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Spectral line broadening is calculated based on a microscopic quantum statistical approach. By using thermodynamic Green’s
function, plasma correlation effect, electrostatic and dynamic screening, and perturber-radiator interaction are taken into account.
Ions are treated in quasistatic approximation due to Stark effect. The line broadening for 6678 Å (21P-31D) and 5016 Å (21S-
31P) transitions of neutral helium is calculated in the electron density range ne = (0.25–50) × 1022 m−3 and temperature range
T = (0.5–4)× 104 K, and the density and temperature dependence of the line width are investigated. A good agreement is shown
by comparing the calculated values with the existing experimental and theoretical data.

1. Introduction

Optical spectroscopy is one of the most important diagnostic
tools to characterize warm and dense plasmas. The emitted
radiation from a plasma is perturbed by interaction between
a radiating atom and surrounding particles, which leads
to spectral line broadening; the most effective mechanism
is Stark broadening (pressure broadening). Line profile
calculation is an interesting technique to determine the
internal plasma parameters, such as density, temperature,
and composition, to study the microscopic processes within
plasma, and to check the quality of the predicted parameters
[1, 2].

Several semiclassical and quantum-mechanical approa-
ches have been investigated to calculate spectral line shapes
in plasmas [1, 3–16]. Helium lines were calculated by Griem
et al. [1, 3] in a semiclassical approach, the so-called standard
theory (ST), using an impact approximation for electrons
with a cut-off procedure, while ions were treated in a
quasistatic approximation due to the static microfield of
perturbers. The electron broadening impact parameters are
calculated for neutral helium lines by using semiclassical
perturbation formalisms based on the approach developed
by Sahal-Bréchot [4, 5]. Furthermore, the convergent theory
was improved by Bassalo et al. [6] in a many-level approx-
imation to calculate the Stark broadening parameters of
neutral helium lines. Recently, molecular dynamics (MD)

simulations have been performed by Calisti et al. [17] and
Gigosos et al. [18, 19] by including the time sequence of the
microfield distribution as a random process. The quantum-
mechanical Green’s function method is considered in this
paper to calculate the He I spectral lines in dense plasmas,
assuming local thermal equilibrium (LTE) [20–26].

Spectral line profiles of helium are important in plasma
diagnostic. Some of the lines are measured in a pulsed arc
plasma by Pérez et al. [27–29], studied in the astrophysical
context, for example, stellar atmospheres of hot stars and
white dwarfs [30–33], and in the He-atmosphere evaluation
of hot stars of types O and B [34]. Helium spectral lines have
been studied previously; the 6678 Å line is of importance to
determine physical properties of massive compact binaries
[35]. Furthermore, the He I 6678 Å line is measured from
optical spectroscopic observation of CI Cam [36] and the
dwarf nova GW Librae [37]. The He I line emission at 5016 Å
was detected in the central region of a starburst galaxy Tol
1924-416 [38] and in Mrk 110 [39]. Spectra in the visible
range (4100–7100) Å have been obtained for a sample of
main sequence B-type stars to determine the behavior of
neutral helium lines with effective temperature and gravity
[34].

In Section 2 an overview of the spectral line modeling
is given. Result and discussion are shown in Section 3. The
comparison with other theoretical and experimental results
is presented. Finally, conclusion is given in Section 4.
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2. Theoretical Approach of Line Broadening in
Dense Plasmas

A systematic account of medium modifications of the
absorption coefficient α(ω) is possible using the dielectric
approach which links the absorption and emission coeffi-
cients to the dielectric tensor. For visible light, the absorption
coefficient is given by the long-wavelength limit of the
dielectric function ε(ω)

α(ω) = ω

cn(ω)
Im ε(ω), (1)

where n(ω) is the index of refraction which in turn reads

n(ω) = 2−1/2
{

Re ε(ω) +
[

(Re ε(ω))2 + (Im ε(ω))2
]1/2

}1/2

.

(2)

The microscopic treatment of the line shapes in dense
plasmas starts form the dielectric approach given by (1)
and (2). Neglecting change in the index of refraction,
the cluster expansion of the dielectric function together
with a systematic perturbative analysis using thermody-
namic Green’s function shows that the spectral line shape
is proportional to the Fourier transform of the dipole-
dipole autocorrelation function [24]. The perturber-radiator
interaction leads to a pressure broadening, which contains
electronic and ionic contributions. Describing the ionic
contribution in the quasi-static approximation by averaging
over the ionic microfield [24, 25], we have

Ipr(ω)

∼
∑

i′,i′′, f ′, f ′′

〈
i′|r| f ′〉〈 f ′′|r|i′′〉 ω4

8π3c3
e−�ω/kBT

∫∞
0
W
(
β
)
dβ

× Im
〈
i′
∣∣∣∣
〈
f ′
∣∣∣∣
[
�ω− �ωi f −Σi f

(
ω,β

)
+ iΓv

i f

]−1
∣∣∣∣ f ′′

�∣∣∣∣i′′
�

,

(3)

where 〈i|r| f 〉 is identified as a dipole matrix element for
the transition between initial i and final f states. The ionic
microfield distribution function W(β) is taken according
to the Hooper microfield distribution function with field
strength β = E/E0 normalized to the Holtsmark field E0

[49]. Equation �ωi f = Ei − Ef is the unperturbed transition
energy.

The function Σi f (ω,β) is determined by the self-energy
correction Σn(ω,β) of the initial (n = i) and the final (n = f )
states

Σi f
(
ω,β

)
= Re

[
Σi
(
ω,β

)− Σ f
(
ω,β

)]

+ i Im
[
Σi
(
ω,β

)
+ Σ f

(
ω,β

)]
.

(4)

Both electronic and ionic contributions occur in the self-
energy

Σn
(
ω,β

) = Σion
n

(
β
)

+ Σel
n

(
ω,β

)
. (5)

Performing Born approximation with respect to the dynam-
ically screened perturber-radiator potential, the electronic
self-energy is obtained as [24]

ΔSE
n + iΓSE

n

=
〈
n
∣∣∣Σel(En,β

)∣∣∣n〉 = − 1
e2

∫
d3q

(2π)3V
(
q
)∑
α

∣∣Mnα
(

q
)∣∣2

×
∫∞
−∞

dω
π

[1 + nB(ω)]
Im ε−1

(
q,ω + i0

)
En − Eα

(
β
)− �(ω + i0)

.

(6)

Here, the level splitting (Eα(β) ≈ Eα) due to the microfield
has been neglected [23], nB(ω) = [exp(�ω/kBT) − 1]−1 is
the Bose distribution function, and Mnα(q) is the transition
matrix-element given in the following. The sum over α runs
from n − 2 to n + 2 discrete bound states for the virtual
transitions. Dynamical screening effect is accounted for in
(6) from imaginary part of the inverse dielectric function
ε−1(q,ω)

Im ε−1(q,ω
) = − Im ε

(
q,ω

)
[
Re ε

(
q,ω

)]2 +
[
Im ε

(
q,ω

)]2 . (7)

The dielectric function is approximated by random phase
approximation (RPA) as

εRPA(q,ω
) = 1− 2V

(
q
) ∫ d3p

(2π)3

fe
(
Ep

)
− fe

(
Ep+q

)

Ep − Ep+q − �(ω + i0)
,

(8)

where Ep = �2p2/(2me) is the kinetic energy of electron.
The Fermi distribution function fe(Ep) of electrons in the
nondegenerate limit can be approximated by Boltzmann
distribution function

fe
(
Ep

)
� 1

2
ne

(
2π�2

mekBT

)3/2

exp

(
− �2p2

2mekBT

)
. (9)

Binary collision approximation can be considered, which
leads to a linear behavior of the electronic width and shift
with respect to the electron density

Im ε−1(q,ω
) ≈ − Im ε

(
q,ω

)
. (10)

Considering Born approximation, the electronic part is
overestimated; to avoid this we apply the cut-off procedure
and add the strong collision term [1] in state of partial
summation of the three-particle T-matrix, where the result
might be slightly modified [24, 26].

The transition matrix element Mnα(q) describes the
interaction of the atom with the Coulomb potential through
the vertex function. In lowest order, it can be determined by
the atomic eigenfunctions ψn(P). The Coulomb interaction
with electron-electron-ion triplet depends on the momen-
tum transfer �q. For helium and hydrogen atoms, the matrix
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elements can be represented by the following diagrams [20,
22]:

He

Mnα(q) =

He

Mnα(q) =

q
e
e
i

e
e
i

e
e
i

q

= +

= + +

However, the matrix element of helium can be approximated
by the one of hydrogen, while the outer electron is screened
by inner electron. The matrix-element of hydrogen reads

Mnα
(

q
) =

∫
d3p

(2π)3ψ
∗
n

(
p
)

×
[
Zeψα

(
p− me

mi +me
q
)
− eψα

(
p +

mi

mi +me
q
)]

,

(11)

assuming that the ion with effective charge Z is much heavier
than the electron mi 
 me

Mnα
(

q
) ≈

∫
d3p

(2π)3ψ
∗
n

(
p
)[
Zeψα

(
p
)− eψα(p + q

)]
,

≈ ie
(
Zδnα −

∫
d3rψ∗n (r) exp

(
iq · r

)
ψα(r)

)
.

(12)

Expanding the plane wave into spherical harmonics

exp
(
iq · r

) = 4π
∞∑
l=0

l∑
m=−l

il jl
(
qr
)
Y∗lm
(
Ωq

)
Ylm(Ωr), (13)

where jl(qr) is the spherical Bessel function, a multipole
expansion can be derived, and, for example, l = 0, 1, 2 gives
the monopole, dipole, and quadrupole contributions of the
radiator-electron interaction; respectively.

The vertex correction Γv
i f for the overlapping line is

related to coupling between the initial and the final states,
given by [20, 24]

Γv
i f = −

4π
e2

∫
d3q

(2π)3

d3p

(2π)3 fe
(
Ep

)
V 2(q)

×Mii
(

q
)
Mf f

(−q
)
δ

(
�2p · q
me

)
.

(14)

In static limit, static Debye screening can be considered
appropriate for the inverse dielectric function such as [23,
50]

Im ε−1(q,ω
) = − Im ε

(
q,ω

)
(
1 +

(
κ2

D/q2
))2 ,

εRPA(q,ω −→ 0
) = 1 +

κ2
D

q2
,

(15)
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Figure 1: The electronic FWHM (2we) of He I 5016 Å line versus
temperature at electron density ne = 1.0× 1022 m−3. Comparison is
made with the impact approximation [1] and the MD simulations
data [18, 19].

where κD = r−1
D = [2e2ne/(ε0kBT)]1/2 is the inverse Debye

radius. However, this approximation is valid for virtual
transition between states with negligible energy difference.

For nonhydrogenic radiator, ionic contribution to
the self-energy is related to quadratic Stark effect and
quadrupole interaction, further detail is given in [25, 26]
The microfield can be considered as a static microfield
distribution function, while it does not change during the
time of interest for the radiation process. The full line profile
is obtained by convolution of pressure broadening with
Gaussian distribution of Doppler broadening [51]

I(ω) =
∫∞
∞
ID(ω − ω)Ipr(ω)dω,

I(ω) ∼
∫∞
−∞

dω

ω
exp

[
− mic2

2kBT

(
ω− ω
ω

)2
]
Ipr(ω),

(16)

where mi is the mass of the radiating atom.

3. Result and Discussion

In this section, we present the profiles and the full widths at
half maximum (FWHM) of the 5016 Å and 6678 Å lines by
applying the approach outlined above, assuming LTE. The
comparison of available data and our calculated results is
shown in this section.

The full electronic width (2we) for the lines 5016 Å and
6678 Å are calculated from thermodynamic Green’s function,
shown in Figures 1 and 2, respectively. The electronic width
is compared with the results of the ST of Griem [1] and of
the MD simulations of Gigosos et al. [18, 19]. Furthermore,
in Figure 2 the semiclassical calculation of Dimitrijević and
Sahal-Bréchot [30] and the result of Bassalo et al. [6]
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are also included. The MD simulations [18, 19] results
correspond to two different kinds of MD simulations, in
the first calculation the independent electrons moving with
a constant speed along straight line trajectories. The corre-
lation between particles is considered by using a screened
Coulomb field. The second case is for interacting particles
in a one-component plasma, and a regularized potential
is used for close collision. The electron-ion interaction is
attractive; therefore, configurations involving electrons at
distance of the order of de Broglie wavelength or shorter
have to be considered. The Coulomb interaction must be
modified in a classical description at such distances. The
ion-electron potential regularization provides well-defined
classical physics for opposite sign charge systems, and
allows the application of the various sophisticated classical
many-body methods of classical statistical mechanics [52].
Moreover, the correlation arises, so the interaction with the
emitter is simply the Coulomb potential [18, 19]. Figures
1 and 2 show the interaction as well as the correlation
between perturbers, they are more important for decreasing
temperature. The discrepancy between both simulations
results can be seen at low temperature. Our results in Figure 2
give rather smaller values than the others, especially at low
temperature. This might be due to degeneracy in the plasma.
The contribution of strong collision to the width is rather
small for these two lines, about 20% at 5000 K. Furthermore,
the dynamically screened Coulomb interaction is included.

The measured profile of the line 5016 Å was recorded
by Soltwisch and Kusch [40] in a wall-stabilized pulsed
discharge plasma at electron density ne = 7.7 × 1022 m−3

and temperature T = 20000 K. The comparison is made with
the ST of Griem and his collaborators [1, 3] taken from the
[40]; see Figure 3. Our calculations are also included, and the
best agreement is achieved in the case of statical screening
effect. The discrepancies at the far wings can be related to the
perturbing neighbouring lines.

In Figure 4, the FWHM of He I for the transition line
5016 Å is plotted versus the electron density. The comparison
is made with large number of experimental results and
theoretical calculations. This line was investigated by Berg
et al. [42]; electromagnetic shock fronts were employed as
a thermal light source. Electron densities were determined
from continuum intensity and temperature from intensity
ratios of ion and neutral lines. One of the most interesting
measurements of Stark broadening of visible neutral helium
lines in plasmas has been carried out by Kelleher [46],
where sixteen different spectral lines emitted from a wall-
stabilized arc have been studied in detail. Stark broadening
of several isolated neutral helium lines such as 5016 Å and
6678 Å emitted from dense plasmas has been measured
in a low-pressure, pulsed arc plasma by Pérez et al. [27].
The electron density was determined by interferometry for
different wavelengths, and the plasma electron temperature
was estimated from a Boltzmann plot or the intensity
ratio of the ion and neutral lines. The results of the
experimental Stark broadening of these two lines in a low-
pressure, pulsed arc H-He plasma have been presented by
Mijatović et al. [47]. The electron density is measured by
laser interferometry. The electron temperature is determined
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Figure 2: Total electronic width (2we) of the He I 6678 Å line as
function of temperature at electron density ne = 1.0 × 1022 m−3.
Comparison is made with the other theoretical data [1, 6, 18, 19,
30].
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Figure 3: Experimental and theoretical line profiles of He I 5016 Å
at electron density ne = 7.7 × 1022 m−3 and temperature T =
20000 K [1, 40].

from the intensity ratio of the H-line to the underlying
continuum, while the gas temperature is measured from
the Doppler broadening [45]. Furthermore, the transition
lines have been measured by Milosavljević and Djeniže
[31, 45] at electron density between (0.3–8.2) × 1016 cm−3

and electron temperature between (8–33) × 103 K. Plasmas
were created under five various discharge conditions using
a linear low-pressure pulsed arc as an optically thin plasma
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Figure 4: Stark FWHM for the He I 5016 Å line as a function of the
electron density. A large number of measured and calculated data
are included. In this paper the line broadening for the (21 S-31 P)
transition is calculated by using binary approximation (– – –) and
including dynamical screening effect (——). They are compared
with the data of Gigosos et al. for pink circle (◦) independent and
turquoise circle (◦) interacting particles [18, 19], (×) Bassalo et al.
[41], (
) Berg et al. [42], orange circle (•) Pérez et al. [27], (�)
Chiang et al. [43], (�) Diatta [44], (∗) Milosavljević and Djeniže
[45], (�) Kelleher [46], (�) Mijatović et al. [47], (�) Soltwisch and
Kusch [40], and (+) Griem [1].

source operated in a helium-nitrogen-oxygen gas mixture.
Also the measurements of Diatta [44] and Chiang et al. [43]
are included. Our approach shows a good agreement with
the other results. Still some discrepancy can be observed
at very low densities, where the dynamical motion of ion
is considered in the MD simulation. At very high electron
densities the binary collision approximation overestimates
the width.

The spectral line shape of the line 6678 Å is measured by
Vujičić et al. [48] in the laser-produced plasma at electron
density ne = 10.6 × 1022 m−3 and temperature T = 3.1 ×
104 K, where the validity of the quasi-static approximation is
reasonable with the exception of the line center. The reduced
line profile [48] was compared with the ST [1], obtained
by averaging electron impact parameters over the static ion
microfield strength. We also include our calculated profile
J(x) as function of reduced wavelength x; see [1, 48]. The

420−2−4

x

0

0.05

0.1

0.15

0.2

0.25

J(
x)
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Figure 5: Comparison of the measured and theoretical line shapes
for the He I 6678 Å line in reduced wavelength at temperature T =
31000 K and electron density ne = 10.6× 1022 m−3 [48].

comparison is already shown in Figure 5, and asymmetry of
the line profiles can be observed. The overall agreement can
be seen between our calculations and the other profiles.

Furthermore, in Figure 6 the FWHM calculation is
performed for the line 6678 Å. Additional results for a
larger range of density are shown: values obtained by Pérez
et al. [27] for electron density (2.0–6.46) × 1022 m−3 and
temperature of (1.9–4.3) × 104 K, experimental values by
Mijatović et al. [47], Kelleher [46], and measurement by
Milosavljević and Djeniže [31]. A comparison with the
theoretical result by Bassalo et al. [41] is given as well.
Furthermore, the results of MD simulations [18, 19] in the
density range of (0.25–50.0) × 1022 m−3 and temperature
range of (1.9–4.2) × 104 K are included. The theoretical
scaling data of ST is taken from Pérez et al. [27]. The
estimated width of ST [1] is systematically higher than
our result. The Doppler broadening becomes less important
with increasing density, and the width is only due to Stark
broadening at high density, this can be seen in Figure 6.
In general, our calculated FWHM result for the given
density and temperature agrees with the other theoretical
and experimental values.

The inclusion of dynamical screening reduces the mag-
nitude of width at high electron density, causing some
nonlinear behavior, see Figures 4 and 6. Regarding the
data reported by Bassalo et al. [41], the discrepancy may
be due to neglecting the width in lower energy states of
transition. They use the Debye radius for the maximum
impact parameter and take the reduced matrix element from
the oscillator strength of transition. Our approach shows a
good agreement with the other results. Still some discrep-
ancy can be observed at very low electron density where
the dynamical motion of ions is more pronounced. The
quadratic Stark effect increases slightly the line width and
shift, and introduces asymmetric ion broadening component
to the line shape. However, the ion contribution is relatively
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Figure 6: The full width at half maximum of the He I line 6678 Å
versus electron density. Our FWHM calculations for this line by
including Doppler broadening (· · · · ··), binary approximation
(——), and dynamical screening effect (– – –) are compared
with results of Gigosos et al. for pink circle (◦) independent and
turquoise circle (◦) interacting particles [18, 19], (×) Bassalo et
al. [41], (�) Kelleher [46], orange circle (•) Pérez et al. [27], (�)
Mijatović et al. [47], (
) Vujičić et al. [48], (∗) Milosavljević and
Djeniže [31], and (+) Griem [1].

high for the He I 6678 Å and 5016 Å lines they are both
extremely asymmetric see Figures 3 and 5. With increasing
electron density, the binary collision approximation is no
longer valid, and plasma oscillations become relevant, where
the dynamical screening effect modifies the broadening
parameters with respect to the density [53–55]. Then, the
exact expression of the inverse dielectric function has to be
used, especially when the interacting transition frequency
becomes comparable or smaller than the electron plasma
frequency. The lines might be no longer isolated, or the linear
Stark effect might be of importance at high electron density.

4. Conclusion

In this study, the quantum statistical approach is presented
to the line profile calculation of allowed isolated He I 6678 Å
and 5016 Å lines; however, this method is applicable for
both allowed and forbidden radiative transitions. A cut
off procedure is used for strong collisions. The Coulomb
approximation is employed to evaluate the wavefunctions
of helium atom. The dynamical screening effect increases

at high density, leading to nonlinear behavior of Stark
parameters with increasing density ne. In our calculation, the
time-dependent microfield fluctuation is approximated by its
static value due to the large mass of the ion relative to the
electron mass, assuming the stationary motion of ions during
the time of collisions. The contribution of ions is taken
into account in the quasi-static approximation, with both
quadratic Stark effect and quadrupole interaction. Good
agreement can be clearly seen by comparing our result with
the existing data.
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