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ABSTRACT

Context. The Stark broadening of the spectral lines of the wavelengths 501.6, 667.8, 728.1, 388.9, 587.6, and 706.5 nm from neutral
helium in plasmas are studied theoretically and experimentally.
Aims. The aim of this work is to provide information about the connection between the shape and width of spectral lines and the
electron density and temperature to be used as a diagnostic tool.
Methods. The theoretical calculations were carried out through molecular dynamics computer simulations with noninteracting parti-
cles. The experimental measurements were done in a plasma of pure helium generated in an electromagnetically driven T-tube. The
plasma diagnostics used previous results about the Stark broadening of the He I 447.1 nm and He I 492.2 nm lines and the coherence
between the shape of these spectra and those obtained here. The electron temperature was obtained through a Boltzmann-plot of eight
lines of Si II.
Results. Several tables of width and shift are provided in a wide range of electron density and temperature. Furthermore, we supply
several fitting formulas, which allow calculating the plasma electron density from the measured values of the spectral line widths. The
results obtained in the laboratory and in the simulations are compared with the data from the literature.

Key words. line: profiles – plasmas – techniques: spectroscopic – methods: numerical – methods: laboratory: atomic –
instrumentation: spectrographs

1. Introduction

The Stark broadening of the helium lines from the transitions
between the states with principal quantum number n = 2 and
n = 3 were studied. These are transitions in the optical range,
with wavelengths of 501.6, 667.8, 728.1, 388.9, 587.6, and
706.5 nm (which we refer to as He I 5016, 6678, 7281, 3889,
5876, and 7065). We include a theoretical study with calcula-
tions through molecular dynamics computer simulations and ex-
perimental measurements in a discharged plasma produced in a
T-tube device able to generate high-density plasmas.

The analysis of the Stark-broadening spectral lines is one of
the most often used plasma diagnostics techniques, especially to
determine the electron density. For this purpose, hydrogen lines
have been used for a long time because in this element the Stark
effect is linear. This leads to spectra with strongly broadened
lines. For this reason, the hydrogen has been the main object in
Stark-broadening studies, both from a theoretical point of view
and from calibration in the laboratory, especially in the Balmer
series lines. Nevertheless, sometimes there is no hydrogen in the
plasma, or its spectral lines overlap with those corresponding
to other elements because of their broadness, which prevents
their use as diagnostics probe. Moreover, the use of helium lines

� Tables of FWHM and shifts are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/561/A135

instead of those from hydrogen to determine the electron density
in a plasma has an additional advantage related to the use of a
non-reactive gas, although it is convenient to bear in mind that
metastable states in this element can affect the properties of the
plasma and its dynamics (Monfared et al. 2011).

To use this method to diagnose plasmas one needs reliable
models well contrasted against experimental measurements in
controlled plasmas. The literature provides a wealth of infor-
mation about this subject, and these experimental and theoret-
ical data were used here. To acquire comprehensive knowledge
about this field, the monographies published by the International
Astronomical Union (Peach et al. 2009; Wahlgren et al. 2012) or
some reviews about Stark broadening of spectral lines (Lesage
2009) can be consulted.

This diagnostics method is widely used in industrial or re-
search laboratories and to process astronomical data. Particulary,
lines such as He I 5876 are considered “the best tools, so far”
(Léger & Paletou 2009) for studing prominence magnetic fields.
The detailed knowledge of the shape of these spectral lines in
the presence of electric fields is fundamental to draw conclu-
sions about their shape in stellar atmospheres (Léger & Paletou
2009). As it is for studing the ratio of the isotopes in a star (Wolff
et al. 2002), the evolution of a nova (Iijima & Cassatella 2010),
for determining the line velocity (Takaki et al. 2013), or the opti-
cal depth and the redshift (Leighly & Dietrich 2011). Thompson
& Morrison (2013) used the He I 5876 line to determine radial
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velocities of stars, which requires models to recreate the profile
shape. In a similar way, Geier et al. (2013) used these lines to
characterize the rotational broadening, which requires informa-
tion of the profile free of this broadening mechanism.

In general, tables of spectra that supply the full width at half
maximum (FWHM) or the shift related to the electron density
and temeperature and the plasma composition have been in use
for this purpose (Parigger 2013). It is also frequently used and
has proven to be particularly straightforward to use semiempir-
ical or theoretically obtained data-fitting formulas, especially in
research centers in which the plasma is not the main object but
only a means. In these cases, a direct and simple diagnostics pro-
cedure is required.

With this aim, we present several tables of this sort and fit-
ting formulas obtained from the result of theoretical calculations.
However, it must be taken into account that the best method to
diagnose a plasma using the shape of the spectral lines is to com-
pare the entire profile of the theoretical and experimental spectra
and not only their width. Nevertheless, in four of the six lines
studied here, the shape of the line is very close to a slightly asym-
metrical lorentzian whose shape does not show any remarkable
detail, so that its width can be used as a comparison parameter
without loss of precision. It is not our aim to focus on the fine de-
tail in the spectral line shapes, therefore we have an uncertainty
close to 10% in some cases, which is common for this sort of ex-
perimental measurements. This is the reason why we simplified
some details when the situation required it to supply easy-to-use
fitting formulas. However, all the material obtained in our cal-
culations is supplied to enable using the raw data without any
simplification.

Our domain of interest are medium and high electon den-
sities (between 1021 and 1024 m−3) with temperatures between
5000 and 60 000 K. Extreme cases of low temperatures must
be considered within the applicability limit of the model used,
therefore it is convenient to use our results with caution. Other
effects such as Doppler or van der Waals broadening which are
very relevant at low electron densities, were not considered. For
our experimental conditions, these phenomena can be omitted.

Our calculations were compared with our own experimental
measurements and those from the literature. Our experiment was
carried out at an electron density slightly higher than that in the
data from the references to extend the comparison range of the
calculation results.

2. Stark-broadening profile calculations

The spectrum calculations presented in this work were obtained
using a computer simulation technique. The physical model con-
sidered and the mathematical details of the calculation proce-
dure can be found in Gigosos & Cardeñoso (1996), Gigosos &
González (2009), and Lara et al. (2012). Here we give a sum-
mary of the technique and point out the particular details of this
work.

2.1. Stark-broadening model in computer simulations

The Stark broadening of the plasma spectral line is a collec-
tive phenomenon caused by the local electric microfield in the
plasma. These fields disturb the emitters, atoms or ions, which
generates a dynamic Stark effect. The action of the charged par-
ticles in the plasma – ions and free electrons – alters the emission
process, which modifies the radiation frequency and breaks the
coherence of the emissions. These phenomena can be observed
in the spectra as a broadening and shift of the spectral line. The

magnitude recorded by a spectrometer is the radiation power
spectrum, which can be obtained from the Fourier transform of
the emission correlation. In our treatment, we only considered
the dipolar emission process, so that the emission spectrum can
be written (Anderson 1949)

I(Δω) = Re
1
π

∫ ∞
0

dt {C(t)} eiΔωt, (1)

C(t) = tr
[

D(t) · D(0) ρ
]
, (2)

D(t) = U+(t)D(0)U(t). (3)

In these expressions, C(t) is the autocorrelation function of the
dipole momentum of the emitter, which was obtained by averag-
ing over all different emitters of the plasma, the average is de-
noted by the symbols { } in expression (1), and over all possible
initial states of the emitter, which is done through the trace of the
operator given in expression (2) in which the density matrix ρ,
appears. The operator D(t) is the dipolar moment of the emitter,
whose time evolution is given by the evolution operator U(t).
This operator fulfills the Schrödinger equation

i�
d
dt

U(t) = H(t)U(t) =
(
H0 + qE(t) · R)U(t), (4)

where H(t) denotes the Hamiltonian of the emitter, which in-
cludes a term that accounts for its structure without perturba-
tions H0 and the perturbation caused by charged particles in the
plasma as an interaction of the emitter dipolar moment qR with
the electric field generated by the charges E(t).

This formal treatment considers that the recorded spectrum
is the incoherent superposition of the emission from different
atoms of the plasma, each of which are under the action of the
ions and electrons through a certain field E(t). The average de-
noted by { } in (1) is an average over the temporal sequences of
this perturber field.

The computer simulation consists of a numeric reproduction
of a certain portion of the plasma in which a huge number of
particles – ions and electrons – move randomly and generate an
electric field E(t) over the emitter atom. The simulation, then, is
used to obtain a significant sample of these temporal sequences
of electric field. Each of these samples is used to obtain one auto-
correlation function of the dipolar moment C(t) through numer-
ically solving the evolution differential equations. The average
of these autocorrelation functions provides the desided power
spectrum.

In the numerical simulations some formal simplifications
were made. Primarily, a finite number of states of the emitter
atom were considered. Particulary, in this work the matrices re-
lated to the operators that appear in expressions (1) to (4) in-
clude only the states labeled in the Grotrian diagrams of Figs. 1
(singlet states) and 2 (triplet states). Furthermore, in calculating
the evolution operator U(t) of each singlet or triplet we assumed
that these states can be split into three groups: one upper set,
which includes states n = 3, whith are coupled by the perturb-
ing field, and two lower sets: state 1s2s and states 1s2p, which
freely evolve without the influence of the perturbing field, this is
called the no-quenching approximation. Thereby the matrix qR,
which appears in Eq. (4), has only nonzero elements in the boxes
that link the indicated states. These are the transitions marked
with dashed lines in Figs. 1 and 2. On the other hand, the ma-
trix D(t), which accounts for the optical transitions under study,
only includes the transitions between states with an energy gap
in the optical range, so that the transitions between states of the
same group are not considered. Their radiation is beyond the op-
tical range we studied. The fine structure was not considered,
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Fig. 1. Level diagram of the transitions between singlet states. The cou-
plings considered in the simulations have been marked with a double
arrow.
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Fig. 2. Level diagram of the transitions between triplet states. The cou-
plings considered in the simulations have been marked with a double
arrow.

because in this study we are interested in plasmas with high and
medium density, where the effects of fine structure are negligi-
ble. In Table 1 we show the energy values and transition proba-
bilities used in the numerical calulations.

The plasma considered in the simulations reproduces a sys-
tem of charged particles in thermodynamic equilibrium. The
simulation disregards the interactions between them, in this way
the particles are considered independent, and they move along
straight-line trajectories with constant speed. This aproximation
is acceptable in weakly coupled plasmas, as is the case for the
plasmas considered in this work. For this reason, the configura-
tions with high electron density and very low temperature must
be handled with caution (in the results given here, only the plas-
mas with Ne ≈ 1024 m−3 with T ≈ 5000 K can be treated as
highly coupled plasmas). The simulation volume is a spherical
box in which a unique emitter is placed at rest in the center of
the box, where the field generated by all particles is calculated.

To include the movement of the emitter we used the so called
μ-ion model (Seidel & Stamm 1982), which considers that the
velocities statistic of the relative movement between the emit-
ter and the perturbers conform to a Maxwell-Boltzmann dis-
tribution with a perturber’s mass equal to the reduced mass
of the pair emitter-perturber. With this technique we can also

Table 1. Data of the helium I atomic structure used in this work.

State Energy

1s3s 1S 184 864.82932
1s3p 1Po 186 209.36494
1s3d 1D 186 104.96669

1s3s 3S 183 236.79172
1s3p 3Po 185 564.60176
1s3d 3D 186 101.55636

Transition S

1s3s 1S–1s3p 1Po 1.533e+02
1s3p 1Po–1s3d 1D 1.988e+02

1s3s 3S–1s3p 3Po 3.782e+02
1s3p 3Po–1s3d 3D 6.178e+02

Notes. The energies are given in cm−1 and the line strength S in atom-
ics units. These data were taken from http://physics.nist.gov/
PhysRefData/ASD/lines_form.html.

consider configurations that are out of thermal equilibrium be-
tween species, in which the heavy particles, ions and neutral
emitters, have a lower kinetic temperature than the electrons
(Gigosos et al. 2003).

The electric field experienced by the emitter and which deter-
mines the Stark-effect evolution, is obtained through a Debye po-
tential. In this way the effect of the coupling between charges is
taken into account, at least approximately. This procedure leads
to a field statistics very similar to obtained in molecular dynam-
ics simulations with interacting particles, which is much more
computationally expensive (Dufour et al. 2005; Calisti et al.
2011). The details of the calculation method and the reinjection
technique are reported in Gigosos & Cardeñoso (1996).

As in our previous works (Gigosos & González 2009), the
differential equation of the emitter’s evolution is integrated nu-
merically by taking the analytical solution of Eq. (4), which cor-
responds to a time interval Δt, the time step of the simulation,
that is short enough to consider, in this time, the perturbing elec-
tric field constant. Thereby, the matrix U(t) is a succesion of
products of exponential matrices. To calculate these exponentials
we used a diagonalization process in each time step employing
the Jacobi method (Press et al. 1997).

In our simulations, the stability and the adequacy of the
statistics used were verified. Each spectrum was obtained con-
sidering between 30 000 and 60 000 samples of temporal se-
quences of a perturbing micro field, depending on the case
considered.

2.2. Calculation results

The results of the calculations are presented in the form of
tables with the FWHM and the shift of the peak as a func-
tion of electron density, temperature, and reduced mass of the
pair emitter-perturber for each one of the six lines studied
here. These tables are available via anonymous ftp to cdsarc.
u-strasbourg.fr. The simulations were performed for the six
spectral lines shown in Figs. 1 and 2 for electron density val-
ues between 1021 and 1024 m−3 with five points per decade and
electron temperatures of 5000, 10 000, 20 000, 30 000, 40 000,
and 60 000 K. Simulations consider different plasma composi-
tions: helium with hydrogen ions (which leads to a reduced mass
of μ = 0.8 mp, where is mp being the proton mass), pure he-
lium (μ = 2.0 mp), helium with very heavy ions (μ = 4.0 mp),
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Fig. 3. Shape of the He I 5016 line according to the results of the simula-
tions. The cases of high density for an electron temperature of 20 000 K
in a pure helium plasma (μ = 2 in units of proton mass) are shown. The
spectra are peak-normalized.
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Fig. 4. Shape of the He I 6678 line according to the results of the simula-
tions. The cases of high density for an electron temperature of 20 000 K
in a pure helium plasma (μ = 2 in units of proton mass) are shown. The
spectra are peak-normalized.

and finally, helium in which the temperature of the heavy ions is
lower than that of the electrons (μ = 10.0 mp). This also allowed
us to study the effects of ion dynamics.

The spectra obtained have the shape of slightly asymmetrical
peaks (see the following figures). The He I 5016 and 6678 lines
show a forbidden component at high densities that corresponds
to the 1s3d 1D → 1s2s 1S transitions, for the He I 5016 line
and to the 1s3p 1P◦ → 1s2p 1P◦ transitions, for the He I 6678
line (see Figs. 3 and 4). The forbidden components of all the
other studied spectral lines are too weak and too far from the
allowed peak, which renders them irrelevant. In consequence, to
use them as a probe to diagnose the plasma, the full width can
be enough since the shape of the spectra – apart from the lines
with forbidden components mentioned before – is very close to
a sligthly asymmetrical lorentzian.

In general, in the range considered within this work, the
spectra have a Stark width whose dependence on the electron
density N can be expressed as FWHM = f (T ) Ng(N,T ) with f (T )
and g(N, T ), certain parameters that may depend on the electron
temperatue T in the first instance and depend smoothly on both
T and N in the second instance.
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Fig. 5. Results of the simulations for the FWHM of the He I 7281 line.
We show the data for all temperatures studied in this work for a pure he-
lium plasma (μ = 2). These results have been fitted using mean squares
to a logarithmic straight line. The fits for each set of data of a given
temperature are shown.
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Fig. 6. FWHM of the He I 5016 line as a function of the electron density
in a pure helium plasma at 20 000 K. The asymptotic slopes at high and
low densities are shown in a logarithmic scale to point out the weak
nonlinearity between FWHM and Ne.

Figure 5 shows the FWHM of the He I 7281 line as a func-
tion of the electron density for the studied temperatures. For
this spectral line it can be observed that the relation between
the FWHM and N has a functional dependence on the expo-
nent g(Ne, T ) that is practically independent of the density and
temperature and very close to the value g ≈ 1, as expected
from spectra whose width is caused basically by electron impact
(Griem 1974; Gigosos et al. 2007).

The results for the other three spectral lines are similar
(not shown here). This, we insist, excludes the He I 5016 and
He I 6678 lines, which at high densities behave as a spectrum
with a linear Stark effect because of the proximity between the
states 1s3p 1P◦ and 1s3d 1D (see Fig. 6). These spectral lines
require separate study, which is not the object of this work.

2.2.1. Ion dynamic effects

The ion dynamic effects were studied in the simulations. The
calculation procedure includes in a natural way the ion move-
ment according to the μ-ion model (Seidel & Stamm 1982). The
parameter μ regulates the influence of the ion movement.
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Table 2. Comparison of experimental FWHM from Kobilarov et al.
(1989) with the simulation results.

FWHM FWHM Simulation

μexp Ne Te Tg exp. μ = μexp μ = 2

He I 3889:

0.80 9.80 42 000 42 000 0.250 0.251 0.246
0.80 6.10 36 000 36 000 0.151 0.155 0.152
2.00 3.50 35 500 31 000 0.087 0.086 0.086
2.00 1.90 32 000 27 000 0.046 0.046 0.046
3.64 8.50 35 000 35 000 0.198 0.211 0.213
3.64 5.40 31 000 31 000 0.124 0.133 0.134

He I 5876:

0.80 9.80 42 000 42 000 0.395 0.355 0.345
0.80 6.10 36 000 36 000 0.245 0.220 0.213
3.64 8.50 35 000 35 000 0.318 0.294 0.298
3.64 5.40 31 000 31 000 0.200 0.186 0.189

Notes. Influence of ion dynamics. Ne is the electron density written in
1022 m−3, Te is the electron temperature, Tg the temperature of the gas –
both in K – and μ is the reduced mass of the emitter-perturber pair (in
units of proton mass). The data from FWHM are expressed in nm. The
last column reproduces the simulation result for a plasma with μ = 2.

The results show a slight dependence of the spectral line
width on the ion movement. Table 2 shows the results of
our calculations compared with the experimental data from
Kobilarov et al. (1989). The value of the FWHM obtained for
a pure helium plasma (μ = 2) was added as a reference in the
last column. The difference between the value of the FWHM
corresponding to the plasma with the experimental μ parameter
and this reference value is within the experimental uncertainty
range. In general, the differences in the results of the line width
between the case with μ = 2.0 and the extreme cases of this
work (μ = 0.8 and μ = 10) are lower than 8% for the He I 7281,
He I 3889, He I 5876, and He I 7065 lines, and lower than 12%
for the He I 5016 and He I 6678 lines. Therefore, in many practi-
cal cases, when the experimental uncertainty is higher than these
values, this phenomenon can be omitted. However, this effect is
included in all our results: the tables of FWHM and shifts, and
the fitting formulas presented.

2.3. Fit calculation results for diagnostic purposes

With the aim of supplying a diagnostics tool for plasmas through
measuring of any of the spectral lines considered in this work we
performed a functional fitting of the simulation results to relate
the electron density of the plasma to the full width of the spec-
tra. We showed in Fig. 5 the relation between the two parameters
that matches a linear expression on a logarithmic scale. In con-
sequence, we adopted as a fitting function the expression

log10(Ne) = A(T, μ) + p log10(FWHM). (5)

We explicitly wrote the value of the power p as a constant pa-
rameter independent of the density and temperature because in
the cases we treated here, there is no relevant dependence of p
on these magnitudes. This simplification forces us to exclude the
spectral lines from the fits whose forbidden components are no-
ticeable even at medium densities, the He I 5016 and He I 6678
lines. For these cases, we advise using the tables provided in this
work.
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Fig. 7. Relative differences between the results obtained from applying
the fitting formula proposed in this work and the direct data from the
simulation calculation for the He I 3889 line. Difference bands of 5%
and 8% are shown.

Table 3. Parameters of the fit function (see Eq. (7)) to obtain the electron
density from the FWHM.

Line p a b Tc Tm

He I 7281 0.973601 22.786715 0.118086 42124 539 893
He I 3889 0.980886 23.411952 0.089655 18807 293 037
He I 5876 0.988943 23.287156 0.083064 11648 132 390
He I 7065 0.983379 23.093489 0.076227 100 848 171 832

In the same way, the parameter A(T, μ) from (5) can be writ-
ten with good accuracy as

A(T, μ) = a + b ×
⎛⎜⎜⎜⎜⎜⎜⎝
√

T
Tc
+

√
Tc

T
−
√

T
μTm

⎞⎟⎟⎟⎟⎟⎟⎠ · (6)

The fitting parameters are a, b, Tc, and Tm. This function re-
produces the simulation results quite well and is related to the
influence of the magnitudes involved in it. Indeed, the effect of
the electrons on the line width increases with temperature up to
a certain critical value where the tendency is reversed. In the
range of the study, this change cannot be appreciated for the ion
dynamics since we are far away from the zone of ionic impact.

The fitting was performed minimizing the mean square devi-
ation between the values from the function and from the simula-
tions, taking function (5) together with (6) and using all the data
obtained from calculating the spectra. In compact form,

log10(Ne) = a + b ×
(√

T/Tc +
√

Tc/T −
√

T/(μTm)
)

+p log10(FWHM). (7)

Thus, a set of values (p, a, b, Tc, Tm) was obtained for every spec-
tral line as shown in Table 3. The value of electron density, Ne, it
has to be expressed in m−3, the temperature T in K, the reduced
mass of the emitter-perturber pair μ in units of proton mass, and
the FWHM in nm.

Direct results from the spectrum calculations and the values
obtained through the fitting function differ, in general, by less
than 5% (see Fig. 7 for the He I 3889 line). For He I 7281 and
He I 7065 this difference reaches 8% for Ne = 1021 and 1024 m−3

with T = 5000 K. For the He I 3889 line, the differences reach
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Fig. 8. Block diagram of the T-tube experiment.

8% only in some cases for Ne > 1023 m−3 and T < 10 000 K.
For the He I 5876 line, the largest differences (6%) are reached
for Ne < 1022 m−3 and T = 5000 K. The uncertainty of the
smulation results, obtained through the analysis of different sets
of calculation samples, is estimated at 3%, so the quality of the
fitting fomula is similar.

3. Experimental measurements

3.1. Experimental setup

In this experiment we used a small electromagnetically driven
T-tube as a plasma source. The description of plasma source
and experimental arrangement is given in our previous works
(Djurović et al. 2005, 2009). Nevertheless, we provide some de-
tails here for completeness.

The T-tube is made of glass with an inner diameter of 27 mm.
The brass reflector is placed at 140 mm from the discharge elec-
trodes. The filling gas was pure helium at a pressure of 500 Pa.
The T-tube was energized using a 4 μF capacitor bank charged
to 20 kV. The block scheme of the apparatus setup is given in
Fig. 8. The discharge was initiated by the 11 kV trigger pulse
via the spark-gap. The discharge current was controlled by a
Rogowski coil and an oscilloscope.

Spectroscopic observations of plasma were made with a 1 m
monochromator, an ICCD camera, and an oscilloscope. The sig-
nal from the Rogowski coil was used as trigger signal for ICCD
camera. The observation point was fixed at 4 mm in front of
the reflector with an exposure time of 0.5 μs. The optical sig-
nal was led to the entrance slit of the monochromator by optical
fiber. The monochromator is equipped with a 1200 g/mm grat-
ing with 0.833 nm/mm inverse linear dispersion. The accuracy
of the wavelength setting was 0.0025 nm. An apparatus line-
broadening of 0.045 nm was obtained from lines emitted from
a hollow cathode discharge. Every experimental line profile was
obtained as an average profile from ten shots. The whole sys-
tem, monochromator, ICCD camera, and oscilloscope were con-
trolled by a personal computer. Particular attention was paid to a
self-absorption checking test. Firstly, a standard test with the ex-
ternal mirror behind the plasma showed that the self-absorption
effect is completely negligible under the experimental conditions
mentioned above. Another test was performed. The FWHM of
the He I 3889 line, which is the most intense of the considered
lines, was measured with a different gas pressure and was com-
pared with the theoretical FWHM. For this check we used in-
dependent theoretical data (Griem 1974). When the FWHM of
the line was higher than the theory predicted, self-absorption was

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
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(nm)

Ne (1023 m−3)

He I 3889

200 Pa
9.5 μs

200 Pa

700 Pa

300 Pa

600 Pa 550 Pa

400 Pa
500 Pa

Griem 1974 T = 10000 K
Griem 1974 T = 20000 K
Simulation T = 20000 K

This experiment

Fig. 9. FWHM of He I 3889 measured for different gas pressures. The
simulation result at 20 000 K has been plotted. The simulation line cor-
responding to 10 000 K is practically the same.

present. The results are shown in Fig. 9. The FWHM dependence
of the temperature is weak.

All spectral line recordings were made with 6.5 μs delay
from the beginning of the discharge current, in the same way
as for the whole experiment. The exception was only measure-
ment at 200 Pa which was also made with a delay of 9.5 μs.
This is shown in Fig. 9. This was made only to expand the re-
gion of measurements. It is clear from Fig. 9 that the points that
represent the measured He I 3889 line FWHM follow the theo-
retical line for gas pressures from 200 Pa to 500 Pa. The points
for higher pressures are above the theoretical line. Furthermore,
the distance of the points from the theoretical line becomes
larger with increasing pressure for higher pressures. This indi-
cates that a noticeable self-absorption effect begins from a gas
pressure of 550 Pa and above. Another effect can be seen from
the points that correspond to pressures of 550 Pa and higher. The
electron density decreases with increasing pressure. The shock
wave, which produces the plasma in T-tube, becomes weaker
with increasing pressure in the tube. Accordingly, we chose a
gas pressure of 500 Pa for this experiment because it provides
the plasma conditions with the highest electron density without
a self-absorption effect.

3.2. Plasma diagnostics

The electron temperature of 16 900 K was determined from the
Boltzmann plot (Griem 1964) for eight Si II spectral lines. The
estimated errors are within±20%. The silicon appears like a very
weak impurity of our helium plasma from the glass T-tube walls.

The electron density was obtained through several pro-
cedures. First, from the distance between the peaks of the
He I 4471 according to Pérez et al. (1996), which have a value of
2.04 × 1023 m−3, or through the expression supplied by Ivković
et al. (2010), which leads to a value of 2.07×1023 m−3. However,
a comparison of the whole profile of this line to the simulation
results (Gigosos & González 2009) (see Fig. 10) provides a value
of 2.40 × 1023 m−3.

In a similar way, we fitted the data of the spectrum of
He I 4922 (see Fig. 11) to the results of the simulations (Lara
et al. 2012; Ivković et al. 2013), and we obtained the value
2.30 × 1023 m−3. In this last case, the fit was made including
the data of He I 5016, which has been studied here.
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Data fit:

Ne = 2.40 · 1023 m−3

Te = 16900 K

This experiment
Simulation (fit)

Fig. 10. Fit of the experimental spectra of the He I 4471 line and the
result of the simulation. The electron temperature has been obtained
from the result of the Boltzmann-plot with the Si II lines. The electron
density of the best fit is shown.

480 485 490 495 500 505 510 515 520

I(λ)
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He I 4922

He I 5016

Si II 5041

Si II 5056

Data fit:
Ne = 2.30 · 1023 m−3

Te = 16900 K
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Simulation (fit)

Fig. 11. Fit of the experimental He I 4922 line spectrum and result
of the simulation. The electron temperature has been taken from the
Boltzmann-plot of the Si II lines. This line overlaps with the He I 5016
line. The best fit for the He I 4922 line has been found by taking the
electron density of the plasma and the relative intensities of both lines
as fit parameters. The fit of He I 5016 has not been sought, it arises in
a natural way from the value of Ne set by the line 4922. The two spec-
tral lines that appear on the right side of the figure, above the forbidden
component of He I 5016, arise from Silicon impurities.

Finally, the fits of all other spectral lines considered in this
work provided four additional data of the electron density (see
Figs. 12 to 15). The differences between all the values obtained
are less than 15%, which is a reasonable estimate of the experi-
mental uncertainty in determining the electron density. The value
adopted here is Ne = 2.34 × 1023 m−3.

3.3. Experimental results

The FWHM and shifts of four He I lines were measured and
the results are given in Table 4. Owing to the asymmetry of the
He I line profiles, the Stark shift of the lines is different when
measured at the position of the peak of the line profile (dpeak)
or at the middle point of the segment that shows the FWHM

493 495 497 499 501 503 505 507 509

I(λ)

λ (nm)

He I 4922

He I 5016

Si II 5041

Si II 5056

Data fit:
Ne = 2.29 · 1023 m−3

Te = 16900 K

This experiment
Simulation (fit)

Fig. 12. Electron density determination using the simulation fit to the
He I 5016 experimental line profile. The relative intensities of the
He I 5016 and He I 4922 lines, which can be observed on the left side
of the figure, are used as fit parameters. The electron temperature has
been taken from the Boltzmann-plot of the Si II lines. This measure-
ment is similar to the one represented in Fig. 11, but here the best fit
with He I 5016 is sought.

660 662 664 666 668 670 672 674

I(λ)

λ (nm)

He I 6678

Data fit:
Ne = 2.44 · 1023 m−3

Te = 16900 K

This experiment
Simulation (fit)

Fig. 13. Electron density determination using the simulation fit to the
He I 6678 experimental line profile. The electron density of the plasma
is used as the only fit parameter. The electron temperature has been
taken from the Boltzmann-plot of the Si II lines.

Table 4. Experimental FWHM and shifts obtained here.

Line FWHM (nm) dpeak (nm) d1/2 (nm)

He I 3889 0.579 0.151 0.167
He I 5016 1.523 −0.390 −0.506
He I 6678 1.850 0.324 0.439
He I 7065 1.165 0.530 0.572

Notes. Experimental FWHM, shifts at peak (dpeak) and shifts of the
middle point of the FWHM (d1/2) for the He I lines considered. The
experimental conditions of the plasma are Ne = 2.34 × 1023 m−3, and
T = 16900 K.

(d1/2). For the shift measurements we used the spectral lines
emitted from the low-pressure glow discharge as unperturbed
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Si II 3863

Data fit:
Ne = 2.25 · 1023 m−3

Te = 16900 K

This experiment
Simulation (fit)

Fig. 14. Electron density determination using the simulation fit to the
He I 3889 experimental line profile. The electron density of the plasma
is used as the only fit parameter. The electron temperature has been
taken from the Boltzmann-plot of the Si II lines.
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I(λ)

λ (nm)

He I 7065

Data fit:
Ne = 2.21 · 1023 m−3

Te = 16900 K

This experiment
Simulation (fit)

Fig. 15. Electron density determination using the simulation fit to the
He I 7065 experimental line profile. The electron density of the plasma
is used as the only fit parameter. The electron temperature has been
taken from the Boltzmann-plot of the Si II lines.

line positions. In Table 4 we list the FWHM and the shift val-
ues. The estimated experimental error for the measured FWHM
is within ±12%, while for shifts it is within ±20%.

The asymmetry of the spectral lines can be characterized
from the difference between the values dpeak and d1/2. Figures 16
to 19 show this parameter:

Δλ−
FWHM

≡ 1
2
− λpeak − λ1/2

FWHM

(see inset in Fig. 16 to see its meaning; λ1/2 is the wavelength
of the middle point of the FWHM) as a function of the electron
density for different temperatures. The data obtained in the sim-
ulation calculations and the experimental data of this work (with
an estimated error bar) are plotted. It is a very noisy parameter,
both for the calculation results and for the experiment results,
but it allowed us to assess the differences in the detemination of
the line shift for dpeak or d1/2. The main dicrepancy between the
experiment and the simulation calculations can be observed in

0.40

0.45

0.50

0.55

0.60

1021 1022 1023 1024

Δλ−
FWHM

Ne (m−3)

He I 5016

FWHM

Δλ−

Δλ+

T = 5000 K
10000 K
20000 K
30000 K
40000 K
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Fig. 16. Asymmetry parameter (the inset shows a scheme of its defini-
tion) for He I 5016. The result of this work and all results obtained in
the simulations for pure helium are plotted.
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Fig. 17. Asymmetry parameter (see Fig. 16) for He I 6689.

the He I 7065 line, where the experimental asymmetry is more
pronounced than in the asymmetry obtained in the theory. This
difference is also observed in Fig. 15, which shows both spectra.

It is well known that Stark broadening is the dominant ef-
fect for plasma conditions in this experiment. However, the con-
tributions of other broadening mechanisms, Doppler, van der
Waals, and resonance broadening, should always be checked as
well as instrumental broadening. The calculated contributions
for Doppler (Griem 1964), van der Waals (Griem 1964) and res-
onance (Ali & Griem 1965) broadening are presented in Table 5.
There are no data of resonance broadening for He I 3889 and
He I 7065 since these lines have no allowed transitions from ei-
ther upper or lower transition energy levels to the ground state.
The Doppler broadening contributes to the line FWHM in all
cases by less than 3% which is deep within the experimental er-
rors and the instrumental broadening. The other two broadening
mechanisms are negligible (see Table 5). From this analysis we
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Fig. 18. Asymmetry parameter (see Fig. 16) for He I 3889.
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Fig. 19. Asymmetry parameter (see Fig. 16) for He I 7065.
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Fig. 20. Shift a) and FWHM b) of the He I 5016 line. The experimental and calculation data are shown. For the shift, our work is represented by
two points. The small point is the shift of peak, and the large point is the shift of the half width at half maximum.

Table 5. Values of different broadening mechanisms in the experimental
conditions.

Line FWHM wD wvW wR

He I 3889 0.579 0.018 1.70 × 10−3

He I 5016 1.523 0.023 2.90 × 10−3 1.106 × 10−3

He I 6678 1.850 0.031 4.26 × 10−3 1.235 × 10−3

He I 7065 1.165 0.033 4.39 × 10−3

Notes. Contribution of Doppler broadening wD, van der Waals broad-
ening wvW , and resonance broadening wR is compared with the exper-
imental broadening FWHM. All the values are expressed in nm. The
conditions of the plasma considered are Ne = 2.34 × 1023 m−3 and
T = 16 900 K.

can conclude that the experimentally complete FWHM, appears
at the same time as Stark broadening.

4. Comparison with other results

The theoretical and experimentally obtained Stark parameters
were compared with the theoretical and experimental values re-
ported by other authors. For the comparison, we used theoretical
(Griem 1974; Bassalo et al. 1982; Sahal-Bréchot et al. 2013)
and experimental data (Wulff 1958; Berg et al. 1962; Bötticher
et al. 1963; Lincke 1964; Greig & Jones 1970; Kusch 1971;
Morris & Cooper 1973; Mazing & Slemzin 1973; Einfeld &
Sauerbrey 1975; Chiang et al. 1977; Soltwisch & Kusch 1979;
Kelleher 1981; Gauthier et al. 1981; Vujičić & Kobilarov 1988;
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Fig. 21. Shift a) and FWHM b) of the He I 6678 line. The experimental and calculation data are shown.
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Fig. 22. Shift a) and FWHM b) of the He I 7281 line. The experimental and calculation data are shown.

Vujičić et al. 1989; Kobilarov et al. 1989; Pérez et al. 1991, 1995;
Büscher et al. 1995; Djeniže et al. 1995; Mijatović et al. 1995;
Milosavljević & Djeniže 2002a,b, 2003; Pérez et al. 2003; Gao
et al. 2008). The experimental data were obtained form various
plasma sources with different plasma conditions and with differ-
ent plasma diagnostic methods. These experimental conditions
are summarized in Konjević & Roberts (1976); Konjević et al.
(1984); Konjević & Wiese (1990); Konjević et al. (2002); Lesage
(2009). The experimental Stark FWHM are compared in Figs. 20
to 25.

Generally, the Stark FWHM of all the four experimentally
investigated lines follow a linear dependence on the electron
density. All the results agree very well. The only exceptions
are the FWHM results from Kusch (1971), which show higher

values for He I 3889 (see Fig. 23) and lower values for He I 5016
(results not shown in Fig. 20) and the FWHM from Djeniže et al.
(1995) for He I 7281.

The analytical methods included in this comparison used the
standard treatment, particularly, the impact model for the elec-
tronic collisions. The difference between these two methods is
mainly the manner of taking into account the close and strong
collisions: through the cutoff impact parameter in Griem (1974)
and Dimitrijević & Sahal-Bréchot (1990) and using a conver-
gent theory in Bassalo et al. (1982). The simulation results agree
better with the last ones. One needs to take into account that
the simulations do not need any approximation to deal with the
strong collisions. When a perturber is very close to the emitter,
the phase change of the emission process can reach an arbitrarily
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Fig. 23. Shift a) and FWHM b) of the He I 3889 line. The experimental and calculation data are shown.
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Fig. 24. Shift a) and FWHM b) of the He I 5876 line. The experimental and calculation data are shown.

high value without any divergence problem, since the compu-
tation is performed using sinusoidal functions of the electric
field module (arbitrarily high). The numerical calculation does
not present any divergences, because the numerical integration
was made considering the interaction between the emitter and
the perturber without any approximation. For practical purposes,
this phase change represents a total breakdown of the emitter co-
herence, so that the exact results from the simulations fit to the
old Lorentz model very well.

A much smaller number of experimental Stark shift data is
available. Kobilarov et al. (1989) reported only a shift increment
for electron densities between 6.1 × 1022 and 9.8 × 1022 m−3,

and these results are not included in this consideration. Some
authors, for example Berg et al. (1962); Bötticher et al. (1963);
Lincke (1964); Greig & Jones (1970) reported shifts measured
at peak positions while others (Kelleher 1981; Gauthier et al.
1981; Vujičić & Kobilarov 1988; Vujičić et al. 1989; Kobilarov
et al. 1989; Pérez et al. 1991; Djeniže et al. 1995; Mijatović
et al. 1995) reported shifts measured at the half-width level po-
sition. We presented the experimentally obtained shift values in
Figs. 20 to 25. Even the mixed shift values are presented in the
graphs, and even the shift experimental errors are always larger
than those of the FWHM; a clear linear tend for the electron den-
sity can be observed. Only the results of Djeniže et al. (1995) a
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Fig. 25. Shift a) and FWHM b) of the He I 7065 line. The experimental and calculation data are shown.

slightly deviate from this trend for He I 5016. As we mentioned
above, the two lines with noticeable forbidden components de-
viate from the ideal linear trend.

Naturally, the characteristic time of the dynamic of the elec-
tronic fields is much lower than the loss the correlation time of
the emitter dipole at very low densities, when the typical Stark
effect is very weak and the lines are narrow. Under these circum-
stances, the considerations of the impact model are very conve-
nient (Gigosos et al. 2007) and the simulations perfectly repro-
duce that situation: the width and the shift of the lines are linear
with the electron density and fit to the so-called impact limit.

5. Conclusions

We reported Stark parameters calculated for six and measured
for four He I spectral lines. The obtained Stark parameters were
compared with other available experimental and theoretical data.
All Stark FWHM results agree very well although they were ob-
tained under different plasma conditions. The linear trend of the
FWHM versus electron density for four out of the six studied
spectral lines is very clear.

We conclude that the Stark FWHM of all six considered lines
can be used as very good tool for electron density determinations
in a wide region of electron densities.
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