863
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FIG. 2. The recorded instrumental profile ofsHine emitted
from low pressure Geissler tube.

C. Plasma diagnostics profile provide the optimal values for the intensities or posi-

The electron densitiesl, ranging from 2.2& 107 cm™3  tions. The same curves enable to deduct the halfwidth of H
to 7.30x 107 cm™® have been determined from the Stark line profile as well as the asymmetry parameters.
widths of the H; line profiles. TheN, deduction was per-
formed with the help of the theoretically calculated data fromg analysis of necessary experimental conditions for asymmetry

[39,40. The estimated uncertainties of the electron densities measurement
do not exceed £9%. "
The electron temperaturég, ranging from 19400 K to Before determining the asymmetry parameters from ex-

34000 K, have been determined from the line-to-continuunP€rimentally recorded profiles of Hine, it is necessary to.
ratios of the H line [39]. The uncertainties for the electron eliminate from the profile the trivial asymmetry. The experi-
temperature measurements are between +8% and +15% froffiental trivial asymmetry sources are instrumental asymme-
the lower to the higher values. The existence of the locall¥: line self-absorption, plasma inhomogeneity, emitter mo-

thermodynamic equilibrium was checked. tion along the line of observation, and overlapping of
neighboring spectral lines.

The instrumental asymmetry is simply checked using a
D. Processing of experimental profile spectral line emitted from a low-pressure source. The line
emitted under these conditions is symmetric and practically
In the recording procedure the signal intensities are norenly naturally broadened. The example of the instrumental
malized to the spectral sensitivity of the optical system. Itprofile of Hg line, emitted from Geissler tube is presented in
has to be done, since the experimental profiles pfike are  Fig. 2. The profile is symmetric meaning that the monochro-
very broad, several tens of nanometers. In the next step, theator and the optical system at large do not introduce any
contribution of the adjacent Hand H, lines is eliminated. additional asymmetry.
The influence of H line is practically negligible while the The emitter motion along the observation line, i.e., Dop-
influence of H, line to the blue wing of H line is substantial. pler effect also should not be the asymmetry source. The
The red wing of H line raises the blue wing of fline atthe  Doppler halfwidth is only about 0.6% of Stark halfwidth of
detuning from the line center of about the two halfwidths.H line in the present experimental conditions. The emitter
For electron densities from 2.2810cm™ to 7.3  distribution over thermal velocities in the present experimen-
X 10t cmi 3 this contribution ranges from 20% to 57%, re- tal conditions do not differ noticeably from the Maxwellian
spectively. The continuum level is determined in assumptiorisotropic distribution. There exists only the motion of the
that the far line wings could be described by the asymptotichock wave front in T-tube, i.e., the motion of plasma as a
formulal = (AN)">2[39]. whole with respect to the observation system. In this case
In principle, the measurement of the intensity of radiationonly the transverse Doppler effect might be remarkable. This
from pulsed sources, such as electromagnetic shock T-tubeffect is however negligible with respect to the longitudinal
gives scattered points due to a very short observation timene. In the most unfavorable case, for the velocity of the gas
and experiences certain irreproducibility of plasma parambehind the shock wave front equal to<1.0° cm/s[36], the
eters. This makes the detailed analysis of thelike profile  wavelength change due to this effect equals only 3
rather difficult especially in the region of the profile maxi- X 10~" nm. So, this effect also could be discarded as a pos-
mums. A substantial part of the uncertainties in determinasible source of the trivial asymmetry. The check of self-
tion of various parameters from the experimental profileabsorption was performed in earlier woifl&69), indicating
arises just due to scattered points. The point scattering ithat it does not exceed 2%. The theoretical estim@8g12
decreased to the optimal level by taking each point of theshow that for considered parameters the radiation self-
recorded profile as the average value of six measurementabsorption of H must be below 4%. Thus deviations in in-
Therefore, each point has its own error bar entering the leasénsity due to self-absorption are within the limits of both
square fit. The corresponding fitting curves through the givertheoretical and experimental errors and could be neglected
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during the processing and analysis of the experimental data. 12F T ' ' T ™
Moreover, the emitted radiation can in principle be absorbed ~ N,=330x10%
in the colder layer close to the wall of the discharge tube. It é Lor fim ZTO00 K )}
was shown if22] that this effect could decrease the inten- = g} ) .
sity of the spectral line for about 2.5%, if the cold layer '§

width is about 1 mm. However, as it was demonstrated in ~06[_ _____ halfwidth £ ]
[18] the width of the cold layer within first 2.;s, after the B 04 -
passage of the reflected front of the shock wave through the g 7 X 1

observation point, is much smaller than 1 mm and negli- € 0-2[ A i S, )
gible, but rises linearly with time. Only after first 2,5 it = o0 ——" 5 e
raises faster than linear, yet afterss it is still smaller than —

1 mm. The similar conclusions are valid for the influence of 460 470 480 490 500 510
the cold layer to the intensity of the continuum radiation Wavelength A (nm)

[23].

Besides the absorption, the emission from the cold layer F_IG. 3. Th_e demonstration of the asymmetry in the experimental
can also occur. Such emitted profiles of lihe are, however, profile of Hy line.
substantially narrower than the profiles emitted from hot
plasma. They might have some effect in the later moments d?lue maximum in an experimental profile is higher than the
the plasma lifetime, but only in the central part of the profile.red one, while the red wing is always higher than the blue
The emissivity of the cold layer is considered to be muchone. This was observed in a series of experimental studies
smaller than the radiation from hot plasmas due to its mucisee for exampleg1-19)), and confirmed as well in the
lesser radiation volume as well. Moreover, the central part opPresent experiment.
the profile is not the object of the present experimental study. Often under the “i3 profile asymmetry” the inequality of
Thus, for the particular experimental conditions and settingthe two maxima of this line is meant, efd6,45,61. This
the influence of the cold layer could be discarded as well. asymmetry was noticed already in the thirties of the preced-
During the analysis of the local thermodynamical equilib-ing century[1]. In this paper the wider notion of asymmetry
rium conditions it was possible to verify that according to theis used to describe the whole shape of theliHe profile as
calculated diffusion length, plasma during the observatiorin [64]. Figure 3 shows the Hline experimental profile
time of 3 us is homogeneous. As the indicator of plasmaasymmeiry for the electron density %30 cm™ and elec-
homogeneity it is possible to use the ratia,/ A\, [7,8], tron temperature 21200 K. The_ middle points of the separa-
where A\, denotes the separation between the red and théon between blue and red wings are denoted at various
blue maximums of i line profile. The theoretical calcula- heights with respect to the maximal intensity. These points
tions in[40] give the value 0.35, and 0.37 in V(81]. The  are connected by the dashed curve, which clearly indicates
experimental measurements, performed78] and[17], re-  the asymmetry of the profile.
port for this ratio correspondingly the values 0.36 and 0.354 Here the “line center pointi¢ designates the position of
in good agreement with theoretical calculations. Thus théhe middle point at the half maximurtHM) height of the
results obtained in the present experiment, ranged betwed¥ofile, and will be used in the following as the reference
0.35 and 0.36, could be a confirmation of the plasma homopoint instead of the position of the unperturbed line wave-
geneity. It should be pointed out, that a very small temperalength, or position of the dip\q;,. The HM is nothing else
ture gradient[69], as well as very small electron density but one half of the maximal intensity defined as the mean
gradient[21], exist along the tube axis. But the gradients ofvalue of the blue and red maximums.
temperature and electron density along the radius, i.e., the Astonishingly there are only few works attempted to con-
observation direction are practically negligifg9]. duct the analysis of the whole Hine profile asymmetry
Since the plasma within the T-tube is nonstationary mo{4.64], according to our knowledge. The profile asymmetry
bile, one should take into account the possible turbulencéan be analyzed in terms of the corresponding parameters,
effects. The observable turbulence is noticed for the incidenthich can be defined in various walé4]. In this work the
wave but it practically disappears in the reflected wgg.  three parameters to estimate the asymmetry are used. The
This means that plasma turbulence can be eliminated as fiist parameter of asymmetry is determined conventionally
possible trivial source of the experimental profile asymmetryby the expression

A(an) = HON) =l

F. Treatment of experimental profile and introduction of IR(AN) +1g(AN)
asymmetry parameters

1)

The paramete”A;(AN) is common and does not need any
Apart from above mentioned experimental sources ofpecial introduction, but it is necessary to note that in the

trivial asymmetry, proper treatment of the experimental datgpresent definition it does not contain the factor 2 in the nu-

is also important. It was already mentioned thatlide emit-  merator and for the reference point the line centeis taken

ted from plasma possesses more or less asymmetric profilmstead ofA,. As already pointed out, this choice of the ref-

which is also shifted with respect to the wavelength thaterence point could drastically change the functional behavior

would be emitted by an isolated and motionless atom. Thef A;(AN) when compared with the reference point at the
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"‘\ L2f B IPl N,=330x108 m3 ]
:”:? 1.0} Te=21200K .
g 08k - I§+ T o o o Experiment ]
) S 0= " 9 Demura et al |46, 48]
—
I : halfwidth \ S 06}
B 2 04}
L(AM) 0 % E r (AL) *qé 02}
° ™ 00
Continuum AL AL A — 460 470 480 490 500 510
(@) Ae Wavelength A (nm)
N
/1, \ FIG. 5. The comparison of the experimental profile of lhe
0.8 with corresponding theoretical profiles.
0.7
0.6 ANg[@(AN)] = ANg[@(AN)]
b os Ag(p(An) = == S NG
0.4
0.3
__Bj—'/ N This parameterAs(¢(AN)) is not quite new. Indeed, the
' T~ asymmetry in the wings was evaluated previously as well
Continyum Ahg Ahg L —» [70], using Eq.(4). In the wings it was possible to perform
) - A A expansion of Eq(4) and expres®s(@(AN)) in terms of AN
C

[46]. But with the definition of reference frame adopted here
FIG. 4. The illustration of the procedure used for determinationthe functional behavior oAs(¢(AN)) might be quite differ-
of asymmetry featurega) Description of quantities entering in pa- ent. Moreover, in[48] it was shown that in the wings
rameterA; evaluation.(b) The intensity levels at which the values As(¢(AN)) in terms of A\ in fact can be expressed as the
of parameters\, and A; were sampled. limit of A;(A\N) at largeAN. The third asymmetry parameter
represents the distance of the middle point at some line in-
unperturbed line position, [48,64. The procedure for de- tensity level(1/1,5=0.1,0.2,...,0.8from the central line, as
termining the parametek;(A\) is demonstrated in Fig.(4). ~ shown in Fig. 4b). The parameteré, andA; are dimension-
Therelx(AN) andlg(AN) denote the intensities in the red and less while the parametéy; is expressed in the units of wave-
the blue sides of the profile measured at the equal distancégngth.
AN with respect to the chosen reference poipt—"the line
center”’(see Figs. 3 and)4
The second asymmetry paramet®s(¢(AN)) is intro-
duced in fact as the transcendent function of the intensity
normalized profile (AN)=I1(AN)/ly. It is defined by the
equation

IIl. 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
(2) Hg line [42,46,48 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
[42,46,48, see Sec. IV, noting that VC$41] does not
3) contain tabulation for electron densities higher than
1x 10" cm3,
Obviously, the symmetric ST profil&2] cannot describe
The determination of the paramet&(¢(AN)) is illustrated  the central structure of the experimental profile. Besides that
in Fig. 4b). The ANg and AN denote the distances on the it gives a much larger dip42] than in the experiment. The
blue and red sides of the profile from the central lig  theoretical approach if46,48, contrary to ST[42], gives
measured at the various intensity levels. different intensities of two maxima, but with somewhat
The third asymmetry parametég(¢(AN)) is defined ad-  smaller dip between them. These deviations could be de-
ditionally to the second one, and determines the one half afcribed in terms of the following coefficiedtD (similar to
the difference betweeANg and A\g [6]):

ANR[@(AN)] =~ ANg[@(AN) ]
ANR[@(AN)]+ ANg[@(AN)]'

Ax(@(AN)) =

in which the values ofA\g g[¢(AN)] are determined from
the equality

@(ANg) = @(ANg).
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Ap=12""0 » 1009 (5) R I ) ©]
L > 0.6 Net107m?) ]
(1) 2.28
expressing the relation between the intensities of the maxi- 0.12 8§ ‘%';(3)
mum |y and the dip minimumiy in percents. In the case of — f (4 409
experimental profiles and if46,48 the intensity of the 008} % ;-gg
maximuml, represents the average value of the Hiyand 004t '
red Ig maxima. The value of the coefficiedtD for the ex- L
perimental profile in the Fig. 5 is 14%, [A42] it is 30%, and 0.00 [
in [46,48 it is 10.7%. - //;;'//.//‘:/

At the same time the latter analysis of the dip is oversim- -0.04 L S S S S
plified, first of all with respect to the neglected ion dynamics 0 2 4 6 8 10 12 14 16 I8
[11] and fine structurgl5] effects. Moreover, the central dip (@) AL (nm)
depth in experimental profiles of Hiine recorded in the 0.16 T Ty T
shock electromagnetic tube may be influenced also by the [ N, (10°m) T, (K)
emission from the colder layers close to the walls of the 0-12¢ (1) 2.28 19400

. . . L F (6) (2) 2.73 20200
discharge tubl5]. If this occurs then, in principle, the cen- o0sk & (3) 330 21200
tral part of Hy line might be used for testing plasma homo- | &) (@) 409 24200

: : : , ~ 3 (5) 5.69 28000
geneity [7,8]. It is also well established that the dip and 0.04 F 8 © 730 34000
peaks experience shifts depending on density and tempera- s )
ture [4,9,24,28,30,3] Thus it is obvious that the treatment 0.00F
of the central part of i represents a rather complex problem i g;(z) 1
in the case of T-tube plasmas experimental observations. -0.04 f Gle) 1

On the other hand, it should be noted that the accuracy of A N
the density diagnostics from the measurement of the line 00 01 02 03 04 05 06 07 08 09
halfwidth in fact is limited by the existence of the character- () 1/l
istic peaks of H profile and due to the continuum level 2.0
determination problem. That is why the other proposed © No(10%n3) T (K)
methods[20,32,34,71 of the density diagnostics are based, L5[ s (1) 2.28 19400
for example, on fitting exclusively the experimental line (2) 273 20200
wings[20,37 or areas under maxinj82,77 to VCS profiles g 107 g; 8; 431'(3)8 %}égg
[41]. However, it was showf34,71] that methods using the el [ @ (5) 5.69 28000
whole experimental profiles for thg?-minimization fitting < 05T 6) 7.30 34000
provide by about 10% the lesser density values than those |
determined from the halfwidth. In general, fitting only the 0.0 ! 32
parts of experimental profiles could lead to higher electron o5t I (5)563_
densitieq 34,71 than the real ones. Interestingly, the output ' . .
of these methods depends on the direction of fitting proce- 00 01 02 03 04 05 06 07 08 09
dure implementation with respect to the line cer4,71. © 171

It turned out that fitting is more successful if it started from .

the wings towards line center. Inconsistency of the fitting F'C: 6. The experimental values of asymmetry parameters ob-
output might be a result of insufficiently refined theoretical {iN€d in this work for indicated plasma conditions.

models and profiles that lack to reproduce the real interrela-

tions of various physical effects39]. For example, in the line halfwidth. The whole experimental profile of ;Hine
case of VCS profiles, which in the range of low density Possesses certain asymmetry which is mostly expressed in
exhibit three times larger dip than in the experiment, thisthe region of maxima and in the line wings. The similar
leads to the fitting output of lower electron densitj@4].  properties are manifested by the theoretical profiles in
That is why the fitting procedure often was used avoiding thd46,48.
central region of the linésee[34,71).

However, for the electron densities within the range
10'6—10t cm 3 the line halfwidth is highly sensitive to Stark
broadening, while the effects of ion dynamics are small. In The experimentally determined values of asymmetry pa-
this case, the halfwidth method is rather reliable for the derameters of H line, A;(AN), Ax(¢(AN)), andAg(e(AN)), are
termination of electron density with relative error of aboutpresented in Fig. 6 as a set of curves corresponding to the
5% [32]. Thus, according to results of the previous section different density magnitude, and are indicated by numbers
the estimated accuracy of the experimental profiles in thavithin brackets. The parametég(A\) is plotted in terms of
context of attributing to them the certain density and tem-the distanceA\ from the line centeic, and the other two
perature values varies from +13% to +20%. The best agregparameters are given in terms of the ratio of the height at
ment of all three profiles in the Fig. 5 is in the region of the which the measurement is performed and the maximal inten-

B. Experimental asymmetry parameters
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sity 1(AN)/15=¢@(AN), thus being transcendent functions of these first moments in terms of the universal functions, di-
AN\ through the values of normalized profgAN). All pa-  rectly related to the generation function of the microfield
rameters by definition vanish within the range of the linedistributions obtained in various approactj46,48-5@.
halfwidth since they are calculated with respect to the central In this section the parabolic basis of the quantum states of
line \c (see Fig. 3 and Fig.)4 The measured values of the hydrogen atom is used as [46,48. Then the each Stark
mentioned parameters unambiguously indicate the existenciblevel is characterized by the set of quantum numbers
of the asymmetry of experimental profiles of; Hne. The {n,ny,ny,m}, wheren, , are parabolic quantum numbers and
asymmetry parameters measured at the upper half of the proa is the magnetic quantum number. In the diagonal approxi-
file, i.e., above the halfwidth region of Hine are negative. mation for the electron collision operatpt6,48 the Stark
This implies that the “minus” sign is valid for the values profile of hydrogen spectral link,, (Aw) describing the line
AN<AN155/2 andl/15>0.5, if to exclude as it was arranged shape of the radiative transition—n’ may be represented as
above the region of maxim@ee Fig. 3 The functional de- a sum of the profiles,, i g(Aw) of the individual Stark
pendence of the experimental asymmetry param&ek\)  components, corresponding to the transition between the
significantly differs from the known common functional be- Stark sublevel of the upper leveh and the Stark sublevel
havior[48] as it was warned earli¢64] due to the difference g of the lower leveln’
in the definition of the reference point: instead of more
cOmMMONNg Of Agjp. L (Aw) = 2 ey (v gy (Aw), (6)
While examining the functional behavior of asymmetry aB
parameters it should not be forgotten that the each fixed elegghere Aw=w-w,, o is the frequency of radiation ang, is
tron density value corresponds to the certain value of elecynperturbed frequency of the transitiar-n’. Then for the
tron temperature and thus it is unlikely reasonable to seek gym of the profiles of the two symmetrical individual Stark
simple proportionality between the curves in the set, correzomponents designated by the indeand , for which the

sponding to the different density values, although the simivnstant of linear Stark effecﬂif(l) is proportional toA‘k’
larity of the functional behavior is visually obvious. Further- :[n(n‘f—ng)—n’(n{”—ng)] that obeys the reIatioAd:—Adk

more, the density and temperature dependence of theis ,ssiple to write the following expressions that include

normalized profiles is rather complicatgd and not ”near'effects of microfield nonuniformity[46,48,53,64 and the
Therefore, with respect to the subtle profile features such 8Sjectron impact widths, and shiftsd®

asymmetry parameters, it should be kept in mind that it is

difficult to achieve sufficient overall experimental accuracy. I -(Aw) = (Aw) +1_(Aw), 7)
IV. THEORETICAL MODEL 10 *
Ik «(Aw) = —(O)f dbWb)[Lk(Aw;b) + L (Aw;b)],
The theoretical approach shortly outlined here is based on w(Ek I ) 0
the description of broadening by plasma ions in the frames of
guasistatic approximatiof6] and the broadening by elec- (8)

trons in the frames of the impact approximatipf6,73. o 0 @)
Namely, the difference in the characteristic time scales of LAw;b) = %l (Aw;b) + L (Aw;b) + L (Aw;b)
ions and electrons movement preserves from cancellation the + L(k”(Aw;b), (9)
contribution to broadening due to the effects of microfield
nonuniformity on atomic scale, i.e., due to the expansion of () S  ADh_ ~QR2 _ Aen2 -1
the interaction potential to the second order with respect to L (Awib) =[(Aw - C%b = CZ'b? -~ d?)? + AT,
the ratio of the characteristic atomic scafe, (n is principal (10)
guantum numberg, is the Bohr radiusto the mean distance
R, between the radiator and the perturbing particles with LV(Aw;b) =LY ¥(Aw;b) + L{"*(Aw;b), (11)
the opposite charge. It is obvious, if taken on the same foot,
such contributions would practically cancel each other LA (Aw;b) = LA (Aw;b), (12)
[42,46,48,53

In order to tackle the nonuniformity of ion microfield, the (1) ‘hy=1© . a) q0)
joint distribution function of the ion microfield strength vec- L ¥(Awib) = LY (Aw:b)[ 48 xo(b) + 8 xoo(D)],

tor F and the linearly independent components of its non-
uniformity tensor{dF;/dx;} is constructed46,48-58. How- A . © _ 0
ever, such a functionjof the eight linearly independent L(k q)(A“”b)'Lﬂ )(A“”b)[q(kq)AD(b)+q'(<q "Apo(B)],
variables could not be evaluated for the aims of realistic (14
calculationg46,48-58§. But if to use the perturbation expan-

sion to the contour in the first order of the perturbation pa- LY (Aw;b) = L(Aw;b) G (Aw;b)[ PP Ap(b)
rameters =nay/Ry< 1, then it is possible to express the so- ()

lution through the first moments of the nonuniformity tensor, * P Apo(D)], (15
which drastically simplify the calculatiorig6]. Moreover, it

is possible to obtain in the closed form the expressions for G (Aw;b) = 1 - 2/[L0(Aw;b) 1%, (16)

(13
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L B®(Aw;b) = L (Aw;b) 8%D. (17) 80=-89, qP=-dP, PO=-pPP.

In all expressions the subscripdesignates the certain set of
quantum numbers, which uniquely determine the Stark com-
ponent of the line. The superscrigtdesignates quadrupole

, A i X effects and the superscripp—the polarization effects aris-

is the charge of the perturbing iorfs, is the density of the  j4 que to the scalar part of the microfield nonuniformity

pertu.rbing lons, .andN(b) Is the ion microfield distribution tensor. Thdl(kl) is the constant of the linear Stark effect and
function. The universal functiongp, po(b) and Ap,pg(b) de- ?) s the constant of the quadratic Stark effect of kil
scribe the Stark profile asymmetry due to the quadrupole and¥

CT . X . tark componenf74]. The first one is proportional to the
E;)I?rzlezaet;(%rrle;nst?orﬁgt|ons. They were first defined[ 50,57 (aONills)z' F\)Nhilet tge comd o ptop the(aoNil/3)4

[46,48,53,56,64 The corrections to intensity due to the qua-

dratic Stark effect are defined b#*s) that is proportional to

Ap polb) = }[W(b)BD o)1, (aoN3? [53]. The quadratic Stark constants obey the fol-
’ b ' lowing symmetry relation§74]

Here ILO) is the unperturbed intensity of tHeh Stark com-
ponent, b=F/F, is the reduced value of ion microfield,
whereF,=2m(4/15%%Z,N?", e is the electron chargeZ,

c2=c®, §¥=-47P, (20)

Xo,00(b) = - i[w(b)BD,DO(b)]- (18)  that obviously also generate some asymmetry in the Stark
profile [74]. In fact the corrections due to the quadratic Stark
) ) ) effect are introduced here to demonstrate once more that it is
The universal function®p(b) and Bpo(b) were also intro-  necessary to consider simultaneously the corrections to the
duced and constructed in the frames of the Baranger-Moz&snergy(the well known quadratic Stark shifand to the in-
cluster expansion approach for the arbitrary composition ofensity[46,48).
plasma ions in the Debye approximatior(§0,51 (compare Very often the latter corrections were omitted that led to
with [52]). They were generalized for the arbitrary type of grroneous non-self-consistent results in the frames of just
correlation and screening functions 63,54, studied for only the quadratic Stark considerati¢49,61,63. But the
various plasma ionization compositions and tabulated usingeg| situation is much more complex, and demands to con-
as Baranger-Mozer cluster expansion as Monte Carlo simisiger at the same time all corrections of the same order.
lations for various values of the ratéo=Ry/Rpe and the ionic  Namely, besides the already entered quadratic Stark effect
plasma coupling parametei =€°Z,Z,/ (RoTi). Here Roe  corrections of the first order, it should be considered addi-
stands for electron Debye radius, whéé&, andeZ are the tjonally: the octupole and the second order quadrupole cor-
charges of the perturbing and radiating ions correspondinglyections to the energy, the octupole and the second order
with Ry as mean distance between ions ahdbeing the  quadrupole and the second order quadratic Stark corrections
ionic temperatur¢53,54. The functionBp(b) corresponds to  to the intensity(see firs{46,48), that in the case of many-
the quadrupolar part and of the first moments of the mithody microfield consideration was not resolved up to now,
crofield nonuniformity tensor, while the functid@h(b) cor-  since the derivation of moments of the more complex joint
responds to the scaldpolarization part of the same first distribution functions is requiref#6,48,53. For brevity the
moments with account of screening by electrons, ion-ion cortengthy analytical expressions for varioGs &, q and P fac-
relations and polarization effectsee[50,51,53-58. tors expressed through the parabolic quantum numbers are
The written above expressions are obtained as the pertupmitted here, but they are available[53,56.
bation expansion for the line profile and contain the follow- In the present calculations the electronic impact S}dﬁs

ing corrections of the Stark components subprofiles due t@onsists from two parts—symmetricalffs, and antisym-
the ion microfield nonuniformity{a) corrections to the in- metrical d¢?
k

tensity values, proportional téﬁq'qo); (b) corrections to the
frequencies, proportional tg(*®”; (c) corrections to the d®=d® +de, dS=-d®, d*¥=d%. (21
electron impact widths, proportional Rf(q'q(’). These correc-
tions are proportional to the dimensionless paranmaﬂﬂ’*”,
and can be expressed through corresponding matrix eleme

The antisymmetrical panl,((ea) is due to recoil effects at the
'&oenergetic surface with the fixed principal quantum num-

between parabolic quantum stafés,48,53,56 er, that are beyond the classical trajectory impact approxi-

The asymmetry features of the contour arise from thEmation, and due to the contribution from the inelastic colli-
followi t lati ith t to the raf’ sions inducing transitions between the nearby levels with
ollowing symmetry relations with respect to the r&l,

B 1) . principal quantum numbens=n+1 [60], that in its turn is
;gig&:g%blueck >0 (k) shifted Stark componentsee 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-
Cf(D = —C(_lk), ventionally considered as negligiblé2]. The values of the
antisymmetrical shifts were provided in accordance with
Green'’s function approad®9,60 and transformed from the
a'=-89, a?=-d%, P?=-P%, (19 initially spherical basis to the parabolic one employed in the
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present formulation. The contribution from the recoil effectsdifference seems to b@dditionally to resolvent matrix in-

is made possible due to the fully quantum-mechanical forversion in the implemented in ST semiempirical procedure
mulation of Green’s function methd®9]. The rather weak for cutoffs applied for the integration over impact param-
dependence ad*® on Aw is neglectedsee[60,61). Thisis ~ €ters, that in particular, may approximately take account of
usually considered as the condition of the ST conventional’complete collisions and thus the electron impact widths
impact approximation, but it is not so, because all contripyStart to depend on the detuning from the line center in the
tion to the antisymmetrical part arises in fact due to goingi"® Wings [40]. The fact that the cutoff procedure is the

beyond its limits59,60]. This approach does not have prob- source_of the differe_nce_) petween the parabolic electron im-
Ierr):s with “cutoffs” of the impac?tpparameter and is thouzht tc)pact widths of the individual Stark components accepted

give more accurate account for the strong collisions, than SEere and the spherical electron impact widths in the ST was

drastically influenced by “cutoffs” the semiclassical electron stablished_ in _earlier works during the c_omparis_on of the
impact shift value§75—77. The term “impact” here means results of kinetic theory of broadenin@9] with the simula-

e ; . e tions performed if80]. However, the individual parabolic
collisional” and not “in the impact approximation,” al- gjectron impact widths more properly correspond to the so-
though the Green's function approach is assumed to takgion when the wave functions are quantized along the ion
account of many-body effects of electron-atom interactionyicrofield direction[73]. So, in fact the resolution of ques-
being in virtue the statistical approach operating with thetjon which approach is more correct for the description of the
plasma dielectric functiof59]. Thus in the present model electron density values needs the special study and should be
the approaches for the calculations of the widths and thgletermined by the independent diagnostic methods because
shifts of the Stark components are different, but neverthelesie HWHM is an integral function of rather numerous pa-
it could not be considered as any inconsistency. rameters. This is quite a difficult task that is beyond the
In the present paper the simplified results of the outlinedscope of the present work. However, returning to the recipes
theory are intentionally used, where the effects of Debyexf semi-empirical cutoff procedure in ST it should be under-
screening by electrons, ion-ion correlations and polarizatiofined that they were elaborated during certain efforts and
effects were neglected. Then the microfield distribution functime to accomplish the match between ST and the set of
tion may be either Holtsmark distributidt(b) or the nearest  experimental profiles accumulated to date of the ST formu-
neighbor distributionWy(b), and the terms in the general |ation, but since then the various aspects of the theory of
expressiongsee Eqs(13)—(15)], containing factors with su- electron broadening were considerably remade from the re-
perscripts(q0) are omitted. sponse to detected new discrepancies between predictions of
As it was already stated this approach significantly differsST theory and experimef81].
from the ST[39,40,43 by the description of asymmetry fea-  The discussed sources of deviations however may be
tures, but neglects the off-diagonal matrix elements of thepractically removed. Indeed, first of all the procedure of
electron broadening operator in the parabolic representatiosemiempirical cutoffs might be introduced in any formula-
because they prevent to reduce the problem in the frames ¢ibn of the impact approximation and in particular in used
the perturbation approach to the moments of the joint distrihere parabolic representation of the electron impact broaden-
bution function. This causes the somewhat increasing of thang operator.
HWHM of the present profile with respect to ST due to the Secondly, to account for nondiagonal matrix elements of
absence of the inversion procedure for the resolvent matrixhe electron impact broadening operator one has to use the
under condition that the same microfield distribution func-Hamiltonian and thus resolvent averaged over components of
tion is used in both casd¢46,48,53. Here the area normal- the microfield nonuniformity tensor. This approximation al-
ized Stark profiles with the parabolic electron impact widthslows avoiding the perturbation expansion in the contour, al-
are calculated using the Holtsmark microfield distributionthough statistically it is less justified. The further step then
H(b) that is somewhat wider than the Hooper distributionconsists in the inverting matrix of resolvent during which in
function[78] used in the ST calculations. So, it is not aston-principal the new linear combinations of wave functions are
ishing that the HWHM of the resultant profile is a bit wider introduced in the calculation of the dipole matrix elements,
than the ST one as it could be seen from comparison of thdescribing Stark intensities. These new wave functions diag-
experimental profile with ST and the profile, calculated alongonalize resolvent with respect t() the electron broadening
with [46,48, already presented in Fig. 5. The reason for thaioperator;(b) the linear Stark effect{c) the quadrupole and
is the wider microfield distribution function and the absencepolarization effects expressed through the first moments of
of resolvent matrix inversion. It is also seen the lesser dighe microfield non-uniformity tensofg) the quadratic Stark
depth of H; in the present calculations with respect to ST. If effects contributior{46,48,53,56 However, the procedures
the same microfield distribution function is used then thisof matrix inversion usually are constructed formally thus
fact counts in favor of the fact that the effective electronspecial care should be taken in order not to lose in the basis
broadening in ST is narrower than in the present calculationsset the appropriate corrections of the wave functions due to
However, it is known that the ST electronic impact operatorgjuadrupole and polarization effects and to the quadratic
omit the interference terms, important for the decreasing reStark effect, that were described earlier above. This way
duction in the values of the electron impact widths, while inwould need much more computational efforts and very often
the used here parabolic electron impact operator they arhe basis set is intentionally cut by omission of the basis set
presen{46,48. So, those spherical impact widths should becorrections due to, for example, the quadratic Stark effect
wider than parabolic ones, but it occurs the opposite. So, thg61]. But as it was already stated here as well as in other
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works [46,48,53,5¢ the better agreement with experiment
gained by such a procedur49,61] is not more than an illu-
sion created by nonconsistent accounting for the quadratic
Stark effect correctionf64].

Nevertheless, discussed sources of discrepancy of the
“bulk core of Stark profile” with respect to the HWHM and §
dip values and compared to ST proffl@9,4q, that in the >  f----=---------- 3 halfwidth
frames of the simple model used here does not include asym- - £ ¢
metry corrections, are quite clear and insignificant for the X 4 )
aims of the present paper. It should be also stressed that one £ ¥
should distinguish the results derived by the rigorous consis- ) - - - - -
tent_;heoretical_formglgtion, and thosg that were obtained in 475 480 485 490 495 500
addition by various fitting procedures in an attempt to make Wavelength A (nm)
theoretical values better than they are in reality. One of the
examples of such practice is the semiempirical cutoff proce- N L L L B AL N
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 T B B R
lesser HWHM and wing intensity. ' Elecﬁon density N, (1023 )

The above analysis is illustrated by comparison per- ¢

formed in Fig. 7. In Fig. %) these profiles are compared, FIG. 7. (a) The comparison of lspectral line profiles predicted

while in Fig. 7b) one can see deviations' in, th_e_HWHM. It by different theoretical modelgb) The various theoretical depen-
should be noted as well, that the parabolic individual impacljencies of H halfwidth on the electron density.

widths give larger values of the impact broadening than
spherical ones in ST. Although this fact is known since the . :
work of [73] it was not systematically studied. The similar mtensm'/o\lo. The |nﬁrease of the absoluted Val.uﬁs of thl? pa-
paradoxes were met recently in the other problem, analyzinélarnEter 1 VErsus the increase (i)| towards eit er smatler
the rates of cascade transitions for the dielectronic recombis larger wavelengths is clearly seen. For negative values, at

nation in the electric field in the parabolic and spherical basiéhe lowest measured detuning from the central line, the ratio

(exph ; p(theop . ..
[82]. In a more general setting when the assumption of thé't . /A1 iS typically below 10.0, and for positive values

density matrix diagonality is avoided, it is necessary to condt the highest detuning from the central line it is around 4.

struct somehow the transition from population of ievels in The experimental and theoretical curves should cross at the

the {ném} space to{n;n,m! one. This smooth transition ver- diStanceAr=A\,,/2 from the central line wheré, =0. The
sus the detuning from the line center is quite a Comple)§mall deviations from this value arise due to an error intro-

problem, which is not resolved yet and needs to go beyon uced during the determination of the asymmetry parameter.

conventional setting of the broadening problem. In fact the he errtc)iri gor/nountt frigqof/si/o up tqt.ilg%lfor nefgtitlve val-
proper setting is possible in the frames of kinetic theory oft€S, and £b% up 1o £2U% 1or posilive values ot the asym-

broadening by joining the balance and radiative coherencetrY parameter, depending _on_the elgctr(_)n density. The
equationg 79]. measurement errors are also indicated in Fig. 8.
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V. COMPARISON OF EXPERIMENTAL AND B. Parameter A,

THEORETICAL RESULTS The comparison of the experimental and theoretical val-
ues of the paramete, is presented in the Fig.(8) versus
the ratiol /1, with electron density and temperature as in the
Figure 8a) shows the comparison of the experimentalcase of paramete;. It is clear, on the basis of the definition
values of asymmetry paramet@y in terms of the distance of the parameter, that it vanishes at the half-intensity
from the central line with the model results for the electronl/1;=0.5. The measured positive values of the paranm&ter
density of 7.30< 10" cm™3. The distances from the central are from 7.5 to 4.0 times higher than the theoretical values,
line A\, at which the asymmetry paramet®y is measured, while the negative ones are from 4.6 to 8.2 times higher with
are chosen to be approximately equal to the distances whidhcrease of electron density. For positive values of the asym-
correspond to the points at 0.8, 0.7, 0.1 of the maximal metry parameteA,, the measurement errors are in the range

A. Parameter A,
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U of all asymmetry parameters, introduced error is much higher
0201 —®— Experiment and can reach even +80%.
Theory[46, 48]
10 N=730x10% urd
e= /,.oUx m . .
0.12F D. Discussion
< T.= 34000 K . _
0.08} Summarizing the results of comparison performed above
004 ] (see Fig. 8it is necessary to underline that the set of theo-
/ retical curves for each of the three asymmetry parameters
0.00F = & have similar functional dependencies as experimental curves,
-0.04 } thus demonstrating qualitative overall agreement in the main
; L L L L 1 L L trends with suggested here the model description of the
(@) 4 6 8 loAklz(mnl)4 1618 20 asymmetry in the whole Stark profile of Hine. This en-
circles the expected behavior versus density and temperature.
0.10 | ;._ Ex;enment' Although at the first sightsee Fig. 5, the complete experi-
008t *{\\ Theory[46, 48] mental profile can be described rather well within the used
theoretical model, the magnitude of the asymmetry in the
006t Ne=730510% m del profiles is drastically lower than in th imental
model profiles is drastically lower than in the experimenta
o 0.04 f T, = 34000 K ones. As it was noted above in the theoretical description
0.02 | applied here, the Holtsmark function was used for the ion
0.00 F microfield distribution function and the universal functions
ool \ describing asymmetry are directly expressed through it
' [46,48. These functions have much more flat “shoulders”
-0.04 1 {\ and are wider than the corresponding functions accounting
0.06 L— . L L L L for the Debye screening by electrons and the ion-ion corre-
(b) 0.0 0.2 0.4 74 0.6 08 1.0 lations [50-54. That is why it may be expected that the
inclusion in the scheme of the latter functidr®,51,53,54
20 Ce—E which are narrower, steeper and have much higher maxima,
xperiment would make the HWHM noticeably narrower while the be-
15T Theory|46, 48] havior of asymmetry steeper at times, because the asymme-
—~ 233 . y .y p oL . y
§ Ne=7.30x10" mr try functions contain the differentiation operatif0]. One
— 10 T.=34000K 1 also should take into account the polarization effects
< [50,51,53,54
0.5 1 It should be separately underlined that the theoretical pro-
file and asymmetry are calculated first in the natural scale for
0.0 \ the theory representation, namely, versus the circular fre-
quency of radiation or the detuning in the circular frequency
0.5 5% 53 57 "6 03 5 scale. On the contrary, the natural scale in the experiment is

vl

the wavelength of radiation. The procedure of conversion
from one scale to another deforms the symmetric profile and

FIG. 8. The comparison of experimental and theoretical asymthis asymmetry contribution due to the conversion from the
metry parameters investigated in this work.

circular frequency scale to the wavelength scale is also as-
cribed to trivial asymmetry. The characteristics of such

+5% to +13%, and for the negative values these errors varylfivial asymmetry” depend on the shape function. For ex-
from £10% to +40%.

C. Parameter A3

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 Ht occurs that the con-
version operation drastically decreases the magnitude of

The comparison of experimental and theoretical values ohsymmetry in the wavelength scale in comparison with the

the asymmetry parametéy; is presented in Fig.(8) in the  circular frequency scalg4].

same way as the values of the param@terrhe asymmetry It is conventional to ascribe also to trivial asymmetry the
parameterA; also vanishes fot/1,=0.5. Although the ex- radiative rate(due to w* factor§ and the Boltzmann factor
perimental results show the similar behavior as the theoretidependence on current frequency values in the conir

cal ones, the positive experimental values of the parametethough in ST both these factors are dropped [89;40.

A; are higher than the theoretical ones about 7.2 to 3.3 time§,he influence of these factors on asymmetry is opposite: the
while the negative values are higher from 6.3 to 10.0 time$Boltzmann factor increases the red wing with respect to the
with increase of electron density. The measurement errors fdslue one, while thew* factor increases the blue wing. Al-
positive values of\; are in the range from £5% to £13% and though the exponential Boltzmann factor is a stronger func-
for the negative values from +10% to +43%. It is clear thattion than the power function, the result of competition be-
in the measurement of the very small valdelse to zerp  tween two mechanisms depends on the line specifieg

036407-11



DJUROVIC et al. PHYSICAL REVIEW E 71, 036407(2005

1oF" ' ' " ' ] the density matrix diagonality for the degenerate states with
08 ] fixed principal quantum number, used conventionally in the
06 ] derivation of the profile expressid64]. And at last, the test
0'4 1 calculations for plasma temperatures found in this weede
' Fig. 9], reveal that the direct implementation of both fac-
a 02 ] tors in the line shape leads in the case of td the strong
g 00 1 blue asymmetry for all investigated values of detuning from

] the line center that evidently contradicts to experiniéd.
8 It is strange, that in other works on the subject the problems
- encountered here with the formal substitution of Boltzmann
i factors andw? factor were not reportef61]. There is also
another debatable consideration, in which these factors are
: : ' : attributed to the continuum, which would lead to the much
0.0 0.2 0.4 0.6 0.8 1.0 .
. : larger experimental asymmetry and would overturn the cur-
Relative detuning X . .
rent experimental methods of the experimental treatment. So,

—
Q
=

r in view of all this controversy these factors are dropped

S1of ] =y ) .
= again in the line shape expressions due to the absence at the
= [ ] moment of the consistent procedure of their consideration.
o 8T ] Probably, the correct consideration of the inclusion of the
E r ] mentioned factors into the asymmetry calculations should be
% 0.6 ] performed together with the description of the electron
= - 8 broadening transition from the impact to the quasistatic re-
= 04} - gimes and simultaneously accounting for the polarization
= L - and quadrupole effects in the electron-radiator interaction.
Fo2l ] The other concern is of the strong dependence of asym-
3 i ] metry on the values of the electronic impact shifts. In the
‘S 0.0 b Hy Ly, ] earlier paper it was shown that the increase of the shifts by
' t L 1.5 times strongly influences the asymmetry behavior even
5 Le 10 20 30 40 50

3 qualitatively, depending on the choice of the reference point
() Plasma temperature 7' (10°K) [64]. At the moment there is still a lot of controver§38—87
in the calculations of the electron Stark shifts and further
development in this field would give possibility to improve
{he 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

. . . . e. Here it would be appropriate to warn again against the
Flgf _9)'AS Fig. 9@ illustrates, in thi4(éase of psuch cqm- inconsistent inclusion of only the quadratic Stark effect
petition may lead to red asymmet#y’ > 0) for all relative  (Qsp shifts that leads to the illusive satisfactory agreement
detunings (x=|A\[/N\o) only if plasma temperaturd is  wijth experimen{49,61, as it was once more shown explic-
lower than certain critical temperatukd.,=7399 K). The itly in [64].
critical relative detuningx, for given plasma temperature  |n this context in the recent publicatid63] it was at-
T>T, is defined as pointin Fig.(8) at which the asymme- tempted to address QSE with enlarged basis including
try parametey ® (originating solely due to Boltzmann and quenching interaction with levels’=n+1, n+2 in a some-
w* facton changes its sign. It is obvious from Fig® that ~ what artificial spherical basis. Indeed, it is known that
Xo=0 defines critical plasma temperatuFg which in turn ~ namely these levels give the main contribution to QSE, but it
strongly depends on the spectral line in question. Howevehappens in the parabolic basis, that in the spherical basis
there is a lot of controversy with the inclusion of these fac-would either correspond to infinite sums. Thus it is unlikely
tors because in this case the possibility of normalization othat this method can reproduce well known results of QSE
the contour to unity becomes doubtful in the conventionaland therefore the benefits of its implementation seem doubt-
setting when the upper and lower integration limitsap  ful. Besides that, as already was showii56], the results in
could be put to # accordingly. The inclusion of those fac- [52] for the matrix elements of quadrupole interaction were
tors is possible only for the fixed spectra limits and in factobtained with arithmetical mistakes that entered in calcula-
leads to the failure of the applicability of the conventionaltions in the further workgsee for exampl¢60,61]).
profile definition as it is. No words that for such an ex-
tremely wide line as I this problem has crucial importance.
Moreover, the introduction of Boltzmann factors contradicts The subject of this study is the asymmetry of the experi-
the fundamental assumption in the theory of broadening—mental profiles of H in T-tube plasmas for the wide range of

FIG. 9. (a) The additional contribution of Boltzmann ano
factors to the asymmetry parame#®y in the case of i spectral
line found for different plasma temperatures and wide range o
relative detuningc=|A\|/\. (b) The illustration of how line spe-
cifics set the temperature dependence of critical relative detxging
and define the values for critical temperatdig below which red

asymmetry(A‘l“AB> 0) completely takes over.

VI. CONCLUSIONS
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electron densities and temperatures. Actually, the asymmetigroperty of the complete Aline profile, and not only of the

of the complete profile except line peaks was considerectlearly expressed blue and red maximum.

The results obtained are compared to the theoretical data The intention of this work, besides the determination of
[46,48. The set of three asymmetry parameters is defineghe profile asymmetry, is to indicate also the necessity to use
and both the experiment and the theoretical mddél48  the whole profile of H line for the diagnostic purposes, and
are described in deta” It iS ShOWn that the theoretical apnot to measure On|y the line halfwidth. The presented here
proa(_:h a_ccounting_ for_the microfield nonuniformity in the theoretical description, based mainly §46,48, indicates
quasistatic approximatiop46,48 and the electron impact hat such possibility with further improvement of the theo-
shifts [59,60, provides qualitatively proper description of (qyica| calculations can become a real option. The first step of

the shape of the experimental profile of; Hine obviously refi :
. efinement should account for the Debye electron screening,
much better than ST and V(80,41]. However, itshould be o jon " correlation and polarization effects, which is cur-

mentioned, that the implemented theoretical mddé,48 .

gives for the same linewidth about 15% lower electron den-renlily. feaS|bIeE5§,5tﬂ].t ted ab . tal dat
sity than ST. However, this is not astonishing since the deb r|1$ exlfegs th at presente a't(;vfh e>t<per|men at tha a,
ployed model uses the Holtsmark microfield distributionP€NCNMarked by he comparson with the transparent theo-

function, which is wider than the Hoopers distribution in ST. retical mpdel, will Serve for the further Improvement of un-
The special attention was paid during the experimental regerstandlng and _treatm_g the Stark profiles asymmetry of
search in avoiding the appearance of possible trivial asymfydrogen-like radiators in plasmas.

metry sources. In order to analyze the profile of khe,

three asymmetry parameters were investigated. The param- ACKNOWLEDGMENTS
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