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Abstract. The Standard Theory for hydrogen spectral lines asymmetry in dense plasmas is developed
on the basis of rigorous and consistent approach with respect to simultaneous and complete account
of the quadrupole interaction and the quadratic Stark effect. The complex multiparametric scaling and
similarity dependence of the conventional asymmetry parameter for each separate Stark component and
the Hg line contour as a whole is revealed and studied in detail under the influence of: ionic microfield
inhomogeneity and quadratic Stark effect in ionic microfield, electronic collision shifts and impact widths,
“trivial” asymmetry sources, the Boltzmann factor and the dipole intensity scaling factor of frequency to
the fourth power for the case of emission line. The comparison with the precision experiment on stabilized
arc data for Hg line, important for diagnostics, is performed and analyzed from the line center up to the
far line wings.

PACS. 32.70.Jz Line shapes, widths, and shifts — 32.60.41 Zeeman and Stark effects — 52.20.Fs Electron

collisions — 52.20.Hv Atomic, molecular, ion, and heavy-particle collisions

1 Introduction

The phenomena of asymmetry of hydrogen Stark profiles
in plasmas is attracting attention since the first observa-
tions [1]. Many experimental [2-16] and theoretical [14—46)
studies follow, identifying various sources of asymmetry
and explaining some of their characteristics [14-46]. But
nevertheless the satisfactory exact, ample and reconcilable
treatment of experimental data was not achieved until re-
cently [14,15]. In particular, the results of the recent series
of papers [32,36,39], operating with the corrections to fre-
quencies due to the quadratic Stark effect (QSE) and the
electron collision shifts, introduced by Griem [47], demon-
strated the good coincidence with experiment. However,
under the attempts to reproduce these results it was ascer-
tained that omitted in [32,36,39] QSE corrections to in-
tensities strongly suppress the QSE asymmetry and could
not allow for coincidence with experiment on which au-
thors of [32,36,39] pretended. It was declared in those
works that the multiplicative w?* factor (that scales the
dipole radiation intensity and conventionally discarded
under the contour representation in order to achieve the
normalization to unity in the infinite limits of integra-
tion over the frequency detuning from the line center),
and the Boltzmann factor with the current frequency val-
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ues [19,48-50] were included in calculations. But it is wor-
thy to mention that the question of taking the latter fac-
tors into account is still under discussion as from the point
of view of requests to self-consistency of the theoretical
approach, as from the point of view of implementation of
the adequate experimental methodics to the contour sep-
aration on the background of continuum [14,15]. Indeed,
the Boltzmann factor with the current frequency of ra-
diation appears under writings of the Kirchhoff’s law for
the continuum spectra [48-50], and seems to be valid for
the case of the individual spectral lines as well. Neverthe-
less this way of representation for the discrete spectrum is
not conventional and usually relates the Boltzmann factor
to the unperturbed frequency of radiative transition [48].
The testing of the influence of latter factors on asymmetry
of Hg line has been performed recently in [14,15], where it
was shown that their direct introduction in the asymme-
try description leads to an increased deviation from the
experiment both quantitatively and qualitatively, which
contradicts to statements found in [32,36]. At the same
time analysis of [14,15] revealed that the implementa-
tion of perturbation theory in the contour on quadrupole
interaction without expansion over the QSE correction
to frequency (due to divergence arising under the inte-
gration over ion microfield strengths) is not fully consis-
tent [44]. That is why the urgent request have arisen to
perform the detailed study of asymmetry on the basis of
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non-perturbative methods. The only presently known non-
perturbative analytic approach to the description of mul-
tiplicative statistical problem (see [26,37]) is based on the
consideration of Hamiltonian of interaction averaged over
the components of microfield non-uniformity tensor, the
electric ion microfield strength vector being fixed. This is
more adequate for the case of taking into account QSE
(compare [14,15,23]). One of the forcible arguments for
the implementation of this approximation is that in the
binary limit it is fulfilled exactly [22]. Thus the present
work is devoted to the detailed theoretical study of asym-
metry of hydrogen spectral lines in dense plasmas that is
logically and conceptually connected with the previously
published works on this subject [14,15,23,30]. The signif-
icant moment in this study is the demonstration of strong
influence of “trivial asymmetry” (emerging during conver-
sion from the frequency scale to the wavelength scale) on
the qualitative and quantitative behavior of the asymme-
try parameter. At the same time the influence of transition
from the impact broadening regime to the quasistatic one
in the far line wings [48,49,33] and the role of ion dynam-
ics [46,51,52] are discussed. Thus as the asymmetry of
hydrogen Stark profiles in plasmas is shown to be the ex-
tremely sensitive function of broadening mechanisms [44]
its study becomes fundamentally significant.

The article is organized as follows: after the introduc-
tion in Section 1, main ideas of approximate description of
joint statistics of the ion microfield and its spatial deriva-
tives are given in Section 2; Section 3 introduces general
expressions for the asymmetrical Stark profiles, followed
by Section 4 containing main formulas for the electron
impact widths together with corrections for shifts and in-
tensities for Stark components due to the interaction with
ionic microfield and its gradients; Section 5 contains de-
tailed analysis of main effects that induce the asymmetry
of Stark profiles and comparison with experimental re-
sults; Section 6 is devoted to discussion of the status of
the present and other approaches; finally, obtained results
are formulated in Section 7 followed by acknowledgments
and references.

2 First moments approximation for joint
distribution functions of microfield
and its spatial derivatives

For consideration of the problem of the profile asymme-
try it is insufficient to know only the microfield distri-
bution, as the Hamiltonian of hydrogen atom interaction
with plasma particles contains besides the dipole inter-
action term (expressed through the scalar product of the
resulting summary microfields due to ions and electrons
and the vector of the atomic dipole operator), also the fol-
lowing terms of the interaction potential expansion over
parameter € = n2/R0 < 1, where Ry — is the mean in-
terparticle distance in atomic units [20,23]. The first such
term, quadratic over components of coordinates of atomic
electrons, is the quadrupole interaction, determined by
convolution of tensor OF;/0x;, — that is composed from
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spatial derivatives of various components of the ion elec-
tric microfield strength vector F', and operator of atomic
quadrupole moment ();; with appropriate numerical coef-
ficients 1/6 and negative sign (see [23]).

This means that — within quasistatic approximation
— the description of broadening requires the knowledge of
spatial distribution functions of various configurations of
perturbing particles. As a consequence, the joint distribu-
tion functions W (F; {0F;/0xy}) of the electric microfield
vector F' and all independent components of the tensor,
composed from its spatial derivatives O F;/0xy, [23], should
be introduced [23].

So complex multi-parametric distribution functions
are not calculated yet up to now and that is why the ap-
proximate description is used with the help of the first mo-
ments of this complete joint distribution function over the
various components of microfield tensor of non-uniformity
{0F;/0x} [23,24,26].

The tensor of moments of this function is symmetri-
cal and in the case of Coulombic field has zero trace. It
was shown in [23,24] that the solution of quantum me-
chanical problem of calculating the corrections in the first
order of perturbation theory for many-body quadrupole
interaction is expressed in the reference frame with OZ
axis along the microfield vector F'. Such solutions incor-
porate the product of the component Q.. of the operator
of atomic quadrupole moment and the universal function
B () of the reduced microfield value § = F/F, (Fp is
the normal Holtsmark field strength), which determines
the behavior of first moments of microfield non-uniformity
tensor versus (3 for chosen construction of joint distri-
bution functions (see [52]). For Holtsmark distribution
Wr(6) [48,49,52,53] this function could be represented
in the form [23,52]

8
3 Wu () dp’
-0

B(p) = W (5)

~ 1. (1)

The graph of B (3) and its analog 23%/2, corresponding
to the nearest neighbor distribution Wi (8) [53] are rep-
resented in Figure 1, while the instructive comparison of
Wr(6) and Wy n(0) distributions is given in Figure 2.
This result, in the first order of perturbation the-
ory over parameter ¢, allows us to find expressions for
the intensity and the electron impact width due to the
many-body quadrupole interaction [23]. As it was al-
ready pointed out in the introduction, here we made an
attempt to include the influence of quadratic Stark ef-
fect [54,55] more consistently than what has been done
earlier in [26,32,36,39], accounting for corrections to the
wave functions due to the quadratic Stark effect (QSE)
and the corresponding deviations in the intensity of Stark
components [55]. However, it is necessary to note that at
the same time the quadratic corrections over parameter
€2 to the wave functions are accounted for only partially
(in particular, only those provided by the QSE correc-
tions) [20,23] while corrections to the frequency in the
first order of octupole interaction, proportional to * [20],
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Fig. 1. Comparison of universal functions describing the first
moment of the microfield nonuniformity tensor in the case of
the Holtsmark distribution B(f3) (thick line) and in the case of
the nearest neighbor distribution 24%/2 (thin line).
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Fig. 2. Comparison of the Holtsmark (thick line) and nearest
neighbor distributions (thin line).

such as the QSE shift, are not taken into account at all.
Indeed, in this problem corrections to frequency in the
first order of various interactions are arranged in series
over powers of parameter € in the following way: the lin-
ear Stark effect ~e2, the quadrupole interaction ~e3, the
octupole interaction and QSE ~e* etc. [20]. The correc-
tions to the wave functions from the first order of the
quadrupole interaction are proportional to €, and the cor-
rections to the wave functions in the next order, propor-
tional to €2, are produced by contributions from the first
order of QSE and the octupole interaction and from the
second order of the quadrupole interaction (QI) [20]. Thus
beyond the sight there are corrections to the frequency and
wave functions from the octupole interaction in the first
order and the corrections to the wave functions from the
quadrupole interaction in the second order (see [20]). This
is, of course, violation of the consistent construction of
asymptotic perturbation series [54]. But on the other side
in the frames of many-body approach the realization of
consistent scheme is not possible since corresponding mo-
ments of the octupole and the quadrupole interaction are
not known yet [23,52]. Further analysis of a part of matrix
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elements of corresponding expressions revealed their sym-
metry with respect to the difference (n; — ns) (see [20]).
This means that these terms will not contribute to asym-
metry, but only to the line profile. Thus the pointed out
peculiarities justify the present settings in spite of incom-
plete account of all corrections in the “second order” over
parameter € — in the fourth power to the frequency and
in the second power to wave functions.

In the first attempt to realize this, computation was
carried out by Demura and Nikoli¢ [14,15,42]. In the
frames of the perturbation approach Nikoli¢ created gen-
eral code in Mathematica programming package, that was
used for modeling of experimental results found in [14,15].
However, our previous work [14,15,42] used the perturba-
tion theory in the contour over the quadrupole interaction,
which is not completely correct when retaining the QSE
in the resolvent.

In order to avoid the perturbation expansion in the
line contour we used the method of statistically aver-
aged Hamiltonian over the non-uniformity tensor com-
ponents [26]. Present work traces each Stark compo-
nent and investigates the character of the formation of
the profile asymmetry under the influence of various
sources. As a result, additional dependences were re-
vealed due to the inclusion of QSE, previously unnoticed
in [14,15,26,32,36,39].

For the purpose of theoretical calculations Demchenko
created the C++ code, which allows us to efficiently per-
form necessary computations.

3 Standardized theory for asymmetrical Stark
profiles in plasmas

As it was already pointed out in the introduction it is
assumed in the present work as in [14,15,20-24,30,42,44)
that the electron broadening in plasmas could be described
in the no quenching and impact approximations, whilst
the broadening by plasma ions in the quasistatic approx-
imation [48,49]. For study of the Stark profiles behavior
it is useful to implement the parabolic basis of wave func-
tions for hydrogen-like radiators [54]. Then formally for
the averaged quadrupole ion-radiator interaction under
the fixed reduced value of ion electric microfield 8 the
normalized Stark profile of spectral line I, ,,-(8; Aw), cor-
responding to the transition n — n’ between the upper
and lower states with principal quantum numbers n and
n’, could be represented as the sum of the isolated profiles
of Stark components (sub-lines) Ij(8; Aw) in the diagonal
approximation for the electron impact broadening opera-
tor [23,30]

L (B; Aw)dw =~ I (8; Aw)dw
k
N IB) (Av—d? —siB))
- Zk: Yk(B) g ( Yk(B) ) @

(ZI:Ik ) - @

0y (8) = 1V1,(8), 1" =
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Here index k designates the Stark component correspond-
ing to the transition from the upper state {ni,n2, m} € n
to the lower state {nj,n5H,m'} € n’, Aw = (w — wp) is
the detuning from the line center, defined by the unper-
turbed radiation frequency wg, of the current cyclic radi-
ation frequency w; v (8) is the electron impact width of

the Stark component [23,24,56]; d,(:) is the electron colli-
sion shift of the individual Stark component that practi-
cally does not depend on the ion microfield [32,57,58];
sk(B) is the generalized ion shift of this Stark compo-
nent [14,15,26,32]; L(A) designates the resolvent oper-
ator matrix element in the line space [59] normalized to
unity under integration over the reduced frequency detun-
ing A= (Aw— d,(:) —sx(8))/v(08); Ix is the unperturbed
intensity of Stark component; Zy () is the generalized rel-
ative intensity of the Stark component that differs from
unity due to perturbations. Effectively L(A) could be re-
duced to the Lorentzian normalized to unity under in-
tegration over A. In general the generalized Stark shift
being the function of the reduced ion microfield value 3
is assumed to be compiled from the linear Stark effect
shift [54], the shift due to constrained quadrupole inter-
action [23], the quadratic Stark effect shift [54] and the
electronic collision shift [32]. And at last according to
the settings of the Standard Theory of Stark broaden-
ing [48,49] the final line profile is obtained after integra-
tion of equation (1) over the reduced microfield values
with the microfield distribution W(3) as the normalized
to unity weight function [52,53]:

nn«Awa=1£mdﬁwwﬁ>nn01Aw>

/O T apw(e) =1, (4)

4 Intensities, shifts and electron impact
widths

After corresponding lengthy analytical computations in
the considered settings using the first constrained mo-
ments approximation at fixed value of the reduced ion
microfield for the description of quadrupole approxima-
tion [23,24] all quantities, entering the expression (2)—(4)
for the profile of the Stark component could be expressed
as functions of the reduced ion microfield § in the form
(compare with [23,24,30,33,37]):

(

T(8) = 1+ 6 ﬁﬂ) 160, (5)
5 B(3

R a1 ©)

w® .., B

%(CO) =1+ P—— 5 (1)

Thus I ]50) designates the relative unperturbed intensity
of the Stark component; sgﬁ is the frequency shift due
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to the linear Stark effect [54,57]; 7,20) is the electron im-
pact width of the Stark component for the unperturbed
zero order parabolic wave functions, that does not de-
pend on 3 for the moment [23,24,56]; 0x, 67" are cor-
rections to intensity of the Stark component due to the
constrained quadrupole interaction and QSE respectively;
sE (32 is QSE frequency shift; g and Py are corrections to
frequency and the electron impact width respectively due
to the constrained quadrupole interaction [23].

Now the quantities introduced for the Stark compo-
nent with label & in the above equations (18)—(20) could
be further detailed. The constants defining the generalized
shift are expressed as (compare with [20,23,30,33]):

3 2m Al
sg 2/1 2N2/3Ak Way Q= 31 Ngmmwa,
53 = A2agN2B AL w,, (8)

where ag is the Bohr radius, w, is the atomic unit of fre-
quency, N, is the plasma electrons density with charge
equal to unity, A = 27(4/15)%/% is the constant coming
from the definition of the normal Holtsmark field strength
Fo = AeNZ/® [52,53]. Remind that A¢ defines the rela-

tive linear Stark effect shift of the Stark level ninom with
respect to the Stark level ninjm’ [23,30,33,37]
Az - nl(nll - nl2)a (9)

while A} describes the same for the quadrupole interac-
tion [20,23,30,33,37]

=n(ny —na)

1

Al = 3 {n‘l —n? —6n%(ny — ng)Q} (10)
1
—3 {n"l —n?—6n?(n} - n’Q)Q] , (11)

and A}” is defined in accordance with the well-known re-
sult for QSE shift [54,55]

n4
=——[1Tn® = 3(n1 — n2)* — 9m* + 19]

AT 12
n/4
+ 16 [17n/2 = 3(n} —nh)? —9m? +19] . (13)

The dimensionless constants defining the generalized in-
tensity could be expressed in the form

2w .
519 = 3—Aa0N§/3EZ,

qs __ 2772/3 .98
0p = AagNZ">e)”.

P, = 3—Aa0N1/3

(14)

It is worthy to note that in (8), (14) the quantities are ar-
ranged according to the hierarchy of the contributions to
the shift from various sources over the powers of the pa-

rameter aON(;l 13« 1, that is less than unity for the plasma
densities below atomic unit. The constants defining the
corrections to intensity €7 and to electron impact widths

{7 induced by the constrained quadrupole interaction are
constructed with the help of the first order perturbation
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theory to the wave functions and could be written in the
form [23,24,33]

2¢2a?
Eq = 0 (¢q + ¢q/ ’ /) 5
" mnam] dngngme)[F AT
2
EZ’Y - M];Y ( ninam + (ZS;Y’L’TL/T)’L ) . (15)

The corrections to intensity and electron impact widths
¢ are expressed through the terms describing interfer-
ence effects between the wave functions of the different
Stark components mixed by the constrained quadrupole
interaction [23,24,33]

n
nam = 5 |@1V/m1 (0 —n0) (02 £ 1) (0 — 12 — 1)

— agav/n2 (n—ng) (ng +1) (n—ny — 1)

(16)
ar1k2 = —5—3 (1 F 1Ing F Im|d [nyjnym’)
e2a?
x (nyinym’| d |ninam)” (17)
mimam = 17 (n1 = n2) [(n = 1) (jm] + 1) + 2n1no], (18)

where d is the dipole operator of the radiator. The cor-
responding expressions for the lower sublevel nfnjm’ are
readily obtained from the written above three equations
by the substitutions {ninem} «— {ninjm’} [23,24,33].

The electron impact width of the individual Stark com-
ponents is determined from the following equations the
splitting between Stark sublevels being neglected [24,56]

2
7,2 ) = 3\/7?7;} (a3 Ne)M, Lw,, (19)
M) =n® {nQ + (n1 —na)® —m? — 1}
+n/? [n'Q + (0 —nh)? —m? - 1}
—dnn' (n1 — ng) (n} —nb),
pD Te
L=In—+0.215 =4/ ——
n ow + y PD 47TN662’
n2h
W= , Ve = /2T /me. (20)
MeVe

The reduced intensity of the Stark components is obtained
within dipole approximation directly from Gordon equa-
tions [57] g being the statistical weight of the given com-
ponent

1 2
I, :gk62a [(ningml| d [nynym’)|”,

2

0

L, m=m'=0

gr=1%2,m m7é0 (21)
4, m#m'.

-
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Fig. 3. Dependence of Stark component intensities versus
wavelength detuning from line center at fixed value of ion mi-
crofield: solid line — linear Stark effect; dotted line — with
constrained quadrupole interaction and QSE.

The wé is not included conventionally in the above equa-
tion neglecting the Stark splitting of the levels that is ap-
proved by the structure of the general expression for the
line profile [48, 49] The values of dimensionless quanti-
ties H,go), M}, el AT /(3/2) AL, i, el A, Al for the
different Hg components £ are presented in Table 1. The
QSE corrections to intensity and shift for various Hg com-
ponents included in the table are evaluated using the data
from [55].

It should be pointed out that for simplicity in the
above formulae the hydrogen radiator and the perturber
ions with the charge Z,, equal to unity are presumed. How-
ever, the scaling of these results on hydrogen-like radiators
with the charge Z,. and complex composition of perturbing
ions with N, = Y, ZSNZ-(S) (Zs is the charge of the per-

turbing ions with the partial concentration NZ-(S)) could be
found in [33,34,52].

5 Influence of various sources on functional
behavior of Hg line asymmetry

5.1 Fixed value of reduced ion microfield

Consider some aspects of dependences of the hydrogen
atom spectral line Hg asymmetry functional behavior. In
Figure 3 the dependence of Hg Stark components inten-
sity is shown versus the wavelength for the fixed value of
ion microfield for the linear Stark effect with account of
the constrained quadrupole interaction (QI) and QSE and
without account of the pointed out QI and QSE. As could
be seen the account of QI and QSE changes the inten-
sity and location of Stark components that leads to the
asymmetry of the given line.
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Table 1. Set of different broadening dimensionless parameters for Hz Stark components.

ninem  ninjm’ m” M e’ AL /(3/2) AL €} e’ Al Al
300 010 0.00020 496 2436 —197.143 —70 2.29032 14 —204
300 001 0.00319 392 1536 —230.333 —36 2.93878 12 —212
300 100 0.07197 304 812.843 —276 -2 3.84211 10 —204
201 010 0.00239 368 1172 —282.4 —34 4.13043 10 —44
201 001 0.07656 296 432 —353.5 0 5.18919 8 —52
201 100 0.11723 240 300 —470.667 6.57143 6.46667 6 —44
210 010 0.01615 304 —99.1111 —502.667 7.33333 2.89474 6 52
210 001 0.02871 264 —384 —755 20 3.39394 4 44
210 100 0.00179 240 —3396 —1508 118 3.8 2 52
102 001 0.15311 200 —160 —659 12 5.76 4 44
111 010 0.02871 240 —972 —1476 30 —0.066667 2 84
111 100 0.02871 240 972 1476 —30 0.066667 -2 84
120 010 0.00179 240 3396 1508 —118 -3.8 -2 52
120 001 0.02871 264 384 755 —20 —3.39394 —4 44
120 100 0.01615 304 99.1111 502.667 —7.33333  —2.89474 —6 52
012 001 0.15311 200 160 659 -12 —5.76 —4 44
021 010 0.11723 240 —300 470.667 —6.57143  —6.46667 —6 —44
021 001 0.07656 296 —432 353.5 0 —5.18919 -8 —52
021 100 0.00239 368 —1172 282.4 34 —4.13043 —-10 —44
030 010 0.07197 304 —812.843 276 2 —3.84211 —-10 204
030 001 0.00319 392 —1536 230.333 36 —2.93878 —12 212
030 100 0.00020 496 —2436 197.143 70 —2.29032 14 =204

5.2 Asymmetry parameter

For the concrete calculations the density and tempera-
ture of plasma electrons are taken equal to N, = 1.36 x
10'7 em ™ and T, = 13620 K respectively that coincides
with the conditions in stabilized arc precision experiments
performed in Kiel University by the group of Helbig [9,13].

For study of the asymmetry of spectral line profile it is
conventional to use the characteristic parameter of asym-
metry A(AN) that testifies the relative difference in the
behavior of its red and blue parts [14,15]

T(IAA]) — T(=|AA]

AN = T T T AN

(22)

where AN = A—\g; cis the speed of light; A = 27wc/w, Ag =
2me/wy are the perturbed and unperturbed wavelengths
of the line. In some papers the definition of A(AM) differs
from the given above (22) by factor of 2. Moreover, it is
important to state with respect to what reference point the
detuning Aw is defined. In this work it is assumed that Aw
is taken with respect to the unperturbed line center wy.
However, in [14,15,37] were introduced other asymmetry
parameters differing by the definition of reference point
and by transcendent dependence from detuning value, and
to some extent adminicular to each other.

5.3 Trivial asymmetry
Before to proceed to analysis of contributions from the

different interactions entering the asymmetry parameter
pay attention on the “trivial asymmetry”, connected first

10

A, %

| I | I I |
0 20 40 60 80 100 120 140 160 180 200

AN A

Fig. 4. Comparative behavior of A(AM) for Hg line due to dif-
ferent factors of trivial asymmetry: dash-dotted line — without
account of trivial asymmetry factors; dashed line — transition
from the frequency to the wavelength in argument; dotted line
— Jacobian of conversion from the frequency scale to the wave-
length one; solid line — complete account of trivial asymmetry.

of all with the transition from the cyclic frequency scale to
the wavelength one [14,15,42]. So, for Hg line having the
record broadening value this effect turns out to be very
significant. In Figure 4 the arising and changing of asym-
metry of initially symmetric Hg Stark profile due to two
factors of trivial asymmetry — expressing of the frequency
through the wavelength and the Jacobian of conversion of
the frequency scale into the wavelength one — is consis-
tently represented.
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Fig. 5. Dependences of Hg line A(AM) due to influence of
quadrupole interaction: dotted line — correction to shifts of
Stark components; dashed line — correction of Stark compo-
nent intensities; dash-dotted line — correction of impact elec-
tron widths of Stark components; solid line — complete cor-
rection due to QI.

As it is seen in this figure the contour that is ini-
tially symmetric in frequency domain after transition to
wavelength domain exhibits monotonous “red” (positive)
asymmetry with the increase of the detuning from the line
center.

The Jacobian of conversion on the contrary induces
the blue (negative) asymmetry of the initial contour, that
is also increasing with the increase of detuning. The joint
action of both factors leads as to the significant recipro-
cal compensation of contributions as to the complex func-
tional behavior of “trivial asymmetry” with the change of
its sign versus the detuning value.

The role of trivial asymmetry may be demonstrated on
the following example. Indeed, the asymmetry parameter
for Hg line due to quadrupole interaction is negative for
any frequency in the frequency scale, that does not fit the
experimental positive sign of asymmetry (red asymmetry)
in the wavelength scale. But if to represent the intensity
in the frequency scale as the function of the wavelengths
the asymmetry parameter sharply increases and becomes
positive beyond localizations of Hg line peaks, that by
the behavior pattern corresponds to the upper curve in
Figure 4. Note that namely in this settings the tabulation
of profiles was done in [30].

5.4 Constrained quadrupole interaction

Setting the trivial asymmetry aside for the moment con-
sider the asymmetry parameter (22) behavior versus wave-
length for Holtsmarkian distribution of ions microfield
W (5) [53] under inclusion of the quadrupole corrections,
given by equations (5-18). The main part of calculations
presented here (unless otherwise stated) are performed
with W (8) and B(0).

As it is seen in Figure 5 the least contribution is given
by the correction to the electron impact halfwidth, and
the largest one by the correction to the intensity, which
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Fig. 6. Dependences of Hg line A(AX) due to induced by QSE
influence on Stark components intensities and shifts (propor-
tional to square of reduced ion microfield): dotted line — cor-
rection of Stark components shift only; dashed line — correc-
tion of Stark components intensities only; solid line — complete
correction due to QSE.

has blue asymmetry, and that is why the resultant curve
with account of all quadrupole corrections also has the
blue asymmetry.

5.5 Quadratic Stark effect pattern

In Figure 6 the comparison of asymmetry behavior under
the QSE [55] influence on intensities 6" and shifts s}’
of Stark components in (5)—(18) is shown. In previously
published articles the QSE influence on intensity values of
Stark components was unsoundly neglected [26,32,36,39].

In the region A\ > 25 A the correction to intensity
has blue asymmetry, while the correction to the shift has
red asymmetry. In the range of A\ < 20 A the situation
becomes completely opposite. The resultant dependence
has extremum in the range of 110-120 A [22], that is due
to the QSE correction to the shift. The appearance of such
type of extrema was noticed earlier in [14,42,44] as well
as in [32], where its origin was not analyzed.

5.6 Joint action of constrained quadrupole interaction
and quadratic Stark effect

In Figure 7 the dependence of asymmetry versus the wave-
length with account of the constrained QI and QSE is
shown.

It is seen that QSE gives noticeable contribution into
asymmetry behavior that is comparable with QI. The re-
sultant curve with account of both interactions has ex-
tremum already in the region 150-160 A. However, in the
case of earlier investigations using perturbation theory as
in [14,42], the extremum is localized at smaller values of
detunings, that is the evidence of noticeable competition
of interactions in resolvent and non-linear character of its
eigenvalues dependence on the reduced microfield value,
i.e. the effective values of ( giving the main input in the
integral (4) over all ion microfield values.
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Fig. 7. Comparison of Hg line A(A\) behavior with account of
QI and QSE: dashed line — only QI contribution; dotted line
— only QSE contribution; solid line — summary contribution
of QI and QSE.
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Fig. 8. Comparison of Hg line A(A)) against ion microfield
distribution function: thin line — nearest neighbor; solid line
— Holtsmark.

5.7 Influence of the type of microfield distribution

In Figure 8 the comparison of asymmetry calculated on
the basis of the two different microfield distribution func-
tions is presented.

It is seen that the general trends of the curves behavior
practically coincides with each other for the NN and Wy
distributions. Only in the range of A\ ~ 20 A one can see
the significant deviations.

5.8 Inclusion of trivial asymmetry in general scheme
with details for each Stark component

To this moment the contribution of the trivial asymmetry
was not considered and the frequency was recalculated

into the wavelength according to the linear law
Aw
— = 23
o " (23)

For small detunings A\ < \g the approximation (23)
gives satisfactory results for the resultant profile. But the
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Fig. 9. Influence of transition from frequency scale to wave-
length one on Hg line A(AM) behavior with account of QI and
QSE: dash-dotted line — without account of trivial asymme-
try factors; dashed line — transition from the frequency to
the wavelength only in argument; dotted line — only Jacobian
of conversion from the frequency scale to the wavelength one;
solid line — complete account of trivial asymmetry.

influence of trivial asymmetry as it was shown above is
significant (compare with [14,15]). For correct conversion
of argument from the frequency scale into the wavelengths
it is necessary instead of (23) to use expression

AN
Ao e (24)
wo 1+§—:‘

The account of the transformation of variables Jacobian
according to (24) leads to the following connection of the
intensity in the frequency scale with intensity in the wave-
length scale:

Ay = e _1(4w)

)\2 Ax 2
0 (1+/\—0>

with Aw defined from (24). The joint influence of the both
trivial asymmetry factors under correct transition from
the frequency scale to wavelengths is shown in Figure 9.
According to the performed above analysis the trans-
formation of argument to wavelengths (24) gives the red
asymmetry, and the transformation of intensity (25) gives
the blue asymmetry. The curve corresponding to simul-
taneous account of all considered sources of asymmetry
together with trivial asymmetry almost repeats the shape
of the curve obtained without account of influence of tran-
sition to wavelengths. The comparison of contributions of
each Stark component of the line during the transition
to the wavelength scale is shown in Figure 10. The main

(25)

input is due to the components with larger intensity I7 ]go).

5.9 Influence of electron collision shifts

As it was demonstrated in [14,42,44] A(AM) for small de-
tunings near the center of the line is a very sensitive func-
tion of the values and signs of individual Stark components
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Fig. 10. Influence of individual Stark components contribu-
tions on Hg line A(AM) behavior: solid line — A(AM) of Hg
total profile.
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Fig. 11. Influence of individual Stark components electron
collision shifts values on Hg line A(AM): solid line — no elec-
tron collision shifts; dashed line — the electron collision shift
of any component is d,(:) =0.5 A; dotted line — d,(ce) =1.00 A;
dash-dotted line — d](f) = 1.50 A; dash-double dotted line —
d\¥ =2.00 A.

electron collision shifts [32,36,39,47]. In Figure 11 the de-
viation of A(AM) versus A\ for the set of arbitrary taken
and mutually identical values of red shifts for each Stark
component of the Hg line is presented, that illustrates
these peculiarities of functional asymmetry behavior.

For the further test the electron collision shifts calcu-
lated in [58] within Green function formalism [32,36,59]
were taken, that happens to be approximately equivalent
to the identical shift of each Stark component to the red
about 1 A, and thereby to the overall shift of the whole
line approximately of the same value (see Fig. 12).

It is important to underline the qualitative and quanti-
tative strong influence of the introduction of electron col-
lision shifts on the cross-over point location, where the
A(AN) changes its sign, and on the location, sign and
shapes of its extrema. It is seen that the appearance of

the cross-over point occurs for the some dff) values that
are greater or equal to some critical value. Above this crit-
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Fig. 12. Behavior of Hg line A(A\) versus the way of electron
collision shifts introduction: dashed line — the different val-
ues of electron collision shifts of Stark components, generated
within Green function approach [58]; solid line — the equal
electron collision shifts for all Stark components of line.

ical value under further increasing of d,(:) there is definite
similarity in the behavior of A(A)) curves.

5.10 Details of extrema due to quadratic Stark effect
shifts

Now it is useful again to reconsider the behavior of A(AN\)
in Figure 13 with more ample representation of the differ-
ent Stark components extrema after the introduction of
the electron collision shifts d,(:) [58]. The extremum around
150 A is due to transition 201-100, at about 200 A due
to transition 102-001, and at about 250 A — due to tran-
sition 201-001 etc. These extrema are due to the domi-
nating contribution to the Stark components QSE shift in
the resolvent. The changes of the extrema shapes in Fig-
ure 13 are obvious in comparison with Figure 10, where
the electron collision shifts are not entered. In Figure 13
the extrema are more pronounced, namely, relatively more
narrower and deeper.

5.11 Boltzmann and dipole intensity scaling factors

There are two more factors that were earlier considered
under asymmetry calculations, for example, by Griem [19],
who used though only the first order expansions of
these factors over small parameters. The first of them
is the multiplier w* that is due to scaling of dipole ra-
diation and neglected under consideration of symmetric
line shape [48,49]. The second one is the exponential
Boltzmann factor, introduced to satisfy Kirchoff law at
any current frequency value [48-50]. After that the in-
tensity is assumed to be proportional to pointed above

factors:
Aw\? Aw
I(Aw) ~ (1 + w_o) exp (Ta> ,
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Fig. 13. Comparison of A(A)) extrema shapes and their localizations, induced by QSE shifts, after introduction of the individual
electron collision shifts for the different Stark components of Hg line [58]: solid line — A(AM) for the total Hg line profile.

where T, is the effective temperature equivalent to the
Boltzmann distribution for population of the considered
quantum levels with principal quantum numbers n = 4
and n = 2 of hydrogen-like atom. Conventionally in
the stabilized arcs the existence of LTE is assumed and
T, ~ T, is expected [2,3,7].

However, the direct introduction of the above equa-
tion in the contour calculations would lead to the expo-
nential divergence at the infinite negative detunings in fre-
quency scale from the line center as was already pointed
out in [14,15].

At the positive detunings in frequency scale from the
line center there would be no divergence due to the expo-
nential decrease of the Boltzmann factor that is stronger
than the power increase of w* [4]. Thus as was already
discussed in [14,15,42,44] to progress further one needs
to limit the range of the contour definition only by the
negative detunings Aw w — wqo that lie inside posi-
tive frequency domain i.e. w > 0. Secondly, it is neces-
sary then to reconsider the normalization conditions of the
redefined contour that includes now the above discussed
factors (see [14,15,42,44]). In the following, Figure 14 il-
lustrates how (, being the deviation from unity of the nor-
malization constant for the redefined contour, depends on
the effective excited levels population temperature values.
It is seen that in a wide range of T, changes the correc-
tion to normalization is less than about 1.5%. Moreover, it
is more important that these deviations of normalization
constant would not influence asymmetry anyway.

The characteristic behavior of A(AM) for additional in-
clusion of these factors with corresponding necessary re-
definitions of the contour (see [14,15,44]) is represented in
Figure 15 for T, = T..

1 n 1 n 1 n 1 n 1 n
6000 8000 10000 12000 14000 16000
T..K
Fig. 14. The deviation of Hg contour normalization constant ¢
from unity in percents due to the introduction of the intensity
scaling factor w* and the Boltzmann factor versus the effective

excited levels population temperature value Ty, for N = 1.36 X
10" em™® and T. = 13620 K.

2000 4000

As it is seen the account of exponential factor leads to
the red asymmetry, and the account of w* multiplier —
to the blue one. As a rule T, < T, and that is why the
joint action of both factors could give deviation as to the
red side, as to the blue one (see [14,15,44]).

It should be mnoted that in the previous
works [31,32,36,39] that claimed inclusion of w?
and Boltzmann factors corresponding to the electron
temperature T, beyond the first order perturbation ap-
proach over hAw/kT < 1 and Aw/wy < 1 strangely no
explanations concerning the divergence for the negative
detunings in the frequency scale were given.
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Fig. 15. Influence on A(AM) due to the introduction of the
intensity scaling factor w* and the Boltzmann factor, corre-
sponding to the electron temperature value: solid line — with-
out intensity scaling factor w* and Boltzmann factor; dashed
line — only with intensity scaling factor w*; dotted line — only
with Boltzmann factor; dash-dotted line — joint inclusion of
intensity scaling factor and Boltzmann factor.

5.12 Comparison with experiment

The comparison with experimental data obtained for Hg
emission line of atomic hydrogen in the stabilized arc
in the group of Helbig at Kiel University (N, = 1.36 x
10'" em™3 and T, = 13620 K [9,13,14]) is shown in Fig-
ure 16 (see also [44]). The experimental setup was similar
to one given in [9], where the electron density was mea-
sured by the independent interferometric methods. Since
the bulk of ions are Ar™ [9] the implementation of qua-
sistatic approximation for description of ion broadening is
rather well justified. In distinction from the conventional
assumptions the temperature of electrons T, and the ef-
fective excited levels population temperature T, are al-
lowed to differ here, and namely for the satisfactory fitting
of the calculated curve to the experimental points it was
chosen T, = T,/3.5. As was reported earlier (see [14,15])
the theoretical curves based on the perturbation theory
in the contour provided for T, = T, exhibit unsatisfactory
agreement with experimental data and this is confirmed by
the present non-perturbative results in Figure 16 for this
case. As a whole this section analysis is further develop-
ment of the w?* and Boltzmann factors consideration, per-
formed in [14,15,42]. The calculations take into account
consistently as was described in the previous sections the
constrained quadrupole interaction, the quadratic Stark
effect, the electron collision shifts, the conversion to wave-
length scale, the w* and Boltzmann factors (26) with the
necessary redefinitions of the contour.

One can see that for T, = T, /3.5 the performed com-
parison shows the satisfactory agreement but the value of
the trough in the range ~5 A is less than experimental one.
Partly, this is connected with the diagonal approximation,
ignoring the non-diagonal matrix elements of electron im-
pact broadening operator and as consequence the line nar-
rowing near the center due to redistribution of intensities
between Stark components [24,56]. That is why the diag-
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Fig. 16. Comparison of experimental measurements of Hg
line A(AM) with different versions of theoretical computations:
empty circles — experiment [13]; dotted line — with inclu-
sion of intensity scaling factor w? and Boltzmann factor for
atomic levels effective population temperature T, = Te; dash-
dotted line — with inclusion of intensity scaling factor w*
and Boltzmann factor for the effective atomic levels popula-
tion temperature T, = T./3.5; solid line — with inclusion of
intensity scaling factor w* and Boltzmann factor for atomic
levels effective population temperature T, = T./3.5 and the
reduced by factor 1.4 the electron impact width. The uncer-
tainty associated with experimental results has been adopted
from [14], details of which may be found in [13].

onal approximation leads to some overestimation of the
effective electron impact broadening values [24,56,15]. In-
deed, as seen from comparison in Figure 16 for the reduced
value of electron impact widths by factor 1.4 the quality
of trough fitting becomes much better while in the outer
regions this does not make worse overall agreement with
experimental points. It is worthy to draw attention to the
comparison of the first extremum localization due to QSE
shift and the range of strong scattering of experimental
points and minimum of experimental data in the range
of 140-180 A, that probably would bid further detailing
and more fine and accurate measurements. Also pay at-
tention that as it is seen in Figure 16 under reduction of
the electron impact widths the extrema due to QSE are
evinced more patently. It is very important to note that
the sound fit of the cross-over point location of A(AM) is
possible only due to the introduction of the electron colli-
sion shifts of the certain values of the order of about 1 A
(compare [14,44]). This feature thus provides the unique
possibility of indirect verification of the electron collision
shifts values against experimental measurements!

6 Discussion

6.1 Non-perturbative and perturbative approaches
in the contour

First of all it is important to note that the presented above
detailed non-perturbative results (with respect to the ab-
sence of perturbation expansion in the contour over the
quadrupole interaction, see also [44]) in their main trends
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coincide with the earlier obtained results of perturbation
theory [42]. In both approaches the same consistent con-
sideration of QSE was applied [14,15,42]. Of course, de-
tails of asymmetry extrema in the non-perturbative theory
as well as the character of competition of various asym-
metry sources experience deviations in comparison with
perturbation approach [14,15,42]. Indeed, if within the
perturbative approach the considered corrections are ad-
ditive, in the non-perturbative case the various corrections
compete with each other in non-linear way.

6.2 Standard theory

In general this work utilizes the so-called Standard The-
ory (ST), or Conventional Theory (CT) settings [48,49].
Namely this imply the quasistatic ion microfield and the
electron impact broadening. But due to appealing for joint
action of microfield and its derivatives the constrained
quadrupole interaction influence on intensities, frequency
shifts and electron impact widths together with the QSE
influence on intensities and frequency shifts [14,15,23] are
included. Again the diagonal approximation for the elec-
tron impact broadening operator and the no quenching
approximation are used for the electron impact widths
calculations [24,56], while the electron collision shifts
are taken from the different approach, developed in [31,
32,36] and based on the kinetic Green functions tech-
nique [59]. The microfield distribution function is taken to
be Holtsmarkian [48,49]. At the same time the parabolic
wave functions set is taken for the zero approximation
wave functions [54-57]. The latter in conjunction with the
mentioned above diagonal approximation leads to some
overestimation of the electron broadening in the center of
the line where the effective electron broadening is narrower
due to the electron broadening operator non-diagonal ma-
trix elements [24,56]. Thus in comparison with ST re-
sults [48,49] the described procedure overestimates the
broadening due to ions and electrons within the settings
of ST [15]. This is one of the reflections of the impor-
tant general thesis stated earlier in [23,24,30], that for
the asymmetry analysis it is necessary to perform calcu-
lations of the total contour on the contrary to what was
argued and done in earlier works (see [19-47]). And this
illustrates the unforeseen previously circumstance that the
asymmetry is the fundamental multiparameter dependent
sensitive function of broadening mechanisms affecting the
Stark profiles of hydrogen spectral lines [14,15,42,44], and
in particular strongly dependent on the choice of the ref-
erence point [14,15]. Tt is worthy to point out the bet-
ter agreement with considered above experimental results
for the reduced by factor of 1.4 the impact electronic
widths of Stark components towards the lesser electron
density range in accordance to the discussion and argu-
ments given above and more detailed results presented
in [42,44]. Indeed, it was noticed earlier that the qua-
sistatic binary profile asymmetry along with settings of
Kudrin and Sholin for the quadrupole H asymmetry [18]
is strongly damped by the introduction of the impact elec-
tron broadening just due to renormalization [23]. Thus the
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decrease of the impact electron broadening leads to the
increase of asymmetry [44], while the dip between peaks
becomes more pronounced [48,49]. The dependence of the
dip on the character of electron broadening in particular
was the reason for judging that the ion dynamics is not
so important, but the electron broadening should be de-
scribed in the better theoretical approach than the impact
approximation [60]. To be fair it should be noted that the
presented here “logarithmic” approximation for the ex-
pression of the impact width is simplified version of the
more general results containing the influence of the Stark
splitting between the sublevels in the ion microfield [24,
56]. The increase of this splitting leads within this more
general approach to the additional decrease of electron
impact widths and shifts [24,56].

There is also the empirical cut-off procedure [61] re-
defining the expression for logarithm accounting to the ef-
fect of incomplete collisions and introducing competition
between the detuning from the line center, the splitting in
the ion microfield and the electron plasma frequency, that
somehow decrease the impact widths. Additionally more
rigorous approaches going beyond the perturbation theory
for the impact width also should predict the narrowing of
electron broadening of Stark components (see [62] and ref-
erence therein).

However, for the moment all these complications are
supposed to give more fine structure for already considered
dependences and could be analyzed further elsewhere.

6.3 Dynamical theory

Besides the theory of Stark profiles asymmetry that could
be classified as ST with respect to the impact elec-
trons and quasistatic ions broadening, the dynamical ap-
proaches (DA) were developed [37,39,41,46]. The recent
DA version is based on the simultaneous simulation of
time evolution of both the electric fields of ions and elec-
trons using only the dipole approximation for the interac-
tion potential and the straight trajectories path approxi-
mation [46]. First of all in principle the latter version of
DA [46] should provide more correct and ample descrip-
tion of the electron broadening in comparison with the im-
pact approximation, and the ion broadening in comparison
with the quasistatic approximation [48,49]. Moreover, the
further solution of time dependent Schrodinger equations
for the wave functions evolution operators is obtained [46]
as some analog of the close coupling approach in the the-
ory of atomic collisions (see [48]) considering at once all
states belonging to the principal quantum numbers from
1 to 5. The quadrupole interaction was omitted in these
calculations and only the dipole interaction with dynamic
microfields is retained. The final profile is obtained with
the help of interaction representation and the some kind
of rotating wave approximation [46].

However, on the basis of obtained DA results [46,51]
it is still difficult to judge on the significance of the elec-
tric fields dynamics influence on the hydrogen Stark pro-
file asymmetry. Indeed, it was known that ion dynamics
mostly affects the dip located about the line center and
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makes it less deep [4,7,51]. In the region of halfwidth the
Hp Stark profiles were found practically insensible to ion
dynamics, that allows to use the quasistatic estimate of
the HWHM as the tool to diagnose the ion density in plas-
mas for almost 88 yeas since the work of Holtsmark [51].
The special efforts in attempt to find experimentally some
correlations between asymmetry and ion dynamics effects
gave also the negative answer [8]. So, on these grounds
it would be sound to presume that the ion dynamics is
ineffective for detunings larger than the HWHM.

But the consideration of the pure quadrupole interac-
tion within such DA version would give in particular the
tool to diagnose the existence of the quasistatic limit in
the line wings and the character of conversion to it from
the impact limit [24,33]. Indeed, the cancellation of the
quadrupole contributions of ions and electrons while stem-
ming to the quasistatic limit could be used for testing the
behavior of this transition [33,48,49]. At the same time
the contributions from the quadratic Stark effect would
stem to be doubled due to addition of the ion part to
the contribution from electrons as far as the conversion to
quasistatic limit would occur [48].

Regrettably, the described important effects were not
studied yet in the presented dynamic results [46] first of all
because the quadrupole interaction was neglected. More-
over, it appears that the expectations of [40] toward the
exact treatment of quadrupole interaction within this ver-
sion of DA [46] are at present no more than delusions.
Indeed, this obviously is not any simpler than construc-
tion of joint distribution functions due to appearance of
the additional “time” variable. For each separate trajec-
tory DA procedure is based on the binary notions but in
the next step one have to generate the evolution history.
Any additional variables like the electric field derivatives
would only increase complexity and likely prohibit fur-
ther computational efforts even with the use of clustered
technology deployed in [41]. However, since the dynamic
results give lesser electron broadening the DA asymme-
try should better describe the experiment when compared
to the crude fitting within ST simply by decreasing the
effective electron widths values [16].

The Hp asymmetry in [46] does not have any extrema
although this study shows it should be induced by the
static QSE. On one hand those extrema could disappear
due to the dynamical picture of interactions or due to the
additional smoothing procedures applied in simulations
to reduce the noise. On the other hand averaging over
all directions in simulations could also lead to the same
result. Moreover, those extrema are located at detunings
corresponding to the rather far line wings that probably
could not be described with sufficient accuracy by this
simulation method.

The important additional difference between the
DA [46] and the present ST approach is that it uses the
basis of spherical wave functions, and does not operate
explicitly with the notion of Stark components. More-
over, it is unclear how completely the DA includes the
contribution to asymmetry from the electronic collision
shifts. Indeed, the DA [46] seems to incorporate the “dy-
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namic” analog of inelastic collisions between the levels
with n,n’ = 1 <+ 5, but ignores the recoil effects due to
straight trajectories in simulations. So, the latter impor-
tant source of the electron collision shifts [47] remains un-
accounted in the DA [46] model. On the other hand the
“dynamic” inelastic collision shift could differ consider-
ably from the corresponding results of [47]. Meanwhile,
in the present ST settings the electron collision shifts are
introduced on the basis of the additional consideration
exploiting Green function formalism [32,59]. Also for the
experimental conditions under discussion there is no point
to consider any possible “dynamic” ion collision shift con-
tribution.

There were also other attempts to calculate the asym-
metry of Stark profiles of hydrogen spectral lines using less
consistent schemes for description of temporary dynam-
ics of microfields in plasmas like using Model Microfield
Method (MMM) for both ion dynamics and the electron
broadening [37,38], or simulation of the ion dynamics and
adopting the impact broadening for electrons [39].

It should be noted that the method of simulations
along straight trajectories, firstly applied for calculations
of Stark profiles in [63,64], in the case of ion radiators
should be replaced by the Method of Molecular Dynam-
ics (MMD) due to the strong interaction of the charged
perturbing particles between each other and with the ra-
diator [65].

6.4 On accessibility of quasistatic limit for electrons

In order to judge on necessity of DA application for the de-
scription of Hg broadening by electrons it is useful to esti-
mate the wavelengths corresponding to the Weisskopf fre-
quency for broadening by electrons for the different Stark
components of the line [48]. This could be done conven-
tionally only for the interaction potentials proportional to
R~ where R is the distance between particles and L is
the positive integer [48]. Thus choosing for this the leading
part of the potential — the dipole interaction — one could
obtain characteristic scales of detunings from the line cen-
ter up to which the impact approximation is valid, and
beyond which — the quasistatic one [48,49]. The calcula-
tions are done for the mean values of electron velocities
v, using expressions (20). In fact these frequencies corre-
spond to transition from impact to quasistatic regimes of
broadening, the both of these limiting descriptions being
invalid. In other words these frequencies are intermediate
when under further increase of frequency (or wavelength)
detunings the impact mechanism is interchanged by qua-
sistatic one. These results are presented in Table 2, where
the Weisskopf detuning in the wavelength scale for dipole
interaction is designated by A)\%V. As it is seen from these
data for all Hg Stark components the conditions of im-
pact approximation validity are fulfilled in the range of
experimentally measured detuning from the line center.
However, starting already from AX > 200 A for some
components it is necessary to account for electron qua-
sistatic broadening. Nevertheless, as was already stated



124

Table 2. Values of Weisskopf wavelength detunings A\, for
dipole broadening induced by electrons for each Hg Stark com-
ponent at Te = 13620 K.

ninam ninym’ A)\%V A
300 010/001/100  213/248/298
201 010/001/100  298/373/497
210 010/001/100  497/745/1491
102 001 745
111 010/100 1491/1491
120 010/001/100  1491/745/497
012 001 745
021 010/001/100  497/373/298
030 010/001/100  298/248/213

above the main contribution to asymmetry and line pro-
file is given by more intense Stark components, for which
the range of conventional validity of the impact approxi-
mation for electrons is larger than the maximum experi-
mental detuning value of 200 A from the line center, while
the components with small intensity could be neglected.
At the same time, as contributions of electrons and ions
from quadrupole interaction are compensated in the case
of the same broadening regimes whereas summed up for
QSE, the study of joint dynamical description of electron
and ion broadening is an outstanding problem [33,37].

6.5 Complementary asymmetry sources

Besides the quadratic Stark effect there are other con-
tributions of the same order such as the second order
quadrupole corrections to the wave functions and the
octupole corrections to the frequency and wave func-
tions [20,23]. Nevertheless, the consideration restricted in
this order by only the quadratic Stark effect has its own
merits [44]. Moreover, additionally the non-ideality effects
of particle interactions in plasmas [26-29,31,34,37], the
fine structure splitting [57], the dissolution effect in strong
microfields [27,57] are known to cause the asymmetry and
were not included in the presented calculations. It is wor-
thy to note that the results of DA approach [46] are ob-
tained with the partial account of non-ideality effects with
the help of introduction of Debye screening separately for
the electron and ion electric fields [46], which also con-
tributes to deviations from results of ST theory estab-
lished with the Holtsmark microfield distribution function
(MDF).

In principle the latter plasma coupling effects could be
easily introduced in the considered ST scheme by using
the Hooper’s or Baranger-Mozer MDF [52]. Moreover, the
Baranger-Mozer formalism introduced and analyzed for
plasma with the complex ionization composition was al-
ready elaborated in [24,28,29,33-35] (compare with [31])
addresses the present ST consideration of asymmetry
effects that consistently account for plasma coupling.
In [24,28,29,33-35] the MDF and the first moments of mi-
crofield non-uniformity tensor include the electron Debye
screening of ion microfields, the ion-ion correlations and
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the plasma polarization effects. The last one contribution
arises due to the overall plasma quasi-neutrality condi-
tion [24,28,29,33-35]. Meanwhile, the preliminary asym-
metry calculations within the above depicted procedure
performed recently [45] showed insignificant changes in
comparison with presented here results (without contri-
bution of the polarization interaction [28,29,33-35]).

Therefore the further consideration of the plasma cou-
pling and polarization effects (within introduced in [24,28]
Baranger-Mozer formalism, for example) as well as other
asymmetry sources pointed out here in ST and DA would
be necessary.

6.6 Electron collision shifts and deviation of electron
and population temperatures

Under stated assumptions, the developed approach en-
dures satisfactory description of experimental results. In
fact, the implemented electron collision shifts are obtained
beyond the conventional impact approximation. They con-
tain two parts, one of which describes transitions to lev-
els with the different values of principal quantum num-
bers thus representing itself contribution outside of the
no quenching approximation [47]. The other part goes be-
yond the classical path approximation by taking account
of recoil effects for electrons in scattering process [47], and
corresponds to An = 0 transitions. The implementation of
fitting procedure for values of the electron collision shifts
at the present stage is justified due to incompleteness and
ongoing debate on the current status of the theory of these
effects [66].

Indeed, besides the ST theory recently was created
similar but differing approach — the so-called GT (Gen-
eralized Theory) and AGT (Advanced Generalized The-
ory) [66]. Presently there is a debate between results of the
ST theory and the ones of GT and AGT, whose recent de-
velopments [66] are yet to be understood and interpreted
in community.

The GT and AGT [66] exploits the method used in [56]
of dressing the atomic states by ion microfield. How-
ever, the electric fields of plasma electrons in distinction
from [56] are divided in two parts parallel and perpen-
dicular to the ion electric microfield strength vector [66].
These two parts are then considered separately: the par-
allel contribution by using adiabatic non-perturbative ap-
proach, and the perpendicular one by using the perturba-
tive expansion up to the second order like it was done in
ST [48,49,56]. Such separation is, in fact, typical in the
theory of magnetic resonance, laser physics etc., and is
based on the general notions of slow and rapid perturba-
tions. However, in the magnetic resonance the parallel and
perpendicular magnetic fields often have different physical
origin, while in GT and AGT there is a perplexing point
due to the fact that the both components originate from
the electric field of one electron.

But this setting alone invokes drastic changes in the
important theoretical predictions [66]. For example, the
so-called broadening widths and shifts functions A(z) and
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B(z) (see [24,48,49]) in AGT become redefined and para-
metrically dependent on the microfield value [66], and
start to oscillate versus the impact parameter as opposed
to monotonic behavior of their analogs in ST [24,56]. How-
ever, in comparison given in Figure 4.1 in [66] one can
find rather unusual negative values for AAGT(z) in the
range of small values of impact parameter. One additional
AGT feature is that the electronic impact shifts obtained
within the dipole approximation for the interaction po-
tential in the no quenching approximation become non-
symmetric contrary to ST [56] and changing their sign
versus the change of the microfield value [66,67]. The to-
tal electronic collision shifts thus become more complex
— and related to the sum of contributions considered by
Griem and the several contributions derived in the frames
of GT and AGT [66].

From one side the appearance of adiabatic terms in
the impact theory could be only welcomed, since their ab-
sence was a long-standing methodological drawback in the
derivation of the impact approximation. But on the other
side it is evident that AGT should also have some bounds
not yet established for the small values of ion microfield
where the exploitation of the dressed states representation
is no longer valid.

The implementation of AGT results in the total Stark
profiles calculations necessary for asymmetry analysis at
the moment seems rather difficult and premature. This
is mainly due to the complicated behavior of the AGT
broadening functions and the complex competition of sev-
eral mechanisms forming the summary shifts within AGT
notions [66] as due to the incomplete understanding and
verification of all AGT features [66]. The additional seri-
ous obstacle to direct comparison with the latter approach
is that AGT operates with the so-called “center of gravity
shift” (CGS) [66], which itself represents the integral char-
acteristic for the total profile in comparison to the spectral
distributed characteristic like asymmetry or shifts of indi-
vidual Stark components considered here.

Regarding the existence of different electron and effec-
tive excitation levels population temperatures, it appears
to be a reasonable assumption to some extent. Namely, in
the stabilized arcs the forced water cooling and the spe-
cial system of distributed gas inlets are causing the large
radial gradients of plasma and gas parameters [2—4,7,9].
The heat and radiation transfers in such systems are very
complicated thus leaving to some extent a space to sup-
port T, # T. assumption. Anyway the question of the
effective excitation levels population temperature could
be resolved by experimental methods in the case of stabi-
lized arcs and even in the case of non-stationary T-tube
plasmas of [15,16]. It is useful to remind that analysis per-
formed in [15] (where T, = T, was assumed) had shown
that the extent of influence of the Boltzmann and w* fac-
tors on the asymmetry parameter, i.e. its sign and magni-
tude depends on the temperature, density and the value of
unperturbed transition frequency. As a consequence, the
character of A(AX) behavior changes with respect to given
line as well [15]. Also one should keep in mind that the
correct inclusion of the Boltzmann and w? factors into the

Multiparametric dependence of hydrogen Stark profiles asymmetry

125

asymmetry parameter calculations became possible only
under the contour redefinition restraining the integration
over negative detunings and the change of normalization.
The consideration of the above factors involves, in fact,
far more complicated and rich physics of plasma equilib-
rium than it was initially contemplated in [19] and later
addressed in [31,32,36,39].

7 Conclusions

In corollary the results of the present work are formulated:

1. the theory of hydrogen spectral lines asymmetry in
the parabolic basis of wave functions was further ad-
vanced with account of consistent treatment of QSE
without perturbation expansion over quadrupole inter-
action in the contour and within impact approximation
for description of electron broadening and quasistatic
approximation for ion broadening;

2. as an example, the Hg profile asymmetry is studied
through sensitivity of each individual Stark component
to the following;:

(a) the constrained quadrupole interaction;

b) consistent consideration of quadratic Stark effect;

c) collision electron shifts;

d) the electron impact widths;

) trivial asymmetry;

) the profile redefinition with Aw > —wp;

g) Boltzmann factor and multiplier, equal to the
fourth power of cyclic frequency;

3. benchmark of theoretical results showed the poten-
tial for a rather well description of experimental data,
based on fitting procedure that optimizes the values of
(a) population temperature of excited levels that in

principle differs from the one of electrons;

(b) the electron impact widths values that are evi-
dently overestimated due to the use of the diag-
onal approximation in the parabolic basis of wave
functions;

(c) the electron collision shifts values that control the
location of the cross-over point in the asymmetry
curve.

(
(
(
(e
(f
(

Thus the present complex study shows that the asymme-
try of Stark contours of hydrogen lines in plasmas pos-
sesses the interesting manifold of dependences induced
by numerous sources, which compete and interplay with
each other in rather complex manner. That is why the
initial perception that the asymmetry behavior could be
explained entirely on the basis of quadrupole interaction
(of ions with radiators) in quasistatic approximation [18,
20] or solely by the quadratic Stark effect [17,19] is un-
founded.

The significant scaling and similarity of asymmetry
versus the electron collision shifts and impact widths val-
ues, the quadrupole interaction and quadratic Stark ef-
fect shifts and the important dependence on the character
of plasma equilibrium through the excited levels popula-
tion temperature are established and studied. Hence it is
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demonstrated that the asymmetry of hydrogen Stark pro-
files is the extremely sensitive function of the competing
plasma broadening mechanisms and has undoubtedly fun-
damental significance.

It is shown that the consistent consideration of the
Boltzmann factor and the dipole intensity scaling fac-
tor (equal to the fourth power of frequency) is possible
only under the redefinition of the contour due to the con-
strained integration over the negative detunings.

In the new more rigorous approach of this work the
result [14,15] of significant influence of quadratic Stark
effect on intensities of Stark components and thus on pro-
file asymmetry is confirmed. It seems necessary to per-
form the further study of asymmetry phenomena due to its
fundamental significance for theoretical and experimental
plasma spectroscopy with account of the dissolution effect
of Stark components in the strong electric fields (see [27,
57]) and joint dynamical description of broadening by elec-
trons and ions [46,51]. Confirmation of the role of the
Boltzmann factor and the fourth power of frequency mul-
tiplier [48-50], plasma coupling [28,29,33-35], consistent
account of contributions from octupole and the second
order quadrupole interactions [20] are of no lesser impor-
tance. All this, however, exceeds the natural frames of the
present work the volume of which is already large.
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