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Accuracy of Stark Broadening Calculations for Ionic Emitters
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The standard static-ion impact electron theory of line broadening is assessed with a calculation of the
He II Pa line over a broad range of plasma conditions. Ion dynamics, an improved electron collision
operator, and accurate atomic physics are included in the computation. Simulations also have been
performed to validate effects included in the calculation at higher densities. Calculated linewidths are
compared with experiment over more than two decades in electron density, and broad agreement is
found. This provides the first critical evaluation of the assumptions of Stark broadening theory. The
profiles also display the first unambiguous evidence of ion dynamics. [S0031-9007(98)07936-8]

PACS numbers: 52.70.Kz, 32.70.Jz, 52.65.–y
t
lly

rm
s
tio

ct
ma
ha
t
ve
on
e
sm
ica
me
th
s,

cu
are
om

b
e
ie
la-
m

ne
red
th

I
n

tio
ow
ne
tha
,4

ion
of

ose

ma
us
ade
s
lf
to

t at
sure
to

ed
the

ults
e

ns
ob-
ic
sma
, the
ec-
eti-
to
in
are

eld-

es
tic

ob-
ide

a
the
Stark-broadened line-shape calculations based on
standard static-ion impact-electron theory historica
have been used to support the diagnostics of the
plasmas [1]. In the following, the limits of validity of thi
theory will be assessed through a line profile computa
of the HeII Paschen-a (n ­ 4 to 3) transition in a broad
range of plasma conditions. The large number of effe
involved in the calculation, the wide range of plas
parameters, and the extensive experimental line-s
data available suggest thatPa is the appropriate tes
bed for these Stark broadening calculations. Moreo
benchmark simulations covering the plasma conditi
are also available for comparison. The extensive rang
available experimental data spans regions in the pla
parameter space for which almost all of the phys
effects that can contribute to the line profile beco
important. These include the interference terms in
electronic collision operator, ion microfield fluctuation
and fine structure and detailed level splitting. Cal
lations of the atomic parameters of this transition
accessible, but not trivial, so that errors arising fr
the atomic physics are minimized, and attention can
focused on the line profile computation itself. All of th
effects included in this computation have been stud
singly or in combination in previous line shape calcu
tions that were restricted to a smaller range of plas
parameters. The present work derives important
information from the range of plasma conditions cove
and from the completeness of effects important for
standard Stark-broadening theory of ionic line profiles.
is for these reasons that the present calculations ca
used to assess the accuracy of the standard model.

The results presented here are based on calcula
performed with PPP [2], a code that has been sh
to produce rapid and accurate profiles of spectral li
emitted by multicharged ions in hot dense plasmas
are in excellent agreement with experimental data [3
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It constitutes an important advance in the computat
of Stark-broadened line shapes for the diagnostic
high density and temperature plasmas [5] such as th
produced by lasers or pinches [6]. The calculatedPa line
profiles are compared with recent high density plas
experiments [7] and lower density data from previo
measurements [8,9], covering more than a two-dec
range of electron densityNe with an associated 2 order
of magnitude change in the transition full width at ha
maximum (FWHM). The present calculations are seen
be in good overall agreement with experiment, excep
the highest densities, where the discrepancy is a mea
of the accuracy of the standard model. In order
validate the contribution of the different effects includ
in the calculations for the high density plasma cases,
computed linewidths are also compared with the res
of simulations which include both the ionic and th
electronic components of the plasma [10].

The modeling of the Stark broadening of transitio
from charged emitters is an extremely complicated pr
lem that involves a complex combination of atom
physics data, statistical mechanics, and detailed pla
physics. In a large number of cases in the recent past
comparison of calculated profiles with experimental sp
tra was not very satisfactory, due not only to the theor
cal difficulties associated with the calculations but also
experimental uncertainties. An example can be found
experiments using laser produced plasmas, as these
often inhomogeneous and transient in nature, rarely yi
ing data that derives from independently diagnosedNe

andTe conditions. In addition, these line profile analys
require a simultaneous study of the radiative and kine
properties of the plasma [11], so that the experimental
servation of ionic lines in these plasmas does not prov
a benchmark for the theoretical models of line shapes.

In this paper, experiments from well-defined plasm
sources have been relied upon for comparison with
© 1998 The American Physical Society
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calculations. The experimental data considered in
work are obtained from stable, homogeneous plasma
ated by various discharges, with measured electron de
ties from 2 3 1016 to 4 3 1018 cm23. Computations of
the spectral line shape of thePa line emitted from certain
of these plasmas have been performed in the past [12
but were not in agreement with the measured profiles o
a sufficiently large density domain. Previous attempts
calculate this line, using a simplified impact approxim
tion electron collision operator for the upper and low
emitter levels that ignored the interference term in
electron operator [14], failed to agree with experime
predicting linewidths 50% larger than the experimen
widths at densities above1017 cm23.

A number of improvements to the version of PP
that was employed in Ref. [14] have been made for
work. Most importantly, a more accurate description
the electron collisions has been introduced, since elec
impact broadening affects the linewidth significantly f
the range of plasma conditions considered here.
modification with the most significant effect on th
calculated electron impact width is that of retaini
the interference terms in the electron collision opera
[15]. Including these terms is an important factor
obtaining the agreement with experiment now found o
an extremely wide range ofNe. Another modification
to the electron impact operator is to include the eff
of the energy separation of the perturbing levels [1,1
Also, the code now utilizes more accurate atomic phys
data, retaining the level fine structure and detailed le
splitting. This is especially important for the lowe
values ofNe that are considered. Finally, it is found th
ion microfield fluctuations are important over almost t
entire range of plasma conditions, making it necessar
include the ion-dynamics effect in the calculation.

The ion-dynamics effect is accounted for in P
through a Markovian line mixing algorithm, the frequen
fluctuation model (FFM) [17]. This model differs from
previous fluctuation models in that, rather than model
the perturbative effect of ion microfield fluctuations [1
on the line profile, the Stark components of the li
are mixed by a random process. In comparison w
the rigorous field fluctuation models that are diffic
to apply to complex ionic transitions, the FFM is
practical method for rapid calculations. It has be
thoroughly tested through simulation and by calculatio
of ionic spectra in hot dense plasmas, where the
of the FFM in the PPP code was shown to impro
the agreement with experiment [3,4]. This improv
agreement was an early indication of the importa
of ion dynamics in this regime of plasma condition
but could not be considered as proof of the prese
of this effect, because of uncertainties in the data.
this work, including the contribution of ion microfiel
fluctuations into the calculation of the spectral shape
Pa yields an accord with the data over such a la
range of well-defined plasma conditions that it can
is
re-
si-
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considered to constitute the first definite evidence of
ion-dynamics effect on the spectrum emitted by a charg
radiator.

The computed FWHM ofPa over the range,Ne ­
2 3 1016 4 3 1018 cm23 is compared with experimen
in Fig. 1. Broadening caused by levels other than tho
of the radiative transition is included in PPP through
procedure for retaining all levels which are significant
coupled by the Stark effect to either the upper or low
group of levels belonging to the radiative transition. F
the lowest densities calculated, the only levels retained
the calculation were those of the transition itself (n ­ 3
or n ­ 4). However, for higher densities, the addition
broadening due to then ­ 5 level becomes relevant an
is included. Experimental results obtained in differe
plasma conditions are included in this figure. The plas
temperature varies between 34 000 and 87 000 K, and
ton or He1 perturbers are involved, depending on the p
ticular experiment. The experiment of Pittmanet al. [8]
was performed in a pure helium plasma withTe of the
order of 4 eV. The data of Stefanovicet al. [9] was ac-
quired in a plasma with predominantly proton perturbe
at Te ­ 3.27 eV. For this experiment,Ne was verified
with a He-Ne laser interferometric technique. Finally,
higher densities, the precision results recently obtain
by Büscheret al. [7] were obtained with a gas linerZ
pinch of proton perturbers withTe ­ 4 7.5 eV, which
confirm the previous observations of Gawronet al. [19].
The plasma parameters in these experiments were d
mined independently of the spectroscopy through Thom
son scattering. These experiments are comparable as
small changes of the width of thePa line occur for the
different temperatures and perturbers.

In Fig. 1, our calculations are seen to be in excelle
agreement with the experimental linewidths over t
Ne ­ 1016 1017 cm23 range. At higher densities, ther
is good overall agreement with the experimental tre

FIG. 1. The FWHM of the HeII Pa line versusNe. Experi-
mental widths obtained by Büscheret al. [7] (up triangles),
Pittman et al. [8] (diamonds), and Stefanovicet al. [9] (down
triangles) are compared to the calculation (black circles).
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but with a tendency for the calculated FWHM to be abo
30% below the experimental value. To search for
possible causes of this error, simulations were perform
for comparison with the calculations of the high dens
line shapes. This comparison allows an investigation
the validity of the theoretical assumptions used in the P
code and gives information on the possible causes of
discrepancy with the high density data.

Simulations of the evolution of the quantum emitt
in the plasma microfield can establish benchmark l
profiles without introducing an impact or static approx
mation as is required in the generalized impact the
computation [20–22]. The simulation does, howev
incorporate other important assumptions made in
theoretical calculations such as straight line class
trajectories and the restriction to dipole interaction for t
emitter-perturber coupling, in accord with the assumptio
[16] used in the calculation of the electron collisio
operator in PPP. This permits the basic hypotheses of
standard model to be tested.

Using the techniques of Ref. [21] to treat in a unifie
manner both plasma ions and electrons, two compon
simulations were performed for comparison with t
calculations at high density. In Fig. 2, we compare t
high density simulation to the results of the PPP co
The simulations retain only the transition levels and
not include broadening effects arising from other sta
so that for purposes of comparison we have not inclu
in the theoretical results the broadening due to lev
other than those of the radiative transition. The result
theoretical widths in this figure are, therefore, about 1
narrower than those reported on Fig. 1 for these densi
It can be seen in Fig. 2 that this restricted PPP calcula
and the simulation are in close agreement, indicating
the FFM treatment of ion motion and the assumptio
included in the impact electronic operator provide
accurate representation of the plasma-emitter dyna
interactions.

The cause of the disagreement with the experime
values must be sought elsewhere, perhaps in appr
mations common to the model and the simulations,
problems associated with the experimental data. I
unlikely that the experimental densities or half-wid
measurements have errors of sufficient magnitude
account for the differences found. On the other hand
both the simulation and PPP a number of approximati
could be in doubt. For instance, the assumption
dipolar interaction neglects higher multipole contributio
to the broadening which are known to become m
important as Ne increases. In addition, it has bee
suggested that the use of hyperbolic ion trajectories [
instead of the classical straight line path assumpt
[16], used in both the simulations and the calculation
the PPP electron collision operator, might have a la
effect on the linewidth. Finally, the treatment of io
dynamics by the FFM or the Markov methods of Ref. [1
assumes abrupt changes in the ion microfield. M
5570
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FIG. 2. Comparison of the width (FWHM) of thePa line
versus Ne as calculated by the PPP code (circles) and
simulation (crosses).

gradual changes, such as those associated with micro
rotation, are ignored, so a more detailed calculation of
effect may be required. Other issues could be associ
with effects that are not included in the standard lin
shape formulation such as quenching collisions or He
recombination effects. These, of course, also have
been taken into account in the simulations.

The important role of ion dynamics as a function ofNe

is illustrated in Fig. 3, where the FWHM ofPa calcu-
lated for proton perturbers andTe ­ 38 000 K with PPP
and FFM ion dynamics is compared to a PPP static-
calculation. As can be seen, ion dynamics results in
increase of the width by 35% for the high density da
of Büscheret al. [7], and a 50%–70% increase, respe
tively, for the lower density experimental conditions
Pittman et al. [8], and Stefanovicet al. [9]. The addi-
tional broadening due to ion dynamics affects essenti
the central part of the line. These large contributions
the linewidth, necessary for agreement with experime

FIG. 3. Calculated FWHM ofPa versusNe for dynamic ions
(circles) compared to the static-ion case (crosses) for the s
plasma conditions as in Fig. 1.
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FIG. 4. CalculatedPa profiles for Ne ­ 2.61 3 1016 cm23

and Te ­ 38 000 K. Dynamic-ion (solid line) and static-ion
(dashed line) profiles retaining fine structure are compared t
dynamic ion profile without fine structure (dotted line).

constitute the first unambiguous evidence of ion dynam
in lines radiated by ionized emitters.

In Fig. 4, the spectrum calculated with and withou
fine structure is presented to illustrate the importan
of fine structure in the computation of the line profile
This calculation was performed for a plasma compos
of 10% HeII and 90% protons with anNe ­ 2.61 3

1016 cm23 andTe ­ 38 000 K. We note that neglecting
fine structure results in a profile which is 7% narrow
and shifted by 0.2 Å to the red, compared to the fu
calculation. The asymmetry of this profile is an indicatio
of the underlying effect of the fine structure. In Fig. 4, w
have also plotted the profile obtained by retaining the fi
structure, but neglected ion dynamics to again illustra
the dramatic effect on the line shape.

In summary, the role of ion dynamics is confirmed fo
the benchmark case of He1. In addition, we have shown
that an impact-electron static-ion calculation of the HeII

Pa line, including fine structure, ion dynamics, and a
electron broadening operator retaining interference term
is in agreement with experimental observations over mo
than 2 orders of magnitude in density with a discre
ancy only at the highest densities. These results dem
strate that a model with these features will permit accur
plasma density diagnostics to be based on profile calcu
tions of ionized emitters. The calculation presented is a
in agreement with simulation calculations at high densi
which validates the basic theoretical line-shape assum
tions. There remains a 30% discrepancy with the hi
density data, which we believe can now be stated as
limit of the validity of this theoretical formulation. We
note that although line shapes and linewidths of ion lin
have been used for the diagnostics of plasmas for ma
years, the present paper provides the first assessmen
a
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the accuracy of the calculations over a very wide ran
of plasma conditions. Thus, one can now predict plas
density within an accuracy of,30% using a modified
static-ion impact-electron model such as that contained
the PPP code. To improve the accuracy of this mod
the electron collision operator may have to be modifi
in order to include additional effects such as quadrap
interactions, hyperbolic trajectories, and perhaps imp
ions. Further work on the observed shift of the line w
require, in addition to an accurate model of the ionic sh
a quantum mechanical theory for the emitter-electron p
turber interaction [24].

L. K. acknowledges support from the Department
Energy under the Inertial Fusion Science Grant P
gram and the LLNL Research Collaboration Program
HBCU’s.

[1] H. R. Griem,Spectral Line Broadening in Plasmas(Aca-
demic Press, New York, 1974).

[2] A. Calisti et al., Phys. Rev. A42, 5433 (1990).
[3] L. Godbertet al., Phys. Rev. E49, 5889 (1994).
[4] S. Glenzeret al., J. Phys. B27, 5507 (1994).
[5] L. Godbertet al., Phys. Rev. E49, 5644 (1994).
[6] C. Keaneet al., Rev. Sci. Instrum.61, 2780 (1990).
[7] S. Büscheret al., J. Phys. B29, 4107 (1996).
[8] T. Pittman et al., Phys. Rev. Lett. 45, 723 (1980);

T. Pittman and C. Fleurier, Phys. Rev. A33, 1292 (1986).
[9] I. Stefanovicet al., Phys. Scr.52, 178 (1995).

[10] V. Cardenoso and M. Gigosos, J. Phys. B30, 3361 (1997).
[11] R. W. Lee, J. Quant. Spectrosc. Radiat. Transfer54,

(1995).
[12] R. W. Lee, inProceedings of the International Conferenc

on Atomic Processes in Plasmas,edited by E. Marmor and
J. Terry (AIP, New York, 1991).

[13] C. Stehlé, Astron. Astrophys.292, 699 (1994).
[14] L. Godbert et al., Spectral Line Shapes(Nova Science,

New York, 1993), Vol. 7.
[15] R. L. Greene, Phys. Rev. A14, 1447 (1976).
[16] H. Griemet al., Phys. Rev. A19, 2421 (1979).
[17] B. Talin et al., Phys. Rev. A51, 1918 (1995).
[18] J. Dufty, D. Boerker, and C. Iglesias, Phys. Rev. A31,

1681 (1985); D. Boerker, C. Iglesias, and J. Dufty, Ph
Rev. A 36, 2254 (1987).

[19] A. Gawronet al., Phys. Rev. A38, 4737 (1988).
[20] R. Stamm and D. Voslamber, J. Quant. Spectrosc. Rad

Transfer22, 499 (1979).
[21] M. Gigosos and V. Cardenoso, J. Phys. B22, 1743 (1989);

J. Phys. B29, 4795 (1996).
[22] R. Stammet al., Phys. Rev. A34, 4144 (1986).
[23] S. Alexiou, Phys. Rev. A49, 106 (1994); S. Alexiou and

Y. Maron, J. Quant. Spectrosc. Radiat. Transfer53, 109
(1995).

[24] A. Konies and S. Günter, Phys. Rev. E52, 6658 (1995).
5571


