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Preface

1. Foreword

Line-shape analysis is one of the most important tools for diagnostics of both laboratory
and space plasmas. Its reliable implementation requires sufficiently accurate calculations,
which imply the use of analytic methods and computer codes of varying complexity, and,
necessarily, varying limits of applicability and accuracy. However, studies comparing
different computational and analytic methods are almost non-existent. The Spectral Line
Shapes in Plasma (SLSP) code comparison workshop series [1] was established to fill this
gap.

Numerous computational cases considered in the two workshops organized to date (in
April 2012 and August 2013 in Vienna, Austria) not only serve the purpose of code
comparison, but also have applications in research of magnetic fusion, astrophysical, laser-
produced plasmas, and so on. Therefore, although the first workshop was briefly reviewed
elsewhere [2], and will likely be followed by a review of the second one, it was unanimously
decided by the participants that a volume devoted to results of the workshops was desired. It
is the main purpose of this special issue.

2. Hydrogen-Like Transitions

Many calculation cases suggested for the first two SLSP workshops are for simple atomic
systems: the hydrogen atom or hydrogen-like one-electron ions. Of these, the Ly-_ transition
is truly the simplest; the atomic model was further reduced by neglecting the fine structure
and interactions between states with different principal quantum numbers. Interestingly, this
simplest system caused the largest discrepancies between results of various models presented
at the first workshop [2] due to, apparently, different treatments of the ion dynamics effect.
Now, Ferri et al. [3] discuss this, extending the analysis to more complex transitions with
forbidden components. The ion dynamics effect is intimately related to the microfield
directionality, as studied in depth by Calisti et al. [4]. Notably, the effects of the directionality
of the microfield fluctuations were first researched within the framework of the “standard
theory” of the plasma line broadening almost four decades ago, but have largely been
forgotten. This approach is recalled and comparisons with computer simulations are made in
the paper by Demura and Stambulchik [5].

Results of computer simulations will indeed be found in a majority of studies in this
volume. By many scholars, such calculations are considered ab initio and their results
regarded as benchmarks—at least for hydrogen-like transitions. However, Rosato et al. [6]
argue that caution should be exercised in the case of very weakly coupled plasmas; in the
extreme limit of the ideal plasma model, even the largest supercomputers available today
might not be able to achieve convergence.
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3. Isolated Lines

Isolated lines are often contradistinguished from radiative transitions in hydrogen-like
species with degenerate energy levels. Alexiou et al. [7] briefly summarize the theoretical
aspects of isolated-line broadening and then delve into a detailed comparison of Stark widths
and shifts of Li-like 2s—2p transitions as calculated by various approaches. One of these
approaches is the semiclassical perturbation (SCP) method, the work horse behind the STARK-
B database. A complete up-to-date description of SCP is presented by Sahal-Bréchot et al. [8].
Another approach, also included in the comparison [7], is based on the relativistic Dirac R-
matrix method, and is described by Duan et al. [9] with a focus on the B 111 2s-2p doublet.

Koubiti et al. [10] present a comparison of various line-shape computational methods
applied to the case of a plasma-broadened isolated line subjected to magnetic field.
Furthermore, this study covers one of the two challenges introduced at the second SLSP
workshop, where participants were asked to explain previously unpublished experimental data
based on best-fit spectra of their models.

4. Applications

One can hardly overestimate the significance of line-shape calculations for diagnostics of
laboratory, space, and industrial plasmas. Dimitrijevi¢ and Sahal-Bréchot [11] show and
discuss numerous examples of such studies, where the SCP approach [8] was used. In the
article of Omar et al. [12], the authors use a few theoretical methods and computer
simulations to calculate the shapes of a He I line and compare them to experimental line
profiles, allowing inference of the plasma parameters. Lisitsa et al. [13] introduce a new
method able to describe penetration of a neutral atomic beam into low-density
inhomogeneous fusion plasmas, and provide sample calculations suitable for ITER
diagnostics. Spectral line features caused by Langmuir waves and charge-exchange processes
are discussed by Dalimier et al. [14], who also suggest several spectral lines for prospective
studies of laser-produced plasmas.

5. Conclusions

For the first two SLSP workshops, participants submitted in total over 1,500 line-shape
calculations. The studies collected in this Special Issue explore only a part of this immense
work. Research is ongoing, and we expect more publications soon.

The next workshop is scheduled for March 2015 in Marseille, France [1].

Evgeny Stambulchik, Annette Calisti,
Hyun-Kyung Chung and Manuel A. Gonzélez
Guest Editors
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Abstract: Modeling the Stark broadening of spectral lines in plasmas is a complex
problem. The problem has a long history, since it plays a crucial role in the interpretation
of the observed spectral lines in laboratories and astrophysical plasmas. One difficulty
is the characterization of the emitter’s environment. Although several models have been




proposed over the years, there have been no systematic studies of the results, until now.
Here, calculations from stochastic models and numerical simulations are compared for
the Lyman-« and -S lines in neutral hydrogen. Also discussed are results from the
Helium-« and -4 lines of Ar XVII.

Keywords: Stark broadening; line shapes; plasmas; numerical simulations; models

1. Introduction

Line shape analysis is one of the most important tools for plasma diagnostics, as it provides
information on the underlying physical processes involved in the line formation. With the increasing
number of applications in different areas of plasma physics, the modeling of line broadening from
neutral or charged emitters has been in perpetual development and remains a keystone in plasma
spectroscopy [1].

In the formation of a line shape, Stark broadening is the most computationally challenging
contribution, since the main difficulty is to properly characterize the emitter environment. It involves
a complex combination of atomic physics, statistical mechanics and detailed plasma physics [2].
In particular, it is well known that the quasi-static ion approximation can lead to discrepancies with
experimental data near the line center. This happens whenever the electric microfields produced
at the emitter by the surrounding ions fluctuate during the inverse half-width at half-maximum
(HWHM) time scale. The first attempts to account for ion dynamics in theoretical models were
done in the 1970s, followed by experimental proof (see the historic introduction in [3] and the
references therein). Since then, several models based on stochastic or collisional approaches have
been developed, together with numerical simulations ([4] and the references therein). Necessarily,
their limit of applicability, accuracy and, thus, results differ from one another, and up to now, no
systematic comparison have existed [5].

The purpose here is to present cross-comparisons of different models that account for the
ion dynamics effect. The line shape formalism is briefly recalled in Section 2, which serves to
introduce notation. The specifics of the various models and numerical simulations are also presented
in this section. We review the simulations Euler—Rodrigues (ER)-simulation [6], HSTRK [7],
HSTRK_frequency separation technique (FST) [8], SimU [9,10], Xenomorph [11] and the
models QuantSTMMM (MMM-—model microfield method) [12], quasicontiguous (QC)-frequency
fluctuation model (FFM) [13], multi-electron line-shape (MELS) [14], multi-electron radiator
line-shape (MERL) [15,16], PPP [17], ST-PST [18] and UTPP [19] that have been used for the
present purpose. The ion dynamics effect on the hydrogen Lyman-a and -( lines is discussed in
Section 3.1, demonstrating the difficulty of such modeling even for these well-known lines. In
Section 3.2, results on helium-« and -/ lines of Ar XVII produced by the two stochastic models
(Boerker—Iglesias—Dufty (BID) [20] and FFM [4,21]) are discussed with the help of the numerical



simulation (SimU). The reliability of such calculations is of interest in the diagnostics of inertial
confinement fusion core plasma conditions. Conclusions are given in Section 4.

2. Theory, Models and Simulations

We recall that the line shape is given by:

1 e ;
I(w) = fRe/ dt e“'C(t) (D
m 0
where C'(¢) is the autocorrelation function of the radiator dipole operator d, which can be expressed
in Liouville space as:
C(t) =< d'|U(t)|dpy > (2)

where the double bra and ket vectors are defined as usual in Liouville space. Here, py is the density
operator for the emitter only at the thermodynamical equilibrium and U(t) = {U;(¢)}er is the
bath averaged evolution operator of the emitter. [ belongs to a measurable functional space, {F'},
which provides a statistical method for the calculation of average quantities. The main problem is to
determine U(¢). One has thus:

e to find the time evolution of U,(t) for a given microfield configuration, which means solving
the following equation:

dU(t)
dt

= —i[Lo—d-F, (0] Uy(t), U,(0)=1 3)

where L, represents the Liouvillian of the unperturbed radiator and d-F,(¢) represents the Stark
effect that connects the dipole operator d to the microfield created by surrounding charged

particles F; (including ions and electrons),

e and to average it over a statistical ensemble of the microfields { };cp.

In its general form, the problem cannot be treated analytically. Nevertheless, U(¢) can be
obtained by numerical simulation integrating Equation (3) on simulated sampling of microfield
histories. Usually, such a calculation is split into two independent steps [3]. First, the plasma particle
trajectories are obtained by a numerical solution of Newton’s equations of motion or an alternative
method. Knowing the trajectory of each particle, the electric fields at the emitter are evaluated
and stored to be used in the second step. Then, the line shape simulation follows: a step-by-step
integration of Equation (3) is performed using these field histories. The evolution operator of the
emitter is calculated, and the whole procedure is repeated several times in order to average over a
representative sample set of independent perturbing field histories { f1, fo...fn }. As a result, C'(¢) is
given by:

SORED et @



and the line shape is obtained by a Fourier transform of C'(¢). Although all line shape simulations
are based on the same scheme, we will see in the next section that they can differ slightly depending
on the details of the models.

Alternatively, efficient analytical models based on fundamental assumptions and approximations
have been developed [1]. In the standard theory (ST), the line shape calculation is based on the
separation between the ions and the electrons due to the radically different dynamical properties
of the microfields they create. Indeed, the typical fluctuation rate of the electric field created by
perturber species p with a velocity relative to the center of mass v, and a density n,, is defined by:

vy = v,/d, 5)

where d, = (3/47n,)'/3 is a typical interparticle distance. Assuming equal temperature for ions and

electrons and plasma neutrality, one has [3]:

Ve Hi 12 1/3
NOKS

Vi He

Thus, the perturbation due to the electrons (with reduced mass fi.) is nearly two orders of
magnitude faster than that of ions (with reduced mass p; and charge Z;). This allows for treating
the electrons and the ions in a different way. The fast electrons are assumed to perturb the emitter
by means of collisions, treated in the impact approximation, and the slow ions are assumed to be
quasi-static. This results in a quantum-emitter system perturbation operator | = —d - F;; + i¢.,
containing a non-Hermitian homogeneous electron-impact broadening contribution ¢, and the ion
microfield interaction —d - F;;, which has to be numerically averaged with a static-field probability
distribution Q(F;), or because of isotropy, with dW (F;) = 4nF?Q(F;)dF;. The later can be
calculated numerically in the ideal gas limit for perturbing ions [22] or using more sophisticated
models that account for ion correlations [23]. Using the set of above assumptions, the quasi-static

line shape is written as:
I(w) = —%Im < d| /dFi Q(F;) Gy(w,Fy) [dpy > @)
in which the resolvent operator is given by:
Go(w,F;) = (w—Lo+d-F, —ig,)". (8)

Although the electrons are often well described within the impact approximation, a quasi-static
treatment of the ions can lead to large errors for plasma conditions, such as the ion microfields
fluctuate during the inverse HWHM time scale. In the next section, we briefly review the simulations
and the models that have been developed to account for the ion dynamics effect and that have been

used for the present cross-comparisons.



2.1. The Numerical Simulations

The results from four numerical simulation codes based on different models have been submitted.
They differ either in the way they model the motions of the plasma particles or in the procedure for
the integration of the Schrodinger equation.

In the ER-simulation, the simulated plasma is an electrically neutral ensemble of statistically
independent charged particles made of /N; ions and N, electrons moving along straight line
trajectories within a spherical volume. An emitter is assumed to be placed at the center of such
a box. The temporal evolution of the whole system is measured along a discrete time axis from
zero to a definite number of times of a fixed increment. Every temporal state is given by the set of
values of the positions and velocities of the particles in the system. At every time step, the electric
field produced by ions and electrons is calculated using Coulomb’s law or a Debye-screened field.
This electric field is an input to the Schrodinger equation that computes the emitter time evolution
operator. For hydrogen and when the no-quenching approximation is considered, the atom state is
described with the Euler—Rodrigues parameters [24].

The HSTRK and HSTRK_FST codes also use the Gigosos—Cardefioso approach [25].
Both codes rely on the Hegerfeld—Kesting—Seidel method of collision-time statistics [26] and
compute C(t). Depending on the appropriate option, HSTRK can do an electron only, ion only
or joint simulation, but one can also do combinations, e.g., electron simulation and quasi-static
ions or impact electrons and ion simulation. For the Fourier transform, if a long-time exponential
behavior is detected for times ¢ > 7, then the contribution to the Fourier transform of the (7, c0)
region is computed analytically using the detected exponential decay and added to fOT dtC(t)e™'. r
is determined via start-up runs, e.g., a run with a small number of configurations is done to obtain
a rough idea of the HWHM and 7 is adjusted to cover at least a number of inverse HWHMs. The
integral is done by Filon’s rule [27].

HSTRK_FST implements the frequency separation technique, which first identifies the “impact”
phase space of ion perturbers (e.g., impact parameters and velocities), which produce a width much
less (in these runs, “much less” was 10-times less) than the field fluctuation frequency. This meant:

HWHM(Q) =0.1Q )

where the HWHM is computed by including all ion perturbers with impact parameter p and velocity
v > Qp. Hence, the calculation is essentially the same, except that only slow ions v < p are
included in the simulation. The C(t) obtained from the simulation of these slow ions is then

multiplied by e /WHM ()t

, and the Fourier transform is taken as in HSTRK. The use of a pure
exponential form for the rapidly fluctuating (impact) part is a consequence of using the complete
collision assumption for solving the impact part [28,29] and results in a C'(¢) that is not correct for
very short times. This is manifested in the (far) wing behavior of the HSTRK_FST profiles and can
be remedied by using the incomplete collision formulas of the above-cited analytical solutions.
SimU is a combination of two codes: a molecular dynamics (MD) simulation of variable
complexity and a solver for the evolution of an atomic system with the MD field history used as

a (time-dependent) perturbation. A technical difference from other numerical simulation methods



is the way the spectrum is calculated. Instead of employing the dipole autocorrelation function via
Equation (1), SimU calculates the Fourier transform of the dipole matrix:

dw) = / dt e ™d(t) (10)
0
and then uses it directly instead of C'(¢):
1
A 4
w) x %Zpizf:wﬁ >

where €, is the light polarization direction and each initial state 7 is assigned a population factor p;.

Adpi(w)) P (11)

Similarly to other methods, this procedure is repeated many times and averaged (cf. Equation (4)).

The recently developed code, Xenomorph, is based on the models of Gigosos and Gonzalez [30],
where a straight line assumption is made. A general Schrodinger solver described in [31] is used to
obtain the eigenvalues E,(t) and eigenvectors |n(t)) at every time step of the simulation. The emitter
time evolution operator is then evaluated:

Ui(t + At) { > e B0 (1)) (n(1)] }Ul(t) (12)

and is used to obtain the dipole matrix. The Fourier transform of the latter is computed to obtain the
line shape function, as is done in SimU (¢f. Equations (10) and (11)).

2.2. The Models

The main difficulty in introducing the ion dynamics in the Stark line shape calculations is to
develop a model that provides a sufficiently accurate solution of the evolution Equation (2) assuming
an idealized stochastic process that conserves the statistical properties of the “real” interaction
between the microfields and the radiating atom.

A successful model developed for neutral emitters—the model microfield method (MMM), due to
Brissaud and Frisch [32,33]—involves stochastic fields that are constant in a given time interval and
suddenly jump from one value to the next one at random times. The amplitudes of the field sequences
are determined in order to be consistent with the static properties of the microfield, i.e., the static-field
probability distribution Q(F). The jumping frequency v(F) has to be chosen properly in order to
reproduce the dynamics properties of the microfields represented by their autocorrelation function
< F(t) - F(0) >. In QuantSt. MMM, MMM (for ions) is combined with a quantum-statistical
approach to calculate pressure broadening due to plasma electrons. The perturbation by electrons is
considered to second order in the potential [34,35].

MELS and MERL are based upon the BID model. The latter derives from the MMM, but its
formulation is based on statistical mechanics [36] and provides a unified description of radiative and
transport properties for charged emitters [20]. The stochastic line shape is written as:

deQ GB]D(W F)
1+Zl/ deQ GB[D((,U F)

1
Ij(w) = ——Im < df| |dpo > (13)



in which the resolvent is given by:
Gpip(w,Fy) = (w—Lo+d-F; —iv(w) " (14)

The jumping frequency v(w) is chosen as:
v(w)

where the two parameters vy and 7 are defined in this model by the low- and high-frequency limits

IR

5)

of the momentum autocorrelation function. Here, 7 is assumed to be null.

Another approach is the frequency fluctuation model (FFM), on which the PPP code and,
recently, the QC-FFM code rely. The latter is a hybrid model using the quasi-contiguous
approximation [37] for H-like transitions and the FFM for modeling the microfield dynamics effect.
The FFM relies on a different idealization of the stochastic process than MMM and BID. Here,
the quantum system perturbed by a time-dependent microfield behaves like a set of field-dressed
two-level transitions (SDT) subject to a collision-type mixing process. More precisely, the fluctuation
mechanism of these SDT obeys a stationary Markov process defined by the instantaneous probability
of states p; = a;/ Y, ax (a; being the intensity of the SDT, j) and the transition rates between these
states Wy, ; = —1';05; + Wy ;, where Iy, ; = v, ; and Wy, ; = vp;.

The typical fluctuation rate vp )y, of the electric field, given by Equation (5), is used. Working in
the Liouville space of the dressed two-level radiators, the line shape is written as [38]:

1
1, =—R ) DG D;p; 16
a(w) - €]§k7 L Dy|Gprpu(w)|Djp; > (16)
with the resolvent:
GFFM((,U) = (w — L, + iW)_l (17)

where L, is the Liouville operator involving the transition energies of the SDT (w;) and D; are
the matrix elements of the dipole moment for the SDT. Due to the particular form of the matrix of

transition rates W, the dynamic line shape is written as [4]:

Uk Z v ipwk;w
Ly(w) = Dok akRe k vti( pz;) (18)
m I VZk v+i(w—wy)

Despite the fact that the two stochastic models lead to different functional forms, it follows that
both BID and FFM recover the static limit for vp;p = 0 in Equation (14) and for vppy = 0 in
Equation (18). In the opposite limit, both models recover the fast fluctuation limit (v — o0) that
should approximate the “no ions” profile. However, BID recovers the impact limit in the line center
whenever v is large, while the FFM does not (see [39] for a more detailed discussion). We note
that QC-FFM uses the FFM approximation for ions and electrons alike. For the latter, correctly
approaching the impact approximation in the fast fluctuation limit becomes especially important. To
this end, a modification to the effective fluctuation rate was introduced:

V2

vV=v+ — 19)
Yo



where v is an empirically obtained constant (for details, see [13]).

Two other models based on the collisional approach have been used, too. The ST-PST model is
based on the standard theory with a number of options. Specifically, apart from the pure ST results,
ST-PST can (and by default does) also compute the results of ST with penetrating collisions correctly
accounted for analytically [18]. In addition, an FST-FFM calculation is also done [8]: first, an 2 is
determined, exactly as described above for HSTRK_FST. Next, the FFM is applied to the field that
excludes the fast, impact part. Last, the two profiles are convolved. As a result, the impact limit is
correctly built in and recovered, hence extending the FFM validity without sacrificing its speed. Note,
however, that with the current FST implementation, which uses the completed collision assumption
for the impact phase space, the far wings are not accurate, as already discussed.

The UTPP code is devoted to the calculation of hydrogen line shapes in regimes where the impact
approximation for ions is reasonably accurate. Such a regime is attained for lines with a low principal
quantum number in magnetic fusion experiments in the absence of Doppler broadening (Doppler-free
line shape models were required for radiation transport simulations, e.g., [40]). In UTPP, a line shape

is calculated using the following formula:

1
I(w) = —Re < d'| |dpo > (20)

1
where s = —iw and K (s) is a collision operator calculated in a framework similar to that used in the
Voslamber unified theory (Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY) hierarchy), but here
adapted to ions [19]. The main advance with respect to the unified theory is that the collision operator
accounts for the finite lifetime of the atom during each collision; this lifetime yields an effective range
for the action of the microfield of the order of v/%, where 7 is a typical matrix element of the collision
operator (see the discussion in [41]). This model (and its adaptation to electrons) does not lead to a
divergent collision operator if the Debye length is assumed infinite, which is in contrast to standard
hydrogen models (see [42]); this makes it suitable for the presented cases, provided the perturbing

species under consideration is strongly dynamic.

3. Comparisons and Discussion

To test the accuracy of the different numerical codes based either on stochastic and collisional
models or numerical simulations, calculations for standardized case problems were carried out and
analyzed [5]. A preselected set of transitions on a grid of electron densities (n.) and temperatures
(T = T, = T;) have been proposed, and for each case, the atomic and plasma models have been
specified. In this way, various contributions that can affect the Stark broadened line shape, such as
the influence of particle correlations on electric microfields, the effects of external fields, the high-n
merging with continuum or the satellite broadening, have been investigated. For the present purpose,
we will only focus on cases where the ion dynamics effect was studied.



3.1. Hydrogen Lyman-o and Lyman-{3 Lines

The following examples consider the hydrogen Lyman-« and Lyman-£ lines in an ideal plasma
consisting of protons for electron densities n, = 107 — 101 cm~* and temperatures 7' = 1 — 100 eV.
These cases are not necessarily practical, but permit basic comparisons to assess the influence of
ion dynamics on the line profiles. Here, only pure ionic linear Stark effect is considered (An #
0 interactions are ignored) and the fine structure is not taken into account. The concept of ideal
plasma means that unscreened particles moving along straight path trajectories are considered in the
numerical simulations, and the Holtsmark static-field distribution function [22] is used in the models.

An overall comparison of the results is presented in Figure 1. For each subcase (determined by a
combination of (n.,T")) and for each code, ratios between the full-width at half-maximum (FWHM)
and an average of FWHM of all submitted results have been evaluated [5]:

FWHM

T ZFWHM > @D

The graph is divided in two regions: the left side corresponds to results for the Lyman-« line
and the right side to the Lyman-/3 line. Each region is divided into three sub-regions that correspond
to the three densities chosen. Finally, in each sub-region, each set of results corresponds to the
temperatures, 7" = 1, 10, 100 eV, respectively. For the Lyman-« case, the results present a large
dispersion, deviating from the average by more than a factor of five in each direction. In contrast, the
scatter for the Lyman-/3 shows a rather good agreement between the codes. In fact, these two lines
present a completely different behavior concerning the ion dynamics effect.

Figure 1. Overall comparison of the workshop results of the ion dynamics effect on
Lyman-« and - hydrogen lines. For each subcase, i.e., different pairs of (n.,T), the
scatter of ratios between the different results and an average value is plotted. The different
symbols correspond to: (black dot) SimU; (red square) UTPP; (blue triangle) PPP;
(blue asterisk) Xenomorph; (cyan open triangle) HSTRK; (cyan triangle) HSTRK_FST;
(red diamond) ER-simulation; (green circle) QuantST.MMM; (black cross) QC-FFM.

10 7 S T T T T e
d>ig o b Pl oo i g
1@iotg s 1o o i b N !
R - A A I O O
L LR P I
o P Pl Pl
St N I 11 I O I A O
A i 0 Poqoqod o . [ R
< ol8 ! i, iei i ig|Oioigiv oigi®iola
Sopitl it blaie i aigisiuie
v B s ipt i FE g N .
3 boejigore MR
s T AST- U LR P - B i i
e Pl igiad ; i
AL U P
ia i
01 H ! H E i 1 ' 4 H ' ' e
of N [ i ]
T HLyman-oa ! ' i HLyman-B
st : i H H i H H i HE H i
1 01 7Cm'3 1 O.‘ 8cm'3 1 01 gt:m'3 1 0‘I 7(:"{3 1 C1 8<:m'3 1 O1 9cm'3

N (em™)



10

3.1.1. The Lyman-« Line

The static Stark effect of the Lyman-c line (as all the An = n —n/ = 1 lines, where n and n' are
the principal quantum number of the upper and lower states, respectively) features a strong unshifted
component that is highly sensitive to the ion dynamics effect. Thus, even though the Lyman-« line is
the simplest case from the atomic structure point of view, it presents a non-trivial Stark-broadening
behavior.

In Figure 2, only results from the numerical simulations are plotted for the sake of clarity. One
sees that in the range of 1 to 100 eV, the simulations either predict that the width increases when
the plasma temperature increases (for the fixed density n. = 10'° cm™, they present a temperature
dependency as ~T/?) or predict that the width is mostly insensitive to the temperature’s rise (for
the fixed density n, = 10" cm~?). Concerning the dependence on the plasma density, the width,
which is mainly due to the width of the central component for 7" = 1 eV, increases as nt’®. For
T = 100 eV, the results show a nZ/? dependence, corresponding to the quasi-static behavior of the
lateral components [2]. We mention, however, that the cutoff of the Coulomb interaction at a finite
box size may not accurately reproduce an ideal plasma [42].

Figure 2. Lyman-a ion FWHMs as a function of (a) of T at fixed densities and
(b) of n. at fixed temperatures. The ideal, one-component plasma consisting of
protons is assumed. Only results from numerical simulations are presented: (red circle)
ER-simulation; (blue square) HSTRK; (black dot) SimU; (green asterisk) Xenomorph.
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In general, the highest temperature results in the best agreement among simulation codes, for all
densities. For lower temperature differences are more discernible, with the most discernible being the
appearance of shoulders in ER-simulation and SimU for the highest density and lowest temperature
and the lack of such shoulders in HSTRK. This is a general trend at the lowest temperature of
1 eV for all densities, with HSTRK producing significantly larger widths than both ER-simulation
and SimU.

The dispersion of the results of the various models demonstrates the difficulties in accurately
treating the ion dynamics effect (see Figure 3). In every studied case, the PPP displays a weaker
ion dynamics effect on this line, probably due to an incomplete description of this effect on the
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central component. The FFM mixes the unshifted components with the Stark-shifted components
with a unique fluctuation rate. Yet, the unshifted components are not sensitive to the microfield
intensity, but only to its rotation, whereas the Stark-shifted components are sensitive to the microfield
vibration [43]. A more detailed discussion on the influence of the microfield directionality in the line
shape is presented in a separate study [44].

Concerning the description of the ion dynamics effect in terms of microfields mixing, the
QuantST.MMM results compare less favorably to the simulations, especially in the far wings.

As already discussed, the far wings of HSTRK_FST are not reliable in this version, due to the
complete collision assumption used in the computation of the impact part. This is an artifact of this
assumption rather than an inherent limitation of the method.

The UTPP code yields a line width systematically larger than the results obtained from other
codes or models and, in particular, the results from numerical simulations. If the latter give reference
profiles, this result is expected in general, because the plasma conditions are such that static effects
with simultaneous strong collisions are important. However, the application of the UTPP to the
electron broadening (not presented here) also indicates a significant discrepancy, with an overestimate
of the numerical simulation results by a factor of two. It has been suggested that this discrepancy
stems from the fact that the simulations that use a box actually miss a significant contribution to
the line broadening, due to the far perturbers, namely, those inside the v/¥ sphere, but outside the
simulation box. It is quite difficult to test this argument by enlarging the simulation box up to v/,
because this would imply a very large number of particles (up to several billions). An adaptation of
UTPP able to account for a plasma of finite size has been performed and has led to a line shape in
good agreement with the simulations [42]. This could suggest that an artificial setting of an infinite
Debye length in the numerical simulations able to work with an infinite Debye length requires a
careful interpretation of the results.

Figure 3. Lyman-« line shape in ideal ionic one component plasma (OCP) calculated

for (a) the more dynamical regime (n, = 10*" cm™ and 7' = 100 eV) and (b) the more
static regime (n, = 10 cm™3 and 7' = 1 eV): SimU (black dash); ER-simulation (red
dash); HSTRK_FST (blue dot-dash); PPP (solid cyan); QuantST.MMM (solid purple);
UTPP (solid green).

normalized intensity
normalized intensity
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3.1.2. The Lyman-/ Line

The static profile of the Lyman-# line (as all of the An = 2 lines) normally shows a dip at the
line center. One sees in Figure 4 that, due to the ion dynamics effect, the simulations fill this dip,
and the width increases with increasing temperature. This trend is seen for plasma conditions that
correspond to typical microfield fluctuation rate values (see Equation (5)) smaller than the splitting
of the two Stark components measured in the static case. Here, for n, = 10'7 ¢cm~3, the Stark
splitting of the static line shape is equal to 5.9 x 1073 €V, and the typical fluctuation rate is equal
tohry = 68 x10*eVand iv = 25 x 102 eV for T = 1 eV and T = 10 eV, respectively.
For T = 100 eV, hv = 2.2 x 1072 eV, i.e., three-times greater that the Stark splitting in the static
case. The two components merge, leading to a line shape that is narrower than the one calculated for
T =10 eV, as is seen in Figure 4a. Note that for an infinite fluctuation rate, the line shape becomes
the Dirac J-function.

The agreement between the Lyman-8 FWHM results of different codes is much better than that
for Lyman-q, as is shown in Figure 1. Nevertheless, the concept of FWHM is not really adequate for
such a line with a dip in the center. A better way to discuss the ion dynamics effect on a Lyman-/3
line would be the measure of the relative dip given by:

Dy = 172 Lo (22)

Imax
where [,,,,, and I, are the maximum intensity and the intensity at the center of the line, respectively.
Table 1 shows the relative dip from the different codes for n, = 10*” cm™3, while the line shapes are
shown in Figure 5.

Obviously, the QC approximation, and, hence, the QC-FFM method, is inherently unable to
reproduce the central structure (a peak or a dip) of a low-n spectral line. However, the wings of such
lines, as well as entire profiles of higher-n transitions, show a very good agreement with numerical
simulations [13].

Figure 4. The ion dynamics effect on the Lyman-# line for different values of 7" obtained
by SimU: (solid red 7" = 1 eV; (green dash) 7" = 10 eV and (blue dot-dash) 7' = 100 eV
at a fixed (a) n, = 10'" cm~ and (b) n, = 10! cm~3. The ideal one-component plasma

consisting of protons is assumed.
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Figure 5. Lyman-£ line for n, = 10'7 cm™> and T = 10 eV: SimU (black dash);

ER-simulation (red dash); Xenomorph (blue dot-dash); PPP (solid cyan); QC-FFM (solid
orange); QuantST. MMM (solid purple); UTPP (solid green).
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Table 1. The relative dip (%) measured on the Lyman-£ line from the different codes

for n, = 107 cm 2.

T (eV) = 1 10 100

ER-simulation 75 44 10

SimU 56 19 0

Xenomorph 56 14 /

PPP 70 31 0

QuantStMMM 71 55 32

UTPP 06 06 O

3.2. Argon He-aw and He-[3 Lines

The argon H- and He-like lines are observed in inertial confinement fusion implosion core
plasmas when a tracer amount of argon is added to the deuterium gas fill to diagnose the plasma
conditions [45]. Such a diagnostic relies on the temperature sensitivity of the satellite line;s relative
intensity to the resonance one and the density dependence in the Stark broadening of both satellite
and resonance line profiles [46]. Moreover, they are sensitive to the ion dynamics effects and present
a challenge for theoretical models [47]. We only focus here on the He-«v and He-{3 lines. A specific
study of the effect of satellite line shapes on the He-3 line can be found elsewhere [48].

Two electron densities, n, = 5 x 10?3 cm™® and n, = 2 x 10** cm™3, and a plasma temperature

of "= 1 keV were selected for this comparison. Plasma ions are deuterons with 0.1% Argon XVIL.
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The MELS and MERL (BID) and the PPP (FFM) models submitted results, and the numerical
simulation, SimU, was recently extended to describe such lines. Here, the simulation accounts for all
interactions; no artificial cutoff arises as for the ideal case conditions. We consider it as a reference.

Figure 6 displays the He-a profiles calculated with the PPP code within the quasi-static
approximation. For clarity, results from MELS are not plotted here, but the agreement between
the two codes is very good. The small differences observed between both codes are explained
by the difference in the electron broadening treatment (the impact approximation is used in PPP,
while a frequency dependent collision operator is used in MELS). The quasi-static profile is the
superimposition of a strong intensity component, which corresponds to the 1s2p ‘P, — 1s? 19
resonance transition, and a weak intensity component, which corresponds to the 1s2p 3P, — 152 15,
intercombination transition. The pure electron broadened profiles are plotted for each component
for a better understanding of the ionic Stark effect on the line shapes. Both components display a
pronounced quadratic Stark effect in their “blue” wing, and forbidden lines appear on top of their

“red” wing.

Figure 6. The He-« line calculated within the quasi-static approximation for 7" = 1 keV
and n, = 2 x 10** cm™3. (Black line) the entire profile; (blue line) resonant line profile;
(red line) intercombination line profile. The pure electron-broadened profiles are plotted

in dashed lines for each component.
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Concerning the ion dynamics effect, BID and FFM show a different behavior. BID profiles
present a more pronounced deviation relative to the static calculation than the FFM. Figures 7 and 8
illustrate this for the two densities. These discrepancies cannot be explained by the use of a different
fluctuation rate in both models. A specific study using the same fluctuation rate for both models
shows that the BID and FFM are in good agreement for varying values of this parameter for the
resonance line, but not for the intercombination line [39]. Figure 9 shows this difference using
both models with the same fluctuation rate. The difference seen on the forbidden component of the
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intercombination line might be due to a numerical inaccuracy, because of the very weak value of
its intensity.

Moreover, numerical simulation results from the SimU code do not discriminate between the
stochastic models. For example, in Figure 9, both models agree with the simulation on the allowed
transitions, but not on the forbidden transitions. This might be due to a different dynamics between
strong microfields, which are emphasized by the quadratic Stark effect of the allowed transitions, and
weak microfields, which are the cause of the linear Stark effect of the forbidden transitions.

Figure 7. The He-« line for T = 1 keV and n, = 5 x 10% cm™3: static ions MELS
(grey dash); ion dynamics BID (solid red); FFM (solid blue) and SimU (black dot).
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Figure 8. The He-« line for 7' = 1 keV and n. = 2 x 10** cm™3: static ions (grey dash);
ion dynamics BID (solid red); FFM (solid blue); and SimU (black dot).
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Figure 9. The He-a line for 7' = 1 keV and n, = 2 x 10** cm™3: (a) resonance line
and (b) intercombination line. Static ions MELS (red dash) and PPP (blue dash);
ion dynamics BID (solid red); FFM (solid blue); and SimU (black dot).
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In order to explain these differences, a specific study on the pure ion-broadened profiles
was carried out. As both resonance and intercombination lines present similar atomic systems,
we will only focus the discussion of the resonance line. Figure 10 shows FFM profiles for
different fluctuation rates and the SimU profile. It seems that different values of v are needed to
reproduce different portions of the simulated profile. A lower fluctuation rate has to be used to fit
the forbidden component, whereas a higher v is needed to reproduce the allowed component. This
can be interpreted as weak and strong microfields not producing the same dynamics effect on the
line shape.

Figure 10. The He-« line, the strong component for T = 1 keV and n, = 5x10%* cm—:

SimU (black circles); FFM with v = 3 eV (solid blue); v = 5.62 eV (solid red); and
v = 8 eV (solid black).
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Finally, the He-{ line is presented in Figure 11. At the chosen plasma conditions, as the Stark
splitting of the He-/3 quasi-static line shape is greater than the fluctuation rate and the electron width
is larger, the ion dynamics effect is less pronounced than on the He-a. Figure 11 shows SimU, BID
and FFM in rather good agreement relative to the discrepancies of their quasi-static profiles. The
measure of the dynamics-to-static relative depth is defined by:

Dd_ _ [dyn(wo) - Istat(w()) (23)
s Idyn (WO)

There is a fairly good agreement between the BID and the FFM (see Table 2).

Figure 11. The He-§ line for 7 = 1 keV and (a) n. = 5 x 10® cm™3;
(b) n, = 2 x 10%* cm~3. Static ions: MERL (red dot), PPP (blue dot); SimU (black
dot); BID (solid red); FFM (solid blue).
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Table 2. Dynamics-to-static relative dip (%) measured on the argon He-$3 line for
T =1keV.

Models BID FFM

N,=5x10¥cm3 58 57
N.=1x10%*cm™3 50 51
N, =2x10*%*cm™3 47 48

4. Conclusions

Line shape calculations from different numerical codes that account for the ion dynamics effect
were presented. To test the accuracy of the different codes, standardized case problems have been
chosen and a systematic cross-comparison has been done. Results from four numerical simulations
based on different algorithms and seven models relying on either stochastic or collisional processes,
have been then submitted.

Surprisingly, the results obtained on the hydrogen Lyman-« line in an ideal OCP plasma
consisting of protons presents a large dispersion. While the numerical simulations show a relatively
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good agreement between each other, the FFM and MMM models systematically display a weaker
width than the averaged results. This can be explained by an incomplete description of the ion
dynamics effect on the central component of this line. The detailed study on the influence of the
microfields directionality in the line shape presented in this volume, [44] or other methods discussed
here can help improve the modeling of lines with unshifted components. The overestimate of the
UTPP code based on a collisional approach is explained by an incomplete description of ion static
effects. The results obtained on the H Lyman-/3 line present a better agreement between all codes.
Concerning the ion dynamics effect on the argon He-« and -3 lines, BID and FFM show a
different behavior that has been attributed, up to now, to numerical inaccuracies, due to the very weak
value of the line intensities. The recently developed numerical simulation code, SimU, could not help
discriminate between the two models, but highlighted another problem: it seems that different values
of fluctuation rates have to be used to reproduce different portions of the simulated profile. As both
the linear and quadratic Stark effect, which are linked to the weak and strong values of microfields,
respectively, are involved in producing the shape of this line, one can wonder if a frequency- (or
field-) dependent fluctuation rate is needed to give a better description of ion dynamics on this line.
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Abstract: In the framework of the Spectral Line Shapes in Plasmas Code Comparison
Workshop (SLSP), large discrepancies appeared between the different approaches to
account for ion motion effects in spectral line shape calculations. For a better
understanding of these effects, in the second edition of the SLSP in August, 2013, two
cases were dedicated to the study of the ionic field directionality on line shapes. In this
paper, the effects of the direction and magnitude fluctuations are separately analyzed.
The effects of two variants of electric field models, (i) a pure rotating field with constant
magnitude and (ii) a time-dependent magnitude field in a given direction, together with
the effects of the time-dependent ionic field on shapes of the He I Lyman-« and -3 lines
for different densities and temperatures, are discussed.

Keywords: spectral line shapes in plasmas; ion dynamics effects; ion
microfield fluctuations
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1. Introduction

The effect of ionic field fluctuations on spectral line shapes of hydrogen and hydrogen-like
emitters has been studied for a long time by different groups. In the 1970s, the observed deviations
between experiments and theories were attributed to ion motion. At the same time, the first attempts
to include ion motion effects in theories appeared [1-5], and the experimental proof on hydrogen
had been obtained nearly concomitantly by Wiese and co-workers [6,7]. The first N-body molecular
dynamics simulations appeared in the the late 1970s [8].

Nowadays, large differences still appear between the various approaches to take into account the
effect of ion dynamics in the line shape calculations. For a better understanding of the origin of
these differences highlighted during the SLSP conference in 2012 [9], a study of the ionic field
directionality on line shapes has been proposed at the second edition of the SLSP workshop in
2013 [10].

In this paper, we report the study of the effects of the direction and magnitude fluctuations of
the ionic field analyzed separately. To this end, “rotational” and “vibrational” microfields have
been defined as:

. F(t)
Fro t)=Iy—= 1
=550 .
and:
Fo(t) = it |F(t)] 2

with F, the Holtsmark field (F, = 2.603Zen?? with Z the ionic charge number, e the elementary
charge in statcoulomb, n the ion number density in cm~%) and F (t) the field created at the emitter
by the surrounding ion charges interacting through an electron-Debye-screened Coulomb potential.
The considered plasmas consist of an impurity (or a small percentage) of hydrogenic helium in a
bulk of protons. All of the charged particles interact together through an effective Yukawa potential
to account for the influence of electrons on the ionic structure.

The effects of these two variants of electric field models together with the effects of F"(t) on
spectral line shapes are discussed for the He II Lyman-« and -3 lines for different densities and
temperatures. The spectral profiles of these two lines present very different behaviors when the
fluctuating electric fields are taken into account due to the existence or absence of an unshifted
central component. They are good candidates for studies comparing the different approaches,
such as simulation modeling [11-14] or kinetics models [15-19], developed to account for ionic
field fluctuations.

2. Spectral Line Shape Calculations

The spectral line shape is related to the Fourier transform of the radiator dipole operator

- —

correlation function, Cyy(t) =< d(t) - d(0) >, by:

I(w) = ?Re% /OO dte™ < d(t) - d(0) > 3)
0
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The correlation function, Cyy(t), of the radiator dipole operator, cf, can be written in Liouville space
as [20,21]:
Caa(t) =< d{UI(t) Yoanldpo > (4)

where the double bra and ket vectors are defined as usual in Liouville space, py is the equilibrium
density matrix and {U;(t) }pawn is the bath-averaged evolution operator of the emitter. Uj(t) is a
solution of the following stochastic Liouville equation (SLE):
dU,(t)
dt

with the condition U(0) = I, the identity operator. L; designates the Liouvillian of the radiator
in the bath. We have L, = Lo + [(t), where Ly is the Liouvillian of the free radiator and [(t) a
random perturbation of the thermal bath (the plasma). The most difficult part of a line-broadening

= —iL.U(t) (5)

problem is to identify correctly the environment of the emitter, {(¢). In particular, accounting for the
fluctuations of electric fields produced at emitters, by moving electrons and ions, has been of constant
interest for both the experimental and theoretical points of view since the 1960s [22]. In the standard
theory [23], due to their great difference of mass, ions and electrons are treated in different ways,
leading to:

Li(t) = Lo — d - Fy(t) — i® 6)

where ﬁl(t) is the electric field produced by surrounding ions in a given configuration [ and @ is the
electronic collisional operator.

In this paper, in order to enhance the ionic field fluctuation effects on spectral line shapes,
the electric fields produced at emitters by moving electrons is neglected. Thus, L;(¢) is reduced
to: L(t) = Lo — d - Fj(t). Additionally, calculations of the spectral profile have been performed
assuming three variants for the fluctuating electric field, F}(t):

e The time-dependent field created by the protons interacting through a Debye-screened
Coulomb potential;

e A pure rotating field following Equation (1);

e A pure vibrating field following Equation (2).

2.1. The Different Codes and Approaches

A straightforward way to take into account the fluctuations of the electric field at the emitter
is the numerical simulation, which solves the Schrodinger equation describing the time evolution of
the emitter wave functions in the time-dependent field of surrounding charges produced by molecular
dynamics (MD) or an alternative technique and then average over a statistically representative number
of configurations to obtain the final result. In the following, the MD simulation results will be
considered as benchmarks.

Four types of simulation codes are involved in the present study:

e The SimU code [11]: The perturbing fields are simulated by the particle field generator, where
the motion of a finite number of plasma particles (electrons and ions) is calculated assuming
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that classical trajectories are valid. Then, using this field as a perturbation, the radiator dipole
oscillating function is calculated by the Schrodinger solver. Finally, using the fast Fourier
transformation (FFT) method, the power spectrum of the radiator dipole oscillating function
is evaluated, giving the spectral line shape. The results of repeated runs of this procedure
are then averaged to obtain a smooth spectrum. Although, in principle, the particle field
generator may account for interactions between all particles, for the cases presented in this
study, perturbing protons were modeled as reduced-mass Debye quasiparticles interacting only
with the stationary radiator via the Debye potential.

e The BinGo code [12]: This code uses standard classical MD simulation to compute the
perturbing fields. In this work, the plasma model consists of classical point ions interacting
together through a Coulombic potential screened by electrons and localized in a cubic box with
periodic boundary conditions. Newton’s equations of particle motion are integrated by using a
velocity-Verlet algorithm using a time-step consistent with energy conservation. The simulated
time-depending field histories are used in a step-by-step integration of the Schrodinger equation
to obtain U;(t) and, thus, Cy4, () in the Liouville space. An average over a set of histories is
necessary to evaluate Cy,(t). Again, the spectral line shape is obtained using FFT.

e The Euler—Rodrigues (ER)-simulation code [13]: The plasma model for the simulation of
time-dependent field histories consists of an emitter at rest in the center of a spherical volume
and set in a bath of statistically independent charged quasi-particles moving along straight
line trajectories. A reinjection technique ensures statistical homogeneity and stability. The
simulated electric field histories are used in a solver for the evolution of the atomic system.
For hydrogen, if the SO (4) symmetry is valid, Euler—Rodrigues (ER) parameters are used;
otherwise the diagonalization process is done using Jacobi’s method.

e The DM-simulation code [14]: This code uses the same solver as the ER-simulation code, but
the time-dependent field histories are simulated using the MD simulation technique in order to
account for the particle interactions.

Even though these numerical simulation techniques have, successfully, been used as model
laboratory experiments to compare with line shapes resulting from other method calculations or
experiments, they can be impractical when the relevant atomic structure becomes too complex.
Several approaches and models have been developed to overcome this difficulty [22] and
implemented in numerical codes. Three different models (or codes) have contributed to the

present study:

e The multi-electron line shape (MELS) code [24]: The “standard” theory (quasi-static ions
and impact electrons) and the Boerker-Iglesias-Dufty (BID) model [15] to account for ion
dynamics effects. The microfield distribution is from the adjustable-parameter exponential
approximation (APEX) model [25,26].

e The PPP code [27]: The Stark broadening is taken into account in the framework of the
standard theory by using the static ion approximation and an impact approximation for the
electrons or including the effects of ionic perturber dynamics by using the fluctuation frequency
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model [16,17]. The microfield distribution functions required are calculated using the APEX
model or an external MD simulation code.

e Quasicontiguous (QC)-frequency fluctuation model (FFM) [18,19]: The static line profile for
a fixed field is represented by a rectangular shape, which is then integrated over the microfield
distribution with the dynamic properties of microfields accounted for via FFM.

2.2. Plasma Characteristics

We consider a plasma containing an impurity (or a small percentage) of He II in protons at two
temperatures, (I’ = 1 and 7' = 10 eV) and two ion number densities (n = 10'® and n = 10! cm™3).
The plasma conditions are summarized in Table 1 together with some dimensionless parameters
useful for characterizing the plasma, such as I', the coupling plasma parameter, «, the ratio of the
interparticle distance to the screening length and typical frequency values, such as the plasma ion
frequency, w,;, and an estimate of the characteristic frequency of the perturbing field, v4,,. With

kgT
the interparticle distance and the screening length given by ro = (3/47n)/? and A\p = %
e
Arne?
respectively, we have I' = e?/(rokT), a = ;;0, Wpi = ﬂ, m being the proton mass and
D m

Vgyn = v/, where v is the thermal velocity in the radiator’s reference frame.

Table 1. Plasma characteristics.

Ng(cm™3) T(eV) T a  wpi(rad/s) vayn(rad/s)

1018 1 0.23 0.83 1.32x10% 1.77 x 10'2
1018 10 0.02 0.26 - 5.57 x 1012
1019 1 0.50 1.22 4.16 x 102 3.80 x 10'2
101 10 0.05 0.39 - 1.20 x 10'3

3 and

Figure la illustrates the temporal variation of the ionic field at the emitter for n = 10'® cm~
T = 1 eV. In the same figure, the graph in the subwindow shows the field autocorrelation function,
Crr(t) whose decay gives an estimate of the time scale of the field fluctuations. Figure 1b shows the
corresponding rotational z-component (full line) and the vibrational fields (dash-dot).

The characteristic time scale of the field fluctuations has to be compared to the radiator time of
interest, which is usually determined by the inverse of the HWHM (half width at half maximum)
due to all broadening mechanisms of the considered line profile. This time depends on the plasma
conditions and on the atomic data of the considered line and can be considered as the physical time
of interest characterizing the response time of a plasma measurement device.

If the radiator time of interest is small compared to the time scale of the field fluctuations
(HWHM ! <« de;n, for example), the ion field varies little over the radiator time of interest and may
be considered as a static field well characterized by a static field distribution function (quasi-static
approximation). As soon as the two characteristic times are of the same order of magnitude, it
becomes necessary to account for ion motion on the line profile.
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Figure 1. (a) Temporal variation of the three components and correlation function
(subwindow) of the perturbing ionic field; (b) temporal variation of the z-component
of the rotational field (full line) and of the vibrational field (dash-dot line) at the emitter.
The plasma conditions are n = 10'® cm™3 and T' = 1 eV for both (a) and (b).
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The following results have been obtained for extreme conditions that allow for a better
understanding of the differences observed for the various codes and methods. Two different lines
have been chosen: the hydrogen-like helium Lyman-« and -/3 lines. The spectral line shapes of these
two lines calculated in the framework of the quasi-static approximation are plotted in Figure 2 and
compared to the results accounting for ion motion obtained with a simulation code. The width of the
Lyman-« line (n = 2 —n’ = 1) is very sensitive to the ion motion effect due to the unshifted central
component, whereas the width of the Lyman-3 line (n = 3 — n’ = 1), which is broader than the
Lyman-alpha, due to a largest upper principal quantum number and does not have unshifted central
component, is less affected.

Figure 2. Spectral line shapes of the Lyman-« (a) and Lyman-£ line (b) of hydrogen-like
Helium calculated in a quasi-static (dash line) and in a fluctuating (full line) ionic electric
field produced by protons at n = 10 cm™3 and 7' = 10 eV.
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In the following, we will separately analyze how changing the direction and magnitude of the
ionic electric field 7@) will influence the line shape. Comparisons between the different codes and
methods are also performed.
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3. Results
3.1. Generalities

Simulation results of the effects of the magnitude and direction fluctuations of the electric field on
the Lyman—q line are plotted in Figure 3a,b, respectively, for n = 10! cm™3. It can be seen that the
vibration of the electric field with a fixed direction (Figure 3a) does not affect the central component,
whereas each lateral component tends to merge around its gravity center. As expected, the wings
of the line are well reproduced by the static profile (the relevant times of interest in the line wings
are small compared to the characteristic times of the field fluctuations). Increasing the temperature
increases the fluctuation rate, but as the static line width also depends on temperature (due to the
Debye-screened potential), the ratio between these two values does not change significantly, and the
effects of vibrations on the profile are very similar. Concerning the pure rotating field case (Figure
3b), the situation is completely different. As the field has a fixed magnitude, Fjp, the static profile is
composed of three un-broadened Stark components, one central unshifted component and two lateral
ones (in Figure 3b, the components have been broadened artificially to allow for plotting). When the
fluctuations of the field are taken into account, the field magnitude is unchanged, only its direction
fluctuates. Here, an increase of temperature results in an increase of dynamics effects. All the Stark
components are affected by the field direction changes by being broadened and merged to the center
of gravity.

Figure 3. Spectral line shapes of the Lyman-c line in a pure vibrating field (a) and a pure
rotating field (b) compared to the corresponding static profiles, at n = 10 cm~3 and two
temperatures, 7" = 1 and 7" = 10 eV. The dynamic case results have been obtained with
the BinGo simulation code.
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In Figure 4, the Lyman— 3 line profiles calculated by numerical simulations have been plotted for
the same conditions as previously. Here, again, the vibrations of the electric field affect the “blue”
and “red” lateral components by merging them to their respective center of gravity. As has been
already mentioned, the dynamics effects are less important in this case, because the static line-width
is broader than in the previous case. In Figure 4b, the effects of the field direction changes on the line
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profile are shown for the two different temperatures and compared to the static profile. Here, there is
no unshifted component, and the effects of fluctuations are to broaden the Stark components, filling
progressively the dip between the two sets of Stark components.

Figure 4. Spectral line shapes of the Lyman-/3 line in a pure vibrating field (a) and a pure

3 and

rotating field (b) compared to the corresponding static profiles, at n = 1 x 10*® cm~
two temperatures, 7' = 1 and 7" = 10 eV. The dynamic case results have been obtained

with the BinGo simulation code.
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To have a better idea of the pure dynamics effect, results corresponding to various reduced masses
between radiator and perturbers (1, 449 and 1640) have been plotted in Figure 5 for the Lyman-«
line at n = 10'® cm™ and T = 10 eV. Here, o = 0.8 is the reduced mass in the He-H* center of

mass frame.

Figure 5. Reduced-mass effect on the Lyman-« line shape at n = 10'® cm™ and
T = 10 eV in the three models of field (full (a); rotation (b) and vibration (¢)). The color
codes black, red and blue correspond to i, 4119 and 16, respectively. The calculations

have been done with the SimU simulation code.
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It can be seen on the full profile (Figure 5a) that for the largest value of the reduced mass, the
dynamics profile still presents a structure in the wings, and when the dynamics effects increase
(when the reduced mass decreases), the line broadening increases and any structure disappears.
If the reduced mass were smaller, we would see a narrowing of the profile. For the rotational
profile (Figure 5b), this narrowing is already seen, for the reduced mass equals po. The full
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profile is a complex combination of both rotational and vibrational effects. The shape of the Ly-«
and -0 line center is determined mainly by the effects related to the rotation of the electric field.
Therefore, proper consideration of these effects in the models seems to be one of the keys of the ion

dynamics issue.

3.2. Code Comparisons

In this work, both MELS and PPP have been modified to account for vibration only.

The MELS code uses a stochastic microfield description of the plasma for the ion dynamics
effect. The model obtains an exact solution for the line profile assuming an idealized stochastic
process. It is possible to constrain the model by preserving known important properties of the actual
problem by adjusting free parameters in the theory. For the present calculations, the free parameter,
the fluctuation rate, was chosen to satisfy the ion impact limit, which, in principle, is equivalent to
reproducing the short time limit of the momentum auto correlation function [24]. The rotational
field fluctuations were computed by performing the integrations over the electric field directions as
before [24], but at a single value of the field magnitude. The vibrational fluctuations were computed
by restricting the angle average to a single field direction in the z-axis.

In the PPP code, the ion dynamics effects are treated by means of the frequency fluctuation model
(FFM) [16,17]. The FFM is based on the premise that a quantum system perturbed by an electric
microfield behaves like a set of field-dressed two-level transitions, the Stark dressed transitions. If the
microfield is time varying, the transitions are subject to a collision-type mixing process—a Markov
process—induced by the field fluctuations. In practice, the FFM line-shape is the result of intensity
exchanges between different spectral domains of the static line-shape with an exchange rate given by
Vayn (Table 1). Owing to the fact that a pure vibrational field will mix neither the central component
with the lateral components nor the lateral components together, the code has been adapted in order
to mix only the Stark components that must be mixed. For the rotational model, the static profile has
been obtained by setting the electric field to Fy7i., and the usual “ion-dynamics” models, FFM, have
been applied. It is the mixing of the static Stark components all together that mimics the direction
changes of the electric field. The chosen mixing process is a Markov process, suggesting that the
cause of the change in states is so violent, that in its final states, the system has no memory of its
initial state.

3.2.1. Full Cases

In this example, the line profiles are calculated for the time-dependent field created by the
protons interacting through an electron-screened Coulomb (i.e., Debye—Yukawa) potential. As a
first observation, the three codes, BinGo, DM-simulation and SimU, give always very similar results
(cf. Figure 6). The BinGo and DM-simulation codes are similar and account for all of the interactions
between particles, whereas the SimU code simulates electron Debye-screened quasi-particles, which
interact only with the charged emitter. A few minor differences appear in the center of the lines,
within the uncertainties of the different methods. For instance, looking at the Lyman—a line
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(Figure 6a), the deviation maximum appears for n = 10 cm™3 and 7" = 1 eV and represents
about 6% on the peak value. The numerical simulations, BinGo, DM-simulation and SimU, will
then be considered as equivalent laboratory numerical experiments, and except for the line-width
comparisons, results corresponding to these three simulations will be plotted only once, for clarity.

The results obtained for both lines, with the different codes, have been compared and plotted
in Figure 7 for n = 10" cm™ and T = 1 eV. It can be seen that the lines calculated by the
ER-simulation code are too broad. In this code, the fields measured at the emitter are screened
by electrons, but no particle interactions are taken into account (the particles move on straight-path
trajectories); thus, the static field distribution function is shifted toward the large fields. This leads
to broader static profiles and to changing the ratio between static and dynamic effects. The Stark
profile is, in this case, less affected by ion dynamics effects. This behavior is more pronounced at
low temperature when the plasma coupling parameter increases.

Figure 6. Spectral line shapes of the Lyman-« (a) and -5 (b) line in a time-dependent
field created by interacting protons. Comparisons of the results obtained by the three
simulation codes: SimU (yellow), BinGo (black) and DM-simulation (purple).
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Figure 7. Spectral line shapes of the Lyman-« (a) and -5 (b) line in a time-dependent
field created by interacting protons at n = 10 cm=2 and T = 1 eV. Comparisons of the
results obtained by the different codes.
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The PPP code qualitatively reproduces the same tendencies as simulation, but it underestimates
the ion dynamics at the center of the line, whereas the wings are well reproduced. This could be
related to a poor accounting for field direction fluctuation effects.

By construction, the QC-FFM does not show any dip at the center of the Lyman-beta line, but the
wings are well represented and the line widths are consistent with those obtained using the FFM
in the PPP code. Concerning the MELS code, the ion dynamics effects are well reproduced at
T = 1 eV, but they are overestimated at 7" = 10 eV (see Figure 8).

Both codes, MELS and PPP, give similar answer to ion dynamics if their fluctuation rates v are
the same [24]. When v increases, the line width is first increased; then, when v becomes larger than
the static line width, the line shape begins to narrow down and tends to the fast-fluctuation limit,
which corresponds to v = oo. In this work, the PPP fluctuation rates, equal to vy, (cf. Table 1), are
always much smaller than the MELS ones. This is the reason why the same observation in Figure 8

(too small linewidth) can be due to different underlying causes (the dynamics effects are either too
weak or too strong).

Figure 8. Full line widths at half maximum (FWHM) of the Lyman-a (a) and -
(b) line in a time-dependent field created by interacting protons versus temperature at
n = 10'® cm™2 (full lines) and n = 10*° cm™® (dashed lines). Comparisons of the
results obtained by the different codes: BinGo (black), Euler—Rodrigues (ER)-simulation
(blue), MELS (red), PPP (green), QC-frequency fluctuation model (FFM) (turquoise
blue), SimU (yellow) and DM-simulation (purple).
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3.2.2. Vibration Case

In this section, calculations of the spectral profile have been performed assuming a pure vibrating
field. Results for the Lyman-« and -£ lines are plotted in Figures 9 and 10, respectively.

At T = 1 eV, the results obtained with ER-simulation are noticeably different from other
simulation results, because in these conditions, the correlation effects are important and are not taken
into account in the model. PPP compares well with the simulations of reference. At T = 10 eV,
the correlation effects are less pronounced and ER-simulation gives results very close to those of the
reference simulations. The line profiles obtained with the PPP code are slightly too narrow, especially

at low density. In all of the cases, MELS shows results slightly too narrow for the Lyman-# line and
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results radically different for the Lyman-« line. In MELS, if the fluctuation rate, v, is set to Vg,
the Lyman-« results compare very well with simulations, making abstraction of the central part of
the lines. The central part of the lines presents a broadening, which could be attributed to the impact
limit present in the BID model. For small v, this broadening is small (leading to numerical noise on

the profiles), and for larger v, this broadening dominates.

Figure 9. Spectral line shapes of the Lyman-« line in a pure vibrating field. Comparisons

of the results obtained by the different codes.
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According to these remarks, it appears that the FFM and BID with the same fluctuation rates
mimic correctly the magnitude fluctuation effects on the profiles. The usual BID fluctuation rate is
too large and leads to too strong field-fluctuation effects.

3.2.3. Rotation Case

The Lyman-« and -0 line profiles calculated in a pure rotating field for different densities and
temperatures have been plotted in Figures 11 and 12, respectively. As the first result, it can be noticed
that the ER-simulation code gives similar results as the reference simulations. Particle interactions
have negligible effects on the line profiles in these cases. As an overall tendency, the PPP results
appear to be too static and the MELS ones too dynamic. It is shown in Figures 11a and 12a that
with the same fluctuation rate, PPP and MELS give similar results. It has been checked that no
fluctuation rate allows the reproducing of the simulation results. Except for the Lyman-« line at
n = 10¥ cm™ and T = 10 eV (c¢f. Figure 11b) where the rotational profile is well reproduced
with the PPP fluctuation rate, PPP and MELS results will be too structured for a small fluctuation
rate, and they will be too strongly merged to the line center for a large one. In these two codes, the
implemented models to account for ion dynamics effects are both stochastic models: one describes
the time-dependent field fluctuations (BID) and the other assumes a Markovian process for the
fluctuations of emission radiation (FEM). If the BID fluctuation rate is constant, the two codes
will give similar results. Even though they both give good approximation of the line shapes in
realistic conditions (when all of the broadening effects are accounting for), both of them are unable to
reproduce the rotational profiles in the framework of this study. It seems that the stochastic processes
had to be chosen differently.

Figure 11. Spectral line shapes of the Lyman-« line in a pure rotating field. Comparisons
of the results obtained by the different codes.
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Figure 12. Spectral line shapes of the Lyman-/ line in a pure rotating field. Comparisons
of the results obtained by the different codes.
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4. Discussion

Our goal in this paper has been to investigate the reasons of the big differences, which appeared
in spectral line shape models intended to account for ionic field fluctuation effects (well-known as
ion dynamics effects) in the framework of the first SLSP workshop held in Vienna in 2012. For this
purpose, a separate study of the magnitude and direction fluctuation effects on two different spectral
lines in plasma conditions chosen in order to perform severe tests on models has been performed. All
the simulation codes accounting for interactions between particles or using quasi-particles interacting
with the emitter give similar results. They have been taken as benchmarks. These simulation results
show that the central part of the line profiles is mainly affected by rotational effects, and a good
representation of these effects seems to be the clue of the ion dynamics problem. The simulation
codes using quasi-particle on straight-path trajectory models, which are very economical in terms
of computing time, give the right answer concerning the rotation effects, but the full profiles are
too broad, due to a too large static Stark splitting for both cases at 7' = leV (I' = 0.23 and
I' = 0.5, respectively), where the effects of interactions between particles are non-negligible. In

this context, the intermediate approach employed by SimU in the present study, i.e., accounting only
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for the radiator-perturber interactions, appears to provide good accuracy with only a minor (relative to
the straight-path-trajectory model) increase of the computational time. Evidently, such an approach

becomes questionable for strongly-coupled plasmas (I" 2 1).

Figure 13. Autocorrelation functions of the total (black line), rotational (green line)
and vibrational (red line) fields compared to the BID model correlation function (dashed
blue line) and the exponential function corresponding to the FFM model (short dashed

blue line).
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The codes based on stochastic models do not reproduce correctly the rotation effects, even though
they are known to give a good approximation of the profiles in realistic conditions [28]. Figure 7
shows a rather good agreement between MELS and simulation results; the fluctuation rate used in
PPP is too small and results in too static profiles. PPP would give similar results as MELS if the
MELS fluctuation rate were used. We recall that the PPP and MELS codes were both developed
for complex atomic systems, such as multielectron ions found in hot, dense laser-produced plasma.
Thus, they have to find a satisfactory compromise between accuracy and efficiency. For a better
understanding of the differences with simulations, a comparison of the different field autocorrelation
functions has been plotted in Figure 13 for n = 10'® cm™3 and T = 1 eV. The total, rotational and
vibrational field autocorrelation functions obtained with the SimU simulation code have been plotted
together with the total field correlation function corresponding to the BID model (c¢f. Appendix A)
and an exponential function with a decay rate equal to v/4,,,. The absolute value of the rotational-field
autocorrelation function is, by construction, F;?, while that of the vibrational- and total-field ones
is 3/I'-times larger [29]. The vibrational field correlation function shows a plateau at the long time
limit due to a non-null value of the mean vibrational field. Even though the correlation function
models seem to be rather good approximations, the corresponding profiles do not coincide with the
simulations. It has been verified that changing the fluctuation rate is not relevant.
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It seems that the underlying stochastic models intended to account for ion dynamics are
inappropriate for mimicking the pure rotating field. Other choices could be made. For instance,
instead of working in the framework of strong collision models with constant fluctuation rates, a
model with a frequency-dependent fluctuation rate or a diffusion model on the basis of what has been
done for Doppler profiles [30] could be tested.
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Appendix A: Field Correlation Function in the BID Model

Consider a system of ions with electric charge Ze and mass m interacting through a screened
Coulomb potential with number density n and 7" the temperature in energy units. The transform of
the field auto-correlation function at an ion for this system is approximated in the BID model by [15]:

~ o0 ) 3mT A
Crr(w) = /0 dte“ < F . ?(t) >r ZTe? LJW_H(;J(L) (A1)

The function A(w) is given by:

Z2e* [ ¢ wy 1
Y - deP =2 A2
iMw) 3mT /0 ‘ (E)w + v 3V w+iv (A2)

where v is the free parameter in the BID formulation here assumed a constant, P(¢) is the probability
distribution for the field magnitude at an ion, w, is the ion plasma frequency and [25,26,29]:

< F? >=q < F? >p0p=4mnTv (A3)

defines the correction ~, to the field distribution second moment compared to that of the system of
ions interacting through a pure rather than a screened Coulomb potential. Substitution of these results

into the inverse transform yields:
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Note that:

/ () = 0 (A6)
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satisfying an exact property [15].
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Abstract: The study deals with two conceptual problems in the theory of Stark
broadening by plasmas. One problem is the assumption of the density matrix diagonality
in the calculation of spectral line profiles. This assumption is closely related to the
definition of zero wave functions basis within which the density matrix is assumed to be
diagonal, and obviously violated under the basis change. A consistent use of density
matrix in the theoretical scheme inevitably leads to interdependence of atomic kinetics,
describing the population of atomic states with the Stark profiles of spectral lines, i.e., to
spectral-kinetic coupling. The other problem is connected with the study of the influence
of microfield fluctuations on Stark profiles. Here the main results of the perturbative
approach to ion dynamics, called the theory of thermal corrections (TTC), are presented,
within which the main contribution to effects of ion dynamics is due to microfield
fluctuations caused by rotations. In the present study the qualitative behavior of the Stark
profiles in the line center within predictions of TTC is confirmed, using non-perturbative

computer simulations.
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1. Introduction

The study of Stark broadening in experiments, theory and simulations has up to now achieved
significant progress [1-78]. This allowed the beginning of profound detailed comparisons of various
computer codes developed for calculation of spectral lines profiles in plasmas, which was the main
purpose of the first two SLSP workshops [74]. However, the understanding and comparison of
realizations of most successful contemporary codes on a wide set of physical cases (see [74-77] and
other articles of this issue) give good reason to once more discuss, check, and revise the physical
notions and ideas which form the foundation of the contemporary theory of spectral line broadening
by plasmas. The present article pursues these aims.

In fact, this article deals only with two questions from the list of conceptual problems in the theory
of Stark broadening by plasmas [1-77]. The first one is the construction of the spectral line
broadening theory without assumption of the density matrix diagonality. Very often this assumption
cannot be validated when there is an interaction mixing of states whose energy splitting is less than or
comparable with the magnitude of interaction [42—45,50,53]. A consistent introduction of density
matrix inevitably leads to interdependence of atomic kinetics, describing the population of atomic
states with the Stark profiles of spectral lines that evidently could be defined as spectral-kinetic
coupling [42—45,50,53]. Usually, this is also interrelated with the appearance of interference
effects [42—45,50,53]. The other problem is related to the attempts to separate the influence of
microfield fluctuations on Stark profiles into two components, perpendicular and parallel to the
microfield direction [5,6], in order to separate the contribution from microfield rotation
effects [12,23-25,30,33], predicted to be dominating in the central part of the line [23-25]. The
necessity of this discussion arose when it was recently shown that existing approaches to accounting
for ion dynamics give results that differ from one another [74—76]. This inspired attempts to describe
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ion dynamics effects in terms of physical mechanisms, instead of practically tacit conventional
numerical comparison of complicated simulations that began with the first works done using the
Model Microfield Method (MMM) in the 1970s [14,15,28,29]. The basics of the theory of thermal
corrections for Stark profiles along with the results of [7-9,12,23-25] are given in Section 3. Later, the
predictions, given in [12,23-25] about significance of microfield rotation effects in ion dynamics,
were confirmed within other approaches [30,33], but until now it has not been explicitly shown in the
results of computer simulations (see also [75]). In the present work, simultaneously with [75], the
approximate way to separate microfield rotation effects in the profile of Ly-alpha within MD
simulations is realized and described in Section 4. However, this separation could not in fact be
achieved rigorously, due to the existence of correlations between statistical characteristics and
dynamics of atomic systems that we call statistical-dynamical coupling. The specially designed
numerical experiments allowed for confirming the qualitative predictions of behavior of the ion
dynamical Stark profiles for Ly-alpha, given earlier in [23-25]. This includes: (1) predominance of
microfield rotation in the formation of the central part of the Stark profile in plasmas for lines with
the central components; (2) a specific spectral behavior of the Stark profiles near the line center as a
function of the plasma temperature and reduced mass of the perturber-radiator pair; (3) a universal
spectral behavior of the difference Stark profiles for two different reduced mass of the
perturber-radiator pair.

For the purpose of discussion a short review of theoretical approaches and methods developed for
and applied to the study of the Stark broadening by plasmas is entwined into the argumentation
of each section.

2. Spectral-Kinetic Coupling

Let us consider broadening of the hydrogen atom in the well-known setting of the so-called
standard theory (ST), related to formulation given in [17,18,21,51]. Then the total Stark profile of
spectral line /(Aw) is represented as the convolution of the Stark subprofiles, corresponding to the
transitions between upper and lower substates being broadened by electrons in the fixed value of ion
microfield, and integrated over ion microfield values with the microfield probability distribution
function as a weight:

_l L RS _A' Ayflzy
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In Equation (1) Aw=w-0wo, is the detuning of cyclic frequency from the line center, the outer
angle brackets correspond as usual to an averaging over the microfield values F' (F is the absolute

value of microfield), p is the operator of density matrix, d is the operator of dipole moment,
N . 7! .
[i (Aco— C,.F )+ @nn,} is the operator of resolvent, C, . is the operator of the linear Stark shift

between sublevels of the upper n and lower level n” in the line space (the direct product of subspaces

of the upper and lower energy levels with the principal quantum numbers n and n’), Ci),m, is the
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electron broadening operator, indexes aff and o’p’ designate quantum states of the upper and lower
levels in the bra and ket vectors of the line space, respectively.

Conventionally assuming that density matrix is diagonal in Equation (1), it could be factored
out since in the region of small values of microfield all sublevels are degenerate and thus
equally populated [17,18,21]. For now, the fine structure splitting is neglected. In this region, the
spherical quantum functions (labeled by the quantum numbers , /, m) form a natural zero basis of the
problem due to the spherical symmetry [17,18,21]. Suppose now that the value of the ion microfield
is increased, thus the sublevels are split due to the linear Stark effect in the ion electric microfield,
and the degeneracy is partially removed. Now the parabolic quantum functions (labeled by the
parabolic quantum numbers n;, n,, m) form the natural zero basis of the problem due to the
cylindrical symmetry [17,18]. For sufficiently large values of the microfield, the impacts of electrons
could not equate populations of sublevels [17,18], and thus the assumption of population
equipartition [17,18,21], made as an initial condition, becomes violated. Evidently, since the density
matrix could not have the diagonal equipartition form in the two different bases, the initial
assumption of the theory [17,18,21] becomes invalid (see [42—45]). This simple example thus
shows that a more consistent approach should simultancously consider atomic kinetics and
formation of spectral line profiles, that just signifies the spectral-kinetic coupling [42-45,50,53].
Those drawbacks in constructing Stark profiles under assumption of diagonal form of density
matrix are weakened partially, if one introduces the dependence of electron impact broadening
operator on the Stark levels splitting in the ion microfield [17,18]. Then the non-diagonal matrix
elements will be the next order corrections in comparison with the impact widths for large values
of the ion microfield, and terms responsible for the line mixing will drop down more rapidly in the
line wings [17,18]. On the other hand, for small values of the ion microfield, for which the Stark
splitting is of the order of the non-diagonal matrix elements of the electron-impact-broadening
operator, the Stark components collapse to the center, thus becoming effectively degenerate [16-18],
as it should be due to the straightforward physical reasoning (it is worth reminding that it was
academician V.M. Galitsky who pointed out this effect to the authors of [16]). This collapse
phenomenon is characterized by the appearance of the dependence of the decay constants and
intensities of the “redefined” inside the collapse region “Stark components” on the microfield,
while the energy splitting of these “Stark components” disappears. These “redefined” Stark
components appear in the process of solution of the secular equation for the resolvent operator in
the line space [13—15]. At F =0, the intensity of one of the “redefined” components becomes equal
to zero, while the other one gives contribution to the center of the profile identical to the
contribution of the two symmetrical lateral Stark components without their redefinition during the
solution of secular equation for the diagonalization of resolvent [14-16]. Therefore the collapse
phenomenon of Stark components signifies the necessity to change the wave functions basis from
the parabolic to spherical wave functions, or vice versa, depending on whether ion microfield value
decreases or increases. Simultaneously, of course, this means the region of singularity for the ST
assumption of the density matrix diagonality [21,51]. From this consideration it is obvious that the
collapse phenomenon has the kinetic character and in fact is one of the examples of spectral-kinetic
coupling. Thus the existence of the collapse phenomenon of Stark components at the same time
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means the necessity of more complete consideration of the Stark broadening within the formalism
of kinetic equations for the density matrix [42-45,50,55], or in other terms, the necessity of
application of the kinetic theory of Stark broadening.

The spectral-kinetic coupling discussed above is a common thing in laser physics [42]. Indeed,
the lasing condition is directly connected with the difference of populations that, in turn, is proportional
to the non-diagonal matrix elements of the density matrix (called coherences), describing the mixing
of the upper and lower levels due to the interaction with the radiation field [42]. In the density
matrix formalism it is necessary to solve the kinetic equation that leads to the system of much
larger rank in comparison with conventional amplitude approach that significantly complicates
finding the solution [42-45,50,55]. Moreover, the construction of terms, describing sinks and sources,
is not straightforward as during their derivation it is necessary to average over a subset of variables
taking account of specific physical conditions [37,42—45]. So, as a rule, these terms could be derived
in a more or less general form only in the impact limit, and their concrete expressions are rather
arbitrary [37,42—45,50,55]. Moreover, even the formula (1) should be changed to a more general
and complex expression for the power that is absorbed or emitted by the medium [42—45,50,55].

3. Ion Dynamics in Statistical and Spectral Characteristics of Stark Profiles

Within the assumptions of ST the plasma ions are considered as static [17,18,21], and
hence the resultant Stark profiles are called static or quasistatic. We now consider the ion dynamics
effects, ie., the deviations from the static Stark profiles due to the thermal motion (see, for
example, [7-9,12,17,18,20,21,23-36,74-76]). If these deviations are small enough (called in
earlier works “thermal corrections” [7-9,12,21,23-25]), then it is possible to express them through the
second moments of ion microfield time derivatives of the joint distribution functions
W(F ,Ié ,]-3- ) ofthe ion electric microfield strength vector F and its first 7 and second F' time
derivatives [5-9,12,21,23-25,48,67]. The basic idea of Markov construction of these joint
distributions is that F ,1;: and F are stochastic independent variables, formed by summation of
electric fields or its derivatives over all individual ions of the medium [1,5,6]. So, these probability
distribution functions are the many body objects [5-9,12,21,23-25,48,67]. However, those joint
distributions possess nonzero constraint moments over, for example, microfield time derivatives, the
value and direction of electric ion microfield strength vector being fixed [5-9,12,21,23-25,48,67]. So,
each value of the ion microfield corresponds, for example, in fact to a nonzero “mean” value of the
square of its derivative. In other words, it means that by fixing one of the initially independent
stochastic variables, the mean values of the other ones become nonzero and functionally dependent on
the value of the fixed variable [5,6]. So, the direct correlations between fixed stochastic variables with
the moments over the other ones under this condition are evident. Another kind of correlations appears
if one considers large values of ion microfields, which are produced by the nearest particle (so called
“nearest neighbor approximation”) [5-9,12,21,23-25,48,67]. In this case there is a direct
proportionality between the value of the ion electric field and its time derivative, where the
stochasticity is involved due to another stochastic variable—particle velocity. Indeed, the mean square
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value of particle velocities is a necessary factor in the second moments over the microfield time
derivatives [5-9,12,21,23-25,48,67].

Consider now the components of the microfield time derivative that are perpendicular and parallel
to the direction of the ion microfield strength vector [5-9,12,21,23-25,48,67]. By calculating the
second moments of the perpendicular and parallel components of time derivative, it is possible to
establish relations between them in the limits of small and large reduced microfields values
B=F/F, (£, isthe Holtsmark normal field value [1,5-9,12,21,23-25,48,67] and F is the current
microfield value), assuming for simplicity (but without loss of generality) that ions produce the
Coulomb electric field. In the case of B <« 1, the ion microfield is formed by many distant ions and
due to isotropy the following relation takes place [5,6,24,25]:

2(FRp ~ (F)p = (Fip + (F3)s @

On the other hand, in the case of > 1, the ion microfield is formed by the nearest neighbor and
the corresponding relation shows preferential direction of the microfield fluctuations along the
microfield vector [5,6,24,25]:

(Fp ~ 2(F2)p = 2-((F2)r + (F3)y) 3)
The general expression for (ﬁf) r 1n the case of a Coulomb electric field of point charges is
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Here e is the elementary charge and (v2) designates the mean of the radiator velocity square.
The complex ionization composition is accounted for in Equation (4) (note the generalization of

the F definition). The definitions of the mean values for composition of various ion species ““s
with the charges Z; and thermal velocity v; ¢ are given by the following relations:
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In Equations (4) and (6), H(p) is the Holtsmark function (1). The other functions are related to it
through integral or differential equations (see [5,6])
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The properties of asymptotics for these functions are given by the relations [3]
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The results of [5,6] for joint distribution functions and their moments for the Coulomb potential
were generalized within the Baranger—Mozer scheme, accountmg for the electron Debye screening
and the ion-ion correlations [38,48,67]. The quantities (FII )r and (Ff)p characterize the statistical
properties of plasma microfield and play a key role within the idea of thermal corrections to Stark
profiles [7-9,12,24,25]. The terms proportional to the mean of radiator velocity square in Equations (4)
and (6), in square brackets, describe the fluctuations of microfield, induced by the relative thermal
motion of the radiator atoms. The other terms, proportional to the mean of radiator velocity square in
Equations (4) and (6) besides the factor p are due to the effects of ion-dynamics friction on the
radiator motion. As one can see, the latter terms could not be made proportional to the reduced
mass of the ion-radiator pair. However, the cases when the influence of the effects of ion-dynamics
friction on Stark profiles is significant have not been revealed up to now, since the corresponding
deviations of profiles turn out to be small. And indeed, the full scale Molecular Dynamics (MD)
simulations confirmed that the effects of ion dynamics could be well described by a so-called
“reduced mass” model (RM), where the motion of radiator is neglected for moderately coupled
plasma with the ion coupling parameter 7; < I [34,61,75]. This greatly facilitates the study of ion
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dynamics in simulations, since the consistent consideration of radiator motion effects in MD is
quite time-consuming. The expressions for the fluctuation rates, Equations (4) and (6), also show
that for plasmas with complex ion composition there could be some deviations from the RM
model, caused by peculiar distributions of ion charges. As the main precision experiments have,
up to now, been conducted for simple charge distributions, the expressions in Equation (5) and
Equation (6) could be greatly simplified and the terms, corresponding to the ion friction, could be
omitted. Hence the charge distribution is neglected below.

By analyzing the difference between profiles formed for two different reduced masses of the
plasma ions, it is seen that within the idea of thermal corrections they are proportional to the
second moments of parallel (ﬁuz)p and perpendicular (FZ), components of the ion microfield
fluctuations. The general analysis, performed in different approximations [7-9,12,24,25], has
shown that the ion dynamical perturbations of Stark profiles are controlled by three main
mechanisms. The first mechanism is due to the amplitude modulation, induced by the rotation of the
atomic dipole along with the rotating ion microfield [12]. Due to the amplitude modulation, the
projections of the atomic dipole on the coordinate axis, being at rest, are changing (or “modulated”),
while the atomic dipole rotates together with the rotation of the electric microfield strength vector.
The second mechanism exists due to the atomic dipole inertia with respect to the microfield rotation,
and results in nonadiabatic transitions between states defined in the frame with the quantization axis
along the rotating field direction [12]. The third mechanism (historically considered the first) is the
phase modulation related to changes in the microfield magnitude [7-9,12,24,25]. Only this
mechanism was taken into account in the earlier works (in the 1950s) [7-9], where the Stark
broadening by ions was analyzed in the adiabatic approximation, i.e., only within the framework of
phase modulation or frequency Stark shift [21]. As it was demonstrated in the works [24,25] within
the approach of thermal corrections, the amplitude modulation gives the largest contribution to the
Stark contour deformation due to ion dynamics in the vicinity of the line center. The general ideas of
amplitude modulation, non-adiabatic effects and usage of the electron broadening for extending the
theory of thermal corrections to the line center were proposed by Gennadii V. Sholin.

Figure 1. Function M (x).
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Recall that the thermal corrections are defined as a difference between the total profile,
calculated accounting for perturbations due to ion dynamics, and the Stark profile within the
ST approach [24,25]. In the case of equal temperatures of plasma ions and radiators, as well
as electrons, this gives for Ly-alpha (compare with [24,25]) in the approximation of isolated
individual Stark components (i.e., neglecting non-diagonal elements of the electron impact
broadening operator)
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The f;-«(x) function describes the central component contribution to the Stark profile due
to amplitude modulation, while the f>_,(x) function describes the contribution of lateral
components to the Stark profile, related to the combined action of the amplitude modulation
and non-adiabatic effects. Below, the explicit expressions for f;—,(x), f>-4(x) are given (I'(z) is
the gamma function):
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In (9) and (10) the M| (CZ’ AxT+ 4} dimensionless function is introduced (see Figure 1),

0
proportional to the second moment of the microfield time derivative component,
perpendicular to the microfield direction according to Equation (4) and defining in fact the
mean square of microfield rotation frequency. It is defined in such a way, that M, (0) = 1,
while the corresponding constant in the limit of f < 1 was included in the definition
of the /> 4(x) function. The behavior of f;—,(x) and f>,(x) is presented in the Figures 2 and 3,
respectively. The parameter y in Equations (9) and (10) is the impact electron width
of the central component in the parabolic basis. As it follows from the results of [24,25],
the corrections due to the ion dynamics effects are negative in the center of a line
with the central components, corresponding to decreasing of the intensity in the line center
due to the ion dynamics effects and its increasing in the shoulders (the transient
region between approximately the half width and the nearest line wings). As the
thermal corrections have perturbative character, functions f; .(x) and f> ,(x) have zero
integrals. So, due to ion dynamics effects, the intensity is redistributed from the line center,
increasing the total width of the lines with central Stark components [24,25]. These general
features are confirmed below in the next Section 4 using MD simulations (see also [75]), that
are believed to be not limited by applicability conditions of the perturbation approach [24,25].
It should be noted that within the approach of [24,25], an exact analytical expression due to
the ion-dynamics corrections for Ly-alpha, accounting for the collapse of the lateral Stark
components [13—15], was also derived [24]. It has a rather complex structure and

(€))

(10)
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is not presented here, but the comparison of its functional behavior with the approximation of

isolated individual Stark components f, , (x) is shown in Figure 3.

Figure 2. Function f;,(x).
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Figure 3. Function f>,(x)—dashed line. The solid line is the behavior of /> ,(x;e = 1),
obtained in numerical calculations accounting for the collapse effect [24].
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It is interesting to note several properties of the above-mentioned complex function f,_,(x; €),
which takes into account the collapse effect of lateral Stark components (where ¢ is the ratio of the
non-diagonal matrix element of the electron impact broadening operator to the electron impact width
of'the central component of Ly-alpha). Neglecting dependence of the non-diagonal matrix element of
the electron impact broadening operator on the value of the ion microfield F according to [17,18],
which mainly is important for large F for transition from the overlapping to isolated broadening
regime of'the Stark components (since €(B) -0 for B —> o0), corresponds to & = 1. The ratio of the

lateral component electron impact width to the central component electron impact width is equal to 2
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for Ly-alpha in parabolic basis [17,18]. This is reflected in the argument of M (CLF.\IXZ +4j ,

0

! (Aw+i2y), corresponding to the one lateral
0

whose value is taken in the pole of resolvent =
component. So, remembering that the central component is more intense than the lateral ones, its
strong influence on the Ly-alpha Stark shape becomes obvious. Comparing f,_, (x;s::O) with
fra (x;s = 1) at x = 0, their ratio comes out to be about 1.26 [24]. At first glance, putting & = 0 in
Sra (x;s) allows obtaining the limit of isolated Stark components, but it turns out that
fra (x;8 = 0) = [ (x) This means that there is no commutativity in the sequence of performed
mathematical operations, since the f, (x;e) function is obtained in the solution of secular

problem and inverting the resolvent. It is seen in Figure 3, that the difference between the
approximation of isolated components ( f;_, (x)) and the exact solution accounting for the collapse

effect ( fo,(x:€=1)) at x = 0 is noticeably smaller than that between f, ,(0;6=1) and
fr0(0:€=0), as their ratio f, ,(0;e=1)/f,,(0) is only about ~1.14. Thus this comparison
demonstrates an acceptable accuracy of the approximation of isolated individual Stark components

[18,19] for calculations of the thermal corrections to the Ly-alpha Stark profile.

Figure 4. The function f>-(x).
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Similar to Equations (9) and (10), result for Ly-beta is [24,25].
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where f>-p(x) describes the lateral components contribution to the Stark profile, comprising to the
action of only non-adiabatic effects in the case of lines without the central component [24,25],
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and “w” is the electron impact width of the Stark sublevel (002), designated by parabolic quantum
numbers. The graph of f>-4(x) is presented in the Figure 4. The case of Lyman-beta illustrates that
the ion dynamics effect increases the intensity in the center of the line without the central
components and slightly decreases its width due to the lowering intensity in the nearest wings that
is clearly seen in Figure 4.

Expressions (9) and (12) are derived assuming the concrete numerical values of the Stark shifts
and dipole matrix elements, calculated in the parabolic basis for corresponding Stark sublevels and
components of considered transitions [17,18]. The above results are obtained analytically by the
perturbation theory for non-Hermitian operators and with the analytical continuation of the
microfield distribution function and the second moments of its time derivatives that were shown to
possess analytical properties in the upper complex plane (see [24,25]). As it follows from the validity
conditions of this approach, the main contribution to integrals, describing the amplitude modulation of
lines with central components, give regions of detunings near the line center, where the argument of
the universal functions, describing the second moments of derivatives, is small. Moreover, the
principal term of the expansion, corresponding to the amplitude modulation of the central
component, does not depend on the microfield, that allows for integrating over the microfield
distribution analytically [24,25]. On the other hand, the principal terms of the expansion for the
lateral components related to the amplitude modulation and non-adiabatic effects, are obtained
analytically via integration in the upper half of the complex plane [24,25]. As it follows from the
asymptotic properties of these functions in the region of small values of argument, the effective
frequency of rotations is practically constant. Due to this, in [24,25] the value of the dimensionless
function M, (z) in Equations (9) and (11) was substituted for small values of argument near zero,

corresponding to the line center. Moreover, as M L(z) varies very slowly on the characteristic

frequency scale in the line center, in [24,25] its variation in the numerical results of Equations (9) and

2
(11) was neglected. It allowed to neglect the difference of values of M W“; . (ﬂ] +1
a0 Wap

standing beside the terms, obtained due to residue in the various poles, and equate them in fact to the
common constant due to the smallness of argument. Then summation of terms due to perturbation
expansion leads to more simple formulas, which are expressed as the functions f, and finalized by
introduction of some general scales for the Stark constants C and impact widths w. Moreover, the
significant simplification of the result also is due to the constant output of the M, (z) function in

the region near the line center, where its argument is small. Then all the derivatives of M | (z) turn

out to be zero (or could be considered as higher order terms of expansion), thus one is left only with
the derivatives of the dispersion functions in perturbation series (see [24,25]). However, from the
principal point of view, it is important that functional behavior of M, (Z) is proportional to the
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fluctuation of microfield component perpendicular to the microfield direction in Equations (4) and
(10). 1t could be kept in the final result which would then look more cumbersome in this case than
expressions (11) and (12). Indeed, the result would contain the sum of contributions of each Stark
component, determined by its values of the electron impact widths and Stark constants, being
multiplied by M (z) from the different arguments, as explained just above (see explicit formulas

for perturbation expansion, presented in [24,25]).

In the case of a line without the central component, the ion dynamics corrections are positive in
the line center (see Figure 4). Thus, the intensity in the center increases, while it is decreases in the
nearest wings (see Figure 4). The results of [24,25] qualitatively confirm the experimental patterns,
observed in [20,22,27,31]. Also in [24,25] the difference profiles, corresponding to two different
values of the reduced mass, were considered and compared with the results of experiments [20,22] for
the Balmer-beta line. It was shown that relative behavior of the thermal corrections versus
wavelength detuning from the line center 44 describes sufficiently accurately [24,25] the
experimental results [20,22]. In [24,25] the difference profiles dg(44), corresponding to the two
different values of the reduced mass, were also considered. Within the notion of thermal corrections
this difference is
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In Equation (13) f(x) is the relative behavior of the difference profile in the line center. In [24,25]
it was shown, that the dependences versus frequency detunings from the line center, spanned by the
profile difference (10), coincide well with the corresponding experimental data for the Balmer-beta
line, given in [20,22].

So, according to the results and ideas of [24,25] and the discussion above, the difference profiles are
proportional to the statistical characteristics of microfield and, more precisely, to the characteristics
of the microfield fluctuations, related to the microfield rotations (compare with [24,25]). That is why
this property could in principal be used to study microfield statistics in experiments and simulations.

In short time the ideas of [12,24,25] were accepted and the notion of dominating effect of
microfield rotation into ion dynamics became widely spread [30,33].

Nowadays, the computer simulation technique has become a powerful tool for studying the
physics of various non-stationary processes, and particularly plasma microfield ion dynamics effects.
However, computer simulations are rather time-consuming and at present impractical for large-scale
calculations. Thus, simultaneously with the computer simulations the development of model
approaches, that accounted for the ion dynamical effects in an approximate manner, were carried on
independently [32-37,39,41,46,49,53,54,56,59—-64,68—76]. The first such model (actually, predating
computer simulations) was MMM [14,15,28,29,52], later followed by various applications of the
BID [37,71] and Frequency Fluctuation Model (FFM) [46,56,66] methods. Notably, neither of these
models explicitly accounts for the effects of microfield rotation [24,25,30,33,53].

It is necessary now to consider the formal conditions of validity of thermal corrections
approach [7-9,12,24,25]. The results of reference [12] are applicable only for the lateral Stark
components and quasistatic ions, when
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and in the spectral region of detunings from the line center Aw, corresponding to the line wings

(ﬂJ > 1 (15)
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On the other hand, the spectral region of applicability of the theoretical approach in [24,25] is
expanded till the line center only due to the additional inclusion into consideration, besides the
quasistatic ions -Equation (14), of the electron impact effect, that allowed to analyze the central Stark
components, too. However, the applicability criteria of [24,25] are rather complicated and depend on
the spectral region under consideration. For example, in the line center for the central Stark
components the criterion of validity of [24] has the form

hPh AT <, kb1, ho<1, A=In(p,/p,) (16)

where pp and pw designate the Debye and Weisskopf radii, respectively (see [21,45,58]). It is seen
that condition (16) (and other criteria from [24,25]) is difficult to fulfill, which somewhat limits the
practical applicability of the theory. For the line wings, the results of [24,25] reproduce the results
of the earlier work [12] under the criterion for the separate Stark components

b7 1" (Awl CF,) < H(Aw/ CF,) (17)

where I""(Aw/CF,) is the thermal correction profile that represents, within the assumptions
of [18,19], a sum of contributions from the amplitude modulation, non-adiabatic effects, and phase
modulation, and H (Aw/CF)) is a microfield distribution function.

The results of [12,24,25] proved the numerical predominance of amplitude modulation and
non-adiabatic effects contributions over the phase modulation one in the line wings, where the
perturbation approach of [12,24,25] is applicable practically for any plasma parameter. The magnitudes
of amplitude modulation and non-adiabatic effects contributions are of the same order in this region
of Stark profiles [12]. Moreover, the amplitude modulation and non-adiabatic effects contributions
have the same sign, which is opposite to the sign of the phase modulation correction [12]. So, the
cancellation of non-adiabatic and atom reorientation effects (amplitude modulation) does not take
place, as was proposed earlier by Spitzer in his very instructive papers [2—4], and they play the
dominant role in the line wings.

4. Ion Dynamics Modeling and Statistical-Dynamical Coupling

The work during the preparation of SLSP workshops and along with their conduction revealed
unexpected spread of results of various computational models, done for ion perturbers only (see for
example [74-76]).

In this respect, the study of directionality correlations, presented at SLSP-1 [65], inspired the
authors to test whether the rotation effects really are responsible for a dominating contribution
according to the predictions of [24,25].
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To this end the Ly-a profile was calculated using a computer simulation (CS) method [57].
A one-component plasma (OCP) was assumed, consisting only of one type of ions. Furthermore, to
avoid effects of plasma non-ideality such as the Debye screening, the ions were assumed moving
along straight path trajectories. Time histories of the electric field F(¢), formed by the ions, were
stored, to be used as an input when numerically solving the time-dependent Schrédinger equation of
the hydrogen atom.

It is instructive to separately analyze how changing the direction, and the magnitude of the
microfield influence the line shape. Let us define “rotational” and “vibrational” microfields as

- . m iz
F0=F g, FO IF ), (18)
and
F:/ib(t):ﬁzF(t)a (19)

respectively (compare with [75]), where Fj is again the Holtsmark normal field for singly charged
ions [1].

The effect of varying reduced mass was modeled by enabling time dilation of the field histories.
Evidently, the field that is changing slower by a factor of s, corresponds to that, formed by particles
moving s times more slowly, i.e., with an s>-times larger reduced mass. We note that by reusing the
field histories generated only once, any possible inaccuracy due to a finite statistical quality of the
simulations, such as a deviation from the Holtsmark distribution of the field magnitudes [1], should
be present in all calculations and thus, cancel out when the difference profiles are evaluated.
The parameters of the base run (s = 1) were selected to correspond to protons (i.e., uy = 0.5) with
the particle density N = 10'7 cm’® and temperature 7= 1 eV, while the additional runs with s = 2, 4,
and 8 corresponded to u =2, 8, and 32, respectively.

The resulting Ly-o profiles are presented in Figure 5. It is seen that the rotational microfield
component has a significantly more pronounced effect on the total line shapes, while changing only
the magnitude of the field while keeping its direction constant (the “vibrational” component) has
only a minor effect on the shape of the lateral components. Evidently, with no change in the field
direction, the central component remains the J-function (not shown on Figure 5b). We note that the
width of the central component due to the rotational microfield component increases when p
decreases. This is in a qualitative agreement with Equation (9).

The Ly-a profiles calculated with the full microfields (Figure 6a) show a resembling behavior: the
line HWHM, mostly determined by the central component, scales approximately inversely with s
within the range of parameters assumed, while the shape of the lateral components remains mostly
unchanged. We note that varying s may alternatively be interpreted as scaling the temperature
according to 7 = Tys>. The observed dependence is, thus, qualitatively similar to the Ly-o
T-dependence inferred in an ion-dynamics study [76]. We note that the shape of the central
component is practically Lorentzian.

We now turn to analyzing the difference profiles defined in the spirit of Equation (13). However,
the theory of thermal corrections [24,25] was derived perturbatively with the zero-order broadening due
to the electron impact effect, while in the present CS calculations no electron broadening was included.
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Therefore, it is the ion-dynamical broadening itself that fulfills this role, and one should expect
to find a self-similar solution. We checked it by calculating difference between the line shapes
calculated with the time-dilation factors s and s'=s+38s, keeping the ds/s ratio constant, and
normalizing the frequency axis of the resulting difference profiles to the line width. In other words,
the ion-induced HWHM w; plays the role of the electron impact one in Equation (9).

Figure 5. CS Ly-o profiles, broadened by an OCP, assuming N=10""cm  and T=1 eV.
The ion radiator reduced mass u = 5’9, where o = 0.5. a) Line shapes influenced by the
rotational field component (18); b) Line shapes influenced by the vibrational field
component (19).
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Although it is desirable to keep ds/s as “infinitesimal” as possible, in practice too small a ratio

results in rather noisy profiles due to a finite accuracy of the simulations; for this reason, ds/s = 1/4,
corresponding to du/u = 9/16, was used. The results are shown in Figure 6b. Indeed, the normalized
difference profiles remain practically the same over the 64-fold variation of u tested. Furthermore,
the profiles in the central region are qualitatively similar to the prediction of the theory of thermal
corrections [24,25] (cf. Figure 2). It appears, however, that the functional form is rather close to

x* -1

T @0

also shown in Figure 6b. It is easy to see that such a functional form corresponds to a difference
between two Lorentzians, confirming the shape of the Ly-a central component inferred from our
CS calculations.
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Figure 6. a) CS full Ly-a profiles, broadened by an OCP, assuming N = 10" em ™ and
T=1eV. The ion radiator reduced mass i = s°uy, where 19 = 0.5; b) Profiles differences
between line shapes, calculated with s and s'=s+08s=5/4s (ie., owu = 9/16).
The profile differences are scaled to the lineshape HWHM wi.
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5. Discussion

Let us discuss the separation of rotational and vibrational (phase modulation) effects of ion
dynamics (used also in [75]). It is assumed that the mean magnitude of the field is equal to the normal
Holtsmark field value. On the other hand, the solution for a fixed angular velocity and a fixed
magnitude of the electric field for hydrogen is known exactly [10,13]. Furthermore, the solution of
the Schrodinger equation for this problem and hence the profile strongly depends on the microfield
value, which is set equal to . These profiles are characterized by well distinguished properties that
are consequences of atom dynamics in the rotating microfield [10,13,75]. When the profile patterns
are averaged over all microfield directional histories, the fixed value of the microfield leads to a
statistical-dynamical coupling through specifics of solutions of the Schrodinger equation, i.e.,
coupling between the microfield statistics and specific dynamics of the atomic system [10,13]. This is
illustrated by the instructive detailed patterns presented in [75] for the rotational contribution of ion
dynamics effects. Let us now consider the proposed separation of phase modulation or vibrational
effects. Here only the microfield orientation is assumed to be constant, while its magnitude as a
function of time is preserved. The solution of the Schrédinger equation in this case reflects the
specifics of a fixed orientation, and after averaging over microfield histories this imposes
very characteristic features of the Stark profiles [7,8,75]. These profiles are also subject to
statistical-dynamical coupling caused only by the fixed microfield orientation.
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The present CS results show that the convolution of the separated rotational and vibrational
profiles does not equal to the one, obtained by using the full microfield histories. This is due to
constrains, involved in the separation of the rotational and vibrational effects, and is clearly a
consequence of the statistical-dynamical coupling. In fact, it has the same origin as the coupling
between the fixed microfield values and the means of their derivatives [5,6], discussed in the
beginning of Section 3.

The analysis performed in the previous section has confirmed the formation of the central part of
the hydrogen line with the central component, predominantly broadened under the action of the
amplitude modulation. While in the quasistatic region of the Stark broadening the natural scaling is
defined by CFj ~ n’ N, and in the impact regime it is proportional to ~n* (T;/u) " N;, from the
dimension consideration it follows that in the regime of Stark broadening controlled by the ion
dynamics the characteristic scale w; could be just proportional to (7;/u)"”? N/ as there could be no
dependence on the dipole atomic moment or microfield. On the right hand side in Figure 6b the
difference profiles for the same set of artificial values of reduced mass are plotted. Their qualitative
behavior is similar to the ones discussed in the Section 2 functions f;-«(x), f>-«(X). From the
performed analysis in the previous section it could be deduced that the characteristic scale of
HWHM is proportional to (27/u)"?, and at the same time the analysis, given in [67], has shown
that in this range of parameters (N, ~ 10" cm >, 7~ 1 ¢V) HWHM is proportional to N,
Combining these two dependences lead to the conclusion that, for the chosen plasma parameters,
the HWHM needs to be proportional to the typical ion microfield frequency: w; ~ (2T7/u)"° N,/

These properties discovered in the process of CS could be in fact treated in a quite simple
manner. Indeed, the main contribution to the broadening is due to the central component. The
existence of the field and its orientation define those Stark sublevels that give rise to the central
Stark component, but the microfield does not affect those states, and they do not depend on the
microfield value since they do not possess a dipole moment. The microfield rotations change the
quantization of quantum states, which can be considered as their decay or determination of their
life time. Earlier, the formal model of this type with the decay rate, depending on the microfield value
and based on equations like Equation (4), was suggested in [17], but was not thoroughly studied.
From this idea it follows that any interaction should lead to a finite life time of the system. This
hypothesis is supported by the observation of a nearly Lorentzian profile of the central component

in the simulations with w; & v,-N;” 5,

6. Conclusions

The existence of spectral-kinetic coupling in the formation of Stark profiles is stated. It arises
since the spectral profiles and balance equations could not, in general, be considered separately. A
consistent approach should include balance equations as well as spectral line profiles in one system
of equations for density matrix.

MD simulations qualitatively confirm the results, obtained within the notion of thermal
corrections, namely that the formation of the Stark profile center is mainly due to the microfield
rotation, while the wings are affected by the phase modulation. Here, it is worth mentioning that in

the line wings, where the theory of thermal corrections is practically always valid, the ion dynamics
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contributions of the amplitude modulation and the non-adiabatic effects have the same sign and
significantly exceed numerically the contribution of the phase modulation, which has the
opposite sign.

The existence of the statistical-dynamical coupling between the plasma microfield statistics and
the dynamics of atomic system of radiators, applied to the averaging of the dynamic solution over
samples of histories of microfield evolution in plasma (which is a special case of time dependence in
quantum mechanics induced by the environment [78]), may be the cause that prevents the
convolution of separate contributions to the Stark profile from the rotational and vibrational effects
to be equal to the Stark profile, obtained under the full microfield evolution.

The difference profiles, obtained by a subtraction of experimental or simulated profiles,
corresponding to two different reduced masses of perturber-radiator pair, could be used as a tool for
studying the statistical properties of microfields.

It is pointed out that results of MD simulations of ion dynamics could be treated by a hypothetical
model of the quantum states decay caused by the changes of quantization axes due to the microfield
rotations. This may allow for explaining the success of a variety of models that consider neither the
microfield rotation, nor the detailed evolution of the microfields.

We hope that this work will inspire further studies of the ion dynamics effects on Stark profiles.
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Abstract: In weakly coupled plasmas, it is common to describe the microfield using
a Debye model. We examine here an “artificial” ideal one-component plasma with
an infinite Debye length, which has been used for the test of line shape codes. We
show that the infinite Debye length assumption can lead to a misinterpretation of
numerical simulations results, in particular regarding the convergence of calculations.
Our discussion is done within an analytical collision operator model developed for
hydrogen line shapes in near-impact regimes. When properly employed, this model can
serve as a reference for testing the convergence of simulations.
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1. Introduction

The Spectral Line Shapes in Plamas Code Comparison Workshop (SLSP) [1] focuses on a set
of standardized physical problems to be addressed using codes from different research groups/labs.
Amongst these problems is the description of Stark line shapes with ion dynamics effects, referred
to as the cases “1” and “2” in the first (2012) and second (2013) editions of the Workshop. In
order to get a simple interpretation of what the codes effectively calculate, a set of idealizing
assumptions has been considered. For example, the electrons and the ions are assumed to move
along straight path trajectories and they produce unscreened Coulomb potentials (ideal plasma
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approximation). The purpose of this paper is to show that the latter assumption raises a problem
of consistency in the interpretation of “ab initio” numerical simulations, i.e., simulations that
are free from physical approximations in the evaluation of the plasma microfield and in the
calculation of the atomic dipole autocorrelation function. They commonly serve as a reference
for testing other models. Although very convenient in practice (in particular for programming
purposes), the simulations can take a long time and become useless in the case where a large
amount of particles is required in the evaluation of the microfield. This occurs for weakly
coupled plasmas, when the Debye length is much larger than the mean interparticle distance.
A relevant strategy when performing a simulation is to take a box (either of a cubic, spherical, or
more complex shape) of characteristic size of the order of the Debye length (typically larger by a
factor of several units), which means that the number of particles can be very large in weakly coupled
plasma conditions. If the plasma is so weakly coupled that a calculation cannot be performed on a
reasonable time scale, the box size is reduced and the corresponding number of particles is adjusted
in such a way that a relevant statistical quantity (like the microfield probability density function or the
microfield autocorrelation function) is well reproduced within a few percents error bars. We suggest
that this procedure does not suffice to obtain reference profiles in the case of infinite Debye length.
The neglect of far perturbers may result in a significant underestimate of the line broadening if the
microfield is dynamic. Our discussion is based on the use of an analytical model for Stark broadening
in regimes such that the impact approximation is not far from being satisfied by the perturbers under
consideration (ions or electrons) [2,3]. We consider the Lyman « line broadened due to the electrons
only at N = 10" cm =3 and T = 100 eV (subcase “1.1.3.1.1” of the 2013 SLSP), and we assume an
unscreened Coulomb electric field as required in the Workshop statement of cases.

2. A Collision Operator Model for the A\p — oo Limit

The plasma conditions yield a value of about 4 x 1073 for the ratio by/r, between the
Weisskopf radius (bys = hn®/m.v, where n = 2 is the upper principal quantum number and
v o= \/m is the electrons’ thermal velocity) and the mean interparticle distance (r, =
N~—1/3), which suggests that a collision operator may be used. The standard impact models
for hydrogen (e.g., Griem et al. [4,5]) and their extensions (e.g., the Lewis cut-off [6] and the unified
theory [7.8]) account for particle correlations within a Debye screening model and, hence, are
not compatible with the unscreened electric field assumption (A\p — o©0) done in the subcase
1.1.3.1.1. This “artificial” setting of an infinite Debye length requires a careful reconsideration
of the role of far perturbers (weak collisions), in a more general framework than that involved
in the standard collision operator models. Recently, it has been shown that the perturbers that
effectively contribute to the line broadening are those which are located at a distance smaller
than v/5, where 7 is the line’s characteristic width, because of the finite lifetime of the emitter

(see the discussions in [2,3]). This length may be interpreted as an upper cut-off in place of
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the Debye length for our “artificial” Coulomb plasma. Applying the model reported in [2] to the

subcase 1.1.3.1.1 yields the following formula for the line shape
1 1

I(Aw) = —R

T —idw v(Aw) 0

where Aw is the frequency detuning and where y(Aw) is the collision operator taken in the bracket
(2,1,0]...]2, 1, 0) (spherical base). The latter is given by {see [2], Equation (A4), setting A\p — oo}

9¢g o° B T —iAw —iAw
Aw) = —— due™™ ——erf E 2
e [ [T () e ()]

We have used here a system of units such that the Weisskopf radius by, and the thermal velocity

v are equal to unity; g = 47 Nb3, /3 is the number of particles in the Weisskopf sphere, which is
much smaller than unity (namely, of the order of 2 x 10~7 here), and the quantity Auw is defined as
Aw + iy where 79 = v(Aw = 0) and 6 is an atomic physics factor of the order of unity. In our
calculations we have set § = 1. Like standard collision operators, (Aw) exhibits a decomposition
into a strong collision part (the first term of the right-hand side) and a weak collision part (the second
term). It is worth noting that Equation (2) does not provide a closed expression for y(Aw), because
of the presence of v, (through the Aw term) in the error and exponential integral functions; instead,
it implies an equation of the form 79 = F'(y) where F is a nonlinear function. In [2], this equation
was solved numerically by iterations and it was shown that this method is quickly convergent.

3. Questioning the Validity of Simulations

Our Equation (1) applied to the subcase 1.1.3.1.1 leads to a line shape about twice larger than
that obtained from the simulation results that have been presented during the Workshop. These
simulations assume a finite box that contains several thousands of particles. According to the model,
we suggest that this deviation stems from the neglect of the far perturbers (i.e., those inside the v/¥
sphere but outside the simulation box) in the simulations. It is quite difficult to test this argument by
enlarging the simulation box up to v/% because this would imply a very large number of particles,
up to several billions. Instead, we have modified our model [2] in such a way to account for a
finite plasma size R. The general collision operator formula accounting for finite Debye length {[2],
Equation (A4)} has been used with the formal substitution A\p, = R.

Figure 1 shows an application to a cubic box of size R = 3400by,. The three plots correspond
to (i) the result of the model assuming finite R (referred to as “UTPP with box cut-off”); (ii)
the model assuming infinite R (“UTPP”); and (iii) a numerical simulation performed with our
code [9]. The simulation has been performed using about 2000 particles, which corresponds to
the setting of R = 3400by in the plasma conditions associated with the subcase 1.1.3.1.1. The
dipole autocorrelation function has been evaluated assuming 5000 histories, with a time step of about
0.08 7 /v. The setting of a smaller time grid yields no significant modification in the results. In order
to get a dipole autocorrelation function sufficiently close to zero at large times, we have taken 10°
time steps. Our simulation (not presented at the Workshop 2013 edition) is in agreement with the
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other simulation codes presented at the Workshop [10]. These codes also assumed several thousands of
particles. As can be seen in the figure, the model accounting for the box size yields a line shape
that coincides with the simulation result (up to the statistical noise), whereas the model that assumes
infinite R yields a line shape about twice larger. The setting of several thousands of particles in
the simulations presented at the Workshop was supported by the reproducibility of plasma statistical
quantities (such as the microfield probability density function). However, this does not mean that all
of the line broadening is taken into account. The line width has a logarithmic dependence on R up
to a threshold of the order of v/ (see Figure 2), which is much larger than the box size considered
in the simulations. This suggests that the simulations performed at the workshop have not converged
in the plasma conditions (subcase “1.1.3.1.1”) considered in our investigation. Note, we cannot
provide such a strong statement in other cases where our collision operator model is not applicable;
a (straightforward) convergence test should involve a plot of the simulated line width in terms of R.

Figure 1. Hydrogen Lyman « line shape calculated according to the subcase 1.1.3.1.1.
The three plots correspond to (i) the result of the model assuming a finite box size
R (dashed line); (ii) the model assuming infinite R (solid line); and (iii) a numerical
simulation (circles). The second plot (solid line) serves as a reference. Keeping finite R
results in an underestimate of the line width.
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Figure 2. The collision operator at the line center (Aw = 0) is a weakly increasing
function of the box size R and saturates when R is of the order of 10%. This roughly
corresponds to the value of v/¥ (see text).

-4
1071 case 1.1.3.1.1
electrons only —

N=10"cm® /
8x10°1 T =100 eV .
6x107° /

4x10°

1, (8V)

3 4 5 6 7 8
log(R/b,,)

4. Conclusions

In conclusion, we have shown that an artificial setting of an infinite Debye length in numerical
simulations requires a careful interpretation of the results. With an analytical model, we have shown
that the simulations may neglect a considerable amount of perturbers that effectively contribute to the
broadening; the deviations between the simulations and the analytical model are sufficiently large (up
to a factor of 2) so that they must deserve a special analysis. The ideal plasma conditions considered
in this work were motivated by the need of a physical model sufficiently simple so that line shape
codes results can be easily compared (SLSP Workshop). Our results suggest that this physical model
is not appropriate; a more relevant one should retain particle correlations within a Debye field. The
analytical line shape model used in our work is restricted to weakly coupled plasmas in conditions
such that the microfield evolves at a time scale much shorter than the time of interest. A further
investigation should focus on an extension able to account for more general cases, e.g., when the

emitter suffers simultaneous strong collisions (namely, when the ratio by, /r( is significant).
Acknowledgments

This work was carried out within the framework of the European Fusion Development Agreement
and the French Research Federation for Fusion Studies. It is supported by the European Communities
under the contract of Association between Euratom and CEA. The views and opinions expressed
herein do not necessarily reflect those of the European Commission.



69

Conflicts of Interest

The authors declare no conflict of interest.

References

1. Stambulchik, E. Review of the Ist Spectral Line Shapes in Plasmas code comparison
workshop. High Energy Density Phys. 2013, 9, 528-534.

2. Rosato, J.; Capes, H.; Stamm, R. Influence of correlated collisions on Stark-broadened lines
in plasmas. Phys. Rev. E 2012, 86, 046407:1-046407:8.

3. Rosato, J.; Capes, H.; Stamm, R. Divergence of the Stark collision operator at large impact
parameters in plasma spectroscopy models. Phys. Rev. E 2013, 88, 035101:1-035101:3.

4. Griem, H.R.; Kolb, A.C.; Shen, K.Y. Stark broadening of hydrogen lines in a plasma. Phys.
Rev. 1959, 116, 4-16.

5. Griem, H.R.; Blaha, M.; Kepple, P.C. Stark-profiles calculations for Lyman-series lines of
one-electron ions in dense plasmas. Phys. Rev. A 1979, 19, 2421-2432.

6. Lewis, M. Stark broadening of spectral lines by high-velocity charged particles. Phys. Rev.
1961, 121, 501-505.

7. Voslamber, D. Unified model for Stark broadening. Z. Naturforsch. 1969, 24a, 1458—1472.

8. Smith, E.W.; Cooper, J.; Vidal, C.R. Unified classical-path treatment of Stark broadening in
plasmas. Phys. Rev. 1969, 185, 140-151.

9. Rosato, J.; Marandet, Y.; Capes, H.; Ferri, S.; Mossé, C.; Godbert-Mouret, L; Koubiti, M;
Stamm, R. Stark broadening of hydrogen lines in low-density magnetized plasmas.
Phys. Rev. E 2009, 79, 046408:1-046408:7.

10. Ferri S.; Calisti A.; Mossé C.; Rosato J.; Talin B.; Alexiou S.; Gigosos M.A.; Gonzélez M. A.;

Gonzélez D. Ton dynamics effect on Stark broadened line shapes: A cross comparison of
various models Atoms, submitted.



70

Reprinted from Atoms. Cite as: Alexiou, S.; Dimitrijevié, M.S.; Sahal-Brechot, S.; Stambulchik,
E.; Duan, B.; Gonzilez-Herrero, D.; Gigosos, M.A. The Second Workshop on Lineshape Code
Comparison: Isolated Lines. Atoms 2014, 2, 157-177.

Article

The Second Workshop on Lineshape Code Comparison:
Isolated Lines

Spiros Alexiou "*, Milan S. Dimitrijevié¢ 2, Sylvie Sahal-Brechot *, Evgeny Stambulchik *,
Bin Duan °, Diego Gonzalez-Herrero ¢ and Marco A. Gigosos °

L TETY, University of Crete, 71409 Heraklion, TK2208, Greece
2 Astronomical Observatory, Volgina 7, Belgrade 11060, Serbia; E-Mail: mdimitrijevic @aob.rs
3 LERMA-UMR CNRS 8112 and UPMC, Observatoire Paris Meudon, 5 P1 Jules Janssen,
Meudon 92195, France; E-Mail: sylvie.sahal-brechot@obspm.fr
4 Faculty of Physics, Weizmann Institute of Science, Rehovot 76100, Israel;
E-Mail: evgeny.stambulchik @weizmann.ac.il
® Institute of Applied Physics and Computation Mathematics, Beijing 100088, China;
E-Mail: alexduan1967 @hotmail.com
6 Departamento de Optica, Universidad de Valladolid, Valladolid 47071, Spain;
E-Mails: diegohe@opt.uva.es (D.G.-H.); gigosos @coyanza.opt.cie.uva.es (M.A.G.)

* Author to whom correspondence should be addressed; E-Mail: mokal @otenet.gr;
Tel.+306937545547.

Received: 14 March 2014; in revised form: 9 April 2014 / Accepted: 25 April 2014 /
Published: 12 May 2014
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1. The Importance of Level Spacings

In a plasma, free electrons and ions interact and perturb atomic states, resulting in line broadening
and shift [1,2]. Each free plasma particle coming appreciably close to the emitter will contribute to the
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broadening and, in principle, also, the shift. This contribution will depend not only on the proximity
of the emitter and perturber, but also on the duration of the interaction, i.e., the time interval during
which the interaction is appreciable. Isolated lines are lines where for the upper and lower levels, the
closest perturbing level is energetically much further away than the inverse collision duration. For
instance, for the 2s-2p lines considered, the 2s-level states are perturbed by the 2p states in the sense
that the important broadening process is:

|2s) — (via a collision) |2p) — (via a collision) |2s) (D
In general, we consider the broadening process:
|a) — (via a collision) |a') — (via a collision) |a) (2)

For isolated lines, the relevant energy spacings, w..’, between the collisionally connected states, a
and o/, is of paramount importance. These energy spacings effectively reduce the interaction time and
the effective impact parameters. For example, the relevant plasma-related quantity is, for perturbative
collisions and a long-range dipole interaction [3]:

n€2 00 t1 T
= ?/_ dtl/_ dty(E(t)-E(ty))e™ee 3)
where 2 o0 pmax
(E(t)-E(t:)) = g/o Uf(”)d”/ pdpE(t))-E(ts) )
0

Here, E(t) is the electric field at the emitter, due to the perturbing particle with impact parameter p

and velocity (at an infinite distance from the emitter) v. We note the decreasing width with increasing

temperature, e.g., [% [4]; the width is dominated by a T~'/2 decay [5] for straight line trajectories.
The imaginary exponential has the following important effects compared to the collisionally

degenerate (hydrogenic, w.. = 0) case:

1. Only a part of the collision duration is effective, i.e., the effective collision duration is
shortened, not the entire collision.

2. Since the impact parameter affects the collision duration (x p/v), the effective impact
parameters are also smaller.

3. The effective velocities increase (slow collisions are adiabatic).

4. As acorollary to all the above, broadening is decreased.

For strong collisions, we also have (canceling) higher order terms in the Dyson expansion.
However, it is still true that the collision duration is effectively shortened by the imaginary
exponentials.

In all calculations, only the 2s and 2p levels were considered. @ The only exception
was the fully quantum-mechanical code [6], which used 13 nonrelativistic configurations
1s?nl(n = 2,3,4,5,1 < 4) for B IIl and NV.
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2. Electron vs. Ion Broadening

For hydrogen, given a velocity and impact parameter, a straight line trajectory gives the same
contributions for any single electron and singly-charged ion.

For a hydrogen-like emitter, electrons are attracted; hence, they come closer, but also are
accelerated, hence spending less time in the vicinity of the emitter. Ions are repelled, hence staying
further away, but also slowing down; hence, they stay longer in the vicinity of the emitter. The action
is [ V(t)dt, with V(¢) the emitter-perturber interaction; hence, the net effect is that the same velocity
electron and singly charged ion contribute the same to broadening [3]. Of course, ion perturbers
win overall, due to their velocity distribution favoring smaller velocities, both for hydrogen and
hydrogen-like emitters.

For isolated lines, the action is [ V(t)e*~=''dt. Therefore, only times of the order 1/waqs
contribute. For electrons, this is not too bad: electrons rely on coming close, and since they are
accelerated, their effective collision duration is small anyway. For ions, however, the consequences
are far greater: ions were kept away and relied on a longer duration interaction to match the electrons.
Now that a longer duration is negated by the shrinking of the effective collision duration to o< 1/wqa/,
the ions are ineffective [3].

The bottom line is that, for isolated lines, ions normally cannot compete with electrons, with two
exceptions: (A) when w,, is small compared to kT, in which case, the collision duration was very
short anyway; (B) ions can compete in non-dipole interactions. In contrast to the dipole case, we can
have the channel

via a quadrupole collision via another quadrupole collision
) o) )|e)

as result of a quadrupole excitation/deexcitation. Non-dipole interactions are, however, outside the
scope of the workshop comparison and were explicitly neglected in all calculations, except the fully
quantal one.

As aresult, isolated lines allow a test of electron broadening alone. For the calculations submitted
to the workshop and considered in the present paper, ion broadening was explicitly neglected for both
widths and shifts. The electron densities used were n. = 10'7 e/cm? for Lil, n. = 10'® e/cm? for B
I and n, = 10'? e/cm?® for NV. However, the results are presented, normalized to a density of 107
e/cm3, that is, the B III results were divided by 10 and the NV results by 100.

3. Penetrating Collisions

These are collisions where the perturbing particle penetrates the emitter wavefunction extent for
the states involved. As already discussed above, since smaller impact parameters gain in importance,
penetration is more important for isolated lines:

For instance, for neutrals, the collision duration is & p/v, so that the impact parameters, p,
and velocities, v, that contribute significantly are such that pw.. < v, e.g., small p. Hence, close
collisions, which typically dominate for isolated lines, are significantly affected by penetration [7],
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which softens these collisions. This effect can be quite important and typically produces a factor of
a two-width decrease [8].

Thus, if penetration is accounted for, perturbation theory is typically valid. This is convenient,
since by softening the interaction, penetration makes those important close collisions perturbative;
hence, much easier to solve. On the downside, there is no one-size fits all formula, i.e., instead of
universal broadening functions, now we have per species and line broadening functions, although
universal formulas that account for penetration have been given for hydrogen [10] and are possible
for H-like ions. Furthermore, wavefunction information is needed, and oscillator strengths are no

longer adequate [8].

4. Quantal Calculations

In contrast to semiclassical calculations, which assume the perturbing particles to be classical
particles moving in well-defined trajectories, quantal calculations model the perturbing particles in
terms of their wavefunctions and consider quantal effects, such as temporary electron capture and
resonances. Only one fully quantal calculation participated in the workshop (DARC).

Fully quantal calculations have been performed by a number of different methods, e.g.,
Coulomb—Born (CB), distorted waves (DW), up to close coupling (CC) (R-matrix [11] and
convergent close coupling (CCC) [12]). CB agreed very well with CC, which is understandable,
due to the weakness of the interaction. Comparisons of quantal and semiclassical calculations
have been done and summarized [8,13]. Good agreement is found if the penetration is taken
into account in semiclassical calculations. What is puzzling is a recent DW calculation by
Elabidi et al. [14] citing the agreement with the experiments; these results are a factor of two
larger than the aforementioned CC calculations. The present K-matrix CC calculations of DARC
also agree with experiments and show the factor of two disagreements with the previous CC
calculations. It is not clear why the DW [14] and DARC show such a large difference with R-matrix
and CCC.

4.1. Work to be Done on Quantal Calculations

This is an open issue, and work is needed to pinpoint the origin of these differences. Comparing
partial wave results and/or cross-sections may be helpful. We have not resolved the discrepancy with
experiments. A code comparison may be needed to assess the relative importance of various factors

in quantal calculations.

4.2. Work to be Done with Semiclassical Calculations

If penetration and non-perturbative aspects are accounted for, the remaining differences between
the quantal and semiclassical approach are due to [8,13]:

a. The demarcation line between what may and what may not be treated semiclassically.
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b. Back-reaction issues, i.e., in classical terminology, deviations from the (straight line or
hyperbolic) trajectory, due to the energy transfer between the perturber and emitter; e.g., for
collisional excitation/deexcitation, in our case, between the 2s and 2p levels, given that these

energy transfers are comparable to the thermal velocities.

Answers to these questions may be given by Feynman path calculations. Such calculations have

started appearing, but only for the simplest cases [15].

5. (Dynamic) Shifts

Shifts are caused by the finite collision duration. The same considerations apply as for widths:
Ton (dipole) shifts are typically negligible; penetration is also an important factor. In contrast to
widths, where one is looking for the guaranteed nonnegative deviation of Re(I —S,S;) of a quantity,
possibly small, from unity, with shifts, one is looking for the deviation of a possibly small quantity,
Im(I — S,S;) from zero. Furthermore, canceling opposite sign contributions arise [16], and the
end result is that a small error in the calculation or deviation from thermal distribution functions can
change the shift sign. This study was repeated [17] and confirmed the results for An = 0, but found
consistent red shifts for An # 0. The recommendation of [17] is that An # 0 shifts are reliable,
while An = 0 are not.

6. The Codes

Three types of codes participated in the workshop: DARC [6], a fully quantal (K-matrix)
close-coupling code that, in principle, should be the benchmark, but uses a different physical model
from the rest, full simulation codes (SimU [18] and Simulation [19]), which, in principle, may
also account for perturber—perturber interactions, though for the cases presented in this comparison,
perturbing electrons were modeled as non-interacting quasiparticles interacting with the emitter via
Debye-shielded fields and semiclassical impact codes (SCP [20-23], a perturbative impact code and
Starcode [8]). Starcode is a non-perturbative impact code, which solves the Schrédinger equation
if it considers that the perturbative calculation has too large calculation uncertainties (and with the
current tolerance, it invariably does). Although Starcode is a single code, it has a number of options,
and in the present paper, we refer to two Starcode versions: one version, referred to as Starcode,
which accounts for penetrating collisions, and one, called Starcode-NP, which does not. In practice,
this is controlled by a single option in the input file.

The problem specification was that only dipole electron broadening should be considered. Except
for DARC, which includes non-dipole interactions, all other codes have adhered, either by default
or by selection of the appropriate options, to this specification. However, judging from Starcode
calculations with monopoles and quadrupoles, the inclusion of monopole and quadrupole interactions
makes too small a difference to explain the differences with DARC. Previous quantal close-coupling
calculations have also produced widths that are a factor of two smaller than the ones quoted by
DARUC, as discussed above.
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In addition, the problem specifications were to neglect fine structure, but only the simulation
codes adhered to this specification. ~Among the codes, only SimU uses a Debye-shielded
electron-emitter interaction, while all others use either a pure Coulomb interaction (DARC,
Simulation) or a cutoff length of the order of the Debye length. In view of the remarks on short
impact parameters being most important, these differences are not expected to be significant. For
example, for SimU, the difference in the calculations using pure Coulomb or Debye-shielded fields
is of the order of 0.1%. Small differences when using Coulomb or Debye-shielded fields have also
been confirmed in tests using Simulation.

Atomic data are discussed in the Appendix.

7. Strong Collisions

The term “‘strong collisions” has been used in the literature to denote either “collisions that may
not be treated by perturbation theory” or “collisions that may not be treated within the model used”,
e.g., collisions for which the semiclassical approximation is not valid or collisions for which the
normally employed long-range approximation is not valid. Note that the two definitions may be
in conflict. For example, penetrating collisions may be non-perturbative within the long-range
approximation and perturbative if the long-range approximation is not used. Impact codes SCP and
Starcode use the second definition and estimate the strong collision contribution based on unitarity.
Starcode, which is non-perturbative, actually computes the non-perturbative contribution exactly
within the impact approximation, but excludes from the computation the phase space for which
its model is physically not valid. Simulation and SimU make no distinction between strong and
weak collisions, as they are treated in exactly the same way. The simulation codes compute strong
collisions (even if the model used is physically invalid due to quantal effects and/or the long-range
dipole approximation), as well as weak ones. However, we consider simulation codes to employ the
first definition when we wish to consider the differences between simulation codes and perturbative
results. Hence, in principle, differences between the simulation codes and Starcode-NP should be due
to either non-impact (overlapping) collisions or the phase space part that is excluded from Starcode
and included in the simulation. For DARC, this distinction is rather meaningless.

Generally speaking, good agreement is expected between all codes for the non-strong (in either
meaning) contributions, while things are not as clear for strong collisions in either meaning.

8. Calculational Uncertainties
With respect to calculational uncertainties, the codes use quite different ways of estimating them.

e DARC. Calculation uncertainties were estimated by increasing the orbital angular momentum
of the colliding electron up to 25. They turned out to be <5% [6].

e SCP. For simple spectra, an error bar of 20% was adopted, based on the average agreement
with the experimental results for He I lines [24] and Si-like ions [25], namely 17% for widths
and 20% for shifts.
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e SimU. This is a full simulation code that computes the line profile directly instead of first
computing the autocorrelation function. It is a semiclassical, long-range dipole code that
handles non-perturbative aspects, as well as non-impact effects rigorously. SimU calculates
| D(w)|2, where D(t) is the dipole operator and D(w) is its Fourier transform. The procedure is
repeated N times (N > 1) and averaged, which corresponds to an averaging over a statistically
representative ensemble of radiators. The uncertainty due to a finite statistical sampling is
x1/ VN, and the proportionality coefficient is inferred by observing convergence over the

course of simulations. For details, see [26]. Another important factor affecting the calculational

-1
max’

accuracy is the finite step of the frequency grid, equal to ¢ where t,,,. 1s the time over which

ﬁ(t) is calculated in each run prior to averaging. Contrary to the first (statistical) factor, the
latter always results in an overestimate of the line width by ~¢_! . For the shift values, this

max*
factor contributes £~ !

max

/2. The total uncertainties were within 10% for the cases considered.

e Simulation. The spectra is obtained through a Fourier transform of the autocorrelation
function, which has been obtained by computer simulation and averaged over a large enough
number of samples. The error is estimated using several sets of configurations to average the
autocorrelation function and comparing the results obtained in each case. These fluctuations
are about 3% using sets of 10,000 runs.

e Starcode. Starcode has two sources of errors: numerical errors, e.g., from integrations or
solutions of the Schrodinger equation, which are controlled through appropriate tolerances and
are generally negligible, and errors arising from the model used, which are the ones quoted
here. Starcode recognizes that there is a part of the phase space for which the model used (e.g.,
semiclassical trajectories and, in the version without penetration, trajectories that penetrate the
wavefunction extent) is not reliable. However, the contribution of that part of the phase space

h___This is a velocity below which

MpPmaz

all collisions have a de Broglie wavelength larger than the screening length, p,,.., and, hence,

may be bound by unitarity. Thus, one first defines vy =

are definitely non-classical. The corresponding phase space makes a contribution:

By = 2mn [ vf(v)dv [ pdpRe[l — Sa(p,v)S;(p,v)] s)

= mnoy /32 p2 (1 — (14 wp)e™™)

with n the electron density, f(v) the velocity distribution, S, and S, the S-matrices for

. 2 . .
the upper and lower levels, respectively, wy = ;%‘i and « is an estimate for the average

Re[l — S,(p,v)S;(p,v)], which is between zero and two, due to unitarity. In practice, this

contribution is negligible in our examples.

For v > vy, the semiclassical approach is not valid for p < % where b is a parameter, taken
to be one in the present calculations, which specifies how much larger than the de Broglie
wavelength an impact parameter must be in order to be treatable semiclassically. Hence, if

penetration is allowed, this non-semiclassical phase space provides the dominant contribution:

bh
o mu bh 2
Ey = 2mn / vf (v)dv / pdpRell = S,(p.v)S; (p,v)] = 2mna()*\ [ =e ™ (6)
vo 0

m
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If penetration is not allowed, then the upper limit of the p integral is maz(R, %) with R the

relevant wavefunction extent, e.g., the maximum spatial extent of the 2s and 2p levels in our
case. Hence, F, in the case with penetration is replaced by Fyyp + E3 with:

bh
muv

Fanp = 27n f:}l vf(v)dv [;m pdpRell — Su(p,v)S; (p,v)] 7
= 2mna(L)?, /28 (e7 w0 — emv1)

2
with v; = = and w; = 54 and

0 R
E; = 27m/ vf(v)dv/ pdpRe[l — S.(p,v)S; (p,v)] = mnay/ %RQO +wy)e ™ (8)

v1 0

This ensures that, provided one trusts the choices of b and R, only truly semiclassical paths are
computed, and a rigorous, unitarity-based error bar may be returned for the part of the phase
space that is not treatable semiclassically. Of course, other sources of error, e.g., the back
reaction, are not accounted for.

For the cases treated here with penetration not allowed, the wavefunction extent was dominant
for all temperatures in the Lil calculations, for 7 = 15 and 50 eV for B IIl and T =
50 eV for NV. The de Broglie cutoff was dominant for the remaining cases. Hence,
if the de Broglie cutoff is dominant, the Starcode and Starcode-NP calculations should
have the same error bar, and Starcode-NP should have a larger width, due to the stronger
interaction. If R is the dominant cutoff, then the error bar of Starcode-NP should be
significantly larger and the computed width of Starcode might even exceed (with the error
bar not accounted for) Starcode-NP, due to the larger phase space that is contributing.
Of course, the situation will be reversed when the calculation uncertainties are accounted for.
Width results are quoted as (the width from the part of phase space that is computed reliably
+% error bar) i% error bar. Shifts are quoted as (the shift from the part of phase space that
is computed reliably) £ error bar. All Starcode and Starcode-NP strong collision estimates
assume a constant Re(I — S,.S;) = 1 for that part of the phase space.

9. Results: Widths

Widths are shown in Table 1. All widths have been normalized to a density of 10'7 e/cm?®.
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Table 1. 2s-2p Transition width (FWHM) comparisons. All widths are in cm™! and

normalized to a density of 107 e/cm?.

Species T (eV) Model DARC SCpP SimU  Simulation Starcode-NP Starcode

Lil 5 straight 1.05 0.82 0.88 0.95 0.84
Lil 15 straight 1.10 0.87 0.96 0.87 0.72
Lil 50 straight 1.00 1.08 0.88 0.80 0.51
B III 5 hyperbolic ~ 0.322 0.33 0.2 0.3 0.2
B III 5 straight 0.15 0.112 0.114

B1II 15 hyperbolic ~ 0.259  0.207  0.173 0.2 0.13
B III 15 straight 0.139  0.128 0.128

BIII 50 hyperbolic ~ 0.187  0.138  0.136 0.15 0.092
B III 50 straight 0.126 0.13 0.122

NV 5 hyperbolic ~ 0.199  0.197  0.1135 0.133 0.088
NV 5 straight 0.071  0.015 0.043

NV 15 hyperbolic  0.1228  0.117 0.08 0.084 0.056
NV 15 straight 0.0535 0.0488 0.0487

NV 50 hyperbolic  0.0812  0.07  0.0584 0.06 0.036
NV 50 straight 0.0476  0.044 0.0469

9.1. General Remarks

1. In general, hyperbolic path calculations produced broader lines than straight line paths. This
is expected, because due to the energy spacings (imaginary exponentials), only times closest
to the time of the closest approach (# = 0) are important, but for these times, the electron is
closer to the emitter if it is moving in a hyperbolic rather than a straight line path. Hence, the
interaction is stronger, which results in larger widths.

2. Non-perturbative collisions (impact or not) are treated correctly in simulations and by
strong collision or error estimates in perturbative impact codes. This is not an issue for
non-perturbative impact codes. Non-perturbative collisions are significant if penetration is not
accounted for.

3. Furthermore, in all cases, Starcode (with penetration) produces the lowest widths. This,
however, is understood and expected, as Starcode with the option in question uses a different
physical model that accounts for penetration, which, in turn, softens the interaction and results
in smaller widths.

4. DARC consistently produces large widths, in many cases, more than twice the results of
Starcode, which also accounts for penetrating collisions. This is not understood and at variance
with previous fully quantum mechanical close-coupling calculations, as discussed above.

5. When investigating the differences between impact codes and simulations, particularly at low
temperatures, one should keep in mind that impact codes treat all particles as impacting,
while with simulation codes, the slow particles that are not impacting are treated correctly,
i.e., differences could arise from non-impact effects for some particles. This would, in
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principle, mean lower widths for the simulations and should be less of an issue, at least for
non-perturbative calculations at higher 7. If that is correct, agreement should improve with
non-perturbative impact calculations at higher 7. As shown below, this is indeed the case for
B IIT and NV, while the opposite is true for Lil. Note, however, that quantitatively non-impact
effects are not expected to be an issue, as discussed below.

. Another issue is the temperature dependence, where we find some codes and cases with an

increasing width with increasing temperature or a width that varies very little with temperature.
Intuitively, one might expect that higher temperatures mean weaker collisions and, hence,
smaller widths. We know, however, that an increase in temperature sometimes actually results
in larger widths, e.g., for initially strong collisions, such as non-impact ions [27].

Summing up, a non-decreasing temperature behavior, as observed in the simulation codes,
may be the result of either non-impact effects or a significant or dominant strong collision
term. The first possibility seems unlikely from simple estimates, discussed below, while if
non-impact effects were negligible and the second were the case, then, since Starcode-NP is
also a non-perturbative impact code, the differences from Starcode-NP would be due to the
non-semiclassical phase space, as well as the emitter relevant wavefunction extent. This would
have to be significant enough to change the widths vs. the temperature behavior. To check
this conjecture, we list in Table 2 the Starcode-NP width contributions from the phase space
part where Starcode-NP is presumably valid (labeled “non-strong” in Table 2, even though
it includes non-perturbative collisions), as well as the “strong” collision contribution from
the non-semiclassical and wavefunction extent phase space, where Starcode-NP (or any other
workshop code, except DARC) is not valid. The actual width quoted is as described above,
e.g., 0.83 + 0.23/2 =+ 0.23/2 for the lowest Lil temperature.

Table 2. 2s-2p Transition width (FWHM) strong collision importance in Starcode-NP.
All widths are in cm ™! and normalized to a density of 107 e/cm?.

Species T (eV) Starcode-NP Non-Strong Starcode-NP Strong

Lil 5 0.83 0.23
Lil 15 0.69 0.39
Lil 50 0.48 0.7

B III 5 0.286 0.042
B 11 15 0.172 0.048
B III 50 0.11 0.078
NV 5 0.114 0.038
NV 15 0.072 0.025
NV 50 0.0454 0.03

Therefore, we conclude that the differences between Starcode-NP and the simulation codes,
as well as the different temperature trends exhibited are within the calculation uncertainties.
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9.2. Lil Results

Figure 1 displays the results from five codes. Interestingly, only Starcode, in both versions,
displays a decreasing width with temperature behavior (Within the semiclassical model, threshold
issues do not arise, as we have virtual excitations and deexcitations, and a higher 7T means weaker
interactions, due to their shorter duration.) All three other calculations produce an increase in the
width as T rises from five to 15 eV. Simulation varies very little with temperature. With SimU, that
trend continues out to 7" = 50 eV, whereas for SCP and Simulation, it is reversed. For SCP, this may
be attributed to the symmetrization, which respects the quantum properties of the S-matrix rather
than the method of computing the strong collision term, which is less than half the width already at
5 eV and decreases with 7. For simulations, a possible explanation would be a non-impact behavior
for electrons at low T. However, simple estimates do not support this conjecture. For example, at T’
=1eV,n = 10'" e/cm® and L — «, electrons are well impacted [28], and it is hard to see why they
would be non-impacted at 5 eV for Li with a longer lifetime (inverse HWHM), due to the smaller
matrix elements and imaginary exponentials. Hence, the most likely origin is [27], the increasing
width vs. temperature for strong collisions. As already discussed, however, within the calculational
uncertainties, Starcode-NP could also be made to show an increasing width with temperature.

9.3. B III Results

Figure 2 displays the widths from five codes. General trends are confirmed, with DARC giving
the largest widths. SCP and Starcode-NP exhibit fairly good agreement, but the disagreement of
SimU with Starcode-NP and the agreement of SimU with Starcode at low 7 (which is not expected,
as SimU does not account for penetrating collisions, which make the difference between Starcode
and Starcode-NP) and Starcode-NP at high 7' (which is expected) is puzzling. As shown in Table
2, the non-strong Starcode-NP contribution alone is significantly larger than SimU’s total width, and
the strong contribution will only increase the width of Starcode-NP and, hence, the difference.



81

Figure 1. A comparison of Lil 2s-2p transition widths as computed by SCP (solid black),
SimU (dotted red), Simulation (dashed green) and Starcode with (dash-dotted blue) and
without (dash-double dotted orange) penetration accounted for.
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Figure 2. A comparison of hyperbolic trajectory B III 2s-2p transition widths as
computed by SCP (solid black), SimU (dotted red), DARC (dashed green) and Starcode
with (dash-dotted blue) and without (dot-double dash orange) penetration accounted for.
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Figure 3 compares straight and hyperbolic trajectory results where applicable. Overall, the
comparison demonstrates the difference, particularly for SCP, that arises from including vs.
neglecting the attraction by the emitter. One would have expected a closer agreement between SimU

and Simulation, which use the same physical model. For SimU and Simulation, we see a width

increase with increasing 7, as already discussed. This increase is reversed for Simulation, but not for

SimU. At high T, the calculations converge, as expected.
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Figure 3. A comparison of hyperbolic and straight line trajectories for the NV 2s-2p
transition widths, as computed by SCP-hyperbolic (solid black), SCP-straight (dotted
red), SimU-hyperbolic (dashed green), SimU-straight (dash-dotted blue) and Simulation
(dash-double dotted orange).
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9.4. NV Results

Figure 4 displays the widths from five codes. SimU and Starcode-NP agree quite well, which
is expected, at least for high temperatures, where non-impact effects should play no role. SCP and
DARC also agree quite well with each other; however, their disagreement with other codes at the
highest 7" value is not understood, since close coupling effects are expected to be negligible at this

high 7. All codes show the expected decrease for the widths as a function of 7, as collisions weaken

with increasing emitter charge Z [25].

Figure 4. A comparison of hyperbolic trajectory NV 2s-2p transition widths, as
computed by SCP (solid black), SimU (dotted red), DARC (dashed green) and Starcode
with (dash-dotted blue) and without (dot-double dash orange) penetration accounted for.

FWHM(em™ )
o
=]

o

0.08

0.06 |-

0.04F

Temperature(eV)



83

Figure 5 compares straight and hyperbolic trajectory results, where applicable. Overall, the
comparison demonstrates the significant difference that arises from including vs. neglecting the
attraction by the emitter. Due to the higher Z, it is expected that these differences would be
more pronounced than the differences found for B III. The close agreement of SimU-straight and

Simulation-straight is expected, as both codes use the same physical model.

Figure 5. A comparison of hyperbolic and straight line trajectories for the NV 2s-2p
transition widths, as computed by SCP-hyperbolic (solid black), SCP-straight (dotted
red), SimU-hyperbolic (dashed green), SimU-straight (dash-dotted blue) and Simulation

(dash-double dotted orange).
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10. Results: Shifts

As discussed, shift calculations within the stated case definitions are probably inaccurate, but the
comparisons may well illustrate trends and code differences. The results are summarized in Table 3.

Shifts were normalized to a density of 1017 e/cm?.
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Table 3. 2s-2p Transition shift comparisons of all shifts are in cm ™! and normalized to
a density of 107 e/cm?®.

Species T (eV) Model DARC SCp SimU Simulation Starcode-NP Starcode

Lil 5 straight 0.551 0.498 0.457 0.21 0.2
Lil 15 straight 0.42 0.43 0.368 0.29 0.28
Lil 50 straight 0.271 0.282 0.247 0.29 0.27
B III 5 hyperbolic ~ 0.085 0.024 0.0846 0.05 0.063
B III 5 straight 0.0751 0.065 0.062

B 1II 15 hyperbolic ~ 0.058 0.0276 0.051 0.04 0.044
B III 15 straight 0.0606  0.0515 0.0515

B III 50 hyperbolic ~ 0.0265  0.0241  0.0363 0.03 0.03
B III 50 straight 0.0398  0.0352 0.0355

NV 5 hyperbolic ~ 0.0694  0.00423  0.031 1 2
NV 5 straight 0.0284  0.0222 0.02375

NV 15 hyperbolic  0.03796  0.0054  0.0183 0.009 0.014
NV 15 straight 0.0233  0.0199 0.0199

NV 50 hyperbolic  0.01776  0.0065  0.01275 .008 0.01
NV 50 straight 0.01535  0.0138 0.01355

10.1. General Remarks

1. In general, we expect that if shifts are perturbative, they should also decrease with increasing
T, due to the weakening of the interaction. For the same reason, we expect a convergence of
the straight line and hyperbolic trajectory results as 7" — co. No such statement of decreasing
shifts with increasing 7' can be made with certainty in the non-perturbative case.

2. Starcode, in particular (with or without penetration), often shows a very weak increase of shift
with 7, even in the version with penetration accounted for, which results in weak, perturbative
collisions. The reason is that Starcode explicitly excludes the non-semiclassical phase space,
e.g., impact parameters shorter than the de Broglie wavelength. (In addition, Starcode,
without accounting for penetration, also excludes impact parameters inside the wavefunction
extent, because, again, these may not be treated within a long-range approximation). When
T decreases, this phase space, which may not be computed within the code’s semiclassical
framework, increases. Hence, the phase space that gives a shift that may presumably be reliably
computed shrinks, while the phase space that may not be treated grows. For both shifts and
widths, Starcode binds the contribution of the non-semiclassical phase space by unitarity and
returns it as an error bar. Therefore, while the quoted shift may be fairly insensitive to 7,
the error bar is not. These results are to be interpreted as an uncertainty in shift calculations
inherent in semiclassical calculations, i.e., the part of the phase space that may not be treated
semiclassically can make a substantial shift contribution rather than a temperature-insensitive
shift.

3. Straight line SimU and Simulation agreement is excellent for the charged cases (B III and NV),
as expected and, surprisingly, much poorer (though still good) for Lil.
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4. SCP consistently gives significantly smaller shifts for ion lines (B III and NV). Furthermore,
straight-line SCP calculations give significantly larger shifts than hyperbolic path SCP
calculations. This is counterintuitive, since as discussed, hyperbolic paths result in a stronger
effective interaction close to the emitter and, hence, action. Furthermore, the straight-line SCP
shifts are monotonically decreasing as a function of 7, in contrast to the hyperbolic trajectory
results. This behavior follows the semiclassical b-functions [2], which result in lower shifts
for hyperbolic compared to straight-line paths and, in addition, a decreasing b-function with

increasing ion charge.

10.2. Lil

Figure 6 plots the shifts computed by five codes vs. electron temperature 7. Except for Starcode
(explained above), in both versions, the shift is decreasing with 7, which is expected in view of the
weakening of the interaction. The differences between the other three codes are generally better than
20%, although it is not clear why SimU and Simulation, which essentially use the same model and,
hence, would, in principle, be expected to give the same results, differ by that amount.

Figure 6. A comparison of Lil 2s-2p transition shifts as computed by SCP (solid black),
SimU (dotted red), Simulation (dashed green) and Starcode with (dash-dotted blue) and

without (dot-double dash orange) penetration accounted for.
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10.3. B 1l

Figure 7 plots the shifts computed by five codes vs. electron temperature 7. The general trend
(shifts decreasing with T) is observed, with the exception of the non-penetrative Starcode, which
gives identical (within errors) results for the 15 and 50 eV cases, which has been discussed above,
and SCP, which shows a small increase between five and 15 eV. SCP is significantly lower for small
T, which might be attributable to the use of perturbative impact theory by SCP, as it reflects the
behavior of the semiclassical b-function. This is consistent with the convergence seen for higher 7.
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Figure 7. A comparison of B III 2s-2p transition shifts as computed by SCP (solid
black), SimU (dotted red), DARC (dashed green) and Starcode with (dash-dotted blue)
and without (dot-double dash orange) penetration accounted for.
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Figure 8. A comparison of hyperbolic and straight-line trajectories for the B III 2s-2p
transition widths, as computed by SCP-hyperbolic (solid black), SCP-straight (dotted
red), SimU-hyperbolic (dashed green), SimU-straight (dash-dotted blue) and Simulation
(dash-double dotted orange).
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Figure 8 plots the shifts computed by five codes vs. electron temperature 7. The straight line
SimU and Simulation agreement is very good, as discussed above. The SimU hyperbolic trajectory
shifts are also in very good agreement with the mentioned straight-line results, except at the lowest
T. SCP is also in fair agreement.

10.4. NV

Figure 9 plots the shifts computed by five codes vs. electron temperature 7. DARC produces
significantly larger shifts at low 7, with all codes converging for large 7. The large difference with
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Starcode seems to indicate that higher order partial waves (except the s-wave, which is viewed as an
error bar in Starcode) differ substantially from the semiclassical results. SCP is lowest and exhibits
insensitivity to 7. SimU and Starcode without penetration also agree quite well, except at the lowest
T. The lowest temperature point discrepancy between SimU and Starcode-NP could be due to the
fact that Starcode does not compute the short impact parameter (p < %) contribution, which is not
semiclassical, but adds an estimate to the shift, as discussed above. The calculations agree within their
respective calculation uncertainties, although one might have expected a better agreement. However,
attributing the difference to the phase space not included in the Starcode-NP calculation (but added as
an error bar) does not seem to hold: For example, as already discussed, Starcode-NP calculations treat
collisions with impact parameters larger than the de Broglie wavelength and use a unitarity-based
estimate for smaller impact parameters. If instead, Starcode-NP treats all collisions with impact
parameters larger than 0.1 times the de Broglie wavelength and only uses unitarity estimates for
impact parameters smaller than 0.1 times the de Broglie wavelength, the shift actually decreases and
is in the range of 1 = 1.5 cm™! at the lowest temperature, compared to a value of 3 cm ™! for SimU.

Figure 9. A comparison of NV 2s-2p transition shifts as computed by SCP (solid black),
SimU (dotted red), DARC (dashed green) and Starcode with (dash-dotted bluw) and
without (dot-double dash orange) penetration accounted for.
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Figure 10 plots the shifts computed by five codes vs. electron temperature 7.

The three straight line results are in fairly good agreement, with SimU and Simulation being
in excellent agreement. The hyperbolic trajectory and straight line SimU results are interesting in
that the hyperbolic trajectory shift is larger at the lowest T (expected, as discussed in view of the
stronger effective interaction for hyperbolic rather than straight line trajectories) and slightly smaller
for the other two T values; however, that difference is within the calculation uncertainties, and the
two calculations converge, as expected, for high 7.
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Figure 10. A comparison of hyperbolic and straight line trajectories for the
NV 2s-2p transition widths, as computed by SCP-hyperbolic (solid), SCP-straight
(dotted), SimU-hyperbolic (dashed), SimU-straight (dash-dotted) and Simulation
(dash-double dotted).
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Appendix A: Atomic Data

Atomic data were taken from the problem specification, with the 2s state taken as zero energy:

Table A1l. 2s-2p Atomic Data.

Species 2p Energy (ecm~!) Oscillator Strength

Lil 14,903.89 0.7472
B III 48,381.07 0.3629
NV 80,635.67 0.234

Energies were averaged over fine structure components for / > 0, while reduced matrix elements
were obtained from the respective multiplet-averaged oscillator strengths, f, via the equation:

3f(21+1)

nllr|n'l)| = (=1)H [ ——
(ra't)] = (e | HLEEE D)

(C))
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with [~ = maz(l,l'), i.e., one in our case.

Not all codes adhered to this specification. DARC, SCP and Starcode included fine structure and
matrix elements used from atomic structure packages, as well as energies from these packages or
experimental ones. However, in all cases, no significant differences were introduced in either the
energy differences or the reduced matrix elements.
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Abstract: “Stark broadening” theory and calculations have been extensively developed
for about 50 years. The theory can now be considered as mature for many applications,
especially for accurate spectroscopic diagnostics and modeling, in astrophysics,
laboratory plasma physics and technological plasmas, as well. This requires the
knowledge of numerous collisional line profiles. In order to meet these needs, the “SCP”
(semiclassical perturbation) method and numerical code were created and developed.
The SCP code is now extensively used for the needs of spectroscopic diagnostics and
modeling, and the results of the published calculations are displayed in the STARK-B
database. The aim of the present paper is to introduce the main approximations leading
to the impact of semiclassical perturbation method and to give formulae entering the
numerical SCP code, in order to understand the validity conditions of the method and
of the results; and also to understand some regularities and systematic trends. This
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would also allow one to compare the method and its results to those of other methods
and codes. !

Keywords: Stark broadening; impact approximation; isolated lines; semiclassical

perturbation picture

1. Introduction

“Stark broadening” theory and calculations have been extensively developed for about 50 years.
Following the pioneering work by [1-4], the theory and calculation of collisional line broadening
in the impact approximation showed a great expansion from the sixties. The theory can now be
considered as mature for many applications, especially for accurate spectroscopic diagnostics and
modeling, in astrophysics, laboratory plasma physics and technological plasmas, as well. This
requires the knowledge of numerous collisional line profiles. Hence, calculations based on a
simple method that is accurate and fast enough are necessary for obtaining numerous results. In
order to meet these needs, the impact semiclassical perturbation (SCP) method and the associated
numerical code were created and developed by Sahal-Bréchot for isolated lines in the sixties and
seventies [5-9], then updated [10-12] in the eighties and nineties and then, again, in the present
new century [13]. Since the impact approximation was assumed, the method was inspired by the
developments of the theory of electron-atom and electron-ion collisions which have been rapidly
expanding since the sixties. In particular [14], the semiclassical perturbation method appeared to
be especially suitable, due to the speed of the numerical calculations and to the sufficient expected
accuracy. Nowadays, the SCP code is extensively used for the needs of spectroscopic diagnostics and
modeling, and the results of the published calculations are displayed in the STARK-B database [15].

The aim of the present paper is to introduce the main approximations leading to the impact
semiclassical perturbation method and to the formulae entering the numerical SCP code. This
would give an idea of the validity conditions of the method and of the results, which are discussed
in Section 4. This would also allow one to compare the different codes, and this would help
to understand some regularities and systematic trends observed in the experiments and in the results
of calculations.

In the next section, we will recall the basic key assumptions leading to the theory of collisional
line broadening in impact approximation. We will define the concepts of “complete collision”
approximation and of “isolated lines”. Then, we will recall the specific approximations made in
the semiclassical perturbation treatment for isolated lines of neutral and ionized atoms perturbed by
electrons and positive ions in the impact approximation. We will give the formulae entering the

' The content of the present paper was presented and discussed at the first Spectral Line Shapes in Plasmas (SLSP)

code comparison Workshop, which was held in Vienna, Austria, April 2-5, 2012.
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SCP numerical code. Then, we will discuss the approximations made and the obtained results. This
would allow one to compare the results obtained by other numerical codes and to understand some
regularities and systematic trends observed in the experiments and in the results of calculations.

2. Collisional Line Broadening in the Impact Approximation

Following the pioneering work by Baranger [1-4], the theory and calculation of collisional line
broadening widths and shifts in the impact approximation for electrons and ion interactions is very
briefly outlined in the following.

We consider a neutral or ionized atom surrounded by the perturbers, P, moving around it. We
begin with the very general formula [1-4], which gives the intensity, I(w), of a spectral line (i — f)
at the angular frequency, w:

4ot .
1) = 35 (71l (M
1[re
I(w) = 5/ exp (iws) D(s)ds. 2)

Dropping the factor, 4w*/3¢?, the autocorrelation function ®(s) reads:
O(s) =Tr[dT*(s)dT(s) pl. 3)

Here, p is the density matrix of the whole system atom (A) surrounded by the bath of particles
(B: photons R and perturbers P), d is the dipole moment, /(w) is the Fourier transform of the
autocorrelation function, ®(s), and T'(s) is the evolution operator of the whole system. Tr is the trace
over the states of the whole system and c is the velocity of the light.

e With the no-back reaction approximation, which is the first key approximation, the bath, B,
remains described by its unperturbed density operator (or its distribution function in the classical

picture), irrespective of the amount of energy and polarization diffusing into it from A:

p(t) = pa(t) ® pi(t).

It is also assumed that the bath, B, is in a stationary state, and thus, pg(t) = pg. We also suppose
that the bath of colliding perturbers P (density matrix pp) is decoupled from the bath of photons R
(density matrix pg). Thus:

PB = pp @ PR,

and we will only consider in the following the interaction with the bath of colliding particles. Hence,
we can write:
O(s) =Tra[pa Trp[dT*(s)dT(s) pp]] 4)

where Tt 4 is the trace over the atomic states and Trp is a trace over all the perturbers. When the
perturbers can be treated classically, the trace over the perturbers is replaced by a statistical average
[...]av over all modes of motion of the perturbers, which move on a classical path [4]:
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O(s) =Tralpa dT*(s)d T(s)] 4y - (5)

e The second key approximation is the impact approximation: the interactions are separated in
time. In other words, the atom interacts with one perturber only at a given time: the mean duration, 7,
of an interaction must be much smaller than the mean interval between two collisions, AT". This can
be expressed as:

T AT,

Ptyp
Viyp’

AT is of the order of the inverse of the collisional line width, which can be very roughly written

where 7 ~ Pryp 18 @ mean typical impact parameter and vy, a mean typical relative velocity.
as equal to Npuvy,, pfyp, where Np is the density of the perturbers.
Thus, the validity condition of the impact approximation can be written as:

pryp << Np'/%. (6)

The “collision volume”, of the order of pfyp, must be smaller than N ;1, the volume per

perturber [1]. In other words, the perturbers are independent and their effects are additive.

e Then, we will make the complete collision approximation: within this approximation,
atom-radiation and atom—perturber interactions are decoupled. This implies that the collision must
be considered as instantaneous in comparison with the time, ', characteristic of the evolution of
the excited state under the effect of the interaction with the radiation. In other words, the interaction
process has time to be completed before the emission of a photon.

The complete collision approximation can become invalid in line wings, even if it remains valid
in the line center. Its condition of validity is:

T << 1/Aw,

where Aw is the detuning.
Then, using Equation (4) in the quantum picture or Equation (5) in the semiclassical picture, the
calculation of the line profile becomes an application of the theory of atomic collisions. This implies

that we have to express and calculate the scattering S-matrix.

e In addition, in the case of isolated lines (cf. Figure 1), which implies that neighboring levels do
not overlap [3], the line profile, F'(w), between the levels, i, («;J;) and f (« ¢Jy), is Lorentzian:

4 4
1(w) = pa (@i i) 3% F (w) %)
F(w) = % /000 o) (s) ds ®)

D (s) =exp(— (w+id)s) )
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and
w

7 [(w — wip — d)* +w?]

pa 1s the reduced atomic density matrix at the stationary state.

Fw) =

(10)

Figure 1. The studied line, ¢ — f (red-bold arrow, example of an emission line): «;J; is
the initial level, and oy .J; is the final level. The perturbing levels are v/, o’ .J'. Black-thin
arrows: the inelastic transitions in excitation and deexcitation. The levels are broadened
(grey strips), but do not overlap.

/ a’J
aJ;
\ a’J’

e The determination of the atomic density matrix elements (the populations of the levels) deserves
special attention. In fact, Baranger [1-4] assumes LTE (local Thermodynamical equilibrium), and
then, pa(c;J;) is the Boltzmann factor:

_ B
palon ) = gz-eXpZ((T’“T) an

where g; is the statistical weight of the (o;.J;) level, E; its energy, k the Boltzmann constant and Z (T')
the partition function at the temperature, 7'.

Out of LTE, it is more complicated, because the calculation of the profile and of the populations
are not decoupled for obtaining the intensity of the line. In particular, (7) is no longer valid. This
is the problem of the redistribution of radiation, which has been extensively studied for many years,
especially for the study of stellar atmospheres [16—18] and some laboratory plasmas.

However, within the complete redistribution approximation, the calculation of the line profile and
of the populations become decoupled, and (7) is again valid. This needs to assume that the radiation
is weak (the atom-radiation interaction is treated with the second-order perturbation theory) and to
make the Markov approximation: the time evolution of p4(¢) does not depend on its past history and
only depends on the time, ¢.

The coupling of the atomic density matrix and the line profile needs to go beyond the Markov
approximation, but this is outside the scope of the present theory. See, for instance, [18].
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Consequently, out of LTE, within the complete redistribution approximation, the statistical
equilibrium equations for a collisional radiative model can be solved for obtaining the populations by
ignoring the line profiles, and then, the resulting populations are multiplied to the line profile given
by Equation (8) for obtaining the intensity.

We now concentrate our attention on the determination of the line profile given by (10). We will
determine the half-width, w (half width at half-maximum intensity), and the shift, d, of the profile of
the ¢ — f line. They are given by:

w+id = Trp (1—S;57;) (12)

where the trace over the perturbers, 7'rp, is given by:

0 0 dQ
Trp = Np / Uf(v)dv/ 2rpdp @ —. (13)
0 0 47T

Equation (13) is written in the semiclassical picture, where the colliding perturbers move along
a classical path of impact parameter p, but this is not essential. Here, v is the relative velocity
of the perturber, f(v) the distribution of velocities (Maxwell distribution) and Np the density of
the perturbers.

dQ2
4T
is the angular average over all directions of the colliding perturbers. Hence:

w+1id = Np fooovf(v)dv fOOOQWpdp <1—Sq;i5}f> (14)

angular average
This angular average is a linear combination of products of “3-5” coefficients and of initial and final
Zeeman states of the S-matrix elements [3]. Thus, Equation (14) reads:

w+id = Np [ f(v)dv [;°2mpdp

x[L— Y (=12 S 1y Sl
M; M; =M My =M n M (1s)
My M,

o
X <OéfJfo |S* |Oéf<]fﬂf}> <OLZJZ]\/L |S | CYZJZ]LIQ]

This is the basic “Baranger’s formula” which gives the half-width and the shift of an isolated
line perturbed by collisions (i.e., impact and complete collision approximation). We notice that the
S-matrix is symmetric, unitary and can be calculated in any reference frame. Its matrix elements
have to be calculated for a given relative velocity, v, and an impact parameter, p, in the semiclassical
description. This will appear in the following equations.

In fact, the T-matrix, where 7' = 1 — S (and, thus, 7*T = 2Re(T")), is used in the SCP method.
Thus, we will use it in the following.
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After elementary calculations using the properties of the “3-5” coefficients, Equation (15) reads:
w+id = Np [ v f(v)dv [ 2mpdp

DY 27,51 (@i Ji Mi| T(p, v) | J; Mi) + > a1 g Iy My | T (p, ) vy Ty My)
1, T

_ Z (_1)2Jf+j\,]f+M/f Ji 1 Jf J,’ 1 Jf
MM, -M; p My -M'; p M’y
My M’y
o
X (o Ji M| T (p,v) ez J; M'3) (o Jp My| T*(p,v) |y Jp M f)]
(16)
Then, the half-width at half-maximum intensity w, and the full width at half-maximum intensity

W = 2w become:
W =2w=Np [vf(v)dv
X {(Za(aiJi%aJ.,v)—i-Za(afJf—>o/J’,v)>

aJ o' J’

— 2Re fooc 2rpdp [ Y (_1)2Jf+Mf+M'f
M, M}
i (17)

N Jio1Jg
—M; p M M} u M,

x (apJg My |T*(p,v) | ayJ M) (o JiM; [T (p,v) | e J; M) |

In Equation (17):

Zo (i J; — ad,v)

ol
is a sum of all the inelastic cross-sections originating from the initial level towards all perturbing
levels, a.J, in excitation and deexcitation (c¢f. Figure 1), with «;J; # «aJ, and of the elastic
cross-section o (o, J; — ;. J;, v).
In fact: -
o(J; = aJv) = / 2w p dp P(oyJ; — o, p, v) (18)
0

where P(«;J; — aJ, p, v) is the transition probability between the levels, (;J;) and («J), for the
impact parameter, p, and the relative velocity, v.

We have similar expressions for the inelastic cross-sections originating from the final level oy J;.
Then the perturbing levels are o/ J’ and the elastic cross-section is o (o s Jr — o Jy, v).

We notice that the transition probability:

1
I > NeaJiM; [T (p,v)| 0 M)[? (19)
M; M

PlaiJ; = ad, p, v) = o
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is a sum over the final M substates and an average over the initial M, substates of the
T-matrix elements.

The third term of Equations (16) and (17) is the so-called “interference term", which is a linear
combination of off-diagonal elastic elements of the initial and final elastic elements of the 7-matrix.
For collisions with electrons, it is often small (10% of the total width or thereabout), but not always.

Equations (16) and (17) will be used in the SCP method and numerical code.

Finally, we notice that the fine structure (and, a fortiori, hyperfine structure) can generally be
ignored, and consequently, the fine structure components (or hyperfine components) have the same
width and the same shift, which are equal to those of the multiplet. This is due to the fact that the
electronic spin, S (or nuclear spin [), has no time to rotate during the collision time (of the order of
p/v, the mean duration of the collision). This is only true in LS coupling.

3. The Semiclassical Perturbation Approximation (SCP) for Stark-Broadening Studies

We study the case of isolated lines in the impact and complete collision approximations recalled
in the preceding section.

Within the semiclassical approximation, the perturbers (electrons or positive ions) are assumed
to be classical particles, and they move along a classical path unperturbed by the interactions with
the radiating atom. The atom is described by its quantum wave-functions and energy levels. With
the perturbation approximation, the atom—perturber interaction is treated by the time-dependent

perturbation theory. The long-range approximation will be made.

3.1. The Semiclassical Approximation and the Parametric Representation of the Orbits

For neutral radiating atoms, the trajectory is rectilinear, and for radiating ions, it is a hyperbola.
The parametric representation of the trajectory can be found in [19] for the repulsive case and
also in [6] for the attractive case and the straight path case. The radiating atom is at the origin,
O, of the axes. The quantization axis, Oz, is perpendicular to the collision plane, xOy, and
the velocity vector of the perturber is parallel to Ox at time ¢ = —oo. Z4 is the charge
of the radiating atom (Z4 = 0 for a neutral), Zp the charge of the perturber (Zp = 1
for an electron), ;v the reduced mass of the system atom-—perturber, v the relative velocity and p
the impact parameter.

The coordinates are given in Table 1.

Table 1. Parametric representation of the orbits (trajectories).

Attractive Hyperbola Repulsive Hyperbola Straight Path

T a (e — coshu) a (€ + coshu) p
y ave? — 1 sinhu ave? — 1 sinhu p sinhu
t 9 (e sinhu — u) 4 (e sinhw + u) Zsinhu

distance of closest approach ale — 1) a(e +1) p
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QZAZP

For radiating ions, a = e is the semi-major axis of the hyperbola, e is the electron charge

1
and e = (1 + ﬁ) * is the eccentricity.

3.2. The Time-Dependent Perturbation Approximation for the Calculation of the S (or T) Matrix

We use the following expression for the S-matrix:

S=T (exp <11h [ :o V(t) dt)) (20)

where T is the chronological operator and f/(t) is the atom-—perturber interaction potential in
interaction representation. Now, we make the second order perturbation theory: we expand the
S—matrix given by Equation (20) in multipoles (the so-called Dyson series), and we retain the two
first terms of the expansion:

s=1e i [Tvwas o [Tvwa [ e e
T N 2h? J_o S
and 1" follows:
|t [t b
TZ*%/ V(t)dtJr?/ V(t)dt/ V(t)dt. (22)

3.3. The Atom-Perturber Interaction Potential

We will only study the case of an ideal plasma, which is valid if the Debye length is much
larger than the mean distance between perturbers. Hence the atom—perturber interaction V' is the
electrostatic potential between the N atomic electrons, the nucleus of charge (Z4 + N) and the

perturber of charge, Zp (with Zp = —1 for an electron):
Z N)Z
yo Gt N 2o axn L 23)
rp Tip

i=1

where 7p is the distance between the nucleus and the perturber and r;p the distance between the *®
atomic electron and the perturber. Z4 = 0 for a neutral atom.

Then, 1/7;p is expanded into multipolar components. We will only retain the long range part,
since we will make the long-range perturbation theory. Penetrating orbits are outside the scope of
SCP method and code. The Y}, denote the spherical harmonics.

ZAZP(’ dnZpe? 1 A N o
"= - Z 20+ 1 3t Z Zri You(Pp)Y, (7). (24
A=1 Pop=—xi=1

The first term of this expansion is the Coulomb term, which does not play any role in the
calculation of the S-matrix, due to its spherical symmetry. The following ones have to be retained:
the dipole term (A = 1) and the quadrupole term (A = 2).
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3.4. Determination of the T-Matrix Elements Using Equations (22) and (24) and the Coordinates of
the Perturber

Thanks to the preceding subsections, we are now able to obtain the semiclassical perturbation
expressions of Equations (16) and (17). The T'—matrix elements, which enter Formula (16), read:

(i Ji Mi| T (p, ) ey Ji ML)y = & [72° {0 J; My |V (p, v, t) |a J; M) dt

h 00

)

+ 2 [T M|V (p,v, 1) |ad MY estde [T (ad M|V (p,v, 1) o Ji M]) e d!
T M
(25)
where w;; is the angular frequency difference between the initial ¢ («;J;) level and the perturbing j
(o)) level. We have an analogous expression for the final f (ofJy) level.
The first term of Equation (16) is the first direct term, originating from the initial level. It reads:

M;

M;

+h 2 [T M|V (p,v, ¢) |ad MY eiatdt [T (ad M|V (p,v, t') |oy J; M;) e st dt!

MM,
(26)

The second term of Equation (16) is the second direct term, originating from the final level, a.J;,
and has an analogous expression.

The third term of Equation (16) is the interference term.

Then, we use the second order long-range expansion of the interaction potential (Equation (24)).
We do not enter the details of the calculations, which can be found in Sahal-Bréchot [6].

We summarize the different steps and only give the resulting formulae in the following:

e The quadrupolar potential is taken into account only for elastic collisions and for inelastic
collisions between the fine structure levels of the initial and final levels.

o The fist term of Equation (26) is taken as equal to zero:
—It is exactly equal to zero for the (A = 1)-dipolar potential contribution, due to selection rules
on the “35” coefficients.
—It is only different from zero for the (A = 2)-quadrupolar potential contribution in the case
of J; > 1 integer numbers, but is neglected.

e The second term of Equation (26) contains quadrupolar and dipolar elements.

e There is no interference terms between dipolar and quadrupolar contributions, which add
independently.

e The Debye screening is taken into account by introducing an upper cutoff at the Debye length.
The calculations are detailed in [6] for obtaining the 7'—matrix elements and in [7] for the integration
over the impact parameters and the choice of the cutoffs.
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The full width at half-maximum intensity, W, and the shift, d, of the i — f line can be put under
the form [7]:

W = Np/vf(v)dv (Z o (v) + Z orp(v) + Uel) (27)
i1 f£f
Here, the perturbing levels are denoted as ¢’ and f’ for simplicity in the writing.

e The inelastic contribution of the upper level, 7, is calculated as follows [7]. The dipolar
interaction potential is taken into account:

1 fir
E ow(v) = in% —|—/R 2mpdp E Pyi(p,v) (28)
1

) i i

I i
/ ‘/’ii' exXp <_hAE”I t)

Bi’(/ﬁ U) = ?

2

(29)

with AE”/ = hwii/.
The upper cutoff, Rp, is the Debye radius. The lower cutoff, R, is chosen as in [7,14]:

S Pulp o) = 5

i1
or, in the case of electron collisions:
Rp

S aulo) = | 2mpdp S Pus(p,) (30)

oy min((r;),(r;’)) i i

where (r;) is the mean radius of the i level and (r;") is the mean radius of the ¢’ level. An hydrogenic
approximation is sufficient for calculating these mean radii, and we retain as in [14] the smallest
result between the one of Equation (29) and the one of Equation (30). This minimizes [14] the role
of close collisions, which are considered as overestimated by the perturbation theory.

In the case of collisions with positive ions (cf. [20]), we retain the smallest between the result of
Equation (28) and of the following one:

Rp
S owl0) = w(r) P () 0) + [ 2mpdp 3 Pl G1)

i (ri) i
The inelastic contribution from the lower level, f, is calculated in the same way.

e The contribution of elastic collisions, o,;, is calculated as follows:

Rp
ou = 2TR: + / 27 pdpsin® p + o, (32)
Ra
with:
¢ = (p5+¢))7 (33)
and:

o= _ir— D Prp (34)

i F#
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The phase shifts, ¢, and ¢,, are due, respectively, to the dipolar potential (the polarization
potential in the adiabatic approximation) and to the quadrupolar potential. The contribution of the
dipolar interaction to the width is often denoted as the quadratic contribution. Their expressions will
be detailed hereafter. The lower cutoff, Ry, is chosen as p(Rs,v) = 1 [7]. The interference term is
taken into account in ¢, and ¢,.

Here, o, is the contribution of the Feshbach resonances [9], which concerns only ionized radiating
atoms colliding with electrons. It is an extrapolation of the excitation collision strengths (and not the
cross-sections) under the threshold by means of the semiclassical limit of the Gailitis approximation
(see [9] for details of the calculations).

e The shift, d, is given by (the dipolar interaction potential is the only one to be taken into

account):

Rp
d= Np/vf(v)dv/ 2mpdpsin(2¢,) (335)

R3

The cutoff, R3 [7], is chosen as 2p,(p, v) = 1. There is no strong collision term for the shift.

3.5.  Expressions of DPu(p,v), Pre(p,v), 0p(p,v),04(p,v),  Symmetrization and — Some
Asymptotic Limits

We use CGS units, but we will often use atomic units (A = 1, e = 1, m, = 1, and thus, ag = 1,

Iy =1/2):
ag = % is the first Bohr orbit radius, m, is the electron mass and e the electron charge. I = ”;h%

is the ionization energy of hydrogen (1 Rydberg).

3.5.1. Case of Neutral Atoms (Straight Path)

Contribution of the dipolar interaction: expressions of the transition probabilities, of the inelastic

cross-sections and of p,,

L py(pr0) + i (o) = B2 g I 72 (40 1B (a)) (36)
S \p, v 1@ (P, V) = it z 15(2

g P i ) B ARy m,

L AHE“’ , fur is the oscillator strength of the (i7') transition, and £ = % I v? is the incident kinetic

z =

energy of the perturber.

+00 : : !
A(z)+iB(z / du/ Lt sn;hu sn;hu exp (iz (sinhu — sinh u')) (37)
cosh”u cosh™w’

A(z) and B(z) are connected together by the Hilbert transform:

= Lpv [1T a4

z—z!

=1lpy eroo dz’B(z)

where pv denotes the Cauchy principal value.
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A(z) can be expressed by means of the modified Bessel functions, K and K [14]:
A(z) = 2* (IKo(2)]” + [Ka(2)) (38)
and the expression of B(z) was obtained by [21]:
B(z) = 7 2* (| Ko(2)] Ho(2)] = [K1(2)| |1 (2)]) - 39)

Then, we integrate over the impact parameter for obtaining the inelastic, i, contribution:

/RD 2npdp Py(p,v) = mad 8 L fii/i Z% (a(zp) — a(z1)) (40)
Ry FE AE”/ Mme
with [14]:
a(z) = z [Ky(2)] Ko(2)-
Symmetrization

We now introduce the symmetrization of the transition probabilities and cross-sections, in order
to satisfy the reciprocity relations [14]. We replace I by F,,,, and z by zg,:

Eym = = (2E — AEy) (41)

1
2

sy = 1| ] e 42
E Y ap Me IH 2 — AE“I ( )

Remark concerning the shift

Note that in the SCP method and computer code, we calculate the shift with Equation (35). Thus,
the integration over the impact parameter is not analytical. However, we have also calculated the
shift with the more usual formula, where the b(z) function [21] appears:

/ " o dp 260 (pu) = a2 £ 72 (bap) — b)) 3)
Ry EAE”/ Me
b(z) = 5 — 72 Ko(2) a(2) (44)

In that case, we have chosen the lower cutoff, Ry, as equal to § ((r;) + (ry)) where (r;) is the
mean radius of the i level and (r) the mean radius of the f level. In fact, the obtained results are
quite sensitive to the cutoff, and we have preferred our method of calculation given by Equation
(35). Therefore, our shift results with the b(z) function appear neither in our publications nor in the
STARK-B database.

Asymptotic limits and series expansions of A(z), a(z), B(z)

The asymptotic limits of A(z), B(z) and a(z) are recalled hereafter, because they are useful for

understanding some systematic trends: At high energies (or very small AE):

A(z) = 1, ‘g—f — zero,



104

a(z) — ln( ) and

B(z) = 0and 22 — zero.

v =expC and C' = 0.5772156649 is the Euler constant.

At low energies (or high AE): A(z) — mzexp(—22), B(z) — 7w/4z + 97/322% + ... and
a(z) — 5 exp(—2z).

In fact, at low energies, the Lindholm limit due to a polarization potential of the phase shift, ¢,
is obtained (cf. [22]). The limit (5 — 0) is ¢, = ¢; — ¢y, with:

Qo IH
SOi P < ) f“ < )
o 2 VEVm AE;

with an analogous expression for ¢ ;. Contribution of the quadrupolar interaction: expression of @,

This only concerns the elastic term of the width (c¢f. above). The contribution of the inelastic
transitions between fine structure levels of the initial and final level (if any) are included in the elastic
term. The details of the calculations are given in [6], in [8] for the B;, By, B;; angular coefficients
of complex atoms and in [13] for still more complex atoms. We have [6]:

= (BN + (5, 637 - B o) ()] 23l )

In the SCP computer code, the calculations of the Bessel functions use the Fortran library
of [23]. The integration over the impact parameter of the elastic part of the width and of the
shift use Gauss integration techniques and Gauss—Laguerre integration techniques for the integration
over the Maxwell distribution of velocities. The Gauss—Laguerre technique is not suitable for the
inelastic part, because at high energies, the inelastic dipolar cross-sections decrease as (In £)/E. A
trapezoidal method with an increasing exponential step is used; it is suitable and accurate.

3.5.2. Case of Tonized Atoms (Hyperbolic Path)

Contribution of the dipolar interaction: expressions of the transition probabilities, of the inelastic

3
aAE; i AEq H
= 772 7 “H
= " 4 ”\/me I <E>

2 2
W 2l g Bz (AGee) +iB(E ) (46)

( ) E AEu Me
) 47

cross-sections and of p,

We define:

and we obtain:

1
EPW (g,0) + 2igu(e,0) =

mww«#mﬁmom@>+ LK

where + means + for the attractive case and — for the repulsive case.
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We recognize the Bessel functions of imaginary order i and real argument e:

Kie(&e) = fooo e§ecoshu cogeq, du

48
K'¢(&e) = fooo e—¢ecoshu coséqy coshu du (48)

As for the straight path case, A(¢, €) and B(&, ) are connected together by the Hilbert transform,
but now, the variable is ¢:

+00 A€
Bg, o) = o [ a g(i’gf) (49)

Contrary to the straight path case, we do not know any other analytical formula for B(¢,¢).
Therefore, it will be calculated numerically by using asymptotic formulae, which will be
given hereafter.

For the attractive case, B(E, ) has also been calculated by use of the Hilbert transform when
asymptotic formulae are not adequate. However, Equation (49) is not suitable for numerical

calculations. In the SCP computer code, the dispersion relation has been used:

+o00 A(e = ¢ —_A /
B(é" E)_ll+ d{’ (E 578) 5/ (E+$a5) (50)

™

and also the second imaginary term of the Dyson series:

B(& e) =1 [ du " du[sin[¢ (e(sinhu — sinhw') — (u — u')]
(5D

e2+(e%2—1) sinh usinh u’+cosh u cosh u’ —¢(cosh u+cosh u')

X (e coshu—1)2(e coshu’/—1)?

The integration over the impact parameter of the transition probability, P;/(¢,¢), has an
analytic solution:

Rp
| w0 Pt V) dp = 876 = £, 2 73 (a(6.2p) — a(6.)

R 5’
with:
a(§, €) = exp(£mE) &e Kig(§2) Kie(8e) (52)
where 4+ means + for the attractive case and — for the repulsive case.
Sample graphs of the A(¢,¢), a(€,¢) and B(&, €) functions are displayed in [5,24,25].

Symmetrization of the transition probabilities and cross-sections

As for the straight path case, the transition probabilities and cross-sections are also
symmetrized [7,19,24].
a and & become ay, and gy, wWith £, = E, Bl = B, + AE;;:

Z
Usym = o Ty -ZAZE and
sym OH\/ﬁ

fsym:ZAZP\/» ( \ﬁ \F)




Asymptotic and series expansions for A, a and B, used in the computer code

(1) First, we recall that:
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A0, g)=1
G (0%, &) = +m

with 4: + for the attractive case and — for the repulsive case.

B(0, e)=1
G2 (07, ¢) = Foo

with F: — for the attractive case and + for the repulsive case.

(2) Athigh energies, E, or small AE;;, £ — zero, one obtains:
a(€, §) = (1 £76) <L> (53)

T v+6
with § = &(e — 1) and with v = e“. C is the Euler constant. We have used

3)

this asymptotic expression for calculating A(£,9) and a(£,9) for € < 0.1 and for
0 < 0.025.

At very high energies, the Coulomb attraction (or repulsion) becomes weak; the contribution
of high impact parameters predominates, ¢ — p, and the straight path case is recovered.

For high £ and high &¢, the following asymptotic expansion—yvalid for order and argument both
high and nearly equal ([26] p. 245 and [27] p. 88, [28], such as § = £e — & = o(&e)'/3)—has

been used:
m+1

Kig (§2) = de % i}sm (L;DW) (=) (%) ° A

- ] . m - m . 7m.7+1 54
K'¢((e) =Lte 7 3 sin (%) r(mi) (£)7F a, (54)
e 5 (23 1 (252) (8) 7 ()

We have expanded the series up to m = 4 [28] in the SCP code. The A,, and A/ coefficients
are given in Table 2.

Table 2. Values of the coefficients A,, and A/ in Equation (54) [28].

m A, Al

0 1 0

1 =6 -2

2 6%/2+1/20 20

3 —8%/6—0/15 —52—2/15
4 0%/2446%/24 +1/280 6%/3+6/6
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Note that there is a typo in [28]. Therefore, the correct formulae are:
: ;
B (L) -T@) (&) 0+T() (&)2050+02)
5
6

(55)

(4) When ¢ — oo (or § — 00), we have used the expansion ([26] p. 202):

2€e = k! (8¢e)"

K¢ (€e) = (L)%effa [i (—452—1)(—452—9)...(—452—(%—1)2)]

1
)2 _ X (—4€2+16k2-1)...(—4€2—(2 (2k—1)-1)%) (56)
K'¢ (§e) = —(@) et { (2k)! (8£¢)F

0
X (—4€2+4(2k+1)°-1)...(—462— (4k-1))?)
+ 2 (2k+1)! (8¢ge)?hHt

We have used this expansion for calculating A(&,0) and a(¢, d) for £ < 10 and 6 > 90.

(5) Beyond the validity of these above expansions, the Ki¢(§,0) and Kjc(¢,6) functions have
been calculated with an unpublished Fortran subroutine developed in [24]. The A(&,0) and
a(&,0) follow.

(6) Asymptotic expansions for B(¢, ¢) for the attractive case (collisions with electrons).

We have used two expansions. The first one is valid for high values of £, and the first two terms
were calculated by [6]. We have added the third term of the expansion in the numerical SCP
code. It reads:

w—arccos(l>
- e/

52

2

4 € |:124+592§2+22954 + (16 4 15252 4 13854 + 956) Tr—arCCOS(l):|

16£3(e2—1)° Ver-1

+ g2 45764144160 245395244 43920880 4457778
256£5(e2—1)% 5

ﬂ—drCCUS(%)

2 4 6 8 10
+ (256 4 13952¢* + 82752¢* + 101600£° + 25990¢® + 675¢'Y) e

(57)

For ¢ < 1.01, we have used the expansion derived by [29], and we have limited it to the first
two terms in the SCP code. It reads:

B(€, ¢) = V3mek 3 (— 0.940 + 2.228 (= — 1)g§). (58)

For high values of ¢ and high values of ¢, we have used the asymptotic form:
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2 5

3me 2mra

- 22— 1)F  3EP

B, e (59)

(7) Beyond the validity of these expansions, B(¢, €) has been calculated by means of a numerical
integration of the Hilbert transform (Equation (50)) or by a numerical integration of the second
imaginary term of the Dyson series (Equation (52)).

(8) Asymptotic expansions for B(&, ) for the repulsive case (collisions with positive ions).

Due to the mass effect, £ is always high in typical conditions for Stark broadening studies.
Therefore, an expansion valid for high values of ¢ is sufficient and has been introduced in the
SCP computer code. It reads [6]:

B &)= 527 3 ( 2+ ecos (i) —3) (). (60)

If in addition, £ — 1:

272 4 2 8 :
B¢, €)= ;? (15 5 (1) +21(521)299(521)3+...>. (61)

Contribution of the quadrupolar interaction: expression of y, for radiating ions

After an elementary calculation, one obtains [6]:

@3 = (B2 + (B, ()" = By (1) ()] s

1 34 :F7r+2arcsin(§)
% [4 + 4(52671)2 (1 T v

where F means + for the attractive case and — for the repulsive case.

(62)

At high eccentricities or high energies (as expected), we recover the straight path limit.
At low energies and small eccentricities, by using the series expansion of arcsinl/e, we
obtain [6] the asymptotic phase shift found in [22] for electron collisions.

4. Results and Discussion

4.1. Validity of the Impact Approximation

The impact approximation is at the basis of the SCP method. Its validity is checked in all of the
calculations for every line, every temperature and every density by using Equation (6).

The collision volume is calculated by writing W = N, pvtyppfyp, where W is the calculated width,
Np the density of the perturbers and v;,,, is the mean relative velocity. Thus, py,, can be derived. One

of the outputs of the code is NpV/, where V' = pfyp is the collision volume.
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We give, in the following (Tables 3-6), two examples. Table 3 (electron collisions) and
Table 4 (proton collisions) concern the case of Ne VIII 3s — 3p at 10" cm™3. The data are
taken from the cases studied at the Spectral Line Shapes in Plasmas workshop (April, 2012).
Table 5 (electron collisions) and Table 6 (proton collisions) concern the case of Li I 25 — 2p
at 1016 cm=3.

The results for NpV show that the impact approximation is valid both for electron and proton
colliders in these two cases.

In the STARK-B database, the values of the widths and shifts are provided in the tables, except
when NpV' > 0.5, where the cells are empty and marked with an asterisk preceding the cell. Widths
and shifts values for 0.1 < NpV < 0.5 are given and marked by an asterisk in the cell preceding
the value.

The format of the data of Tables 36 is in ASCIIL. Hence, E + 05 means x 10°, and so on.

Table 3. Results of the SCP code for Ne VIII 3s — 3p, electron collisions. Angular
frequency units, density Np = 10 cm ™3, temperatures 7" in Kelvin.

T 0.580E + 05 0.174E + 06 0.580E + 06
NpV 0.579E — 02 0.121E - 02 0.238E — 03
Full width at half maximum 0.106E + 14 0.639E 4 13 0.394E + 13
Strong collisions contribution 0.347TE+ 13 0.202E+ 13 0.112E+ 13
Inelastic collision contribution from the upper level 0.233E+ 13 0.176E 4 13 0.125E + 13
Inelastic collision contribution from the lower level 0.687E + 12 0.942E 412 0.801E + 12

Feshbach resonances contribution from the upper level 0.431E+ 12 0.915E+ 11 0.156E + 11
Feshbach resonances contribution from the lower level 0.151E+13 0.409E + 12 0.767E + 11
Elastic collisions contribution (polarization + quadrupole) 0.744E + 13 0.369E 4 13 0.189E + 13
Elastic collisions contributions (without quadrupole) 0.435E+ 11 0.202E+ 11 0.799E + 10

Table 4. Results of the SCP code for Ne VIII 3s — 3p, proton collisions. Angular
frequency units, density Np = 10' cm™3, temperatures 7" in Kelvin.

T 0.580E +05 0.174E+ 06 0.580E + 06
NpV 0.205E — 03 0.918E — 03 0.183E — 02
Full width at half maximum 0.269E + 11 0.126E 4+ 12 0.394E + 13
Strong collisions contribution 0.383E + 04 0.253E+409 0.204E + 11
Inelastic collision contribution from the upper level 0.489E + 05 0.557E 409 0.310E + 11
Inelastic collision contribution from the lower level 0.511E - 02 0.231E+06 0.861E + 09

Elastic collisions contribution (polarization + quadrupole) 0.269E 4+ 11 0.126E 4+ 12 0.334E + 12
Elastic collisions contribution (without quadrupole) 0.607E +09 0.184E 411 0.138E + 12
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Table 5. Results of the SCP code for Li I 2s — 2p, electron collisions. Angular frequency

units, density Np = 10'6 cm =3, temperatures 7" in Kelvin.

T 5,000 10,000 20,000

NpV 0.328E — 04 0.221E —04 0.186E — 04
Full width at half maximum 0.976E +10 0.106E + 11 0.134E+ 11
Strong collisions contribution 0.583E + 10 0.603E + 10 0.721E + 10
Inelastic collision contribution from the upper level 0.445E +10 0.461E+ 10 0.567E + 10
Inelastic collision contribution from the lower level 0.963E + 08 0.827TE+ 09 0.267E + 10
Elastic collisions contribution (polarization + quadrupole) 0.522E + 10 0.518E 4 10 0.502E + 10
Elastic collisions contribution (without quadrupole) 0.252E + 10 0.189E + 10 0.113E + 10

Table 6. Results of the SCP code for Li I 2s — 2p, proton collisions.
units, density Np = 10'% cm =3, temperatures 7" in Kelvin.

Angular frequency

T 5,000 10, 000 20,000

NpV 0.281E — 02 0.167E — 02 0.998E — 03
Full width at half maximum 0471E+10 0472E+10 0.472E + 10
Strong collisions contribution 0.220E + 10 0.220E+ 10 0.221E + 10
Inelastic collision contribution from the upper level 0.206E + 01 0.113E+ 01 0.602E + 02
Inelastic collision contribution from the lower level 0.228E — 06 0.897E — 02 0.200E + 02
Elastic collisions contribution (polarization + quadrupole) 0.471E + 10 0.472E 410 0.473E + 10
Elastic collisions contribution (without quadrupole) 0.789E + 09 0.885E 409 0.994E + 09

In the wings, Aw being the detuning in angular frequency units, the validity condition of the
generalized impact approximation becomes 7 Aw << 1. Therefore, if we approach the limit of
validity of the impact approximation (0.1 < NpV" < 0.5), the impact approximation becomes invalid
in the wings. This can be the case of collisions with ions at high densities. However, the contribution
of ion collisions is most often weaker than the contribution of electron collisions (about 10%), and
a rough accuracy for the contribution of ion collisions is generally sufficient. Of course, exceptions
exist, which arise when some perturbing levels are very close to the upper ones: see below and [30],
as well as the explanation given in [31]).

Concerning isolated lines perturbed by electron colliders, the impact approximation is quite
always valid, due to the high velocity of these light particles. The only exceptions concern radiating
ions at very high densities, which can occur in laser plasmas, for instance.

Besides, it is interesting to recall that hydrogen lines arising from low levels (Balmer lines, for
instance), which are not isolated, can be treated within the impact approximation at low densities
typical of stellar atmospheres and of some laboratory plasmas: in [32], it was shown that the profile
of Ha is Lorentzian in the central part of the profile. A good agreement, for collisions with electrons
and protons, as well, was obtained between the impact model and the MMM (model microfield
method) one at Np = 10" ecm ™2 and 7" = 5, 000 K and 10, 000 K.
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4.2. Validity of the Isolated Line Approximation

At high densities or for lines arising from high levels, the electron impact width can be
comparable to the separation, AE(nl,nl & 1), between the perturbing energy levels and the initial
or final level: the corresponding levels become degenerate, and the isolated line approximation is no
longer valid. In order to check the validity of this approximation, we have defined a parameter, C,
in [10], which is given in the STARK-B database and the corresponding articles.

4.3. Comparisons of the Different Contributions

An extensive discussion concerning comparisons of the different contributions can be found
in [31]. Tables 3—6 give the different contributions to the full width for the two cases cited.

4.3.1. Electron Collisions

The contribution of strong collisions is generally less important for radiating ions than for
neutrals. This is due to the Coulomb attraction. The contribution of strong collisions decreases
when the energy (or temperature) increases, as expected. Generally, inelastic collisions predominate
at high energies and elastic ones at low energies.

Concerning inelastic collisions, the contribution of high impact parameters becomes very
important when some perturbing levels are close to the upper one (or to the lower one) or when
the energy (or temperature) is high. Then, the SCP method is the most accurate. In addition, one
can notice that the summation over the incident electron orbital [-quantum numbers for obtaining
cross-sections in quantum methods no longer works if [ is too high (I about 30 for S VII). Therefore,
the summation is generally completed by using the Born, or the Bethe, or the Coulomb-Bethe
approximation (cf., for instance, [33]).

For elastic collisions, the contribution of the quadrupolar interaction is never negligible in these
two cases. The contribution of small impact parameters is most often predominant. The contribution
of elastic collisions can be negligible when some perturbing levels are very close to the upper
ones [31].

In addition, a detailed comparison between close-coupling and SCP calculations is given in [34]
for the electron impact broadening of the Li I resonance line. In particular, it is shown that the
close-coupling and SCP calculations converge at [ = 3 for the width and [ = 4 for the shift.

The contribution of the Feshbach resonances, which only concern ionized atoms, is only
important at low energies.

4.3.2. Ton Collisions

The two examples cited here (Tables 4 and 6) illustrate the following. For radiating ions, due
to the Coulomb repulsion, the contribution of strong collisions is generally small. It increases with
the temperature, because the Coulomb repulsion decreases. The contribution of inelastic collisions
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is very small for the same reason. Of course, there are no Feshbach resonances. The contribution of
the quadrupole potential is predominant.

For neutrals, the situation is different, since there is no Coulomb repulsion. However, the
contribution of inelastic collisions remains generally weak, and the contribution of the quadrupolar
interaction is important, except when high levels are involved [31].

4.4. Accuracy of the SCP Method

The accuracy of a theoretical method is difficult to assess. Therefore, we estimate the accuracy of
the SCP method by comparing to the experimental results. This has been made in all our papers that
are cited in the STARK-B database. As examples, we will only cite here [9,35-39]. In spite of the
fact that the strong collision contribution is never very small (see Tables 3-5), the accuracy is about
20%-30% for the widths of simpler spectra, but is worse for very complex spectra, particularly when
configuration mixing is present in the description of energy levels, but not always [39]. If the shifts
are of the same order of magnitude as the widths, their accuracy are similar to that of the widths. If
they are smaller or much smaller, their accuracy is worse, because of the cancellation effects between
the initial and final level. However, such an accuracy is enough for the needs of stellar physics and
laboratory physics.

We note that within the semiclassical perturbation method, the weak inelastic collisions are the
most reliable. Therefore, especially when their contribution is dominant, the obtained results are of
good accuracy. Since the more sophisticated close-coupling method is not suitable for large-scale
calculations, semiclassical perturbation data are still the best available data in many cases.

4.5. Ab Initio and Automatic Codes for Obtaining a Great Number of Data in a Same Run and the

Influence of the Chosen Atomic Structure

For obtaining widths and shifts of a given line, in addition to the charges Z, Zp, the chosen
temperatures and densities, one must also input the energy levels and the (r) of the initial, final levels
of the line and all the perturbing levels, and the oscillator strengths between the initial and all the
perturbing levels. The <r>2 and B;, By, B;; values of the initial and final levels also have to be input.
The results of Stark broadening parameters determination performed by Dimitrijevi¢, Sahal-Bréchot
et al. using the semiclassical perturbation method are contained in more than 130 publications and
have been implemented in the STARK-B database [15]. Thanks to the creation of ab initio [40],
automatic codes coupling the atomic data and the SCP code, more than several hundred lines (and
sometimes about one thousand) can be treated in a same run. The calculations are very fast: only
one night is sufficient with a laptop for treating several hundred lines in a same run for several
temperatures and densities.

In the older papers, the energies of the levels were taken from measurements and various
publications, and the oscillator strengths were obtained using the Coulomb approximation with the
quantum defect (Bates and Damgaard approximation, [41], improved for high n values by [42]). As
the (r), the (r)? were obtained by means of the hydrogenic value with a quantum defect.
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Then TOPbase has often been used since the 1990s [43], when the needed sets of energy levels
and oscillator strengths became available: see, e.g., [35] and further papers, e.g., [38]. The TOPbase
atomic data have been obtained within the close-coupling scattering theory by means of the R-matrix
method with innovative asymptotic techniques. Thus they are especially appropriate for low and
moderately ionized light atoms, because LS coupling is assumed.

Since the turn of the century, the SUPERSTRUCTURE (SST) code [44] has been used for ionized
atoms, e.g., [45] and further papers. SST is well suited for moderately and highly charged ions.
The wave functions are determined by the diagonalization of the nonrelativistic Hamiltonian using
orbitals calculated in a scaled Thomas—Fermi—Dirac—Amaldi potential. Relativistic corrections are
introduced according to the Breit—Pauli approach. Atomic data are obtained in intermediate coupling.

The Cowan code [46] is interesting for complex atoms and has been coupled to the SCP
code [39]. The Cowan code, based on a Hartree—Fock—Slater multi-configuration expansion method
with statistical exchange, contains relativistic corrections treated by perturbations. Therefore, this
method is especially suited to neutral and moderately-ionized heavy atoms. The Cowan code is
also useful, because the (r) and the (r)” are provided, and then, we can use better values than the
hydrogenic ones.

The difference between the use of the different atomic data codes does not exceed 30%, except in
exceptional cases, such as in [38], for instance (see below).

Si V and Ne V line widths and shifts data have been calculated with both Bates and Damgaard and
SST atomic data [45,47]. The difference does not exceed 30%. C II widths and shifts data have been
calculated with both TOPbase and Bates and Damgaard atomic data, [38], and the difference does
not exceed a few percent, except when configuration interaction plays an important role by allowing
a forbidden transition.

Notice that widths and shifts due to positive ion impacts can be, in certain cases, larger than
those due to electron impacts: for Cr I lines studied in [30], there are perturbing levels that are very
close to the upper initial ones (4.26 and 14.14 cm™"). This special situation is due to configuration
interaction effects.

This gives an idea of the importance of the chosen atomic structure for obtaining Stark
broadening data.

4.6. Modifications in Progress and Prospects

Until now, the B;, By, B;s coefficients have been “manually” calculated before entering the
input data of the code. A new subroutine is in progress, which will automatically calculate these
coefficients in the code.

It would be also interesting to study the difference obtained in the SCP results by introducing the
large and small £ asymptotic expansions provided in [48].

To continue on the same train of thought, it would be interesting to include penetrating orbits in
the SCP method and code. The difference between the SCP method and the close-coupling ones
is considered to be due to close collisions, which should be overestimated by the SCP method.
Penetrating orbits were included in semiclassical calculations [49,50], and the discrepancies between
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quantal and semiclassical calculations became much smaller. However, our SCP method provides
results that are in agreement within 20%—-30% with the experimental results, whereas the majority of
the most accurate (close-coupling) quantum results disagree within a factor of roughly two ([36,37]
and references to close-coupling calculations therein). This remains unexplained.

4.7. Regularities and Systematic Trends

Regularities and systematic trends have been observed for many years. A number of them can be
understood and, thus, predicted by looking at the formulae provided by the SCP method. This can
be easily checked by using the SCP data provided by STARK-B [15], for instance. Some of them are
discussed in [31].

In order to interpret the regularities, the widths and shifts data must be expressed in frequency
(or angular frequency) units and not in units of wavelength. We will discuss the principal systematic
trends in the following.

4.7.1. Behavior with temperature

(1) High temperatures:

At high temperatures (or very small AE;;), the Coulomb attraction or repulsion for ion
emitters is small; the behavior is the same for neutrals and ions: a(z) behaves as In(E),
and thus, the cross-sections as (p/m.)In(E)/E. With a rough reasoning, it can be deduced
that the widths decrease as \/m In(T)/T; ¢f. in particular [51,52]. In addition, due to
the mass effect, the contribution of the ion colliders can be greater than that of electrons,
e.g., [30].

(2) Low temperatures:

At low temperatures, the behavior is different for neutral and ion emitters. For ions colliding
with electrons, the collision strengths tend towards a finite limit; the cross-sections decrease as
1/ E near the threshold, and the width decreases as 1/ \/T. For neutrals colliding with electrons,
the width begins to increase with the temperature.

4.7.2. Behavior with the charge of the perturber
As expected by the SCP formulae, the shifts increase linearly with Zp; ¢f. [53] for instance.

4.7.3. Behavior with the charge of the radiating ion

The widths are predicted to vary as Z ;?f, with Z.¢y = Z 4+ 1. This is shown in [37], for instance;
cf. Figure 20 of that paper, which shows a —1.84 slope for the 3s — 3p transitions from C IV to P
XIII. This is due to the behavior of the line strengths (and, thus, oscillator strengths) with the charge
of the radiating ion in the Coulomb approximation.
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4.7.4. Behavior of the width of a spectral series of transitions of a given neutral or ionized atom with
increasing principal quantum number n

Due to the behavior of the dipolar line strengths in the Coulomb approximation, it is expected
that the width of a spectral series 7, [; — n [ increases as n?, when the principal quantum number, 7,
increases. This has been verified; c¢f. [38,39], for instance.

The dependence of the broadening parameters of spectral lines due to impacts with charged
particles versus the principal quantum number within a spectral series is important information. If we
know the trend of Stark broadening parameters within a spectral series, it is possible to interpolate or
extrapolate the eventually missing values within the considered series.

4.7.5. Importance of the fine-structure splitting

Finally, it will be pointed out that the behaviors of the fine structure widths of a multiplet are not
very sensitive to the fine structure splitting: for the 3s — 3p multiplets of the Li-like series, the ratio
of the widths of the two components only attains 1.12 for P XIII [37]. This is quite negligible by
looking at the accuracy of the calculations.

5. Conclusions

The SCP code is now extensively used for the needs of spectroscopic diagnostics and modeling,
and the results of the published calculations are displayed in the STARK-B database, [15]. Data
for 123 neutral and ionized atoms (49 chemical elements) are currently included in STARK-B. In
the present paper, we have presented the main approximations leading to the impact semiclassical
perturbation method, and we have given the formulae entering the numerical SCP code. This would
permit us to better understand the validity conditions of the method and of the results; and also to
understand and predict some regularities and systematic trends. If we know the systematic trends of
the Stark broadening parameters, it would be possible to interpolate or extrapolate the existing and
provided data for obtaining missing values.

This would also allow us to compare the method and its results to those of other methods
and codes.
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Abstract: In this paper, we present results for the relativistic quantum mechanical
calculations of electron-impact line widths and shifts of 2p-2s transitions in doubly
ionized boron (B III) ions. We use the Dirac R-matrix methods to solve (/N + 1)-electron
colliding systems for the scattering matrices that are required. The line widths are
calculated for an electron density 1.81 x 10'®* cm™ and electron temperature 10.6 eV.
The obtained results agree well with all the semiempirical calculations and most of
the semiclassical calculations, and are closer to the experimental results published by
Glenzer and Kunze (Glenzer, S.; Kunze, H.-J. Stark broadening of resonance transitions
in B III. Phys. Rev. A 1996, 53, 2225-2229). Our line widths are almost twice as large as

the earlier quantum mechanical calculations for the set of particular plasma conditions.

Keywords: electron-impact widths and shifts; (N 4 1)-electron colliding systems;
line shapes

1. Introduction

The broadening of spectral lines due to collisions with charged particles appears to be important
in the studies on the behavior of atomic interactions, and is indispensable for interpreting the spectra
of astrophysical and laboratory plasmas. In atmospheres of moderately hot stars (A-type star) to
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very hot (B- and O-type) stars and in white dwarfs, a large number of isolated ion lines has been
observed [1] and Stark broadening is the well proven dominant pressure-broadening mechanism
especially for white dwarfs [2]. The knowledge of Stark broadening parameters is crucial for
astrophysical applications. The electron-impact broadening data of width and shift for a large number
of lines of various elements and their ions are required for radiation transport in stellar plasma.
Dimitrijevi¢ and Sahal-Bréchot [3] pointed out that line profiles of Boron in various ionization
stages play an important role for accurate radiative opacity calculations [4,5]. Moreover, Stark
broadening parameters of B III lines are of prime interest not only for the investigation and diagnosis
of laboratory and laser-produced plasma, but also for the research of regularities and systematic
trends. Consequently, numerous experimental and theoretical studies of Stark widths and shifts of
spectral lines have been undertaken since the fundamental and pioneering works by Baranger [6-8].
In fact, Stark broadening parameters have been extensively calculated with both the sophisticated
semiclassical [9] and quantum-mechanical methods, although they often require a considerable
effort even for the evaluation of a single line width and shift. Apart from the several successful
semiclassical frameworks [9-13] and semi-empirical formula [13-15] for performing calculations
of electron-impact broadening parameters, it is equally important to perform detailed and systematic
quantum mechanical calculations to provide a quantitative check of the different approximations
involved in the usual semi-classical methods.

As a continuation of our previous papers [16,17], the aim of present paper is two-fold. First,
we want to extend the results of our previous quantum calculations in the impact approximation to
investigate the validity and accuracy of our quantum mechanical approach for more spectral lines of
the large number of elements. Second, accurate line profile measurements of the resonance doublet
transitions 2p? Py 212 2525, /2 in Li-like boron were performed by Glenzer and Kunze [18]. These
experimental results of Stark widths of the investigated transitions are found to disagree substantially
with various theoretical calculations [3,11,12,19,20] even for the advanced quantum-mechanical
calculations [4,5,21,22]. For instance, the experimental Stark width of the B III 2s-2p resonance
doublet was found to be about a factor of two larger than the convergent close coupling (CCC)
and Coulomb-Born exchange (CBE) calculations [21]. This disagreement makes it necessary that
systematic theoretical calculations of line shifts and widths in B III ions in the particular selected
plasma conditions should be carried out using our new quantum mechanical approach. Furthermore,
the agreement obtained between our quantum results [16,17] within the framework of impact
approximation theory and the available experimental data encourages us to perform calculations for
the QpZng’/Z1 /2 2525 /2 resonance transitions in B III ions. In the present work, we use the fully
relativistic Dirac R-matrix codes [23] (DARC from hereafter) to calculate electron-impact collision
strengths (2 and scattering matrices of B III ions. The target states of B III ions are determined for
the low lying levels up to n = 5 by employing the General Purpose Relativistic Atomic Structure
Package (GRASP2) [24,25] (partly improved by us). The rest of this paper is organized as follows.
An outline of the basic procedure for our calculations is presented in section II. In Section III, our
results are compared and discussed with available experimental and theoretical data. The conclusions
are summarized in section I'V.
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2. Computational Procedure

We briefly outline here the essential features of the computational procedure where the
values of some relevant parameters are presented for the sake of completeness. More details of
our computational formalism to address electron-impact broadening parameters have been outlined
elsewhere [16,17,26,27], and will not be detailed here. By using DARC, a fully relativistic package,
the width and shift of spectral lines due to electron collisions are written as [4,5,28-30]

w+id = ozNe/ T3 exp (—e/T)Qe)de. (1)
0

where o = 2.8674 x 1072 eV cm?®, T, is the electron temperature in eV, N, is the electron density
in cm™2 and ¢ is the energy of colliding electron in Rydberg. In above expression, w and d represent
the half-width( a half of full width at half-maximum) and shift of spectral line in eV, respectively. The
dimensionless collision strength Q(¢) as a function of energy of colliding electrons is evaluated in
Jj-j coupling scheme according to Equation (2) of [17]. The computational details about the collision
strength of (IV + 1)-electron colliding systems (colliding electron+target ion) can be found in [17].
The shift d in Equations (1) and (2) of [16] describes that a negative shift d in photon energy always
corresponds to red shift in wavelength, which corresponds to a small reduction in the energy of the

transition line.

Table 1. The relative atomic structure data of B III 2p-2s lines are obtained by General
Purpose Relativistic Atomic Structure Package (GRASP2) [24,25].

Lines Energy of Lower State  Energy of Upper State Oscillator Strength g f; ¢
(eV) (eV) Coulomb Gauge Babushkin Gauge

2p~ — 2s —636.1998 — 630.1390 0.2768 0.2503

2pt — 2s —636.1998 —630.1351 0.5543 0.5010

In order to calculate width and shift of spectral lines 2p — 2s in B III ions, we calculate atomic
structure data from 13 non-relativistic configurations 1s?nl(n < 5,1 < n — 1) which give rise to
22 bound states. The relative data of B III 2p-2s lines are shown in Table 1. The lowest
8 bound states are selected as the target states. The relativistic orbitals generated by the
GRASP2 code are then used by the DARC package to construct the colliding system that consists
of upper or lower state of the desired transition in target ion and a colliding free-electron.
In our calculations, the colliding electron is limited by two constraints. First, the quantum
number of the orbital angular momentum is ¢ < 25, and second, the total number of its
continuum basis function for a given w( v« = —¢ — 1, if Kk < 0, else kK = {) is
30. The required K- matrices and their corresponding symmetry information of the colliding
system is obtained by using DARC. Since the dimensionless collision strength () defined in
Equation (2) [17] is a function of incident electron-impact energies ¢ and is computed in an increasing

energy sequence with an energy increment As = 0.008 Rydberg by repeating the same procedure.
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Finally, we obtain the width and shift of spectral lines by solving Equation (1) numerically by means
of trapezoidal integration rule.

3. Numerical Results and Discussion

The calculated electron-impact broadened full width at half-maximum (FWHM = 2w) and
shifts in the B III (2p — 2s) doublet transition lines as a function of electron temperature for

an electron density of 1.81 x 10 cm™

are displayed in Figure 1.  Figure 1 clearly
demonstrates that widths and shifts of doublet transition lines 2p 2P3/211/2 — 25 25, /2
have very similar behavior with the increase of temperature. One can see that the line
broadening parameters decrease with an increase in temperature. We find that electron-impact
broadened full-widths (2w) are always much larger than the shifts of both the spectral
lines for any given plasma condition. An example is provided at an electron temperature
T, = 10.6 eV, the calculated FWHM (2w) and shift d for the transition line 2p *Ps/5 — 25 %S
are 0.212 and 0.0517 (about 4 times higher), respectively, whereas for the transition line

2p 2P,y — 25 2515, 2w = 0.216 and d = 0.0518 .

Figure 1. The electron-impact widths (FWHM) and shifts of doublet transitions
(2p — 2s) in B III ions as a function of electron temperature for an electron density
of 1.81 x 10" cm™3. (a) 2p 2P3/2 — 2s 25’1/2; (b) 2p 2P1/2 — 2s 251/2.
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As previously mentioned, experimental Stark linewidths were measured by Glenzer and
Kunze [18] by performing an accurate line profile measurements of the 2p — 2s fine-structure
components of the resonance doublet in Li-like boron. The authors used a homogeneous plasma
region in a gas-liner pinch discharge, and plasma parameters (local electron density and ion
temperature) were determined independently by 90° collective Thomson scattering. The Stark
linewidths (FWHM) of doublet transitions in B III were measured to be 2w = 0.22 for an electron
density N, = 1.81 x 10'® cm™® and electron temperature 7, = 10.6 eV. Comparison reveals that
measured linewidths agree very well with our presented values (within 3.6% accuracy).

In Table 2 our calculated values are compared both with the experimental data [18] and with
various theoretical calculations [3-5,9,11,12,19-21] for an electron temperature of 7, = 10.6 eV and
an electron density of N, = 1.81 x 10'® cm™3. Table 2 contains theoretical widths wy, calculated
on the basis of various theoretical approaches discussed ahead. In this table, the last column displays
our quantum mechanical values of line widths for the doublet transitions in B III. It should be noted
that both the semiclassical calculations [3,20] agree well with the experimental measurements.

Historically, Griem [14] provided a simplified semi-empirical method with the use of an effective
Gaunt-factor to calculate halfwidths of an isolated ion line broadened by electron-impact. The
ratios of measured Stark widths [18] for the 2p-2s transitions of B III to the semi-empirically [9]
calculated ones are 1.19 (see Table 2) and are noticeably different from the semi-classically calculated
ones. Later in 1980, Dimitrijevi¢ and Konjevi¢ modified this well known semi-empirical approach
by considering dipole-allowed electron collisions and by selecting the Gaunt factor as a suitable
empirical value [15]. Hey and Breger [19] performed calculations based on the quasi-classical
Gaunt factor approximation different from Griem [9] to calculate the minimum and maximum impact
parameters of the electron collision process.

Table 2. Ratio of experimental electron-impact half-widths w,, [18] of 2p-2s line
in B III to different theoretical half-widths wy, for an electron temperature of
T, = 10.6 eV and an electron density of N, = 1.81 x 10'® cm™3. The letters
from a to h denote theoretical widths wy;, calculated on the basis of various theoretical
approaches; a: semiempirical calculations [9]; b: Semiempirical calculations [19];
c: semiclassical calculations [3]; d: semiclassical calculations [20]; e: semiclassical
calculations (NPSCII) [11,12]; f: R-matrix calculations [4,5]; g and h: calculations of
CCC and CBE methods, respectively [21].

Weap/Weh Wavelength (0.1 nm) a b c d e f g h  Present
2p 2P0 — 25251 2065.78 1.19 124 103 1.09 1.77 181 21 19 1.04
2p 2Py 5 — 252512 2067.24 1.19 124 102 1.08 1.76 179 21 1.9 1.02

By using the semiclassical perturbation formalism [31], Dimitrijevi¢ and Sahal-Bréchot studied
and also devoted a series of papers to the calculations of Stark broadening parameters of spectral
lines of multicharged ions more than a dozen times. In particular, they studied the line widths
and shifts for Be II and B III spectral lines due to interactions with electrons, protons and singly
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ionized helium ions [3]. The nonperturbative semiclassical methods (NPSC) were introduced and
formulated by Alexiou [11,12], which are characterized by choosing and defining a minimum impact
parameter p,;,(v) of collisions. These NPSC results show excellent agreement with the highest
quality experimental data from the Bochum gas-liner pinch [32,33] for a number of measured isolated
lines as exhibited by the results of Dimitrijevi¢ and Sahal-Bréchot [3]. Alexiou and Lee [11,12]
further improved the NPSC by dropping the long-range approximation and using the full Coulomb
interaction, and named it NPSCII. In the case of B III 2p — 2s lines, NPSCII yielded the values of
FWHM which are 10% larger than that of the R-matrix calculations performed by Seaton [4,5] and
5% smaller than that of semiempirical results [21]. The NPSCII results are in excellent agreement
with these two quantal calculations.

In contrast to the case of semiclassical calculations, almost all of the quantum-mechanical
calculations of doublet transitions (2p — 2s) of Li-like B are about half of the corresponding
experimental data [18], even though they are consistent with each other. The widths obtained with
five-state close-coupling quantum mechanical calculations [4,5] are about half of the experimental
values (differ by a factor ~ 2). In addition to the CC work, Griem et al. [21] performed calculations
for Stark broadening parameters of the B III 2p — 25 lines with the convergent close coupling (CCC)
and the Coulomb-Born exchange (CBE) methods. These two sets of linewidths are in good agreement
with each other as well as with previous quantum mechanical R-matrix calculations [4,5].

Finally, the ratio of measured-to-calculated widths tabulated by us (Table 2) for the various
theoretical calculations provide guidance on the degree of agreement between the experimental data
and theory, and thus provide a valuable indication of the quality of the calculated as well as measured
data. It is seen that our calculations along with semiclassical calculations compare well with the
experimental data [18], which was also observed in earlier articles. Our calculated widths are
about twice as large as the earlier mentioned quantum mechanical calculations, including the NPSCII
formalism as well.

4. Conclusions

We have performed fully quantum mechanical calculations of electron-impact widths and shifts
of the B IIl (2p — 2s) doublet transition lines by employing GRASP2 and DARC atomic
packages for plasmas under electron temperature in the range (0 ~ 100 eV). We have found
that our quantum results agree well with both the semiempirical and semiclassical theory, and
are more closer to the experimental ones. Our calculations are generally more consistent with
the semiclassical theory and are about twice as large as other quantum mechanical ones. This is
not similar to what had already been predicted with quantum mechanical calculations for Stark
broadening parameters for B III ions [21]. Unfortunately, we still can not answer these puzzling
discrepancies existing among these theoretical calculations. Therefore, comparison of the theory
with experiment indicate that further studies and improvements of the theory for more new transition
lines of boron ions are required. However, just for the values, our results are much closer
to the measured values as compared to the other theoretical calculations. Finally, we believe that

our results are useful for new plasma diagnostics.
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1. Introduction

Comparing synthetic line profiles in plasmas carried out with different codes and simulation
methods is certainly an interesting issue, which can help to validate the underlying models. In order
to use them for plasma diagnostics, such models have to be reliable. However, checking the
reliability of a model requires its comparison with experimental data. This does not exclude
model-model comparisons. Therefore, code comparisons become more challenging if they include
confrontation with experimental measurements. Such comparisons, between theory and experiment,
were not scheduled in the first workshop on Spectral Line Shapes in Plasmas: code comparison [1].
To fill this gap, data from two experiments were introduced in the second workshop (5-9 August,
2013, Vienna). These experimental cases were aimed to allow detailed discussion on the approaches
adopted by different research groups to analyze experimental spectra. To have a better understanding
of why different approaches might end up with different best-fit plasma parameters, it was
recommended to contributors willing to analyze the proposed experimental data cases to calculate
the relevant line profiles for a small prescribed grid of parameters. The first experimental case concerned
the C 11 723-nm 15?2s?3p *P°-1s5?2s?3d D line emitted by the ablation cloud of a carbon pellet injected
in the Large Helical Device (LHD) [2]. The data for this case consisted of two spectra, both measured
along a line-of-sight that is nearly perpendicular to the magnetic field line but with a polarizer
rotated, either nearly parallel “horizontal”, or nearly perpendicular “vertical”, to the magnetic field
(see Figure 1). The second experimental case concerned the Li 460.3-nm 1s’2p-1s*4d line and its
forbidden components. The experimental setup, data processing, and plasma diagnostic techniques
are described in [3]. The present paper deals only with the first experimental case, i.e., the C 1l
723-nm line.

Figure 1. Geometry of observations for the experimental spectra of the C 11 723-nm line
measured from the ablation cloud of a carbon pellet injected in the stellarator LHD.
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2. Description of the Atomic System and the Line-Shape Modeling Codes

In this section, we introduce all the line-shape codes used for the modeling and/or for the fitting of
the previously mentioned experimental spectra of the C 11 723-nm line and we briefly describe the
atomic physics data necessary for the line profile calculations.
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2.1. Description of the Line-Shape Modeling Codes

We present here the five numerical simulation codes and models used by the contributors to
model the line-shapes of the C 11 723-nm line for four cases sharing the same electron density of n.= 10"
cm > but for two distinct values of the electron temperature T =2 eV and T. =4 ¢V, without and with
a magnetic field (B =4 T). Note that the electron and ion temperatures were assumed equal. Even
though there are differences in the treatment of the Stark effect by the various codes, they can be
separated into two groups, according to the adopted approach to treat the Zeeman effect. Indeed, the
line-shape codes used here can be divided into two groups. Those of the first group treat the Zeeman
effect within the weak-field approximation [4,5] in which the magnetic field is a perturbation of the
emitter fine-structure energy levels, shown in Figure 2a. This approximation is valid when the fine
structure splitting exceeds the Zeeman splitting (AE ; >> AE ). Three methods belong to this group:
SCRAM (Sandia National Laboratory), PPP-B and WEAKZEE (CNRS/ Aix-Marseille Université).
The PPP-B code [6] is an extension of the PPP standard Stark line-shape code [7,8], which accounts
for ion dynamics. In PPP-B, the Zeeman effect is described in either the weak-field approximation or
the opposite one, i.e., the strong-field approximation [4,5]. The latter is valid when the Zeeman
splitting is higher than the fine structure one (AE, >> AE ). Note that, when input MCDF atomic
data are used, an asterisk is added to the code name PPP-B which becomes PPP-B *. WEAKZEE is a
very simple version of PPP-B where only the electron Stark broadening is accounted for, the ion
Stark broadening being neglected. In WEAKZEE, the Zeeman components are dressed by a
Lorentzian shape with a given width. The later can be obtained from the Stark-B database [9,10].
In [9], one can find Stark broadening parameters (FWHM: Full Width at Half Maximum) by
electrons and ions for few values of the electron density and the electron temperature. For all other
temperatures, the Stark widths w (in A units) can be obtained using the following fit formula [11]:

Log(w) = a, +a,Log(T,) +a, [Log(T,)[, (1)

where a,, @, and a, are fitting parameters depending on the line, perturbers (ions or electrons)
and the electron density. In this relation, the electron temperature is expressed in Kelvin. For the present
calculations, the Lorentzian width w used by WEAKZEE was calculated using Equation (1).
SCRAM [12,13], which is primarily used for non-LTE diagnostics of emission spectra that cover a
wide range of energies and access many charge states, satellites, efc., uses the electron impact
approximation for collisional broadening (based on allowed distorted wave transitions among fine
structure states), the quasi-static approximation for the ionic Stark broadening, and can interpolate
between the weak and strong field limits. Including forbidden collisional transitions increases the
widths by about 10%. The second group of codes contains two models: SIMU [14,15] and
INTDPH [16] (Weizmann Institute of Science). In these codes, the Zeeman effect is treated
non-perturbatively, via a numerical solution of the static (INTDPH) or time-dependent (SIMU)
Schrodinger equation. The initial atomic system is that shown on Figure 2a (see also Table 1).
More precisely, SIMU is a combination of two codes: a molecular dynamics (MD) simulation of
variable complexity and a solver for evolution of an atomic system with the MD field history used
as a time-dependent perturbation. INTDPH is another Stark—Zeeman line-shape code using the
quasi-static approximation for the ions. In order to account for the electron broadening, the output
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is convolved with a shifted Lorentzian at the post-processing step. The width and shift of the
Lorentzian should be obtained separately from another code or a database. This is a very fast and
accurate procedure (when electrons are strictly impact, e.g., for isolated lines). An application of
INTDPH to diagnostics of magnetized plasmas can be found in [17]. For the calculations presented

here, the impact broadening parameters were inferred from the SIMU line shapes obtained
assuming B = 0.

Figure 2. Schematic energy diagrams of the radiator considered for the present study
without (a) and with (b) the fine structure effect. Energy splitting between the 1s2s?3p
?P° and 1572s5?3d *D doublets is exaggerated (magnified by a factor of 500) for both of
levels. Arrows represent radiative dipolar transitions with solid ones representing those
transitions considered for the present study.
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Table 1. Summary of the atomic data of the 1s*2s*3s 2S-1s?2s*3p *P° and 1s*2s*3p
*P°-15*25*3d D transitions used by the different line-shape codes described in Subsection
2.2. For each transition i—k, the wavenumber o, (cmﬁl) is given in the 3" column while
either the line strength Sic or the line oscillator fi;, both in atomic units, are given in
columns 4 and 5. The last column shows the corresponding line-shape codes. The
sources of the atomic data are indicated in the table: National Institute for Standard and
Technology NIST [18], Multiconfiguration Dirac-Fock MCDF [19], and Flexible Atomic
Code FAC [20]. Note that PPP-B and PPP-B* codes differ only by the atomic physics: NIST
for PPP-B and MCDF for PPP-B *.

Terms Energies E—E; (em™") oy (em™) Sij(a.u) fi(a.u.) ngz:iselg)pe
3s 2S-3p *P° 116,537.65-131 731.80  15,194.15 0.715"¥  INTDPH SIMU
3p 2P°-3d D 131,731.80-145 550.13  13,818.33 0.547"  INTDPH SIMU

26.00" PPP-B
3p 7P°-3d "Dy, 131,724.37-145,549.27  13,824.92 / - WEAKZEE
’ ’ ’ 11.66"" PPP-B *
13.840 i SCRAM
46.90" PPP-B
s 5 // WEAKZEE
3p °P%s2-3d°Dsy 131,735.52-145 55070 1381518 - PPP.B *
3331 i SCRAM
52119 PPP-B
s 5 1 WEAKZEE
3p °Pesa-3d°Dsy  131,735.52-145 54927 1381375 1) - PP *
5.56%" i SCRAM

2.2. Brief Description of the Atomic System Representing the Emitter

The calculation of the profile of the C 11 723-nm line does not require a complicated atomic data
system. However, even though only four energy levels and three dipolar radiative transitions
are sufficient, calculations of such atomic physics data is complicated for this weakly charged
non-hydrogen-like ion. For our case, different atomic codes give different values of the dipole
reduced matrix elements. In the absence of magnetic field, one can use the atomic system shown
on Figure 2, where the fine structure effect is shown only for the right part of the figure. In this
figure, the fine structure splitting between the 1s*2s3p *P° and 1s*2s?3d “D doublets have been
magnified by a factor of 500. Energies are expressed with respect to the ground level of the C* ion,
ie., 1522s22p 2P°1/2.

All line shape codes require some atomic information of the radiator including the energies, labels
and quantum numbers of all the radiator energy levels involved in the considered radiative
transitions, as well as the reduced matrix elements of the electric dipole or their squares, known as
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line strengths. Equivalently to line strengths, one can use line oscillators. Different atomic data have
been used for the present code comparison. The atomic data including the electric dipolar matrix
transitions were taken from NIST ASD [18]. One of the authors has used atomic data calculated by
an MCDF code [19], differing only by reduced matrix elements of the dipole transitions about 1.5
times lower than those extracted from NIST ASD; another has used strength data from FAC [20].
The line strengths and/or line oscillators of the radiative transitions considered here are summarized
on Table 1.

3. Cross-Comparison of the Line Profiles Computed with the Different Codes
3.1. Magnetic Field-Free Case

Let us start with the modeling of the C 11 723-nm line profiles for the magnetic field-free cases
with the following plasma parameters: n. = 10" cm73, T.=T;=2eVand T.=T;=4 eV. Whatever
are the positively charged perturbers (D" or C* ions), calculations show that the above line is
dominated by electron broadening, the ion contribution being close to zero. This is demonstrated in
Figure 3, where the electron broadened profile of the C 11 723 nm line is compared to the full pure
Stark profile of the same line. The profiles shown on this figure, calculated with the PPP-B code
using atomic data from NIST, demonstrate the dominance of the electron broadening over the ionic
one for these typical conditions. Note that, in this paper, all the computed profiles are plotted against
the wavenumber shift (in cm™') with respect to the line center wavenumber c,.

Before comparing the results of the different codes, it is interesting to discuss briefly the electron
broadening which is treated in the frame of the impact theory in all the used codes. Different models
and formulae exist for the electron collision operator [21,22]. The PPP-B and PPP-B * (as well as
PPP) line shape codes use a modified electron broadening operator. This modified electron collision
operator, which is based on the semi-classical GBK model due to Griem, Blaha, and Kepple [23], can
be written as follows:

1/2 2
4\ 2m h 17e™
DOAw=0)=| — - — | RR|C +— dx |,
(Aho=0) [J(ﬂ”j "(mJ { 21 x} @
where:
he? ) @+ A2,
Y(Aw =0)~| —2 ] p T aa &)
2z, +1)) E, kT,

Equation (3) arises from conditions on the limits of the integral over impact parameters pmin and Pmax
appearing in Equation (12) of [23]. More precisely, a strong collision term is added and different
cutoffs are included in this Equation.
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Figure 3. Comparison of Stark profiles of the C 11 723-nm line emitted by a pure carbon
plasma (electrons and C* ions) computed with the following parameters: n. = 10" cm™,
T.=T;=2 eV and B = 0. Dashed line represents the electron broadening only while the
solid one accounts for both ions and electrons, all other broadening mechanisms were
ignored. Note the use ofa semi-logarithmic scale. Both profiles were calculated using PPP-B
with atomic data from NIST and by setting B=0 T.
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Here, m. is the electron mass and R is the position operator of the radiator. C, is a strong collision
term whose value depends on the principal quantum number 7 as: C; = 1.5, C3 = 1.0, C4 = 0.75,
Cs = 0.5 and C, = 0.4 for n > 5. In Equation (4), Ey and z. represent respectively the hydrogen
ionization potential and the net charge of the emitter while @, and A®,,. designate the electron
plasma frequency and the frequency separation between the state ¢y involved in a given transition
and its perturbing states " [24]. Moreover, the impact limit has been taken, i.e., Ao = 0. Equation (2)
indicates that the electron interactions with the emitter result in a homogeneous broadening
represented by a Lorentzian function whose full width at half maximum (FWHM) is proportional to
the plasma electron density n. and inversely proportional to the square root of the electron
temperature T.. It should be noted that the dipole reduced matrix elements are involved through the
operator R.R present in relation Equation (2). As the line considered here is of the same type as the
Li-like (Li 1, B 11, N V) 2s-2p, i.e., An = 0 transitions, we will not discuss the validity of impact
electronic collision operators such the above one. Readers interested by that issue may refer to the
discussion found in [25].

In Figure 8 of [2], various experimental and theoretical data representing Stark broadening widths
(FWHM) of the C 11 723-nm line were fitted with a linear function of the plasma electron density. An
electron density n.= 10" cm™ corresponds to a Stark FWHM of about 0.1 nm or 1.9 ¢cm ' in terms of
wavenumbers. A very close value can be obtained from the Stark-B database [9]. The C 11 723-nm
line profiles calculated by the various codes for n. = 107 em™ , Te=Tiy=2¢eV and B = 0 are shown
on Figure 4. As the profile calculated with WEAKZEE was obtained using Lorentzian functions with
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FWHM taken from the Stark-B database, it can be considered as a “reference” profile with a Stark
width Acy. Several points can be noted from Figure 4. First, the calculations with SIMU and
INTDPH as well as PPP-B* (PPP-B code but with MCDF atomic data) give lower Stark widths, i.e.,
Ao <Aag,. Note the agreement between SIMU/INTDPH and PPP-B * despite the differences
between the used atomic physics: NIST atomic data for the former and MCDF data for the latter.
Second, in term of Stark widths, the profiles obtained with PPP-B slightly higher than (Ac>Ag,)
while those obtained with SCRAM are very close to (Ao~ Ag,) the “reference” one. This means that
the electronic collision operator given by Stark-B and GBK lead to the close results. This is
confirmed in Table 2, which presents the ratios of the Stark FWHM Ag to the “reference” value Aoy
for the different codes. In terms of line-shapes, it can be seen from Figure 4 that PPP-B agrees with
WEAKZEE for the line wings. While SCRAM appears to overestimate the line wings, which is due
to its inclusion of continuum emission where the other codes included only the line features. The
same remarks and conclusions about both Stark widths and shapes of the C 11 723-nm line can be
drawn for the case with n. = 10'” cm * and T, = T; = 4 eV in the absence of the magnetic field (B = 0).

Table 2. Comparison of the Stark Full Width at Half Maximum (FWHM) Ac of the C 11
723 nm line extracted from the profiles synthetized by the different codes with respect to
a reference FWHM Aoy for n. = 10" cm73, Te=T;=2¢eVand B=0.

Code PPP-B PPP-B * SIMU/INTDPH SCRAM  WEAKZEE
Ac/Acy 1.2 0.6 0.5 0.9 1.0

3.2. Magnetic Field Case

Let us now compare the synthetic profiles in the presence of a magnetic field B = 4 T. The
presence of the magnetic field imposes a constraint on the radiation polarization. Photons whose
polarizations are parallel or perpendicular to the B-field form respectively the  and 6 components of
the spectral line profile. These components as calculated by the previously mentioned codes are
shown in Figures 5 and 6. On the other hand, assuming a perpendicular observation with respect to B,
the total spectral line profile is calculated from the o- and n-polarized ones 7 and I, using the

following formula:
1,(0)=1.(0)+21,(0) 4

Total profiles are compared on Figure 7.

While the overall agreement between codes in Figures 5-7 is quite good within a factor two
in terms of Stark FWHM, there are some significant differences: The profiles provided by
SIMU/INTDPH show more structures around the line center than the other results. This can be
attributed to the fact the Zeeman effect is fully treated by these two codes but at the same time
the Stark broadening is smaller than that of the other codes, as illustrated in the B-field free case.
Note that for C 11 723-nm line, the fine structure splitting of its lower and upper energy levels are
AEs, = E(3p *P°n) — E(3p *P°1n) = 11.2 em ' and AEsq = E(3d Dsj) — E(3d *D3p) =~ 1.4 cm!
respectively. The energy splitting of the same levels due to Zeeman effect is about AEg ~ 0.8 cm ' for
B=2Tand 1.6 cm™' for B=4 T. It is clear that for these values of the magnetic field, the Zeeman
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splitting is comparable to the fine-structure one for the upper energy levels and therefore the use of
the weak-field approximation becomes questionable. As for the field-free case, PPP-B * reproduces
well the wings computed by both SIMU and INTDPH codes. The profiles computed by WEAKZEE,
PPP-B and SCRAM show less features because of the weak-field approximation used to treat the
Zeeman effect but the line widths are more correct as compared to those obtained with
SIMU/INTDPH. In terms of Stark widths these remarks corroborate those concerning the field-free
case. Calculations of profiles of the C 11 723-nm line for the same plasma parameters as above with T =4
eV instead of 2 eV lead to the same conclusions.

Figure 4. Comparison of synthetic Stark profiles of the C 11 723-nm line emitted by a
plasma with n, = 10" cm’3, T.=T;=2 ¢V and B = 0 in a semi-logarithmic scale. The
dashed line represents the profile obtained with the simulation code SIMU. Note that the
profile calculated with INTDPH code is not shown here as it is almost identical to the one
obtained with SIMU. The solid thick red line represents the profile calculated with the
PPP-B code using the most accurate atomic data provided by NIST while the solid thin
red line is the one obtained with the same code PPP-B (PPP-B *) but with atomic data
calculated with an MCDF code. Solid blue and green lines represent the profiles
obtained respectively with SCRAM (which includes continuum as well as line emission)

and WEAKZEE.
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Figure 5. Comparison of the Stark—Zeeman c-component of the C 11 723-nm line as
computed by the different line-shape codes for a carbon plasma with the following

parameters: n. = 10" cm73, Te=T;=2eVand B=4T.
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Figure 6. Comparison of the Stark—Zeeman m-component of the C 11 723-nm line as
computed by the different line-shape codes for the same conditions as in Figure 5.
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Figure 7. Comparison of the total Stark—Zeeman profiles of the C 11 723-nm line
as computed by the different line-shape modeling codes for the same conditions as
in Figures 5 and 6 with an angle of observation of 90° with respect to the magnetic

field direction.
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4. Comparison to the Experimental Spectra

As mentioned previously, the experimental data were obtained during the injection of a carbon
pellet in the stellarator LHD. As all details concerning the experimental setup, the measurement
system and pellet injection in LHD can be found in [2], we give here only the information necessary
for the data analysis. The spectra were measured with a very high-resolution visible spectrometer.
The instrumental function can be represented by a gaussian function witha FWHM AL, =0.016 nm
as compared to that of the high-resolution spectrometer used for the data of reference [2] (Ak; = 0.075
nm). The spectra were measured almost perpendicularly to the magnetic field. In addition, thanks to
linear polarizers two spectra were obtained: horizontal spectrum (n-polarization) and vertical
spectrum (o-polarization). These spectra are shown in Figure 8. These two spectra were proposed as
a challenging case at the 2" workshop on spectral line shapes in plasmas. Contributors were asked to
do their best to fit these spectra in order to find the most reliable set of parameters (magnetic field,
angle of observation, electron density and temperature).

Attempts to fit these experimental spectra are shown in Figures 9—11 corresponding, respectively,
to the 6- and m-polarized spectra and the built un-polarized total spectrum.
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Figure 8. Experimental spectra of the C 11 723-nm line as measured in LHD almost
perpendicularly to the magnetic field (see Figure 1) using a very high-resolution visible
spectrometer and linear polarizers.
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It can be seen from Figures 9—11 that none of the line-shape codes were able to fit perfectly the
proposed experimental spectra. However, these attempts were fruitful and can be considered
reasonably good. Using the code INTDPH, the best fit of the three spectra was obtained with the
following parameters: a carbon plasma with an electron density n. =9 x 10'® cm°, an equal ion and
electron temperatures of 1 eV and a magnetic field B = 2.15 T. In the calculations by the INTDPH
code, the static profiles were convolved with a shifted Lorentzian whose shift 66 and FWHM Ac
were determined using the simulation method SIMU. For the above conditions, the following values
were obtained: A =0.9 cm ' and 86 =0.26 cm . Moreover, a contrast ratio of 4:1 was assumed for
the polarizers. This is equivalent to assume that the line-of-sight is not strictly perpendicular to the
magnetic field or alternatively to the existence of fluctuations of the field direction in the
spectroscopic observation volume observed. It should be noted that a pure LS coupling was assumed
and the 3p fine splitting was changed from the NIST value 11.15 to 11.24 cm ' to better fit the data.
The second fitting attempt was due to the SCRAM code. Using SCRAM without the ionic Stark
broadening, the best-fit calculations were obtained for a magnetic field B = 2 T with the following
carbon plasma parameters: an electron density n. = 6 x 10'® cm > and an ion/electron temperature
T =2 eV. The angle of observation 0 was set to 90°. The third and last fitting attempt was due to
the WEAKZEE method considering only the Stark broadening by electrons. The best fit was
obtained for an angle of observation 0 = 70° and the following plasma parameters: electron density
ne=4x10"%cm> , electron/ion temperature T =2 eV. The B-field value was set to 2 T. In addition, in
an attempt to fit at least partially the n-component, a profile calculated with PPP-B (NIST data) was
added to the other results shown on Figure 10. Without the use of any fitting procedure but varying only
the electron density, the parameters leading to a good agreement with the right peak of the experimental
spectrum (in terms of line-shapes and Stark widths) were the following: ne=4 x 10" cm™, T=2 ¢V,
B =2 T and 0 = 90°. It should be noted that all calculations were done assuming an optical thin
plasma emission zone. The spread of the obtained results concerning the plasma electron density was
expected since all the parameters, including the angle of observation, were free for the fitting.
Introducing constraints on the angle of observation would result in more consistent results providing
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the same atomic physics is used. Each of the three methods used to fit the experimental spectra has its
own advantages and drawbacks. As previously demonstrated, the electron broadening is correctly
accounted for by the WEAKZEE and SCRAM codes while underestimated by the couple of codes
SIMU/INTDPH. On the other side, Zeeman effect is correctly treated by SIMU/INTDPH while the
weak-field approximation was used by both SCRAM and WEAKZEE methods. Therefore, it is clear
that a correct plasma electron diagnostics based of the considered line spectra requires a full
treatment of the Zeeman effect as well as the use of the appropriate electron line broadening and this
should be integrated by these different line-shape codes.

Figure 9. Fitting attempts of the c-polarized experimental spectrum of the C 11 723-nm
line as measured in LHD. All spectra are normalized to unity.
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Figure 10. Fitting attempts of the n-polarized experimental spectrum of the C 11 723-nm
line as measured in LHD. All spectra are normalized to unity.
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Figure 11. Fitting attempts of the un-polarized “experimental” spectrum of the C 11
723-nm line as constructed from o- and m-polarized spectra of Figures 9 and 10.
Superscript ® indicates that the area of the profile calculated with INTDPH is equal to
0.9 while all other spectra are normalized to unity.
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5. Conclusions

Several line-shapes codes were compared through the modeling of the C 11 723-nm line profile for
four situations corresponding to a fixed electron density of 10" cm >, two temperatures (T = 2 and
4 eV) with and without the presence of a magnetic field B =4 T. For these conditions, calculations
have shown that the Stark broadening of the above line is mainly due to the plasma electrons. C 11
723-nm line profiles calculated by five line-shape codes have been compared. For the magnetic-field
free case (B = 0 T), a relatively good overall agreement has been obtained, despite the significant
differences in the code results in terms of Stark width (FWHM) of the C 11 723-nm line. Indeed, the
overall agreement between the five line-shape codes is within a factor of 2. Two factors may
contribute to this dispersion of the results: differences in the used atomic physics and/or in the
electron collision operator. However, the former factor has been dismissed by partial comparisons
between line-shape codes using the same more accurate atomic physics data, i.e., from the NIST
ASD database. Therefore, the dispersion in Stark widths is attributed to differences in the electron
collision operators used by the various line-shape codes. For the case with B =4 T, the differences in
the treatment of the Zeeman effect by the different codes make more difficult the interpretation of the
results. However, it is clear that the weak-field approximation adopted by some of the codes is not
valid for the upper level of the C 11 723-nm line, i.e., (3d *D°). Therefore, codes able to deal with
intermediate magnetic fields (comparable Zeeman and fine structure splittings of energy levels) are
more suitable. In addition to code-code comparisons, 6- and m-polarized experimental spectra of the
C 11 723-nm line, measured from the ablation cloud of a carbon pellet injected in LHD, were fitted
using several line-shape codes. By letting free all the parameters (magnetic field B, electron density
ne, electron/ion temperature T, angle of observation 0), attempts to fit the experimental spectra have
shown a large dispersion in the inferred parameters in particular the electron density for which there



143

is a factor of more than 2. However, even though not perfect, these fitting attempts are encouraging
and suggest to use the best of each code for the purpose of diagnostics of magnetized plasmas. It is
recommended for this case to use a full-treatment of the Zeeman effect and elucidate and reduce the
dispersion in the Stark widths due to the electron broadening. This requires more investigations and
detailed comparisons with a prescribed atomic system.
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1. Introduction

Stark broadening parameters of neutral atom and ion lines are of interest for a number of problems
in astrophysical, laboratory, laser produced, fusion or technological plasma investigations. Especially
the development of space astronomy has enabled the collection of a huge amount of spectroscopic
data of all kinds of celestial objects within various spectral ranges. Consequently, the atomic data for
trace elements, which had not been of interest in astrophysics before, have become more and more
important, and, since we do not know a priori the chemical composition of a star, the interest for a
very extensive list of such data, as well as for the corresponding databases has been increasing,
stimulating the theoretical and experimental work on spectral lineshape research.Such data are
particularly needed for interpretation, synthesis and analysis of high resolution spectra with
well-resolved line profiles, obtained from space born instruments in space missions like the
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Far Ultraviolet Spectroscopy Explorer (FUSE), the Goddard High Resolution Spectrograph
(GHRS—the Hubble Space Telescope), the International Ultraviolet Explorer and many others.
Space high resolution spectroscopy has demonstrated that ionized manganese, tellurium, gold, indium,
tin, chromium, ruthenium, zinc, copper, selenium, rare earths and other trace elements, which prior
to the epoch of space born stellar spectroscopy had been completely insignificant for astrophysics,
are present in hot stellar atmospheres, where Stark broadening is particularly significant.

In comparison with laboratory plasmas, conditions in astrophysical plasmas, where the Stark
broadening mechanism is important, are incomparably more various. This broadening mechanism is
of interest for astrophysical plasmas with such extreme conditions like for example the plasma in
interstellar molecular clouds, with typical electron temperatures around 30 K or smaller, and typical
electron densities of several electrons per cubic centimeter. In plasma of such low density, free
electrons may be recombined in a very distant orbit with very large principal quantum number values
of several hundreds and deexcited in cascade radiating in the radio domain. Since such distant
electrons are weakly bounded with the core, even very weak electric microfields can have a
significant influence.

Hydrogen, which is usually the main constituent of stellar atmospheres for temperatures larger or
near 10,000 K is ionized in such amount that Stark broadening is the dominant collisional broadening
mechanism for spectral lines. This is the case for white dwarfs and hot stars of the O, B and A type.
Even for lower temperatures and for cooler stars of the solar type, Stark broadening may be important
for spectral lines originating from highly excited atoms, where the distant, weakly bounded, optical
electron is significantly influenced by weak electric microfields. This broadening mechanism is also
important even for cooler stars for the investigation and modeling of subphotospheric layers.

In the above mentioned cases, when Stark broadening is of interest, the corresponding line
broadening parameters (line widths and shifts) are significant e.g., for interpretation, synthesis and
analysis of stellar spectral lines, determination of chemical abundances of elements from equivalent
widths of absorption lines, estimation of the radiative transfer through the stellar atmospheres and
subphotospheric layers, opacity calculations, radiative acceleration considerations, nucleosynthesis
research and other astrophysical topics. Stark broadening is of interest for the investigation of
neutron stars. The electron densities and temperatures in atmospheres of such stars are orders of
magnitude larger than in atmospheres of white dwarfs and are typical for stellar interiors.
Temperatures in the extremely thin atmospheric layer where the photospheric emission originates are
of the order of 10°~10" K and electron densities of the order of 10** ¢m >, which are plasma
conditions where Stark broadening dominates.

Stark broadening data are also of interest for laboratory plasma diagnostics, laser produced
plasma investigation and modeling, the design of laser devices, inertial fusion plasma and for
analysis and modeling of various plasmas in technology, as for example for laser welding and
piercing and for plasmas in light sources.

The most sophisticated theoretical method for the calculation of a Stark broadened line profile is
the quantum mechanical strong coupling approach, but due to its complexity and numerical
difficulties, it is not adequate for large scale determination of Stark broadening parameters, in
particular for e.g., complex spectra, heavy elements or transitions between highly excited energy
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levels. Consequently, in a lot of cases, the semiclassical approach remains the most efficient method
for Stark broadening calculations, which has provided the largest set of existing theoretical results.

In order to complete as much as possible the Stark broadening data important for various topics in
astrophysics, physics and technology, Stark broadening parameters for a number of spectral lines of
various emitters have been determined in a series of papers, using the semiclassical perturbation
formalism [1,2]. The corresponding computer code was innovated and optimized several times (see
the article Sahal-Bréchot ef al. in this issue). Up to now, Stark broadening parameters (line widths
and shifts) for spectral lines or multiplets of the following atoms and ions have been calculated and
published: He I Li I, LiII, Be I, Be II, Be 11, BII, BIII, C I, C II, CIV, C V,N I, NI, NI, N IV,
NV,OLOILOIILOIV,0V,OVLOVILFLFILFIILF V, F VL F VII, Ne I, Ne II, Ne III, Ne
IV,Ne V, Ne VIII, Nal, Na IX, Na X, Mg I, Mg II, Mg XI, Al I, Al1IL, A1V, Al XL, Sil, SilV, SiV,
SiVI SiXI, SiXIL, SiXIILPIV,PV,PVL SIILSIV,SV,S VL ClL, CI1V, C1 VI, C1 VII, Ar I, Ar
II, Ar TII, Ar IV, Ar VIIL K I, K VIIL K IX, Ca I, Call, Ca V, CaIX, Ca X, Sc III, Sc X, Sc XI, Ti IV,
Ti X1, Ti XII, V'V, V XIIL Co I, Cr I, Mn II, Mn I1I, Fe II, Co III, Ni I, Cu I, Zn I, Ga I, Ga I1I, Ge
I,Gelll, GelV, Se I, BrI,Kr I, Kr II, Kr VIIL, Rb I, Sr I, Y III, Pd I, Ag I, Cd I, Cd II, Cd 111, In 11, In
IIL, Te L, I I, Bal, Ball, Aul, Hg II, TI1 III, Pb IV, and Ra II. In total, Stark broadening parameters
have been calculated and published for 123 atomic and ionic species for 49 chemical elements,
during a period of more than thirty years.

The obtained Stark broadening data have been used and cited many times for various applications
and investigations. The literature where Stark broadening data might be used (as described in more
detail previously) has been analyzed many times, but the set of data considered here allows
examination of the purposes such data have actually been used for. This is interesting to analyze not
only in order to demonstrate the possibilities of their applicability but first of all to see the needs of
their principal users in order to adapt the presentation of results and plans for future investigations in
accordance with the needs of consumers of such results. We will exclude from this analysis
applications and citations concerning the theoretical and experimental research of Stark broadening
and consider only applications in other research fields, published in international journals.

2. Applications of Stark Broadening Data Obtained by the Semiclassical Perturbation Method
for Astrophysical Research

The analysis of citations of Stark broadening data obtained by semiclassical perturbation method
shows that the largest number of citations is for astrophysical applications. For various investigations
in astrophysics, our data for He I, Na I, CIV, SilIl, SilV, Lil, NV, Hg II, O VI, S VI, Mg I, Mg I,
Bal, Ball, Caland Ca II have been used.

After hydrogen, helium has the largest cosmic abundance, so it is not surprising that our Stark
broadening data for He spectral lines [3—7] have often been used for different investigations in
astrophysics [8—83]. For example, they have been used for the following astrophysical problems: non
Local Thermodynamical Equilibrium (LTE) model analysis of the interacting binary Beta Lyrrae [8],
research of variability of Balmer lines in Ap stars [9], consideration if Delta Orionis C and HD 58260
of peculiar helium-strong stars [10], determination of the chemical composition of two double
clusters and of a loose association [11], the critical analysis of the ultraviolet temperature scale of the
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helium-dominated DB and DBV white dwarfs [12], the effective temperature calibration of MK
spectral classes dwarf stars using spectral synthesis [13], investigation of the extreme helium star
BD-90-4395 [14], the ionization and excitation of hydrogen and helium in cool giant stars [15], the
constitution of the atmospheric layers and the extreme ultraviolet-spectrum of hot hydrogen-rich
white dwarfs [16], interpretation of spectral properties of hot hydrogen-rich white dwarfs with
stratified H/He model [17], radiative accelerations on iron [18], non-LTE radiative acceleration of
helium in the atmospheres of sdOB stars [19], research of hot stars with peculiar helium and noble
gas abundances [20,25], a spectroscopic analysis of DAO and hot DA white dwarfs with the
investigation of the implications of the presence of helium in the stellar nature [21]. The considered
Stark broadening data have been entered into a spectrum synthesis program for binary stars [22] and
have been used for the helium surface mapping and spectrum variability considerations of ET
Andromedae [23,26], for the investigation of the He 110830 A spectral line formation mechanism in
classical cepheides [24], for the consideration of hot white dwarfs in the Extreme-Ultraviolet
Explorer survey [27], for the search for forced oscillations in eclipsing and spectroscopic
binaries [28], for investigations of the evolutionary state and helium abundance in He-rich stars [29]
and the consideration of how much hydrogen is in white dwarfs [49], for a study of the effect of
diffusion and mass-loss on the helium abundance in hot white dwarfs and subdwarfs [30], for the
spectral analysis of the low gravity extreme helium stars [51] and a field horizontal-branch B-type
star [83], for comparison with theoretical results obtained within the Stark broadening theory of solar
Rydberg lines in the far infrared spectrum [58], for the research of dynamic processes in Be star
atmospheres based on the example of He I 2P-nD line formation [59], for the investigation of winds
of hot stars [60], for a study of the atmospheric variations of a peculiar Be star [61], for the
application of a new tool for fitting observations with synthetic spectra [62], for the determination of
the abundance of 3He isotope in HgMn star atmospheres [63], and for the investigation of the helium
stratification in the atmospheres of magnetic helium peculiar B-type stars [64].

Results for Si II ion lines [84], obtained within the semiclassical perturbation method have
been applied in numerous astronomical researches of stellar atmospheres, such as e.g., in [85-131].
The data have been used for silicon abundance analyses for a number of A (mainly) and B type
stars [85-88,91-93,97,99,101,103,105,106,109—111,113—-118] but also for normal F main sequence
stars [89,112]. The discussed Si II Stark broadening data have also been used for an investigation of
blue stragglers of M 67 [90], determination of the effective temperature of B-type stars from the SiII
lines of the UV multiplet 13.04 at 130.5—130.9 nm [94], analysis of the red spectrum of Ap stars [95],
non-LTE analysis of subluminous O type hot subdwarf in the binary system HD 128220 [98], a
discussion on the significance of Stark spectral line shifts for element abundance determination
with the method of atmospheric model [102], a discussion of the nature of the F STR A 4077 type
stars [104] and have been used for atmosphere research, He surface mapping and spectrum
variability considerations of ET Andromedae [107,108].

Results obtained for lithium [132] have been used for a study of the non-LTE formation of Li I
lines in cool stars [133] and Stark-broadening parameters of ionized mercury spectral lines [134],
have been used for determination of Hg abundances in normal late-B and HgMn stars from co-added
spectra from International Ultraviolet Explorer [135].
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Our data for Ca II [136,137] have been used for the calcium abundance analysis of the
double-lined spectroscopic binary oo Andromedae [138], for the investigation of the pressure shifts
and abundance gradients in the atmosphere of a DAZ white dwarf [139], for the analysis of
VLT/X-shooter observations in order to determine the chemical composition of cool white
dwarfs [140], and for abundance analysis of two late A-type stars [141].

Mg 1 [142,143] Stark broadening parameters have been used for analysis of stellar atmospheric
parameters [144], for a non-LTE analysis of Mg I in the solar atmosphere [145], investigation of
A-type stars [146,147] and for astrophysical tests of atomic data for the stellar Mg abundance
determination [148]. Also, Mg II [149] data have been used for investigation of the pressure shifts
and abundance gradients in the atmosphere of a DAZ white dwarf [139].

NaI[150] data were used for non-LTE calculations for neutral Na in late-type stars [151] and, Ba
I and Ba II data [152,153] for abundance analysis of late A-type stars [154] and for quantitative
spectroscopy of Deneb [155].

Results for multiply charged ions C IV [156], Si IV [157], N V [158], O VI[159] and S VI [160]
have been used for non-LTE analysis of a SDO binary [161], analysis of PG 1159 stars [162] with the
accent on the influence of gravitational settling and selective radiative forces [163], for high
resolution UV spectroscopy of hot (pre-)white dwarfs with the Hubble Space Telescope [164],
spectral energy distribution and the atmospheric properties of a helium-rich white-dwarf [165],
for an investigation of stellar masses, kinematics, and white dwarf composition for three close
DA + dMe binaries [166], for the calculation of CTV, N V, O VI and SiIV resonance lines formed in
accretion shocks in T Tauri stars [167], for analysis of UV spectroscopic data for central star of
Sh 2-216, obtained by the Far Ultraviolet Spectroscopic Explorer (FUSE) and the Hubble Space
Telescope [168], for the spectral analysis of planetary nebulas K 1-27 [169,170] and for their very
hot hydrogen-deficient central stars. These data have also been used for the study of the extreme
ultraviolet (EUV) spectrum of the unique bare stellar core H1504 + 65 [171], for analysis of the
FUSE spectra of a He-poor SDO star [172] and of a hot evolved star [173], GD 605, as well as for the
analysis of He I lines in atmospheres of B-type stars [174] and for iron opacity predictions under
solar interior conditions [175].

3. Applications of Stark Broadening Data Obtained by the Semiclassical Perturbation Method
for Research in Physics and for Plasmas in Technology

If we do not take into account the usage of Stark broadening data for theoretical and experimental
research of Stark broadening, the applications of Stark broadening parameters obtained by
semiclassical perturbation method are not as numerous as in astrophysics. Semiclassical Stark
broadening parameters of He I, LiIl, Be I, Nal,Cal, Call, Mg, MgIl, Sr1,Bal, Ball,Zn 1, Ag1,
Cd 1, Cul, Ar I, Ar VIII, ALIIL, CIV and S V have been used for various physical problems.

Stark broadening data for helium [3,5] have been used for the analysis of the measurements of the
hyperfine structure of the 1s3s3S1 state of Helium 3 [35], for the determination of emission
coefficients of low temperature thermal iron-helium plasma [44] and for the analysis of the net
emission of Ar—H2—-He thermal plasmas at atmospheric pressure [57].
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Na I data [174] have been used for the derivation of electron density radial profiles from Stark
broadening in a sodium plasma produced by laser resonance saturation [175] and for the study of the
mechanisms of resonant laser ionization [176], Be II [177] data for oscillator strength ratio
measurements [178], Ca I [179,180] for the determination of differential and integrated cross
sections for the electron excitation of the 41Po state of calcium atom [181] and for investigation
of charged particle motion in an explosively generated ionizing shock [182], Ca II [137] for ¢
hlorine detection in cement with laser-induced breakdown spectroscopy [183] and for dynamical
plasma study during CaCu3Ti4012 and Ba0.6Sr0.4TiO3 pulsed laser deposition [184], Mg I [185]
and Mg II [186] for consideration of plasma plume induced during laser welding of magnesium
alloys [187], Sr I [188] for investigation of vapor-phase oxidation during pulsed laser deposition of
SrBi2Ta209. [189], for the measurement and control of ionization of the depositing flux during thin
film growth [190] and for space and time resolved emission spectroscopy of Sr2FeMoQO6 laser
induced plasma [191], Li II [192] for examination of spatial and temporal variations of electron
temperatures and densities from EUV-emitting lithium plasmas [193] and for modeling of
continuous absorption of electromagnetic radiation in dense partially ionized plasmas [194], Ba I and
Ba Il [152,153] for investigation of plasma properties of laser-ablated strontium target [195] and for
laser-based optical emission studies of barium plasma [196], Ag 1[197] for determination of absolute
differential cross sections for electron excitation of silver at small scattering angles [198], Cd 1 [199]
for investigation of cadmium plasma produced by laser ablation, namely for its diagnostics [200], for
comparison with zinc plasma [201] and for the research and diagnostics of deposition of wide
bandgap semiconductors and nanostructure of deposits [202], Cu I [203] for investigation of
characteristics of plume plasma and its effects on ablation depth during ultrashort laser ablation of
copper in air [204] and Ar I [205] for spectroscopic investigation of the high-current phase of a
pulsed gas metal arc welding (GMAW) process [206], for consideration of characteristics of plasma
spray-physical Vapor Deposition (PVD) and impact on coating properties [207], for measurement
of the temporal evolution of electron density in a nanosecond pulsed argon microplasma [208] and
for the study of metal transfer in CO2 laser + GMAW-P hybrid welding using argon-helium
mixtures [209].

Stark broadening parameters of Zn I spectral lines [210] have been used for experimental
verification of a radiative model of laser-induced plasma expanding into vacuum [211], analysis of
optical emission for the optimization of femtosecond laser processing [212], diagnostics of a
laser-induced zinc plasma [213], comparison of zinc and cadmium plasma produced by laser
ablation [201], spectroscopic characterization of laser ablation brass plasma [214], stoichiometric
investigations of laser-ablated brass plasma [215], investigation of laser ablation and deposition of
wide bandgap semiconductors and nanostructure of deposits [202], research of photoluminescence
ofnanoparticles in vapor phase of colliding plasma [216], consideration of the role of laser pre-pulse
wavelength and inter-pulse delay on signal enhancement in collinear double-pulse laser-induced
breakdown spectroscopy [217], for comparison of optical emission from nanosecond and
femtosecond laser produced plasma in atmosphere and vacuum conditions [218], for investigation
of dynamics of laser ablated colliding plumes [219], the investigation of brass plasmoid in external
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magnetic field [220], and research of emission dynamics of an expanding ultrafast-laser produced Zn
plasma [221].

Stark broadening data for Al III [222] spectral lines have been used for examination of a novel
plasma source for dense plasma effects [223] and for simulations of spectra from dense aluminum
plasmas [224]. Data for C IV [156] have been used for the investigation of long-living plasmoids
from an atmospheric discharge [225], data for S V [226] for time-integrated, spatially resolved
plasma characterization of steel samples in the vacuum ultraviolet (VUV) [227], and data for Ar
VIII [228] for investigation of optical emission spectra of ZnMnO plasma produced by a pulsed
laser [229].

4. Conclusions

From the analysis of applications of Stark broadening parameters calculated using semiclassical
perturbation method [1,2] one can conclude that principal users of such data are astronomers, using
them especially for the investigation of A and B type stars, white dwarfs and hot stars in evolved
evolution stages (especially PG1159 type). We note here that in white dwarf and hot pre-white dwarf
atmospheres, Stark broadening is the dominant broadening mechanism in comparison with thermal
Doppler broadening and for atmospherae modeling, spectra analysis and synthesis, abundance
determination, radiative transfer calculation or plasma diagnostics, the knowledge of reliable Stark
broadening parameters is essential. For A type stars, Stark broadening is the principal pressure
broadening mechanism and often an important correction, the neglect of which may introduce
serious errors, especially in abundance determinations. For B-type stars, especially for later types,
Stark broadening may also be a non-negligible correction. The most used data are for spectral lines of
He I and Si II. Concerning plasmas in physics and technology, the most frequent applications
concern laser produced plasma, and the most used data are Stark broadening parameters of Zn I.

In order to make the application and usage of Stark broadening data obtained using the
semiclassical perturbation method easier, the here analyzed data are displayed online in the
STARK-B database [230], which is part of the Virtual Atomic and Molecular Data
Centre—VAMDC [231].
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Abstract: Spectral line shapes of neutral helium 3889 A (235-3%P) transition line are
calculated by using several theoretical methods. The electronic contribution to the line
broadening is calculated from quantum statistical many-particle theory by using
thermodynamic Green’s function, including dynamic screening of the electron-atom
interaction. The ionic contribution is taken into account in a quasistatic approximation,
where a static microfield distribution function is presented. Strong electron collisions
are consistently considered with an effective two-particle T-matrix approach, where
Convergent Close Coupling method gives scattering amplitudes including Debye
screening for neutral helium. Then the static profiles converted to dynamic profiles by
using the Frequency Fluctuation Model. Furthermore, Molecular Dynamics simulations
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for interacting and independent particles are used where the dynamic sequence of
microfield is taken into account. Plasma parameters are diagnosed and good agreements
are shown by comparing our theoretical results with the recent experimental result of
Jovicevi¢ et al. (J. Phys. B: At. Mol. Opt. Phys. 2005, 38, 1249). Additionally,
comparison with various experimental data in a wide range of electron density n, =
(1022 — 10**) m~2 and temperature 7'~ (2 — 6) x 10* K are presented.

Keywords: spectral line shapes; Green’s function; T-matrix; molecular dynamics

simulations; microfield distribution function; plasma diagnostics

1. Introduction

Calculation of spectral line shapes is a most powerful tool for plasma diagnostic in both the star
atmosphere and in laboratory plasmas. Perturbation of the radiating atom or ion by the surrounding
particles leads to spectral line broadening (Stark broadening), while the coherent emission process is
interrupted by collisions and influenced by plasma microfield. Several theoretical approaches have
been applied to calculate Stark broadening, such as the well known semiclassical approximation the
standard theory (ST) by Griem [1], or the quantum statistical approach of many-particle theory [2],
where the motion of ion perturber is neglected during the inverse halfwidth of the line. Furthermore,
the model microfield method (MMM) [3-6], the frequency fluctuation method (FFM) [7] or computer
simulations [8—11] are used for calculating the line broadening including ion-dynamics effects, which
lead to further broadening of the line shapes.

In this work, we describe several theoretical approaches to study the He I 3889A (225-33P)
transition line. Plasma parameters are determined by comparing our theoretical results with the
measurement of Jovicevi¢ et al. [12]. In our quantum statistical approach, thermodynamic
Green’s function is used for calculating emitted or absorbed radiation from bound—bound transition
of charge particles by using two-particle polarization function [13-16], which is related to the
Fourier transformation of the imaginary part of the dipole—dipole correlation function. In principle,
this approach is able to describe the dynamic screening and strong collision by electrons in a
systematic way. The quantum statistical approach can adequately treat electron collisions. To
obtain full profiles, it has been supplemented by a calculation of ion broadening done by other
methods and thereby has been successfully applied to calculate the line profile of hydrogen and
H-like ions [17]. The strong collisions of an electron-emitter pair are treated within a T-matrix
approach by solving close-coupling equations to produce forward scattering amplitudes. Ions
are treated in a quasistatic approximation via the microfield distribution function. Then the
latest formulation of the FFM is applied to account for ion dynamics [18]. On the other hand,
computer simulations accounting simultaneously for the electronic and ionic fields on the same
footing are used for comparison. Recently, the shift and width of this line was computed by

Lorenzen ef al. [19], comparison was made with various theoretical and measurement data in a
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wide range of electron density and temperature. In Section 2 we describe briefly the experimental
setup and result of JoviceviC et al. [12]. Our theoretical approaches for calculating the line shapes
are reviewed in Section 3, followed by results and discussions Section 4.

2. Experiment

In this paper, we analyze theoretically the He I 3889 A Stark broadening, measured by
Joviéevi€ et al. [12] from a pulsed low-pressure capillary discharge. The plasma was a mixture of
neon, helium and hydrogen, with the predominant H* perturber ions. Originally the experiment was
set up for the measurement of Ne I spectral line profiles, while He was added to the gas mixture
for plasma diagnostic purpose. The presence of hydrogen increases the electron density to the
required value until a constant value of the Stark width was recorded. The optimum gas mixture
was determined in a series of measurements starting from pure neon and then diluting until optically
thin Ne I lines were recorded. In the experiment, a quartz discharge tube with 3 mm inner diameter
and length of 7.2 cm was used, and aluminum electrodes with 3 mm diameter holes were located 200
mm apart. The measurements were performed in a premixed gas mixture of 2.4% Ne, 5.6% He and
92% H, by volume, at an initial pressure of 4 mbar. Spectroscopic plasma observations of Ne I and
He I lines were performed, measuring the line shapes at the same time of plasma decay. The dilution
of neon and helium with hydrogen was done in order to increase the electron density, since H has
much lower ionization potential than Ne and He, and to generate a plasma with H ions dominating
He™ and Ne™. Special care was taken to keep the line profiles optically thin during measurements,
in order to minimize self-absorption. This was achieved by using a continuous gas flow and diluting
neon with helium and hydrogen in the operated arc. Moreover, plasma radiation was observed from
the axial narrow discharge tube as well as from the radial expanded part simultaneously. However,
the experimental design and procedure may have resulted in plasma inhomogeneity which may
cause line distortion and line asymmetry. Electron density was determined from the measured He
I line profiles, which were assumed to be optically thin under the same plasma conditions. The
experimental profiles were fitted to a semiclassical calculation using two parameters, the electron
impact width and the ion-broadening parameter A of the quasistatic approximation [1], which allow
the authors to determine the electron density. The mean value of electron density n. was estimated to
be 4.8 x 10?2 m~* with an estimated uncertainty of +-10%. By assuming local thermal equilibrium,
the electron temperature 7, = 7; = 3.3 x 10* K was determined from the Boltzmann plot of O II
impurity lines with an uncertainty of +12%, as the Stark broadening parameters weakly depend upon
T.. More details about the experimental set up and measurement are given in [12].

3. Theoretical Approaches

In this section we present the different kinds of theoretical approaches that we used for calculating
He I line profiles.



169

3.1. Quantum Statistical Approach

In quantum statistical many-particle theory, the medium effects are taken into account by
using the thermodynamic Green’s function technique to describe the Stark broadening. The
perturbing electrons and ions can be treated independently due to variety of mass between
them (m. << m,;). The dynamically screened Born approximation applied for electron-emitter
interaction, while almost stationary heavy ions are treated in a quasistatic ion approximation
due to static microfield. Spectral line broadening is given by the imaginary part of the
second order two-particle polarization function, which is a bound-bound transition.  The
polarization function is calculated in a systematic way from thermodynamic Green’s functions
and is proportional to the Fourier transform of the dipole—dipole autocorrelation function
(see Appendix A). The perturber—radiator interaction leads to the pressure broadening, including both
the electronic and the ionic contributions in the quasistatic limit by averaging the static microfield
distribution function W () [14-16], and we get

4 hw 0
P~ S W) g e [ wE)as
i/,il,7/l,f//
T (7| [ = Puogg = Sigw, B) + 0] 1)) M

where (i|r|f) is identified as a dipole matrix-element for the transition probability between initial
(ni, l;;m;) and final (ny, 1y, my) states. The ionic microfield strength 5 = E/Ej is normalized to
the Holtsmark field Ey, and fw;; = I; — Ey is the unperturbed transition energy. The interference
correction I}, for the overlapping line is related to coupling between the initial and final states, the
interference contribution vanishes for this transition because the lower state is a s-state and thus not
collisionally connected to itself.

The interference term is less important for neutral helium, and is ignored in the dipole
approximation, this is not the case for quadrupole approximation of transition [1,20]. However,
more accurate calculations are needed for lines involving transitions with high excited states, which
are almost hydrogenic states of the helium atom. If the contribution of the lower levels is neglected,
then the interference term is zero [21]. Generally the interference contribution is less important
for non-hydrogenic line transitions [20]. The function X;;(w, ) is determined by the self-energy
correction ¥, (w, ) of the initial and the final states

Yif(w,B) = Re[Zi(M B) — Zf(w, [3’)] + zlm[Zi(wﬁ) + Y4 (w, 6)] 2)

where the real part represents the shift ASE and the imaginary part gives the width I'SE of each state.
The electronic and ionic contributions occur in the self-energy. Performing Born approximation
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with respect to the dynamically screened perturber-radiator potential V' (¢), the diagonal elements of
electronic self-energy operator is obtained as (see Appendix B)

: 1 [ &
AFHIE = <alSi Bl >= —5 | 55V0) 3 Maa(a)l
T dw Ime~*(q,w +10)
< [ Ll s 3

Here, the level splitting (E.(8) =~ £E,) due to the microfield has been neglected,
ng(w) = [exp(hw/kpT) — 1] ! is the Bose distribution function, approximated by the Boltzmann
distribution function for non-degenerated plasma. The sum over principal quantum number « runs
from n — 2 to n + 2 discrete bound states for the virtual transitions. Dynamic screening is obtained
from the imaginary part of the inverse dielectric function £7*(q,w), for which the random phase
approximation (RPA) is used. The transition matrix-element M,,,(q) describes the interaction of the
atom with the Coulomb potential through the vertex function, where the Coulomb interaction with the
electron-electron-ion triplet depends on the momentum transfer Aq (see Appendix C). The electron
wavefunctions for helium are obtained by applying the Coulomb approximation method [22]. In
the Born approximation, the electronic contribution is overestimated. Hence, in order to avoid this,
we apply the cut-off procedure and add the strong collisions term [1,16,23] instead of the partial
summation via the T-matrix. For He I we adopt the cut-off parameter and close electron-radiator
collisions term, evaluated according to the semiclassical estimation, see [16,23]. For non-hydrogenic
radiator the ionic contribution to the self-energy is related to the quadratic Stark effect and quadrupole
interaction [24], further details are given in [15,16].

The above procedure is used to describe the perturbing effect of free electrons on the radiator from
the electronic self energy and the interference correction, which gives exactly the same expression as
the semiclassical impact approximation of Griem [1], if the term with ¢? is neglected in the argument
of delta function as in the classical limit, see Equation (4.5) in [13]. The comparison between the
Green’s function approach and impact approximation is proved in detail by Kraeft et al. [25].

3.1.1. T-Matrix Approach

The electronic contribution can be evaluated again from the effective T-matrix approach which is
based on the partial summation. To avoid the cut-off procedure for strong electron-atom collisions,
the electronic contribution to shift and width of spectral lines can be treated via partial summation of
the three-particle T-matrix. A three-particle propagator (75) in the channel of the two-particle bound
state and perturbing electron was adopted by Giinter [2,26] for calculating the hydrogen L, line.
It can describe weak and strong collisions within static Debye screening. For a non-degenerate
plasma, the electronic contribution can be evaluated from scattering amplitudes, characterized by the
self energy [19]

2 oo
vl = —;neAfh / dk k2 e /08T) £ (0, k). 4)
0
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Here, Ay, = \/ZW is thermal wave length, and f,(0 = 0,k) are forward scattering
amplitudes of elastic electron scattering at the Debye screened He I for both state initial
(n = 4) and final (n = [) states, respectively. The singlet S = 0 and triplet S = 1
channels for scattering are considered for both initial ¢ and final f states. This expression
was also found by Baranger [27]. The single electron-atom and -ion scattering problem is
studied to provide reliable results for all transitions of interest including elastic, excitation,
ionization, and total cross sections [28-30]. Recently, the electron-helium scattering in weakly
coupled hot-dense plasmas has been investigated by using the Convergent Close Coupling method
(CCC), where the Laguerre basis expansions are applied to obtain fully convergent scattering
amplitudes in the close-coupling equations. The screened Coulomb potential or Debye-Hiickel
potential [31,32] has been employed. This Yukawa-type potential has been used to describe the
plasma Coulomb screening effect by formulating a set of close-coupling equations for the T-matrix
approach by providing a complete description of the scattering process. The CCC method solves the
close-coupling equations in momentum space and uses the T-matrix to determine the cross sections
and forward scattering amplitudes for dipole and spin-allowed transitions on the Debye screened
neutral helium atom, The CCC method uses the analytical Born subtraction technique to speed up
the convergence of the partial-wave expansion, thus the first Born approximation matrix elements for
inelastic scattering is modified. The quantum system involves electron-helium scattering from the
ground-state state up to 4f with the correct energies using 153 pseudo-states to describe the scattering,
more details are given in [33-35]. Our method gives different results for singlet and triplet scattering
channels as well as for scattering at the emitter with initial and final states. Here, we consider only
the electron-He forward elastic scattering amplitudes f(0, k) from initial state (n;,;, m;) to final
state (ny, [y, my) for the self-energies, where n, [, m are the well known principal quantum numbers.
Here, the transitions 25 — 2S5 and 3P — 3P are considered for double channel transitions. For a

detailed description of the T-matrix calculation see [19].
3.1.2. Microfield Distribution Function

The ionic microfield is considered to be constant during the time of interest of the order of
the inverse HWHM of the line, so that a static description of the microfield can be used. In this
study, the plasma microfield distribution function is calculated by taking into account the screening
and quantum effects of diffraction, the evaluated distribution function is used for calculating line
broadening for analyzing the experimental data of Jovicevi€ et al. [12]. Processes such as ionization,
dissociation, and excitation of bound states occur continuously in plasma and affect plasma properties
and its compositions [36]. The distribution of charged particles in the system within the Debye radius
rp 1s not homogeneous at distances r < rp, although the plasma is electrically neutral as a whole,
but at sufficiently small distances the fluctuation of the local electric field affects the plasma kinetic
coefficients, optical and thermodynamic properties, efc. [37]. According to Ecker and Miiller [38]
the effective Debye screened field is defined as

al € —r/r
E=—i(1+r/rpe /ro (5)
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The problem of microfield distribution is formally similar to the problem of determining the chemical
potential. This allowed Iglesias [39] to reduce the microfield problem to finding the radial distribution
functions (RDF) of some fictitious system with a complex potential energy of interaction. This made
the basis for the development of the integral equations method to study the problem of the plasma
microfield distribution.

In this paper, we use a method for calculating the distribution function of ionic microfield
component P(E) proposed by Iglesias [40]. The advantage of this method is that the distribution
function is exactly expressed in terms of a two-body function and does not require knowledge of
many-body functions. We use a strongly coupled one component plasmas (OCP) model, i.e., in a fully
ionized plasma, in which the electron component forms a homogeneous neutralizing background
with N positively charged particles. The microfield distribution function W(E) is defined as the
probability of finding an electric field Eata charged point located at 7. It is generally expressed in
terms of the probability density Py (7,7, ..., 7y ) of finding a particular configuration of (N + 1)
particles:

N
W(E) = // Z VPt (Fo, oy ooy P )iy, dFY .., dPy (6)

where E} is the electric field, created by j—th particle on radiating atoms or ions at 7. Assuming the
system is isotropic we may introduce Fourier transformation of the function W(E_" )

pE) = £ /0 ST sin(BL di (7

™

where T'(1) is the characteristic function with a total pair correlation function A (7 \)

nT(l _n/d/\/ dﬂh ) (8)

with [ is a unit vector in the direction of I, and the introduced parameter A is a magnitude of the
vector ﬁ while ¢ is the charge of ions, immersed in a neutralizing electron background. The next
step is a definition of A(7; \). The simplest approximation suitable for a Coulomb system is the
Debye—Hiickel theory. In this approximation we have

h(7 \) =~ exp{—f[1 — q*VO] (r} -1 )

In [41] with the help of linear response method an effective potential was obtained, which is also used
in this paper, by taking in to account both the diffraction effects at short distances and the screening

effect at large distances

Za€2 efBr efAr
or) = == (= ) (10)
1_4)‘ae/TD 4 r
where
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The coupling parameter is defined by I' = 3e? /1, and
rp = (dmne?B)V?, B = (kgT) ', ro = (47n/3)"V/3 (11)
where 7 is the mean particle distance. Here the reduced form of pseudopotential is used

_Bo(r) = - L (27— e®) (12)

R \/T— 2412/ (mr,)

with

- (R =)

B = 4r (1 + /1= 2412/ (w7 )

In order to solve Equation (6) numerically, it is better to use the dimensionless field units and to

introduce [* = Eyl. Thus we obtain a formula to calculate the distribution of electric field £*:

2E* o0
P(E") = / Al 1 T(I") sin(E* 7). (13)

T Jo

By substitution of Equation (9) into Equation (8) yields
o 1
InT() = 3| dR- e AR _ o~BR 14
aT() = 3 [ ar e { o =) (14)
R?

“eBR(1 + BR) — eAR(1 + AR)
where y = 60?/(7r,), R = r/ro and
lge BE(1+ BR) — e 21 + AR
() — 190 BR) — A1 4+ AR)
To R?
The one-dimensional integration over I involves the sin transformation in Equation (7), in which

T(l) is defined by Equation (8) which is solved numerically.

The microfield distribution function illustrated here is applied for calculating the line profiles to
determine the plasma parameters of the measured data by Jovicevié et al. [12].
3.1.3. Frequency Fluctuation Model

Recently, Calisti er al. [18] presented a very fast method to account for ion dynamic effects
on atomic spectra in plasmas. This method is based on reformulation for the frequency fluctuation
model (FFM), which provides an expression of the dynamic line shapes based on a mixing frequency
and the quasistatic Stark profiles. This method allows a very fast and accurate calculation of Stark
broadening /(w) by taking into account ion-dynamics in this expression

A(w') dw’
I(w) ~ Re 1_”}% (15)
Yi(w—w
Here, A(w) is the area-normalized line profile in quasistatic limit, evaluated from Equation (1), the
inverse state lifetime v = vy, /d is defined by ion thermal velocity of perturbers vy, = /8kpT'/(wm;)
and the mean distance between ions d = (47n;/3)~/3, where m; and n; are the mass and density of
perturbing ions, respectively.
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3.2. Classical Molecular Dynamics Simulations

Spectral line shapes I(Aw) are also calculated using molecular dynamics (MD) simulations.
Using these simulations, the dynamics of the particles in the plasma is reproduced numerically in
the computer and the electric field sequences suffered by the emitters are obtained. These field
sequences are taken to the differential equations that permit to calculate the emitter evolution, and
the final profiles are obtained as the Fourier transform of an average of the emitter dipole-moment
autocorrelation function [42].

I(Aw) = Re% / oodt{C(t)}e'LAWt (16)
C(t) = tr[D(t)-D(0)p] (17)
D(t) = U*(t)D(0)U(t) (18)

where p is the equilibrium density-matrix operator, D is the dipole operator for the radiating system,
and the symbols {} mean an average over a large number of simulated individual processes obtained
in order to have a representative sampling of the electric fields in the plasma. U (¢) is the emitter time
evolution operator that obeys Schrodinger equation

zh%U(t) = HOU(t) = (Ho + qE(t) - R)U(t) (19)
where the Hamiltonian H (t) includes the structure of the emitter states without perturbation H,
and the action of the perturbers through the dipole interaction with the electric field E(¢) at the
emitter location [43]. For a specific line transition, two groups of states are considered, the upper
and lower group of states of the transition. If the difference in energy of those groups is large
enough in comparison with the average energy of the collisions in the plasma, then we can assume
that both groups of states evolve independently though undergoing the same sequence of perturbing
electric field, which is known as the no-quenching approximation. The simulations used in this
work consider that the perturbers are classical point independent particles that move along straight
line trajectories with constant speeds according to the Maxwell distribution corresponding to their
equilibrium temperature. Correlation effects between perturbers are taken into account considering
Debye screened electric fields. The relative movement of the heavy perturbers and the emitter is
taken into account using the reduced mass of the emitter-perturber pair according to the p-ion model
[44]. This simulation technique is designed to guarantee that the density of particles within the
simulation sphere is kept constant along the simulation and that both the spatial distribution of
particles and the velocities distribution are kept stationary [9]. On the other hand, this technique
allows us to consider non-equilibrium plasmas [45], and can also be applied to non-homogeneous
plasmas [46,47]. However, for strongly interacting plasmas (large plasma coupling parameter) or
charged emitters, MD simulations accounting for the interactions between all the particles in the
plasma (i.e., including the emitter) are required [48,49], though for the calculations in this work
the independent particles technique was accurate enough. More details of the calculation can be
seenin [11].
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4. Results and Discussions

In this study, we present several theoretical approaches for calculating He I line shapes. The
plasma parameters are inferred by comparing our results with the experimental measurement
of Jovicevi¢ et al. [12]. The measured profile is compared with the theoretical profiles at
T = 3.3 x 10* K for two values of electron densities n, = 5.2 x 1022 m~3 and n, = 4.58 x 10> m~3,
respectively. In [12] the experimental He I 3889 Aline broadening was fitted by using the jag(z)
line profiles generated on the assumption of electron impact broadening combined with broadening
by quasistatic ion field using the ST of Griem [1]. The electron density of n, = 4.8 x 10*> m—3
with an estimated uncertainty of +10% was determined from the line broadening, while the electron
temperature of T = 3.3 x 10* K with an uncertainty of +12% was estimated by using the relative
intensities of O II impurity lines.

In our quantum statistical approach electrons and ions are treated separately. Green’s function
is applied for calculating the electronic contribution from Equation (3), while the dominant ionic
contribution arises from the quadratic Stark effect and quadrupole interaction [15,16]. First, the
ionic contribution is determined in the quasistatic approximation by using the calculated microfield
distribution function in Section 3.1.2, then the new FFM formulation [18] is adopted to account for
the fluctuation of the microfield on the spectral line shapes. The dynamic effects of the ionic motion
are taken into account by substituting the area-normalized static profile into Equation (15). The
result is displayed in Figure 1, which compares measured and theoretical profiles. Since the authors
of the original experimental paper [12] did not mention any measurement of absolute line shift, we
displaced the calculated line profiles to the unperturbed wavelength Ay = 3888.65 Ain Figures 1-3
to determine the free electron density n, from the line width.

The electronic contribution is recalculated via the T-matrix by applying the CCC method in order
to describe the strong electron-helium collisions within the Debye static screening model [34]. Both
real and imaginary part of forward scattering amplitudes are substituted in Equation (4) to provide
electronic shift and width [19]. In contrast to the Born approximation, the contribution of each state is
different for different values of the magnetic quantum number |m| = 0, 1. Furthermore, an average
over different spin-scattering channels S = 0 and S = 1 has been done. The Stark profiles are
calculated in the quasistatic approximation from Equation (1) by using the T-matrix approach for
electron-emitter collisions, The dynamic profiles are evaluated from Equation (15) and illustrated in
Figure 2. It may be seen that the electron density n, = 5.2 x 10*2m~3 gives better agreement with
the experimental profile in Figures 1 and 2.

Results from simulations are presented in Figure 3. Dynamic profiles show very good agreement
with the measured profile for the inferred plasma density n, = 4.58 x 10?2m~2 and temperature
T =33x10*K. In Table 1, numerical results of the shift and FWHM from our theories are
given. We compare the broadening parameters in the dynamically screened Born approximation,
the T-matrix approach, and MD simulations for interacting particles.



176

Figure 1. The calculated He 1 (235-3%P) line profiles in dynamically screened Born
approximation by including ion dynamics in the FFM . Comparison is made with the
measured data by Joviéevié et al. [12] at T = 3.3 x 10* K. The profiles are plotted at the
unperturbed transition wavelength Ay = 3888.65 A, and the shift of profiles are shown.
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Figure 2. Comparison between the measured [12] and calculated line shapes of He I
(285-3%P) wusing the T-matrix approach with ion dynamics in the FFM
atT = 3.3 x 10* K. The profiles are given at the unperturbed transition wavelength
Ao = 3888.65 A, and the shift of profiles are shown.
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Figure 3. The calculated He T (225-33P), line profiles from MD simulations compared
with the experimental result of Jovicevi€ et al. [12] at T' = 3.3 x 10* K. The profiles are
given at the unperturbed transition wavelength \o = 3888.65 A, and the shift of profiles

are shown.
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Figure 4. The shift of He I 3889 A vs. electron density. Comparison between our
calculated data and the experimental results are shown. The electron temperature is given

for the corresponding T-matrix data points.
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Ion dynamics (FFM) are included in the Born approximation and the T-matrix approach, the
dynamic effects lead to further shift. The shift is significantly affected by including strong collisions
via the T-matrix and ion-dynamics, while the dynamic profiles appear slightly broadened compared
to the static profile. The calculated line shift for different values of n, is illustrated in Figures 1-3 as
well. Note, that the shift of this line is red, towards larger wavelengths with respect to the unperturbed
transition line at A\g. An example of the line measurement can be seen also in [50].

Table 1. Theoretical calculations of shift and FWHM of the He I 3889 A line
are illustrated in [A], to analyze the experimental result of Jovicevi¢ et al. [12].
The calculated values correspond to dynamically screened Born approximation
(quasistatic/FFM), T-matrix approach (quasistatic/FFM) and MD simulations at

T =33x10*K.
Shift [A FWHM [A
ne 1022 m—3 il ]. [ .]
Born T-Matrix MD Born T-Matrix MD
5.2 0.483/0.523 0.178/0.228 0.32 1.245/1.278 1.038/1.087 1.402
4.58 0.427/0.462 0.147/0.197 0.269 1.094/1.123 0.914/0.965 1.245

The illustrated approaches can provide the shift and full width at half maximum (FWHM) in a
wide range of n, and 7. The comparison with different measurements for shift and FWHM as a
function of electron density n. ~ (10%2 — 10?*)m~ in temperature range 7 ~ (2 — 6) x 10* K
are shown in Figures 4 and 5, respectively. The microfield distribution function of Hooper [51] is
used in both the Born approximation and the T-matrix method for evaluating the Stark parameters
in Figures 4 and 5 [19]. However, outside the validity range of Hooper’s approach, we used the fit
formula of Potekhin et al. [52] in our previous calculations in [19,53], which is based on Monte
Carlo simulations and is appropriate for strongly coupled plasmas as well. The calculated FWHM
in the T-matrix approach shows good agreement with the MD simulations data, especially at high
densities. The ion dynamics slightly affects the width. However, the shift is rapidly reduced at
low electron densities, and the discrepancy can be seen in contrast to MD simulations, but still the
contribution of FFM is more pronounced in this region. The shift of this line is overestimated
in the Born approximation compared to both the T-matrix method and MD simulations. The
correlation between perturbers tends to decrease the line shift and width at high electron densities
for interacting particles. In Figures 4 and 5 the comparison is made with the following experiments:
The measurement by Pérez et al. [54] was done in a low-pressure pulsed arc, in the plasma density
range of n, = (1 — 6) x 10*2m~3 and temperature interval of 7' = (0.8 — 3) x 10* K with a mean
value of 2 x 10* K . The error bar of n, was +10%, and uncertainty in the temperature evaluation
was about 20%. The experimental result of Kelleher [55] was obtained in a helium plasma generated
in a wall-stabilized arc, with n, = 1.03 x 102m=3 and 7, = 2.09 x 10* K. Recently, the FWHM
of the same transition line was measured by Gao et al. [56] from a helium arc for the density range
ne = (0.5 —4) x 1022m~3 at T = 2.3 x 10* K. The reported result by Kobilarov et al. [57] from
a pulsed low-pressure arc at n, = (2 — 10) x 1022 m=3 and 7" = (3.1 — 4.2) x 10" K are included.
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Furthermore, values for the shift measured by Morris and Cooper [58] within the density range
ne = (0.6 —2.3) x 102m =3 and T = (1 — 1.6) x 10* K are shown. The Stark parameters of this line
were also measured by Berg et al. [59] at n, = 1.5 x 102 m~3 and 7, = 2.6 x 10* K. The measured
widths by Milosavljevi¢ and Djenize [60] are included as well, by using a linear low-pressure pulsed
arc. The measured electron density and temperature were in the ranges of (4.4 — 8.2) x 102 m™3
and (1.8 — 3.3) x 10* K with error bars 9% and 4-10%, respectively. Furthermore, a comparison
is made with the measurement of Soltwisch and Kusch [61], a wall-stabilized quasistationary pulsed
discharge was used as a homogeneous plasma source. The spectra were recorded in a single shot,
and the electron density range of (0.7 — 1.2) x 10?* m~3 was determined from the plasma reflectivity
at two different wavelengths. The estimation of the temperature was about 2 x 10* K.

Figure 5. The FWHM of He I 3889 A as a function of electron density. Our theoretical
approaches are compared with the experiments results.
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As shown in Figure 5, the T-matrix approach always gives a smaller FWHM than the Born
approximation. This trend leads to a better agreement with the MD simulations results for interacting
particles. For the data of Pérez er al. [54], the calculated width in the T-matrix approach agrees
very well with the result of the Born approximation. However, the measurement may be influenced
by self-absorption, as mentioned in [54], and then the measured widths may be overestimated. At
ne = 9.8 x 1022m3, the width in the Born approximation shows a very good agreement with both
measurement and MD simulations for independent particle data. However, the results of T-matrix
approach and MD simulations for interacting particles give slightly lower values than the experiment
data. At the highest measured density, the FWHM of theories is below that of Berg er al. [59].
Good agreement is found between the MD simulations result and T-matrix approach. However, the
shift of this line is overestimated in the Born approximation, where, the strong collisions with large
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momentum transfer are not treated appropriately, while the perturbation theory breaks down at small
distances and the perturbative expansion has to be avoided [20].

5. Conclusions

Spectral line shapes for He I are investigated theoretically in dense plasmas, the comparison is
made with the measurements of Jovicevi¢ et al. [12] for diagnostic purposes. Free electron-emitter
collisions are considered within both the Born approximation, and the T-matrix approach while ions
are treated by the quasistatic approximation. The electronic contribution to the shift and width is
computed by thermodynamic Green’s function by using Born approximation, which is the main
contribution to the line broadening. Dynamic screening of the electron-atom interaction is included,
which is a collective, many-particle effect. In contrast to ST, this effect modifies the broadening
parameters with increasing free electron density, causing a non-linear behavior, where the plasma
oscillations become relevant, see Figures 4 and 5. A cut-off procedure for strong collisions is used
according to Griem [1], while the second-order Born approximation overestimated the electronic
contribution and the strong collisions term are added [23]. The Coulomb approximation is employed
to evaluate the wavefunctions of helium. The accuracy of this approximation was approved for
He-like ion by comparing our result with the Hartree-Fock wavefunctions, thus the radial part of
transition matrix-element from various approaches were compared in [62].

Then the electron-emitter interaction is investigated again by elastic scattering amplitudes in
Debye plasmas from a two-particle T-matrix approach by using the close-coupling equations.
The Debye—Hiickel potential significantly affects the bound states and scattering processes of the
metastable states. The result is improved by treating strong electron-helium collisions consistently
within T-matrix approach and better agreement can be seen with the measurement than the Born
approximation, especially for the line shift. The contribution of perturbing ions is taken into account
in a quasistatic approximation, with both quadratic Stark effect and quadrupole interaction. The
perturbing ionic microfield is considered as a static field during the radiation. The calculated spectral
line shapes in the static limit are modified by applying the FFM for both the Born approximation and
T-matrix approach, which provides the dynamic line shapes and leads to further broadening [18].
In addition, MD simulations are used for comparison with the experiments and the analytically
obtained profiles.

The shift of this line is over estimated in Born approximation even with a cut-off procedure and
better agreement can be seen with the screened T-matrix approach and MD simulations. The FWHM
of all theoretical approaches are in good agreement with the experimental result.
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Appendix A: Spectral Line Profile

The Green’s function methods provide a systematic approach to correlation functions in
many-body system. The theory includes correlations and quantum effects of the many-body system.
The line broadening is proportional to the imaginary part of the inverse dielectric function of the
plasma. The two-particle Green’s function is used to calculate the line shapes. Recently, further
improvements of this approach have been made by Giinter et al. [2], Hitzschke et al. [13], and
Ropke et al. [63]. Optical properties of many-particle systems are described by the dielectric
function £(q, w) based on Green’s function theory, which is the response of the medium to an external
electromagnetic field. The dielectric tensor can be divided into transversal t and longitudinal I parts,
depending on wavenumber q and frequency w. ¢1(q, w) is related to the polarization function I1(q, w),

a(q,w) =1-V(g)Il(q,w) (20)

where V(q) = €%/(eoq?) is the Fourier transformed Coulomb potential. Starting from the relation
of the absorption coefficient «(w) and the index of refraction n(w), the transverse dielectric function

£¢(q,w) in the long wavelength limit ¢~! = ¢/w — 0 reads

lim e1(q,w) = [n(w) + %a(w)]z. @1

In the visible region where the wavelength A is large compared with the atomic dimension ag, the
transverse and the longitudinal part of dielectric function coincide

limei(q,w) = limei(q, w) = lim e(q, w). (22)

The absorption coefficient is proportional to the imaginary part of the dielectric function

aw) = Cnu(}w) }1136 Ime(q, w) 23)
)= %}fﬂé {Reg(q’wﬂ [(RGE(q,w))2+(Img(q,w))2]1/2}1/2_

In the case of thermal equilibrium, the absorption coefficient o(w)[cm™] is related to the
emission coefficient j(w)[ergem™s ! Hz 'ster™!] by Kirchhoff’s law [64]. The emission
coefficient is defined as the number of photons with frequency between v and (v + dv) emitted

per unit time per unit volume per unit frequency interval

j@) = a@)BwT) ) (24)
Bw.T) = h“{exp(li”;)—l} 25)

4m3c?
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where B(w,T) is the black body radiation, defined in intensity units per steradian
[ergcm™2s~! Hz ' ster!]. In an optically thin plasma, j(w) can be approximated to the specific
intensity (surface brightness) I(w). The dielectric function itself can be determined from the
polarization function according to Equation (20). The medium modifications of spectral line shapes
can be described in a systematic way from the bound-bound two-particle polarization function
II(q, w) [2,13,25,65]. From Equations (20), (23) and (24) the line emission is given by

4

w hw !
_— —)—1 lim I . 2
Am3n(w) [eXp(ijT) ] J me(q, w) (26)

jw) =

Assuming n(w) = 1 for w > wy, and ¢ — 0
4

4m3c3

5(6) & 0 exp(— ) i T (g, ). @)

kBT q
The polarization function II5(q,w) is related to the dipole-dipole autocorrelation function, which
describes the pressure broadening (Stark broadening) [66]. A systematic treatment of the two-particle

polarization function can be performed via Green’s function

0 [9(wi) — g(wy)]
Z|M hw—hwif—Aif—zFif+zF;’f (28)

thus the imaginary part of this expression is substituted in Equation (26), which describes the spectral
line shapes, see Equation (1). The two-particle Bose distribution function can be approximated by
the Boltzmann distribution function for non-degenerated plasmas

1 1 3 7Bw
o —1 S g eiheie (29)

gei(w) =

where A.; = \/273/m; is the thermal wavelength, m; is the mass of radiator, and 5 = 1/(kgT). The
pressure line broadening is achieved by substituting Equation (28) into Equation (27) and averaging
over the microfiled distribution function, see Eq. (1). The Rydberg units (h = 2m, = ¢*/2 = 1) are
used throughout this paper.

Appendix B: Electronic Self-energy

The electronic self-energy X5 has been calculated from the quantum-statistical many-particle
approach, by using the two-particle Green’s function G for the radiating atom in the momentum
P + q and frequency representation {2y — w,, [15], where (2 and w,, are the bosonic the Matsubara
frequency. The statistical information on temperature and chemical potential contains in the
definition of the Matsubara frequency. The correction self-energy is proportional to the free electron
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density, given in dynamically screened Born approximation [67,68]. The self-energy is evaluated be
solving this diagram

Vi(q,»,)

2,=0 > |
M G, M
So(n,n',P,Q,) = ﬁ > MY (a) V(g w,) Ga(o, P+ q. Q) — w, ) MD,(—q)  (30)
e
where M°_ (q) is the matrix-element for virtual transitions from the considered state to the excited
state, with principal quantum number n, o, see Appendix C. The dynamically screened potential

V*(q,w,,) for the radiator-electron interaction is represented by the spectral function of the dielectric
function £(q, w)

(o] —1
V*(g,w,) = V(q) +V(q>/ doIme (g +10) 31)

oo Th W — Wy
The first term in V*(q,w,,) is neglected, which leads to the exchange Fock self-energy, whereas the
second term is the correction part. The Matsubara summation ,, can be represented as a contour
integral in the complex plane [67]. After performing the Matsubara frequency summation, the real
and imaginary part of the diagonal electronic self-energy can be obtained [15,63,69].

Appendix C: Matrix-Element

The transition matrix-element M,,,(q) describes the interaction of the atom with the Coulomb
potential through the vertex function. In lowest order, they are determined by the atomic
eigenfunctions v,,. For helium, the Coulomb interaction with an electron-electron-ion triplet
depends on the momentum transfer Aq, this can be represented for helium and hydrogen by these
diagrams [2,25,68,70].

He

a i ' i
@ == =——f+ ——f+ ——
H a ! !
M@ ="1T"= +
The matrix-element for hydrogen can be written as

Pe;Pi

However, the helium matrix-element can be approximated by hydrogen, while the outer electron is
screened by the inner electron. Here, the states closely adjacent to n are identified by «, and Z,, is
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the ion charge. In an adiabatic approximation, the ion is much heavier than the electron m; > m.,
therefore the relative momentum is approximated by the momentum of electron
_ MiPe — MePi

b= Me + My ~ Pe

Moal@) = 1¢ 3 45(p) [Znewa (0) — et (p + q>] 33

After Fourier transformation of the above relation, and expanding the exponential term into

spherical harmonics,

Mya(q) = 1e [zn bua = [ @ i) o %(r)] (34)

o l
CES 47"2 Z lel(qr)yﬁn(gq)y;m(gr)
1=0 m=—1

where j;(qr) is the spherical Bessel function [71], a multipole expansion can be derived, e.g.,
1 =0, 1,2 give the monopole, dipole and quadrupole contribution of the radiator-electron interaction,
respectively. In the long wavelength limit ¢ — 0 for bound-bound transitions, the dipole
approximation is valid, where the g-integral is dominated by the small ¢ region [20].
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Abstract: The problems related to the spectral line-shape formation in the scrape of layer
(SOL) in fusion reactor plasma for typical observation chords are considered. The SOL
plasma is characterized by the relatively low electron density (10'*~10"* cm ) and high
temperature (from 10 eV up to 1 keV). The main effects responsible for the line-shape
formation in the SOL are Doppler and Zeeman effects. The main problem is a correct
modeling of the neutral atom velocity distribution function (VDF). The VDF is
determined by a number of atomic processes, namely: molecular dissociation, ionization
and charge exchange of neutral atoms on plasma ions, electron excitation accompanied
by the charge exchange from atomic excited states, and atom reflection from the wall. All
the processes take place step by step during atom motion from the wall to the plasma
core. In practice, the largest contribution to the neutral atom radiation emission comes
from a thin layer near the wall with typical size 10-20 cm, which is small as compared
with the minor radius of modern devices including international test experimental reactor
ITER (radius 2 m). The important problem is a strongly non-uniform distribution of
plasma parameters (electron and ion densities and temperatures). The distributions vary
for different observation chords and ITER operation regimes. In the present report, most
attention is paid to the problem of the VDF calculations. The most correct method for
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solving the problem is an application of the Monte Carlo method for atom motion near
the wall. However, the method is sometimes too complicated to be combined with other
numerical codes for plasma modeling for various regimes of fusion reactor operation.
Thus, it is important to develop simpler methods for neutral atom VDF in space
coordinates and velocities. The efficiency of such methods has to be tested via a
comparison with the Monte Carlo codes for particular plasma conditions. Here a new
simplified method for description of neutral atoms penetration into plasma is suggested.
The method is based on the ballistic motion of neutrals along the line-of-sight (LoS) in
the forward—back approximation. As a result, two-dimensional distribution functions,
dependent on the LoS coordinate and the velocity projection on the LoS, and responsible
for the Doppler broadening of the line shape, are calculated. A comparison of the method
with Monte Carlo calculations allows the evaluation of the accuracy of the ballistic
model. The Balmer spectral line shapes are calculated for specific LoS typical for
ITER diagnostics.

Keywords: tokamak; fusion reactor plasmas; Balmer spectral lines shapes; neutral
atoms; velocity distribution function

1. Introduction

The penetration of neutral atoms into plasmas from the wall of thermonuclear devices is important
for interpretation of the luminosity of the edge plasmas. This is essential for calculation of both the
plasma radiation losses and the diagnostics of basic plasma components (i.e., hydrogen isotopes) and
impurity ions. The luminosity of the Balmer spectral lines of hydrogen isotopes is the major
experimental method to measure the isotopic composition of plasmas, which is an important
parameter for the International Test Experimental Reactor (ITER). One of the main problems here is
the relationship between the luminosity of Balmer spectral lines and the neutral flux from the wall.
Besides the neutral atom spatial distribution, another important parameter of plasma is the velocity
distribution function (VDF) of neutral atoms. The latter determines the spectral line shapes of
hydrogen isotopes, including the deuterium and tritium. The observed spectral line shapes of
hydrogen isotopes are the integral characteristics which are determined by the integrals of the line
shapes along the observation line, weighted with their local luminosities. Thus, we will consider
calculations of the 2D distributions of neutral atoms in space coordinates and velocities as well as
their intensities at certain observation lines in the edge plasma.

We performed the numerical calculation for certain observation chords as well as certain
scenarios of discharge in ITER. We used the data from the Monte-Carlo simulation with the EIRENE
code [1] stand-alone simulations of neutral deuterium VDF, applied on the SOL&divertor plasma
background calculated by the SOLPS4.3 (B2-EIRENE) code [1-4]. These calculations, however, are
time consuming. At the same time we need such calculations to be performed on a massive scale for
various observation chords and scenarios in ITER. Therefore, the development of a simple and
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reliable computational model is of practical interest. Here we develop a kinetic model for calculation
of neutral atom penetration into plasmas. This model is both accurate enough and fast for
computation of characteristics of neutral atom flux from the wall. Unlike the complicated
computational models, it enables one to retrace explicitly the impact of various physics processes
upon formation of the spectral line shapes.

2. Description of Ballistic Model for Penetration of Neutral Atoms into Fusion Plasmas

The main sources of neutral atoms which come from the wall are the molecular dissociation and
the recombination of ions on the wall. The slow atoms are formed by the dissociation of both the
neutral molecules and the ionized molecular ions. The steady state neutral flux is the bases for
consideration below which is available for steady operation in ITER. The effect of ITER strong
magnetic field is ignored for neutral particle motion whereas for charged particles it results in
limitation of charge particle motion across the magnetic field. The atoms which are formed in such a
way produce the first-generation flux. These atoms become a source of atoms of the next generation
due to their charge exchange on the plasma ions.

The present calculations are based on a ballistic model (BM) of penetration of neutrals into
plasmas [5,6]. Since the neutral atoms are localized mainly in a thin layer in the edge plasma with the
typical width ~10 cm, which is small as compared to the minor radius of plasma in modern tokamaks,
as well as in ITER, we can use a 1D-model of neutral’s motion (in the direction along the LoS
perpendicular to the wall). In the frame of such an approximation the ballistic model for deuterium
plasmas reduces to the following model:

The initial object of the theory is the ballistic flux of D, molecules which start from the wall and
penetrate into the plasma with velocities determined by the wall temperature.

- Their collisions with electron result in the molecular dissociation and ionization. It is necessary
to take into account the heating of molecular ions D," due to their elastic Coulomb collisions
with plasma ions (the heating of neutral molecules is essentially smaller and is not taken into
account); atoms created in dissociation processes move in two directions—into plasma and
out the wall where they elastically reflected back;

- The other part of neutral atoms created due to ions recombination at the wall is also taken
into account; so the total initial flux is formed by the dissociated and recombined atoms;

- The initial flux decreases due to ionization and charge exchange on plasma ions; the last
process results in generation of secondary atomic flux with a temperature corresponding to
the local one at the charge exchange point;

- The resulting atoms of the second generation are moving along ballistic trajectories together
with those of the first generation. They undergo the ionization and the charge exchange that
results in an attenuation of the flux and production of the next-generation atoms.

So the total neutral density is the sum of the all neutral atom generations. Calculations demonstrate
a fast convergence due to a decrease of neutral fluxes at every step of fluxes generation.
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The typical equations for connection of the next generation of neutrals (N,) with the previous one
(N)) takes the form:
N,(x,vp, >0)=
1 o0 X
_|: I dvy, j dN,(vp,, y)P [VDZ > VD],y] exp(—¢(x, y) /vy, ):|
-0 0

VD2

(1
le(VDl’y) = Ne <O-cxvi>Nl (le’y)dy

o(x,y) = _[dZNe [<chvi > + <O-a[ve>]

y

Here x is the coordinate along line of sight, vp; is a velocity of deuterium neutral atoms arising
from atoms with velocity vpi, P(vp2, vp1, y) is velocity distribution function in a specific space point
y with account for charge exchange, dN;(vpi, y) is a source of neutral atom first generation,
connected with the second one by the charge exchange processes with cross section g, and ion
thermal velocity v; on ions with density equal to electron density N., ¢(x, y) is the propagation
function describing the propagation of neutrals along ballistic trajectories from the point y to
the point x with account of their charge exchange and electron ionization (with the rate

(v, )) processes.

The distribution function P(vp2, vp1, ¥) is obtained from a solution of kinetic equation averaged
over components of velocities perpendicular to the line of sight (LoS). The problem is that charge
exchange rate depends on all three components of colliding particles velocities whereas the ballistic
model is based on one dimensional motion along LoS. Such averaging shows that the distribution
function can be expressed in terms of velocity projections with small corrections of the distribution
function as compared with a Maxwellian one.

We perform the successive calculation of neutral atom density along the ballistic trajectories of
the atoms. Note that the atoms of the former generation are considered to be the sources for atoms of
the next generation. Such a procedure leads to a successive reduction of neutral atom density on
every step, so that only a few iterations are sufficient to obtain a good result. The results obtained
with the ballistic model are compared with those simulated by the EIRENE code [1] stand-alone
simulations of neutral deuterium VDF, applied on the SOL&divertor plasma background calculated
by the SOLPS4.3 (B2-EIRENE) code [1-4] for certain observation chords. This enables us to draw a
conclusion on the accuracy of the ballistic model.

To meet the requirements for the accuracy of the Balmer spectral lines diagnostic of the edge
plasma parameters, it is important to take into account the population of the excited atomic states.

The electron excitation of atoms in the atomic ground state obviously does not change the ballistic
velocity distribution function of neutrals. In contrast, the charge exchange from the excited atoms on
the plasma ions results in the production of the excited neutrals with the local Maxwellian velocity
distribution function.

Indeed, the cross section of the charge exchange of an atom in the excited atomic state n is
proportional to #*, so it increases sharply with increasing n. Therefore, the radiation emission of the
Balmer lines goes via two major channels: the first one is due to population of the emitting atomic
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level by the charge exchange in the ground state of neutrals and the second one is due to the
resonance charge-exchange in the excited states. The difference between these two channels, and the
corresponding luminosities of Balmer spectral lines, is due to the difference between the velocity
distribution function of the Maxwellian generation of the neutrals and that of the ballistic one. The
distribution function of the initial ballistic generation is essentially nonlocal and determined mainly
by the ballistic transport of neutrals from one point to another. The distribution function of the
Maxwellian generation is a local one and determined by the Maxwellian distribution in a given
spatial point that is caused by the high rate of the charge exchange in the excited atomic states (an
instant transfer of excitation).

3. The Typical Spatial Distribution of Plasma Parameters along Observation Chords in ITER

General view of some diagnostic chord in ITER is shown in Figure 1 (¢f [4,7]). The coordinate x
on Figure 2 and below are marked off the wall (the point x = 0 is the position of the wall).

Figure 1. General view of some diagnostic chords of observation of the scrape of layer
(SOL) in International Test Experimental Reactor (ITER) with designations of high field
side (HFS) and low field side (LFS) domains [4,7].
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The distributions of temperature and density along the horizontal chord is given in Figure 2 on the
basis of simulations with the codes [4,7].
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4. The Numerical Modeling Results

We tested the ballistic model for the following plasma parameters: For systematical test of
ballistic model there were taken the plasma parameters along the outer part of horizontal chord for
the ITER SOL&divertor case #1514 (¢f- [3]) with density and temperature profiles presented above
in Figure 2.

We performed the following calculations in the frame of developed ballistic model:

(1) radial space distribution of molecules and molecular ions;
(2) radial space distributions of initial and secondary neutral atomic densities;
(3) radial space distribution of atomic velocity distribution function.

Figure 2. Electron and ion temperature (left) and electron (and ion) density (right) along
the horizontal observation chord according to the data from simulations with the codes [4].
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The initial source of fluxes in the ballistic model are molecules and molecular ions of deuterium.
A comparison of these calculations with those performed with Monte-Carlo EIRENE code is shown
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in Figure 3. One can see a good agreement between the functions of molecular sources computed
with foregoing two methods. This encourages us towards making further comparisons of the data
computed with developed ballistic model and the EIRENE code numerical simulations.

Figure 3. Comparison of space profiles of molecules and molecular ions of deuterium
for the outer part of horizontal chord. Solid line—ballistic model, histogram (stepped
line)—EIRENE code simulations.
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Figure 4 shows the impact of the initial neutral flux from the wall N, and the impacts of fluxes of
various generations of neutrals in the ground state N>, N3, Ns. One can see a good agreement between
the Monte-Carlo EIRENE code simulations data and those from the ballistic model.

Figure 4. Comparison of space profiles of molecules and molecular ions of deuterium
for the outer part of horizontal chord. Solid line—ballistic model, histogram (stepped
line)}—EIRENE code simulations.
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Figures 5 and 6 show the velocity distribution function of neutral deuterium atoms along the
distance from the wall computed with ballistic model as compared with the EIRENE code
simulations data. One can see a good agreement between two models both at relatively small and
large distances.

Figure 5. Atomic velocity distribution function at different distances from the wall at the
outer horizontal chord: thick solid lines—ballistic model, thin lines—Monte-Carlo
simulations with the EIRENE code.
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The velocity distribution function of neutrals in the edge plasma calculated in the frame of
ballistic model is of importance for fast line shape calculations along lines of sights needed for
spectral line diagnostics of neutrals in ITER.
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Figure 6. Atomic velocity distribution function at large distances from the wall at the
outer horizontal chord: thick solid lines-ballistic model, thin lines-MC modeling with the
EIRENE code.
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5. The Charge Exchange from the Excited Atomic States

The calculation scheme of the charge-exchange impact may be reduced as follows. The initial
source of atoms population is the excitation of ballistic neutrals of the first generation by an
electron impact. In order to take into account the population of atomic levels of these neutrals by
the charge exchange we add the charge exchange contribution to the ionization rates that allows for
electron transfer from a given excited atomic level to the atomic levels of a plasma ion. We can
neglect the inverse process since the neutral density is sufficiently smaller than that of the ambient
plasma ions. Then the population of the atomic levels of the first-generation atoms with account of
the charge exchange is decreased as compared with those without the charge exchange.

Ny :NBAL(I_K) (2)

where K takes into account a decrease of the population of atomic levels of ballistic
(non-Maxwellian) atoms due to the charge exchange.

The local populations of atoms, which arise from the charge exchange of the ballistic atoms on
ions are calculated in the frame of the radiative-collisional model. The source of atomic levels
population is the charge exchange from the levels of ballistic atoms. Thus, the local population takes
the form:

Nioc (1) =Ny (n)K 3)
The sum of populations (2) and (3) remains constant and equals to the population without charge
exchange in the excited states because it is determined only by the processes of collision with
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electrons and radiative decay. The charge exchange process results only in a redistribution of
populations between the ballistic (non-Maxwellian) atoms and the “local” (Maxwellian) ones.

In the calculations of radiation spectra it should be remembered that the ballistic emitting atoms
and the plasma ones have different velocity distribution functions. The velocity distribution function
of the ballistic atoms is determined by their motion from the wall, while that of the “local” atoms is
determined by ion temperature in a given point.

The population redistribution coefficient K(n, T,, N,) depends on the principal quantum number of
the atomic level as well as on the temperature and density of the ambient plasma. The values of K for
the atomic levels with principal quantum numbers z = 3 and n = 4 for typical plasma conditions in the
SOL in ITER are presented in Tables 1 and 2.

Table 1. The population redistribution coefficient K(n, T., N,) for the hydrogen atomic
level n =3 for various plasma temperatures and densities.

T., eV\V,, m ™ 10" 3x10" 10" 10* 10*
20 0.04163 0.08648 0.1675 0.319 0.4185
50 0.0442 0.09318 0.1862 0.3746 0.491
100 0.04588 0.09774 0.1991 0.4185 0.5477
200 0.0473 0.1018 0.2106 0.4622 0.6036

Table 2. The population redistribution coefficient K(n, T., N,) for the hydrogen atomic
level n = 4 for various plasma temperatures and densities.

T, eV\N,, m > 10" 3x10" 10" 10% 10*
20 0.1861 0.2824 0.3735 0.4972 0.5723
50 0.2046 0.3219 0.4322 0.5798 0.6602
100 0.2169 0.3503 0.476 0.6398 0.7221
200 0.2274 0.3764 0.518 0.6953 0.7771

One can see that the magnitude of redistribution coefficients is essential especially for the level
n = 4 (Balmer-beta line).

6. Radiation Spectra Calculations

Radiation spectra calculations were performed on the basis of population kinetic models described
above. The main mechanisms of the spectral line broadening is the Doppler effect. The presence of a
strong magnetic field with the field strength of 5T, typical for ITER plasma, is taken into account. In
the frame of above approximations the radiation atomic spectra are described by the formula:

J,(A®,B.T,,T,,N,)=J}, (Aw,B,T)[1-K (n,T,,N, ) |+ J,oc (Ae, B,T,) K (n,T,, N, 4)

e

where the line shape J'z4(Aw, B, T;) is calculated with the help of the ballistic atoms velocity
distribution function obtained with the ballistic model and appeared to be close to the data of the
Monte-Carlo simulations, and the line shape J';oc(Aw, B, T;) is calculated for a Maxwellian
velocity distribution function with the ionic temperature in a given spatial point.

The results for the Balmer-alpha and Balmer-beta line shapes are presented in Figures 7 and 8.
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Figure 7. Spectral intensity of Balmer-alpha (a) and Balmer-beta (b) deuterium lines in
SOL for the bottom part of vertical observation chord (R = 65.5 cm) for the ITER
SOL&divertor case #1514. The red line shows contribution to the radiation from neutrals
obtained from charge exchange of neutrals in the exited state n = 3 (for the Balmer-alpha
line) and n = 4 (for the Balmer-beta line) on fast ions. Blue lines—from ballistic atoms.
Black line is the total spectrum.
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Figure 8. The same as in Figure 7 but for the top part of vertical observation chord.
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7. Conclusions

A new simplified method and numerical code for calculations of neutral atoms penetration into
plasma is suggested. The method is based on the ballistic motion of neutrals along the line of sight.
As aresult, two dimensional distribution functions, dependent on the LoS coordinate and the velocity
projection on the LoS, and responsible for the Doppler broadening of the line shape, are calculated.
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The interrelation between MC simulation and fast ballistic code is as following: the MC code
provides the distributions of main plasma components (electron and ions temperatures and densities,
see Figure 2) whereas the ballistic code provides the fast calculations of much less neutral atomic
density distribution together with atomic kinetics and line shapes along LoS.

The distributions on Figures 3—6 are quite satisfactory but still not refine. The reason for
discrepancies between Monte-Carlo (MC) and ballistic model (BM) seems to be related to 3D
simulation in MC and 1D simulation in BM. Such discrepancies exist in the radiation transport
theory between 3D calculations and “forward-back” photons propagation approximation [8].
Nevertheless the 1D simulation is quite reasonable for determination of photon space distribution [8]
as well as neutral component distribution. So the application of 1D BM seems to be successful on
average taking into account the great advantage in calculation time. Some differences of the velocity
distribution function is connected with charge exchange collision integral. Really there is a
difference between particles moving forward (from the wall) and back (to the wall) after charge
exchange in some space point; the first ones meet more hot plasma particles whereas the second
ones—more cold. So the charge exchange rates are slightly different for these particles that can be a
reason for discrepancy between both types of data on Figure 5 (for the curve x = 3 cm) near velocity
points = (1-2) x 10° cm/c. The difference between data on Figure 6 is less important for line shape
calculations because of strong decrease in atomic densities with increasing of distance from the wall.

The test calculations of the Balmer spectral line shapes are performed for plasma parameters
distributions typical for ITER diagnostic tasks. A comparison of the method with the respective
(Monte Carlo) EIRENE code [1] stand-alone simulations of neutral deuterium velocity distribution
function, applied on the SOL&divertor plasma background calculated by the SOLPS4.3
(B2-EIRENE) code [1-4], is made to evaluate the accuracy of the ballistic model. The results of the
model reproduce numerical data obtained by the EIRENE code with an average accuracy of 10%-—
20%. The calculation time is smaller by the orders of magnitude as compared with the Monte Carlo
simulation one. This makes it possible to apply the code for calculations of background plasma
radiation properties of SOL plasma in various regimes of ITER operation.
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Abstract: We review studies of two kinds of dips in spectral line profiles emitted by
plasmas—dips that have been predicted theoretically and observed experimentally:
Langmuir-wave-caused dips (L-dips) and charge-exchange-caused dips (X-dips). There
is a principal difference with respect to positions of L-dips and X-dips relative to the
unperturbed wavelength of a spectral line: positions of L-dips scale with the electron
density N, roughly as N.."%, while positions of X-dips are almost independent of N, (the
dependence is much weaker than for L-dips). L-dips and X-dips phenomena are
important, both fundamentally and practically. The fundamental importance is due to a
rich physics behind each of these phenomena. L-dips are a multi-frequency resonance
phenomenon caused by a single-frequency (monochromatic) electric field. X-dips are
due to charge exchange at anticrossings of terms of a diatomic quasi-molecule, whose
nuclei have different charges. As for important practical applications, they are as follows:
observations of L-dips constitute a very accurate method to measure the electron density
in plasmas—a method that does not require knowledge of'the electron temperature. L-dips
also allow measuring the amplitude of the electric field of Langmuir waves—the only
spectroscopic method available for this purpose. Observations of X-dips provide an
opportunity to determine rate coefficient of charge exchange between multi-charged
ions. This is an important reference data, virtually inaccessible by other experimental
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methods. The rate coefficients of charge exchange are important for magnetic fusion in
Tokamaks, for population inversion in the soft x-ray and VUV ranges, for ion storage
devices, as well as for astrophysics (e.g., for the solar plasma and for determining the
physical state of planetary nebulae).

Keywords: dips in spectral line profiles; diagnostic of Langmuir waves amplitude;
diagnostic of electron density in plasmas; method for measuring charge exchange rates

PACS: 32.70.Jz; 52.35.Fp; 34.70.+e; 32.30.Rj; 33.15.-¢

1. Langmuir-Wave-Caused Dips

Langmuir-wave-caused dips (L-dips) in profiles of spectral lines in plasmas were discovered
experimentally and explained theoretically for dense plasmas, where one of the electric fields F
experienced by hydrogenic radiators is quasi-static. This field can be the ion micro-field and (or) a
low frequency electrostatic turbulence.

There is a rich physics behind each of these phenomena. L-dips result from a resonance between
the Stark splitting @p = 3nhF/(2Z,m.e) of hydrogenic energy levels, caused by a quasistatic field F in
a plasma, and the frequency o, of the Langmuir waves, which practically coincides with the plasma
electron frequency wy(N.) = (4ne*Ne/me)"? = 5.641 x 10* [Ne(cm >)]"*:

oF =5 0p(Ne),s=1,2, ... @)

Even for the most common case of s = 1, it is actually a multi-frequency resonance phenomenon
despite the fact that the electric field of the Langmuir wave is considered to be single-frequency
(monochromatic): Eq coswpt . Its multi-quantum nature has been revealed in paper [1]: it is a
resonance between many quasienergy harmonics of the combined system “radiator + oscillatory
field”, caused simultaneously by all harmonics of the total electric field E(t) = F + Eq cosw,t; where
vectors F and E are not collinear.

The history of dips covers a long period from 1977 to 2013, during which they have been studied
experimentally in different plasma sources, such as gas-liner pinch, laser-produced plasmas, and
Z-pinch plasmas. These experiments, performed by various groups, required specific configurations
and improved high-resolution X-ray spectrometers. The theory of L-dips provided a diagnostic tool
for measuring the electric field amplitude E, of the Langmuir waves and an independent method
for measuring the electron density Ne.

1.1. Theory of L-dips

We present here a summary of the theoretical results from [2—-5]. The resonance condition (1) is
controlled by the principal quantum number n of the upper level involved in the radiative transition,
the nuclear charge of the radiating ion Z,, the electron density N, and the quasi-static micro-field F.
As the quasi-static field F has a broad distribution AF over the ensemble of radiators, there would
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always be a fraction of radiators for which the resonance condition (1) is satisfied. These radiators
are subjected simultaneously to the resonance value F,s of the quasi-static field (defined by Equation
(1)) and to the Langmuir wave field Eq coswpt. The L-dips are possible only as long as E¢ < Fre.
This imposes an upper limit on the ratio of the energy density of the Langmuir waves to the
thermal energy density: E¢*/(87N.Te) < 4Uion/(9n°T,), where Ui, is the ionization potential of the
radiating ion.

The resonance condition translates to specific locations of L-dips in spectral line profiles,
depending on N¢; the distance of a L-dip from the unperturbed wavelength is given by:

Ahgip = aN."* + bN ()
where coefficients a and b are controlled by quantum numbers and by the charges of the radiating and
perturbing ions.

The primary term in Equation (2) reflects the dipole interaction with the ion micro-field. The

second, much smaller term, takes into account—via the quadrupole interaction—a spatial

non-uniformity of the ion micro-field.

Figure 1. The theoretically-expected structure of the L-dip.
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Each L-dip represents a structure consisting of the dip itself (the primary minimum of intensity)
and two surrounding bumps (Figure 1). The bumps are due to a partial transfer of the intensity from
the wavelength of the dip to adjacent wavelengths. The total structure can lead to a secondary dip
(or a small shoulder).

The half-width of the L-dip, controlled by the amplitude E, of the electric field of the Langmuir
wave, is given by:

Shiz = (3/2)"h’n’ Bo/(8nmeecZ), 4)

where A is the unperturbed wavelength of the spectral line. Thus, by measuring the experimental
half-width of L-dips, the amplitude E¢ of the Langmuir wave can be determined.
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1.2. Experimental Observations of L-dips

Gas-Liner Pinch Experiments in Kunze’s Group (1980-1990). The first observations of L-dips
were made in a gas-liner pinch [6]—a modified z-pinch with a special gas inlet system—which is
injected concentrically along the pinch wall and accelerated into the center of the discharge chamber
to form the plasma. The plasma is mostly the driver gas plasma. It is characterized by a density
(1-3) x 10" cm™, a relatively low temperature 10-13 eV, and a quasi-monochromatic field
Eo cos(wpt + ¢) (Langmuir wave) of the same order as the average ion micro-field F*. With the
injection of hydrogen, the Stark broadened profiles of Lya were observed along the z axis at different
times after the compression using a concave grating spectrometer [6].

The spectra (Figure 2) were taken 110 ns (top) and 200 ns (bottom) after the maximum
compression. The electron densities were obtained by an independent diagnostic, i.e., coherent
Thomson scattering. The first-order dips (due to the one-quantum resonance ®wr = ®,) and the
second-order dips (due to the two-quantum resonance or = 2m,) were observed and their positions
were in agreement with the theory. The shift of the dips with increasing densities was also visible
and consistent with Equation (2); the effect of the spatial non-uniformity of the ion micro-field
on the L-dip positions was revealed experimentally for the first time. Moreover, the detailed
bump-dip-bump structure in the profile of each Stark component was also revealed for the first
time (Figure 3).

Figure 2. Comparison of the experimental and theoretical positions of the dips in the
profiles of the hydrogen Lya line in the gas-liner pinch. The theoretical positions are
shown by vertical solid lines connected by dashed lines.
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The gas-liner pinch experiments allowed two important diagnostics: the electron density from
the location of the dips, using Equation (2), and the Langmuir wave amplitude from the half-width of
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the L-dips, using Equation (3). Figure 4 shows the electron densities calculated from the separation of
the first-order dips vs. the electron density obtained by coherent Thomson scattering; the agreement is
very good.

Laser Produced Plasma Experiments at LULI (Laboratoire pour [’'Utilisation des Lasers
Intenses, O. Renner et al. 2006). The experiment was performed at the nanosecond Nd:glass laser
facility at LULI. A single laser beam with an intensity of 2 x 10" W/cm® was focused onto a
structured target; an Al strip sandwiched between magnesium substrate [7,8]. The Al plasma was
well confined and the transverse emission was optimized. The plasma parameters N =5 x 10** cm
and T. = 300 eV were estimated by hydrodynamic simulations. They confirm a resonant coupling
between the ion micro-field F and the Langmuir field E. A Vertical-geometry Johann Spectrometer
VIS with high spectral (4200) and spatial resolution was specially designed for the assessment of
fine structures in the red wing of the Al XIII Lyy line (Figure 5).

Figure 3. Zoom on the observed bump-dip-bump structure from the top part of Figure 2,
the farthest dip in the blue wing.
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spectral z0
resolution

Figure 4. Comparison of the electron density deduced from coherent Thomson scattering
and from the first-order dips, i.e., the dips like the pairs of dips closest to the line center in

Figure 2.
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Figure 5. Experimental setup showing the structured target (CH/Al,C;/CH or Mg/Al/Mg),
the Vertical-geometry Johann Spectrometer (VJS), and a sample experimental record
consisting of two identical (except for noise) sets of spatially resolved spectra,
symmetrically located with respect to the central wavelength.

cylindrically
bent crystal

{ Rowland circle
laser beam

expanding
plasma

carbon structured target
CHAIC,/CH

spatial —
resolution target surface



208

Theoretically expected L-dip positions (Figure 6) were confirmed by the experiment (Figure 7).
The simultaneous production of a pair of symmetric spectra with this spectroscopic setup provides a

reference point for the computational reconstruction of raw data, thus increasing the confidence in
the identification of the dips.

Figure 6. Theoretically expected positions of L-dips in profiles of the Al XIII Lyy line
vs. the electron density.
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Figure 7. L-dips in the experimental profiles of the Al XIII Lyy line from a plasma
produced by the LULI laser. Only the red dips (corresponding to q = 1 in Figure 6) are
visible, the blue dips (q =—1) are merged with the noise. The different spectra correspond
to the emission from different distances from the target (i.e., different densities).
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This experiment in a laser-produced plasma confirms the dependence of the dips positions on the
density, thus allowing a density diagnostic. The densities can be compared to the ones obtained from
line broadening simulations (IDEFIX code at LULI and PIM PAM POUM code at PIIM-Marseille).

The latest experimental application of the theory of L-dips in Z-pinch plasma at Chongqing
University, China (Jian et al. 2013). At the Yang accelerator Z-pinch aluminum plasmas,
characterized by a density N. = 5 x 10*' cm >, the electron temperature T, = 500 ¢V and the ion
temperature T; = 10 keV, were obtained by an imploding aluminum wire-array [9]. These conditions
were favorable to a resonant coupling between the ion micro-field F and the Langmuir field E. The
experimental Stark broadened profiles of the Al XIII Lya and Al XIII Lyy lines were recorded with a
high spectral resolution (2500) on a “Uniform Dispersion mica Crystal Spectrograph” UDCS [9].
These lines, emitted from different regions, exhibit bump-dip-bump first-order resonance structures,
as shown in Figure 8. They correspond to slightly different densities and to different radial
temperature gradients. The relationship between the positions from the line center of red Langmuir
dips and electron density was studied. The electron densities deduced from the fine spectral features
(the red dips) were compared to those derived from measurements of the Plasma Polarization Shift
(PPS) of the entire spectral line. There was a 5% difference in electron density obtained by the two
methods, which was due to the uncertainty of determining the average T. required for the PPS
method (but not required by the method based on the L-dips).
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Figure 8. The experimental red dips L™ and L™ in the profiles of the Al XIII Lyo and Al
XII Lyy lines, observed at a Z-pinch facility in China, are compared to the theoretical
predictions. The blue dips merge in the noise.
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2. Charge-Exchange-Caused Dips

The charge-exchange-caused-dips (X-dips) in profiles of spectral lines from dense plasmas are
due to the Charge Exchange (CE) atomic process inside the plasma—distinct from L-dips caused by
a resonant coupling between the plasma micro-field and Langmuir waves. Up to now, the process
and its spectroscopic manifestation was studied in H-like radiating ions of the nuclear charge Z,
exchanging an electron with a perturbing fully-stripped ion of a different nuclear charge Z’# Z. The
history of X-dips covers a long period from 1995 to 2012. These dips represent signatures of the CE
process in spectral line profiles emitted from dense plasmas. Observations of X-dips allow
measuring rate coefficients of CE between multi-charged ions in dense plasmas.

2.1. Theory of X-dips

We present here a summary of theoretical results from [10-15]. The X-dips are caused by CE at
quasi-crossings of the energy terms E(R) of the quasi-molecule Z-e-Z’, made up of a H-like radiating
ion Z and a perturbing fully stripped ion Z’. Here, R stands for the interionic distance. It is worth
noting that there is a theorem by Neumann-Wigner [10] stating that terms “of the same symmetry”
cannot cross, where “the same symmetry” means that the terms are characterized by the same
projection M of the angular momentum on the inter-nuclear axis. However, this theorem is not valid
for the Z—e—Z’ quasi-molecule [11], because this systems has a higher than geometric symmetry and
therefore possesses an additional conserved quantity. The extra conserved quantity is the projection
on the inter-nuclear axis of the super-generalized Runge-Lenz vector [12], i.e.:

A=pxM-M/Re,~Zrr—Z (R-1)/|R-1|+Z'e,, e,=R/R, 4)
where p and M are linear and angular momenta vectors, respectively; r is the radius vector of the

electron. At the quasi-crossing, the terms are characterized by the same energy E and by the same
projection M of the angular momentum on the inter-nuclear axis, but differ by the projection A, of
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vector A on the inter-nuclear axis. This extra conserved quantity A, controls the selection rule,
allowing CE process at the quasi-crossing.

We note that CE could be possible not only due to quasicrossings, but also due to a rotational
(Coriolis) coupling of terms (see, e.g., books [16,17]). Physically, the latter possibility is caused by a
rotation of the internuclear axis; a simple yet general enough analytical treatment of this being given,
e.g., in paper [18]. However, only CE due to quasicrossings causes X-dips — the formation of X-dips
is intimately related to quasicrossings. We mention also that CE due to a rotational coupling usually
occurs at significantly smaller internuclear distances than CE due to quasicrossings. Therefore, even
if the rotational coupling would be able to cause an X-dip (though in reality it cannot), such dip
would be practically impossible to observe; it would be located in a very far wing of the
corresponding spectral line, where the experimental line profile merges with the noise. In short, an
X-dip is a spectroscopic manifestation of CE, but not vice versa; not every CE causes an X-dip, but
only CE due to a quasicrossing.

The transition energies AE(R) = 7o for the radiating ion Z, corresponding to the Stark components
due to the static field produced by the Z’ ion (averaged over the ion distribution), yield the
quasi-static profiles. These profiles are subjected to the dynamical broadening y(R) due to electrons
and ions.

Two independent complementary mechanisms explain the formation of X-dips in spectral line
profiles [15]: one through the behavior of AE(R) and another through the dynamical broadening
Y(R). A sharp change of the slope of the transition energy AE(R) at the quasi-crossing R leads to a
dip at large distances [14] that can be predicted using the expansion of AE(R) in powers of 1/R. The
other mechanism is based on the fact that CE provides an extra channel for the decay of the excited
state of the radiating ion Z—in addition to the decay at the rate ynonce(R) caused by the dynamical
Stark broadening [13]. As a consequence, at R, the intensity of the profile is smaller (the dip
formation) and in the vicinity AR it is larger (the bump formation) than it would be without CE.

Figure 9 presents a magnified sketch of the quasi-crossing structure and the role of the
dynamical broadening.

Figure 9. A magnified sketch of the quasi-crossing structure. The transition energy, the
bold line, occupies a bandwidth y(R). In the interval AR the transition has two branches.
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The transition energy Ze-Z’ (the bold line) occupies a bandwidth y(R), which is controlled by the
dynamical broadening ynonce(R) caused by electrons and ions, and by the charge exchange increase

YCE (R) ie.:
Y(R) = YCE(R) + YnonCE(R)~ (5)
It is important to emphasize that ycp(R) rapidly decreases away from R, while yyonce(R) varies

very slowly away from R.. This explains that the dip itself is surrounded by two adjacent bumps.
The bump-to-dip ratio of intensities is a function of the ratio:

r= YCE(RC)/YnonCE(Rc) . (6)

This function was calculated analytically in [15]. As r increases, the bumps move away from the
center of the X-dip and their intensities decrease. The bump-to-dip ratio measurement rey, allows

deducing the rate coefficient of charge exchange [15] as follows:
<V cTCE(V)> = 'YnonCE(Rc) rexp/Niy (7)

where N; is the ion density. The quantity y = ynonce(Rer) in Equation (7), representing the frequency of
inelastic collisions with electrons and ions leading to virtual transitions from the upper state of the
radiator to other states, can be calculated for given plasma parameters N, Nj, Te, and T; by using one
of few contemporary theories (presented, e.g., in the book [19]).

The experimental determination of the rate coefficients of charge exchange from the dip structure
is an important reference data that is virtually inaccessible by other experimental methods.

Figure 10. The X-dip structure in the blue side of the Ho line emitted by hydrogen atoms
perturbed by fully stripped helium.
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2.2. Experimental Observations of X-dips

The first observation in the gas-liner pinch (Kunze’s group 1995). The first observation of X-dips
was made in the gas-liner pinch [13] in the blue side of the Ha line emitted by hydrogen atoms H
(Z = 1) perturbed by fully stripped helium He (Z’ = 2) (Figure 10). The dips were observed for a
relatively small range of electron densities around 10'® cm . For lower densities, the quasi-crossing
distance R, was much lower than the mean inter-ionic distance R; and for higher densities, the
dynamical broadening ynonce(Rc) was smoothing the dip structure, both reasons being unfavorable for
experimental observations. In these experiments the electron density N, was measured by Thomson
scattering and it was verified that the positions of the X-dips did not depend on Ne.

Figure 11. Observation of the X-dip structures X, X5, X3 in the red wing of the Al XIII
Lyy line perturbed by carbon in laser-produced plasma experiments at LULI. The L-dips
are also visible, but less pronounced than the X-dips.
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Figure 12. A magnified plot of the observed X;-dip structure, used for deducing the rate

coefficient of CE.
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Laser Produced Plasma Experiments at LULI (Laboratoire pour [’'Utilisation des Lasers
Intenses) (E. Dalimier et al. 2001). Later, the X-dips were observed in laser-produced plasmas
characterized by a high electron density 10** — 3 x 10** cm ™ [15,20]. The setup was implemented at
the laser facility LULI using the same nanosecond laser at 10'* W/cm? and the same high-resolution
Vertical-geometry Johann Spectrometer (R = 8,000) as in the experiments devoted to the observation
of L-dips [7,8]. The targets used for the observation of X-dips were aluminum carbide Al4C; strips
inserted in carbon substrate. The emission from the heterogeneous plasma made up of Al and C ions
exhibited spectroscopic signatures of CE. X-dips were observed for the first time in the experimental
profile of the Lyy line of Al XIII (Z = 13) perturbed by fully stripped carbon CVI (Z’ = 6), as shown
in Figure 11. The positions of the dips did not vary significantly in the small density domain. For
smaller densities the line is too narrow to allow the visibility of the exotic X-dip structures and at
higher densities the dips are smoothed out.

From the experimental bump-to-dip ratio, the rate coefficient of charge exchange between
a hydrogenic aluminum ion in the state n = 4 and a fully stripped carbon was found to be [15]:

<V ocp(v)> = (5.2+ 1.1) 10°° em’/s (8)

A magnified plot of the X;-dip structure, used for deducing the rate coefficient of CE, is presented
in Figure 12.

Laser-produced plasma experiments at PALS (O. Renner et al. 2012). The latest experimental
study of X-dips was performed in 2012; in Plasma Wall Interaction (PWI) experiments performed at
PALS [21]. A plasma jet of aluminum ions, produced by the nanosecond iodine laser of the intensity
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3 x 10" Wem ? incident on a foil, interacted with a massive carbon target. The high spectral and
spatial resolution Vertical-geometry Johann Spectrometer was adjusted for the observation of X-dips
in the experimental profile of the Lyy line of Al XIII (Z = 13) (Figure 13). The dips X; and X5, clearly
visible in the red wing, are the signatures of CE phenomena accompanying the PWI. The electron
densities involved in the experiment and simulated by codes PALE [22] and MULTIF [23] can reach
5x 10 ecm’, which is higher than those achieved at LULI during the study of the same line (Figure 11).
It is important to note that a weak dependence of the positions of the dips on the density has been
detected. Simulations can explain this dependence [21]. The dip, visible in the far-red wing, is an
L-dip corresponding to a possible multi-quantum resonance, thus providing a spectroscopic
diagnostic of the electron density.

Figure 13. Observation of the X-dip structures X; and X3, in the red wing of the Al XIII
Lyy line in the Plasma-Wall Interaction experiments at PALS (aluminum plasma
interacting with carbon wall).
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Table 1. Prospective He-like lines and reciprocal cases of H-like lines, and solid targets

for observing X-dips in laser-produced plasmas.

Pert
Line ez:rb Reciprocal Case Target
O VII He- " Li III L-alpha 135.0 A o . e . .
c-gamma Li" ! a'pha 7 Lithium oxide (lithia) Li,O (solid)
17.78 A perturbed by O
Si XIIT He-bet: . S . .
! ebea Be™ Be-Si binary alloy or beryllium-doped silicon
5.681 A
Mg XI He- B V L-alpha 48.59 A . .
£ c-gamma B" apha 1 Boracite Mg;B;0;C1 (mineral)
7.473 A perturbed by Mg
Si XIIT He- C VI L-alpha 33.74 A
! 5.40: iamma c permri : . Zy - Silicon carbide (carborundum) SiC (solid)
Calcium carbonate CaCO; (the common
Ca XIX He-beta C' substance found in rocks and the main
2.705 A component of shells of marine organisms, snails,
and egg shells)
S XV He-gamma N N VII L-alpha 24.78 A Ammonium sulfate (NH4),SO,
4.089 A perturbed by S (crystals/granules)
V XXII He-bet N . o .
2.0271 - N7 Vanadium nitride VN (solid)
Fe XXV He-bet . . .
¢ e-beta 0" Iron oxides FeO, Fe;04, Fe,0; (crystalline solid)
1.574 A
Ca XIX " F IX L-alpha 14.99 A . . . . .
He-gamma 2. 57 A F” perturbed byCa™ Calcium fluoride (fluorite) CaF, (mineral/solid)
Cu XXVIIL " . . .
Y F? Copper fluoride CuF, (crystalline solid)

He-beta 1.257 A

2.3. The Latest Development on X-dips

Up to now, the X-dip phenomena were considered to be possible only in spectral lines of
hydrogen-like ions perturbed by fully stripped ions. The reason is the existence of an additional
conserved quantity for the corresponding two-center Coulomb system with one bound electron.
Recently we showed that X-dip phenomena are possible in spectral lines of helium-like ions from
laser-produced plasmas [24,25]. The reason is the existence of an approximate additional conserved
quantity for the corresponding two-center Coulomb system with two bound electrons [26]. This
offers a new opportunity to extend the range of fundamental data on charge exchange.

Table 1 presents 15 prospective He-like spectral lines and 10 corresponding solid targets for
observing X-dips in laser-produced plasmas.

3. Conclusions

The conclusion of the review paper is focused on the importance of L-dips and X-dips
phenomena.

First, there is rich physics in both phenomena, involving connections between different topics,
i.e., Atomic/Molecular Physics and Plasma Physics.
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Second, high-resolution spectroscopy was crucial in all these studies and it resulted in new dense
plasma diagnostic methods and in the production of new fundamental reference data, i.e., the
amplitude of the electric field of Langmuir waves from L-dips, the first spectroscopic signature
allowing also an accurate measure of the electron density; the rate coefficient of CE between
multi-charged ions from X-dips. The rate coefficient of CE is important for inertial fusion in
laser-generated plasmas, for magnetic fusion in Tokamaks, for population inversion in soft X-ray
and VUV ranges, for ion storage devices, and for astrophysics phenomena. The X-dips method
presented here has shown its efficiency over a very large range of electron densities.

Acknowledgments

The participation of O. Renner in this work was supported by the Academy of Sciences of the
Czech Republic, project M100101208.

Author Contributions

All authors contributed equally to this review.
Conflicts of Interest

The authors declare no conflict of interest.
References

1. Gavrilenko, V.P.; Oks, E. A new effect in the Stark spectroscopy of atomic hydrogen: Dynamic
resonance. Sov. Phys. JETP-USSR 1981, 53, 1122-1127.

2. Zhuzhunashvili, A.L.; Oks, E. Technique of optical polarization measurements of the plasma
Langmuir turbulence spectrum. Sov. Phys. JETP-USSR 1977, 46, 1122—1132.

3.  Oks, E.; Rantsev-Kartinov, V.A. Spectroscopic observation and analysis of plasma turbulence
in a Z-pinch. Sov. Phys. JETP-USSR 1980, 52, 50-58.

4. Gavrilenko, V.P.; Oks, E. Multiphoton resonance transitions between “dressed” atom sublevels
separated by Rabi frequency. Sov. Phys. Plasma Phys. 1987, 13, 22-28.

5. Oks, E. Plasma Spectroscopy: The Influence of Microwave and Laser Fields; Springer Series on
Atoms and Plasmas, Volume 9; Springer, New York, NY, USA, 1995.

6. Oks, E.; Boddeker, St.; Kunze, H.-J. Spectroscopy of atomic hydrogen in dense plasmas in the
presence of dynamic fields: intra-Stark spectroscopy. Phys. Rev. A 1991, 44, 8338-8347.

7. Renner, O.; Dalimier, E.; Oks, E.; Krasniqi, F.; Dufour, E.; Schott, R.; Forster, E. Experimental
evidence of Langmuir-wave-caused features in spectral lines of laser-produced plasmas. J.
Quant. Spectr. Rad. Transfer 2006, 99, 439-450.

8. Krasniqi, F.; Renner, O.; Dalimier, E.; Dufour, E.; Schott, R.; Forster, E. Possibility of plasma
density diagnostics using Langmuir-wave-caused dips observed in dense laser plasmas. Eur.
Phys. J. D 2006, 39, 439444,



11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24,

25.

26.

218

Jian, L.; Shali, X.; Qingguo, Y.; Lifeng, L.; Yufen, W. Spatially resolved spectra from a new
uniform dispersion crystal spectrometer for characterization of Z-pinch plasmas. J. Quant.
Spectr. Rad. Transfer 2013, 116, 41-48.

. von Neumann, J.; Wigner, E. Uber das verhalten von Eigenwerten bei adiabatischen Prozessen.

Phys. Z.1929, 30, 467-470.

Gershtein, S.S.; Krivchenkov, V.D. Electron terms in the field of 2 different Coulomb centers.
Sov. Phys. JETP-USSR 1961, 13, 1044.

Kryukov, N.; Oks, E. Super-generalized Runge-Lenz vector in the problem of two Coulomb or
Newton centers. Phys. Rev. 4 2012, 85, 054503.

Boeddeker, S.; Kunze, H.-J.; Oks, E.A Novel structure in the H-alpha line profile of hydrogen in
a dense helium plasma. Phys. Rev. Lett. 1995, 75, 4740-4743.

Oks, E.; Leboucher-Dalimier, E. Spectroscopic signatures of avoided crossings caused by
charge exchange in plasmas. J. Phys. B: Atom. Mol. Opt. Phys. 2000, 33, 3795-3806.
Dalimier, E.; Oks, E.; Renner, O.; Schott, R. Experimental determination of rate coefficients of
charge exchange from X-dips in laser-produced plasmas. J. Phys. B: Atom. Mol. Opt. Phys.
2007, 40, 909-919.

Bransden, B.H.; McDowell, M.R.C. Charge Exchange and the Theory of lon-Atom Collisions;
Oxford University Press: Oxford, United Kingdom, 1992.

Smirnov, B.M., Physics of Atoms and Ions; Springer: Berlin, Germany 2003; Section 14.3.
Demkov, Yu.N.; Kunasz, C.V.; Ostrovskii, V.N. United-atom approximation in the problem of
>—TI transitions during close atomic collisions. Phys. Rev. A, 1978, 18, 2097-2106.

Oks, E., Stark Broadening of Hydrogen and Hydrogenlike Spectral Lines in Plasmas: The
Physical Insight; Alpha Science International: Oxford, United Kingdom, 2006.
Leboucher-Dalimier, E.; Oks, E.; Dufour, E.; Sauvan, P.; Angelo, P.; Schott, R.; Poquerusse, A.
Experimental discovery of charge-exchange-caused dips in spectral lines from laser-produced
plasmas. Phys. Rev. E, 2001, 64, 065401(R).

Renner, O.; Dalimier, E.; Liska, R.; Oks, E.; Smid, M. Charge exchange signatures in X-ray line
emission accompanying plasma-wall interaction. J. Phys. Conf. Ser. 2012, 397, 012017.

Liska, R.; Limpouch, J.; Kucharik, M.; Renner, O. Selected laser plasma simulations by ALE
method. J. Phys. Conf. Ser. 2008, 112, 022009.

Chenais-Popovics, C.; Renaudin, P.; Rancu, O.; Guilleron, F.; Gauthier, J.C.; Larroche, O.;
Peyrusse, O.; Dirksmdller, M.; Sondhauss, P.; Missalla, T.; et al. Kinetic to thermal energy
transfer and interpenetration in the collision of laser-produced plasmas. Phys. Plasmas 1997, 4,
190-208.

Dalimier, E.; Oks, E. Dips in spectral lines of He-like ions caused by charge exchange in
laser-produced plasmas. Intern. Review of Atomic and Molec. Phys. 2012, 3, 85-92.

Dalimier, E.; Oks, E. Analytical theory of charge-exchange-caused dips in spectral lines of
He-like ions from laser-produced plasmas . J. Phys. B: Atom. Mol. Opt. Phys. 2014, 105001.
Nikitin, S.I.; Ostrovsky, V.N. On the classification of doubly-excited states of the two-electron
atom. J. Phys. B: Atom. Mol. Opt. Phys. 1976 9, 3141-3148.



MDPI AG
Klybeckstrasse 64
4057 Basel, Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18
http:/www.mdpi.com/

Atoms Editorial Office
E-mail: atoms@mdpi.com
http://www.mdpi.com/journal/atoms



;¥ MDPI - Basel + Beijing+ Wuhan
ISBN 978-3-906980-82-9
www.mdpi.com




	Spectral Line Shapes in Plasmas
	Copyright Page
	Table of Contents
	Preface
	Ion Dynamics Effect on Stark-Broadened Line Shapes: A Cross-Comparison of Various Models
	Influence of Microfield Directionality on Line Shapes
	Spectral-Kinetic Coupling and Effect of Microfield Rotation on Stark Broadening in Plasmas
	Ideal Coulomb Plasma Approximation in Line Shape Models: Problematic Issues
	Widths and Shifts of Isolated Lines of Neutral and Ionized Atoms Perturbed by CollisionsWith Electrons and Ions: An Outline of the Semiclassical Perturbation (SCP) Method and of the Approximations Used for the Calculations
	Electron-Impact Widths and Shifts of B III 2p-2s Lines
	Line-Shape Code Comparison through Modeling and Fitting of Experimental Spectra of the C II 723-nm Line Emitted by the Ablation Cloud of a Carbon Pellet
	On the Application of Stark Broadening Data Determined with a Semiclassical Perturbation Approach
	Spectral Line Shapes of He I Line 3889 Å
	Hydrogen Spectral Line Shape Formation in the SOL of Fusion Reactor Plasmas
	Review of Langmuir-Wave-Caused Dips and Charge-Exchange-Caused Dips in Spectral Lines from Plasmas and their Applications
	Atoms Editorial Office



