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Shift and broadening of isolated neutral helium lines 7281 Å �21P−31S�, 7065 Å �23P−33S�, 6678 Å
�21P−31D�, 5048 Å �21P−41S�, 4922 Å �21P−41D�, and 4713 Å �23P−43S� in a dense plasma are investi-
gated. Based on a quantum statistical theory, the electronic contributions to the shift and width are considered,
using the method of thermodynamic Green functions. Dynamic screening of the electron-atom interaction is
included. Compared to the width, the electronic shift is more affected by dynamical screening. This effect
increases at high density. A cut-off procedure for strong collisions is used. The contribution of the ions is taken
into account in a quasi-static approximation, with both the quadratic Stark effect and the quadrupole interaction
included. The results for shift and width agree well with the available experimental and theoretical data.
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I. INTRODUCTION

Line profile calculations are an interesting tool for both
laboratory and astrophysical plasmas, e.g., to determine the
internal parameters or to understand the microscopic pro-
cesses within the plasma �1,2�. Helium spectral lines can be
used for diagnostics of laboratory plasmas, such as shock
wave tube or pulsed arc plasmas �3–6�, and in the astrophysi-
cal context of stellar atmospheres of hot stars and white
dwarfs �7–10�. The 7065 Å line is used in radiative transfer
calculations for supernovae �11,12� and cataclysmic vari-
ables �13�. The 6678 Å line is of importance to determine
physical properties of massive compact binaries �14�. The
line 4713 Å is a dominant one in helium-rich hot subdwarfs
�15�. The line 7281 Å is observed in P Cyg �16�. The two
lines 5048 Å and 4713 Å appear in the spectrum of CI Cam
�sgB�e� star�, and they are less optically thick than most of
the helium lines in the spectrum �17�. Furthermore, He-like
spectral lines are a prominent feature in laser-generated plas-
mas �18–22�. In addition to this, a detailed analysis of the
broadening and shift of helium spectral lines of dense plas-
mas can be used to test our understanding of correlation ef-
fects in these plasmas �23,24�.

A review of recent experimental data for Stark broadening
of nonhydrogenic neutral atoms is given by Konjević et al.
�25,26�. In particular, Refs. �3–7,21,22,27–32� concern the
lines studied in this paper. Stark broadening of several iso-
lated neutral helium lines, such as 7281 Å, 7056 Å, 6678 Å,
5016 Å, 4713 Å, and 3889 Å, emitted from dense plasmas
have been measured in a low-pressure pulsed arc plasma by
Pérez et al. �3–5�. In these experiments, 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. Stark shift of the He I lines 3889 Å, 5016 Å, 7281 Å,
and 6678 Å have been measured by Djeniže et al. �28� in a
linear pulsed arc plasma, using a shot-by-shot technique.
Further experiments are reported for the He I in Refs.
�18,33–46�, such as the Stark profile measurement of the He
I at 5876 Å performed by Büscher et al. �34� for an electron

density in the range of Ne= �0.5–2.5��1018 m−3 and a tem-
perature of T= �4–5.5�eV. Deviation from a linear density
dependency of Stark broadening parameters has been ob-
served. Profiles of the He I 4471 Å and 4922 Å spectral lines
were measured by Frank et al. �35�. The relatively weak
forbidden components appear on the wing of the correspond-
ing allowed transitions. Both mentioned transitions are in-
vestigated by Adler and Piel �36� at low electron densities
ranging from Ne= �1020–1021�m−3.

To calculate the line profile in dense plasmas on a micro-
scopic level, modifications due to the surrounding particles
must be taken into account. Screening as an important col-
lective effect in a plasma has to be considered. Note that the
influence of electrons and ions can be treated separately due
to the difference in mass and mobility. Various approaches
have been modified to account these effects �47–52�. Helium
series were calculated from a semiclassical approach by
Griem et al. �51,52�, using a traditional impact approxima-
tion for electrons with a cut-off procedure, while almost-
stationary heavy ions are treated in a quasi-static ion ap-
proximation due to the static microfield.

At low electron densities, moving ions cause a consider-
able change in the value and the direction of the electric
field. This leads to additional broadening of spectral lines
which is not taken into account by a static ion microfield
�53�. Note also that the dynamical treatment of ions is im-
portant for overlapping lines. The influence of the motion of
the perturbing ions on the Stark line shapes can be consid-
ered, e.g., within the model microfield method �MMM� �54�
or by molecular dynamics simulations of the line profiles
�23�. Molecular dynamics �MD� simulations have been per-
formed by Gigosos et al. �23,55�, by introducing two kinds
of simulations for calculating He I Stark line profiles. At
relatively high electric fields, the mixing of different sublev-
els for transitions involving highly excited states leads to
forbidden transitions and the increasing importance of the
linear Stark effect �8�.

Recently, a quantum statistical many-body approach tak-
ing into account the medium effects by using thermodynamic
Green function technique has been developed �56,57�. In
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principle, this approach is able to describe dynamical screen-
ing and strong collisions by electrons, as well as the dynamic
ion microfield in a systematic way. In contrast to molecular
dynamics simulations, a consistent quantum description is
performed. It has been successfully applied to Lyman and
Balmer lines of dense hydrogen plasmas �58–60�. In this
work, the Green function approach to spectral line shapes of
nonideal plasmas is extended to helium lines. A review of the
basic formalism is presented in Sec. II. In Sec. III, the shift
and full width at half maximum �FWHM� for isolated non-
overlapping He I lines 7281 Å, 7065 Å, 6678 Å, 5048 Å,
and 4713 Å, and the electronic contributions of line 4922 Å,
are evaluated and discussed. Results for the shift and broad-
ening are compared with a number of recent experiments and
theoretical calculations. Finally, conclusions are given in
Sec. IV.

II. THEORY OF SPECTRAL LINES IN DENSE PLASMAS

A quantum statistical approach has been developed to ac-
count, in a systematic way, for medium modifications of
spectral line shapes �56,61,62�. It starts from the relation of
the absorption coefficient ���� and the refraction index n���
to the dielectric function ��q ,�� in the long wavelength limit
q→0,

���� =
�

cn���
lim
q→0

Im ��q,�� , �1�

n��� =
1
�2

lim
q→0

�Re ��q,�� + ��Re ��q,���2

+ �Im ��q,���2�1/2�1/2. �2�

The dielectric function can be determined from the polar-
ization function ��q ,�� according to ��q ,��=1
−V�q���q ,��, where V�q�=e2 / ��0�0q2� is the Fourier trans-
formed Coulomb potential. Using thermodynamic Green
functions, a systematic perturbative treatment of the polar-
ization function can be performed.

The polarization function ��q ,�� is related to the dipole-
dipole autocorrelation function �57�. The following expres-
sion for the full profile I��� is obtained as a convolution of
the Doppler-broadened line profile with the pressure-
broadened line profile Ipr���:

I��� � 	
−	

	 d��

��
exp
−

mic
2

2kBT
�� − ��

��
�2
Ipr���� , �3�

where mi is the mass of the radiating atom and c is the speed
of light. The perturber-radiator interaction leads to a pressure
broadening �Stark broadening�, which contains an electronic
and an ionic contribution. Describing the ionic contribution
in the quasi-static approximation by averaging over the ionic
microfield �47,57,63�, we get

Ipr��� � �
i,i�,f ,f�

Ii,i�
f ,f����	

0

	

d
P�
�Im�i��f �

��� − � �if − �if��,
� + i
if
V�−1�f���i�� . �4�

Here, ��if =Ei−Ef is the unperturbed transition frequency
between the initial i and the final f states, i� and f� are the
corresponding intermediate states

Ii,i�
f ,f���� = �i�r�f��f��r�i��

�4

8�3c3e−��/kBT, �5�

where �i �r � f� has to identified as a dipole matrix element for
the transition between i and f states. The ionic microfield
P�
� is taken according to the Hooper microfield distribution
and 
=E /E0 is the normalized microfield strength at ion
density Ni=Ne with Holtsmark normal field strength E0

=e / �4��0r0
2�, where 4

15�2��3/2r0
3Ni=1 �64�. The line profile

itself is determined by the vertex correction 
if
V for the over-

lapping lines and the self-energy corrections of the initial �i
and final states � f,

�if��,
� = Re��i��,
� − � f��,
�� + i Im��i��,
�

+ � f��,
�� . �6�

Electronic, as well as ionic, contributions occur in the self-
energy �n�� ,
�, which is assumed to be diagonal in the
atomic state n,

�n��,
� = �n
ion�
� + �n

el��,
� . �7�

We describe expressions to calculate the self-energy and
vertex contributions. Performing a Born approximation with
respect to the perturber-radiator interaction, the electronic
self-energy is obtained as �57�

�n
SE + i
n

SE = �n��el�En,
��n�

= −
1

e2 	 d3q

�2��3V�q��
�

�Mn��q��2

�	
−	

	 d�

�
�1 + nB����

Im �−1�q,� + i0�
En − E��
� − �� + i0�

.

�8�

Here, the level splitting due to the ion microfield has been
neglected �65�, nB���= �exp��� /kBT�−1�−1 is the Bose dis-
tribution function and Mn��q� are the transition matrix ele-
ments given below. The sum over � runs from n−1 to n+1
discrete bound states for virtual transitions. The inverse di-
electric function �−1�q ,�� contains many particle effects
which account for the dynamical screening of the interaction
in the plasma

Im �−1�q,�� = −
Im ��q,��

�Re ��q,���2 + �Im ��q,���2 . �9�

The random phase approximation �RPA� for the dielectric
function is used
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�RPA�q,�� = 1 − 2V�q� 	 d3p

�2��3

fe�Ep� − fe�Ep+q�
Ep − Ep+q − � �� + i0�

,

�10�

where Ep=�2p2 /2me is the kinetic energy of electrons and
fe�Ep� is the Fermi distribution function of the electrons

fe�Ep� �
1

2
Ne� 2��2

mekBT
�3/2

exp�−
�2p2

2mekBT
� . �11�

The full expression of the inverse dielectric function has to
be used if the transition frequency �n� becomes comparable
to the electron plasma frequency �pl= �Nee

2 /�0me�1/2. How-
ever, in the high-frequency limit �n���pl, the inverse di-
electric function can be approximated by

Im �−1�q,�� � − Im ��q,�� . �12�

This binary collision approximation leads to a linear behav-
ior of the electronic shift contribution with respect to the
electron density, whereas a nonlinear dependence of the elec-
tronic shift with increasing electron density is expected if the
full expression of the inverse dielectric function is used
�65,66�. For virtual transitions between states with the neg-
ligible energy difference, the static Debye screening can be
considered for the inverse dielectric function such as �58,65�:

Im �−1�q,0� =
Im ��q,0�

�1 + �2/q2�2 , �13�

where �=rD
−1= �2e2Ne / ��0kBT��1/2 is the inverse Debye ra-

dius. On the other hand, the static Debye screening can be
also applied in the semiclassical calculation by using the
cut-off parameter �max=1.1rD, according to Griem �52�. In
our case, the lower limit qmin=1/�max of the q-integration
can be selected.

The vertex function for the coupling between the upper
and the lower state is given by


if
V =

2�

e2 	 d3q

�2��3

d3p

�2��3 fe�Ep�V2�q�Mii�q�

�Mf f�− q����2p · q

me
� . �14�

The transition matrix elements Mn��q� describe the cou-
pling between free charges and bound states. In lowest order,
they are determined by the atomic eigenfunctions �n�P� of
the radiating electron and depend on the momentum transfer,
�q �56,61�,

Mn��q� =	 d3p

�2��3�n
*�p��Zne���p� − e���p + q��

=ie�Zn�n� −	 d3r�n
*�r�exp�iq · r����r�� ,

assuming me�mi and Zn is the ion charge. Expanding the
plane wave into spherical harmonics

exp�iq · r� = 4��
l=0

	

�
m=−l

l

il jl�qr�Ylm
* ��q�Ylm��r� , �15�

a multipole expansion can be derived, e.g., l=0,1 ,2 gives
the monopole, dipole, and quadrupole contribution of the
radiator-electron interaction, respectively.

Contrary to hydrogen or hydrogenlike ions, the bound
state wave functions are not explicitly known for helium.
Approximations have to be made. Here, we assume for the
spherical part of the wave function a linear combination of
hydrogenlike wave functions, while the radial part of the
matrix element in dipole transition is calculated based on the
Coulomb approximation method of Bates and Damgaard
�67–69�. In more detail, Pn,l�r� is related to the normalized
radial eigenfunctions of the jumping electron. A series ex-
pansion of these wave functions in terms of hydrogenic wave
functions is considered:

Pnl�r� = rRnl�r� = �2r

n*�n*

exp�−
r

n*��
k=0

kmax ak

rk . �16�

The effective principal quantum number n* depends on the
ionization energy of neutral helium and the energy of the
corresponding state according to

n* =� 1Ry

E	 − Enl
,

ak = ak−1
n*�l�l + 1� − �n* − k��n* − k + 1��

2k
,

a0 = 1/n*�
�n* + l + 1�
�n* − l��1/2. �17�

To ensure convergence, the series should be truncated �68�
by ak=0 for kmax=k�n*+0.5.

As stated above, the electronic contribution of the self-
energy is evaluated in the Born approximation. This overes-
timates the self-energy. In particular, strong collisions with
large momentum transfer are not treated appropriately by the
Born approximation, while the perturbation theory breaks
down at small distances. A systematic calculation for strong
collisions is possible by the partial summation of diagrams
forming a three-particle T-matrix �57� or by using the close-
coupling method �70�. To avoid a perturbative expansion
with respect to the interaction, strong collision contributions
to the broadening are estimated by a Lorentz–Weisskopf ap-
proximation �51,52,69� with the introduction of a cut-off pa-
rameter for the q-integration �see Eq. �8��. Following Griem,
this cut-off parameter is the inverse of the minimum limiting
impact parameter �qmax=1/�min� �57�

�min = 
 2e4

3�2v2�
�

��i�r����2�A�zi�
min� + iB�zi�

min��
1/2

,

zi�
min = �Ei − E���min/ � v ,

A�z� = z2�K0
2��z�� + K1

2��z��� ,
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B�z� = �z2�K0�z�I0�z� − K1�z�I1�z�� , �18�

where I and K are modified Bessel functions �52�. An appro-
priate strong electronic collision term for the width of neutral
helium, which is also introduced by Griem et al. �51�, should
be added to the width in Eq. �8�, and the shift according to
Eq. �3.17� in Ref. �51� as follows:

�total = �n
SE + �3

4
�2/3

Ne	 v��min
2 f�v� dv , �19�

with the Maxwellian velocity distribution function,

f�v� = 4�v2� me

2�kBTe
�3/2

exp�−
mev

2

2kBTe
� , �20�

where v is electron velocity, and Ne is the electron density.
For the ionic contribution to the self-energy, we approxi-

mate the time-dependent microfield fluctuation by its static
value. In general, the dynamic ionic microfield is important
for overlapping lines and at low electron density in the line
center �71,72�. Due to the slow movement of heavy ions, the
ion microfield is assumed to be constant during the time of
interest for the radiation process. The perturbing ions can be
considered to be static during the radiation except in the line
center. The static ionic contribution to the ionic self-energy is
treated by means of the microfield concept including both
quadratic Stark effect and quadrupole effects. The first-order
perturbation term vanishes for nonhydrogeniclike atoms be-
cause of nondegeneracy with respect to the orbital quantum
number l. According to second-order perturbation theory, the
quadratic Stark effect is proportional to the square of the
microfield �73�:

�nlm
2 �E� = e2�E�2 �

n�,l�,m�

��n,l,m�z�n�,l�,m���2

Enlm − En�l�m�
, �21�

where E is the microfield strength, n, l, and m are the well
known principal, orbital, and magnetic atomic quantum num-

bers, respectively. The quadrupole Stark effect is due to the
inhomogeneity of the ionic microfield. We use the expression
derived by Halenka �74�,

�nn�
3 �E� = −

5

2�32�

eE0

r0
B��
��n�3z2 − r2�n�� .

Here, B��
� is the mean field gradient at a given field
strength, and the screening parameter �=r0 /rD is taken as the
ratio between the mean particles distance r0 �see below Eq.
�5�� and the Debye radius rD.

III. RESULTS

Applying the formalism outlined above, helium line pro-
files can be calculated for given electron densities and tem-
peratures. From these profiles, a FWHM and a shift of the

FIG. 1. �Color online� Theoretical spectral line profile �solid
line� of He I line 7281 Å for an electron density of 1.457
�1023 m−3 and a temperature of 2�104 K, compared with calcu-
lations of Gigosos et al. �broken line� �75�.

FIG. 2. Theoretical spectral line profile of He I line 6678 Å
�solid line� for an electron density of 14.57�1022 m−3 and a tem-
perature of 2�104 K, comparison is made with Gigosos et al. �75�
�broken line�.

FIG. 3. �Color online� Electronic width HWHM of He I line
4922 Å for electron density 1.0�1022 m−3 as a function of
temperature.
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peak position can be determined; the value of the line shift is
obtained from the distance between the unperturbed line and
the peak position of the profile, while the full width of the
profile is determined from the positions whose intensity are
one-half of the intensity of the maximum of the line. Note
that different expressions of shift, such as the shift of center
of mass or the shift at half-width, exist �30�. Here, our defi-
nition follows the definitions used in the experimental stud-
ies.

We present results of the spectral line shapes of the iso-
lated He I lines �21P−31S�, �23P−33S�, �21P−31D�, �21P
−41S�, and �23P−43S�. Also, the electronic shift and width
for the transition �21P−41D� in dense plasmas are calculated.
However, the profile of this line merges with its forbidden
component �35,36�. The Born approximation—with respect
to the dynamically screened electron-atom interaction—is
given by Eq. �9�, and a binary approximation has been
considered—according to Eq. �12�. As an example, we com-
pare the spectral profile for the transitions 7281 Å �21P
−31S� and 6678 Å �21P−31D� in Figs. 1 and 2 with simula-
tion results obtained by Gigosos et al. �75�. As can be seen,
a perfect agreement between our results in a binary approxi-
mation and the simulation data is found for the 7281 Å in the
line center, small discrepancies arise in the line wings; while
in the case of dynamical screening, the line shift becomes
smaller. As for the 6678 Å line, although the discrepancy is
somewhat larger, still the overall agreement is reasonable.
The simulation result shown here is used only for indepen-
dent particles. Comparison with the more realistic case of
interacting particles would, of course, be more meaningful
�75�. Note, that the asymmetry of the spectral line shape is
small in the case of 7281 Å line but larger for the 6678 Å
line.

In Figs. 3 and 4, we show the electronic width �half width
at half maximum �HWHM�� and shift for the 4922 Å line,
respectively, as a function of temperature at electron density
Ne=1.0�1022 m−3. Comparison is made with theoretical
values given by Griem �52�, Bassalo et al. �BCW� �49�, and
Dimitrijević and Sahal-Bréchot �DSB� �50�. In general, our
results are similar in size to previous calculations, and the

temperature dependence is similar as well. The binary ap-
proximation result for a shift delivers good agreement with
the other calculations for this transition. In our calculation,
the effect of dynamical Debye screening is considered which
leads to reduction of electronic shift and width. In the stan-
dard theory of Griem �52�, a semiclassical impact approach
is used. The importance of the correction for Debye screen-
ing at high density was pointed out, especially, when the
plasma frequency becomes larger than the splitting between
interacting levels �1�. For this transition, the reduction of the
width is about 20% in the given temperature range. An ap-
proximation for strong electron collisions is attended, in
which the perturbation theory breaks down. The cut-off pro-
cedure has been developed and used extensively by Griem
and collaborations �51,52,69�, as well as in the semiclassical
formalism by Dimitrijević and Sahal-Bréchot �50�. Bassalo
et al. �49� assumed, in their calculations, the convergent
method �68� in a many-level approximation.

Next, the total width and the total shift for the line 7281 Å
as a function of the electron density are given in Figs. 5 and
6, respectively. Doppler broadening is included according to
Eq. �3�. We compare our results with the visible spectrum
emitted by a helium plasma generated in a wall-stabilized
arc, which is reported by Kelleher �30�. The determined elec-
tron density was 1.03�1022 m−3 at electron and gas tem-
peratures of 2.09�104 K and 1.58�104 K, respectively.
The semiclassical approach of Bassalo et al. �76� was as-
sumed for Debye screening by introducing the Debye cut-off
parameter. The broadening and shift due to electron colli-
sions with and without the Debye screening effect were es-
timated. The ion contribution has been treated in the same
way as in the approach developed by Griem �52�. The results
obtained by a MD simulation for independent and interacting
particles by Gigosos et al. �23,75� cover the density range of
�0.25–50.0��1022 m−3 and temperature range of �1.9–4.2�
�104 K, while for the values obtained in a pulse arc plasma
by Pérez et al. �4� the temperature lies in the interval of

FIG. 4. �Color online� Electronic shift of He I line 4922 Å for
electron density 1.0�1022 m−3 as a function of the temperature. FIG. 5. �Color online� The FWHM for the He I line 7281 Å

versus electron density. Comparison is made with available theoret-
ical and experimental data. The electron temperature is taken ac-
cording to references �4,30,75,76�, see also Table III.
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�1.6–2.5��104 K with a mean value around 2�104 K.
They included the estimated theoretical data from Griem ap-
proach �52�. In the calculation of Gigosos et al. �75�, no
Doppler broadening is taken into account.

The overall agreement of our result with results from
other authors is quite good. In comparison to the estimated
values of Griem �4,52�, the deviations are more pronounced
for the width than for the shift. The discrepancies are larger
at very low density. At lower densities, the Stark broadening
becomes less important, and the relative contribution of Dop-
pler broadening increases. However, ion dynamics—which is
not considered in this paper—becomes important at low den-
sities. This might be the reason for the discrepancies at very
low densities.

Our results for shift and FWHM versus electron density
for the transition 7065 Å are given in Figs. 7 and 8, respec-
tively. Comparisons are made with: �i� A number of mea-
sured �30,32,77� and theoretical data �76�, �ii� observation in
a repetitively pulsed low-pressure arc hydrogen-helium
plasma measured by Mijatović et al. �27� with an electron
density range of �0.25–0.50��1022 m−3, electron tempera-
tures of �1.93–2.36��104 K, and gas temperatures of
�0.5–1.2��104 K—the latter are measured from the Dop-
pler broadening of He I line profiles, �iii� theoretical results
by Gigosos et al. �23,75�, covering a density range of
�0.25–249��1022 m−3 and a temperature range of
�1.93–6.34��104 K, �iv� the measured values of Pérez et al.
�5� in the plasma density range of �1–6��1022 m−3 and tem-
perature interval of �0.8–3��104 K with a mean value of
2�104 K, and �v� theoretical values from Griem’s approach
�52�, reported by Pérez et al. �5�. Good agreement between
our results and other investigations is found. Again, the
width shows some discrepancy at low densities. As before,
this might be due to the lack of ion dynamics in our ap-
proach. The calculations in Figs. 7 and 8 with Doppler
broadening are shown as well.

In order to compare different theoretical approaches, the
ratio of the experimental width to the theoretical one is con-

sidered. In this comparison, the width of the experiment per-
formed by Milosavljević and Djeniže �32� is used as a refer-
ence. The measured electron densities and temperatures were
in the range of �4.4–8.2��1022 m−3 and �1.8–3.3��104 K
with error bars ±9% and ±10%, respectively. Figure 9 shows
the ratio of the experimental Stark width to the theoretical
scaling data of Griem �52�, BCW �49�, and DSB �50� as a
function of temperature taken from the same Ref. �32�. The
ratios between experimental FWHM to various theoretical
values show some deviations from unity. Our calculations
are also included; lower than Griem’s values and agree with
the values given according to BCW �49�, but they are gen-
erally somewhat higher than the measured values.

To assess the importance of different effects, the indi-
vidual contributions due to electrons and ions are compared

FIG. 6. �Color online� The shift of the He I line 7281 Å versus
electron density. Comparison is made with available theoretical and
experimental data. The electron temperature is taken according to
the references �4,30,75,76�, see also Table II.

FIG. 7. �Color online� The shift of the He I line 7065 Å versus
electron density. Comparison is made with available theoretical and
experimental data. The electron temperature is taken according to
the references �5,27,30,32,52,75,76�, see also Tables II and IV.

FIG. 8. �Color online� The FWHM of the He I line 7065 Å
versus electron density. Comparison is made with available theoret-
ical and experimental data. The electron temperature is taken ac-
cording to the references �5,27,30,32,52,75–77�, see also Sec. III,
Table III.
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in Figs. 10 and 11. As can be seen, the ionic contributions to
the linewidth is about 19%; in agreement with the values of
Griem, and lower than the values given by Milosavljević and
Djeniže �32�. Ionic contributions are significantly smaller
than electronic contributions. About 13% to 21% of the elec-
tronic part is related to the strong collision term. Note also,
that the estimated values by Milosavljević and Djeniže �32�
give slightly higher results for the ion contributions and
smaller values for the electron contributions, but the total
width is still lower than theoretical values. Furthermore, the
measured value of Kelleher �30� is indicated in Figs. 10 and
11.

Similar calculations are performed for the line 6678 Å.
The comparison is shown for FWHM in Figs. 12 and 13 and
for the shift in Fig. 14. The experimental FWHM data of
Vujicić et al. �21� are illustrated in Fig. 12. They have been
measured in a laser-produced plasma for electron density
Ne= �0.7–1.7��1023 m−3 at an average temperature of T

=3�104 K, where the validity of the quasi-static approxima-
tion is satisfied except in the line center. Also, a forbidden
component does not overlap with the isolated one. A com-
parison was made with the theoretical results of Griem
�51,52�, Bassalo et al. �49�, Dimitrijević and Sahal-Bréchot
�50� by using Griem’s approach for the static ion contribu-
tions in Ref. �21�. The agreement of the experimental values,
with our best calculations, i.e., including dynamical screen-
ing, is better than with the other theoretical approaches. A
small discrepancy still remains at high densities, even in case
where dynamical screening is included. In Fig. 13, additional
data for a larger range of densities are shown: �i� Values
obtained by Pérez et al. �3� for densities of �2.0–6.46�
�1022 m−3 and temperatures of �1.9–4.3��104 K, �ii� ex-
perimental values by Mijatović et al. �27� and Kelleher �30�,
and �iii� measurement by Milosavljević and Djeniže �31� was

FIG. 9. �Color online� Ratio of the experimental Stark FWHM
of the He I line 7065 Å to the various theoretical approaches versus
corresponding experimental temperature from Milosavljević and
Djeniže �32�.

FIG. 10. �Color online� The electronic and ionic width contri-
butions of the He I line 7065 Å as a function of temperature. Com-
parison is made with theoretical and experimental data �32�.

FIG. 11. �Color online� The electronic and ionic width contribu-
tions of the He I line 7065 Å versus electron density. Comparison is
made with theoretical and experimental data �32�.

FIG. 12. �Color online� The FWHM of the He I line 6678 Å
versus electron density. Comparisons are made with the experimen-
tal data of Vujičić et al. �21�, the calculated theoretical values given
in the same reference and our data at an electron temperature
3�104 K.
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performed at electron densities between �0.3–8.2�
�1022 m−3 and electron temperatures of �8–3.3��104 K in
five different plasma discharge conditions using a linear low-
pressure pulsed arc as an optically thin plasma source oper-
ated in a helium-nitrogen-oxygen gas mixture. A comparison
with the theoretical results by Bassalo et al. �76� is given as
well. Furthermore, the results by Gigosos et al. �23,75� 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 Doppler broadening become less important with in-
creasing density, and the width is only due to Stark broaden-
ing at high densities. In general, our calculated FWHM re-
sults for the given densities and temperatures agree with the
other theoretical and experimental values. The theoretical
scaling data of Griem for broadening was also given by
Pérez et al. �3�. We include the line shift in the same manner
from Ref. �52�. The estimated values of Griem �52� are sys-
tematically higher than our values, especially for the line
shift.

As before, the inclusion of dynamical screening reduces
the magnitude of both width and shift. It also causes some
nonlinear behavior at high densities, see Fig. 14. We find that
the shift of this line is more sensitive to plasma screening, as
the virtual transitions to neighbored states do not contribute
to the line profile if the energy difference is comparable to
the plasma frequency �66,78�. The discrepancy between our

results and the available data is more pronounced for the
shift. For low densities Ne�1022 m−3, the calculated shift is
about one-half of the size of the MD data of Gigosos et al.
�75�, while at high densities we overestimate the shift in
binary approximation as compared to the MD results. Con-
cerning the high densities, the data by Gigosos et al. �75�
already indicate the importance of strong coupling effects.
Regarding the data point reported by Bassalo et al. �76�, the
discrepancy might be due to neglect of the shift and width in
the lower-energy states. Bassalo et al. �76� use the Debye
radius for the maximum impact parameter and take the re-
duced matrix elements from the oscillator strength of the
transition. In particular, for the line shift, the discrepancies
might be related to the somewhat ambiguous definition of the
cut-off parameter. In addition, the line might be no longer
isolated, or the linear Stark effect might be of importance at
high electron densities. Note, that an asymmetric profile of
this line was already shown in our previous work �79�.

The Stark broadening parameters for the transition 21P
−41S �5048 Å� are given in Table I. Our data, Wth and dth,
are again compared to calculated values of Bassalo et al. �76�
and measurements �30,80�. Good agreement is found.

Stark broadening calculations have been also performed
for the line 4713 Å. Once again, a linear dependence of the
FWHM with the electron density is found in Fig. 15. For this
line, Pérez et al. �3� have carried out measurements in the
temperature range of �1.9–4.3��104 K. In this case, only
results for the width with the corresponding theoretical val-

FIG. 14. �Color online� The shift of the He I line 6678 Å versus
electron density. Comparison is made with available theoretical and
experimental data taking the corresponding electron temperatures
�27,30,75,76�, see also Table II.

FIG. 13. �Color online� The full width at half maximum of the
He I line 6678 Å versus electron density, with and without Doppler
broadening, dynamical screening is included. The electron tempera-
ture is taken according to the Refs. �3,7,21,27,30,75,76�, see also
Table III.

TABLE I. Comparison of the calculated �values without/with screening are given� and experimental
results for FWHM and shift are given for line 5048 Å; Wth and dth this work; WB and dB, Bassalo et al. �76�.
The experimental values Wexp and dexp have been taken from Table I and II given by Bassalo et al.. �76�.

Ne

�1022 m−3�
Te

�103 K� WB �Å� Wth �Å� Wexp �Å� dB �Å� dth �Å� dexp �Å� �Ref. No.�

2.0 18.0 3.10/3.10 3.183/3.179 3.4 1.43/1.35 1.783/1.605 0.9 �80�
1.03 20.9 1.58/1.58 1.623/1.622 1.68 0.75/0.68 0.862/0.788 0.89 �30�
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ues from the Griem approach �3,52� have been reported. Be-
sides the experimental results �27,29,30,80�, the theoretical
values �29,76� for both width and shift are also shown in
Figs. 15 and 16. We notice good agreement between our
results and the other data, especially at lower densities. At
the highest density, some disagreement is found among the
various data. However, at this density, the experimental error
bars are also larger.

For the same transition, spectral line profiles have been
measured by Milosavljević and Djeniže �31� in the tempera-
ture range of �18–33��103 K and electron density of
�4.4–8.2��1022 m−3. From the observed profiles, using a
deconvolution procedure, ion static and dynamic broadening
parameters were estimated. However, in this case, dynamical
ion contributions play no role �31�. The comparison of our
results, the experimental data, the theoretical values of

Griem �51,52�, BCW �49�, and DSB �81� reported by the
same Ref. �31� are presented in Fig. 17. Our electronic con-
tributions lie above BCW �49�, the total width is slightly
larger than the experimental values but smaller than Griem’s
approach. Moreover the experimental result of Kelleher �30�
is implied.

In order to represent the data more clearly, the values for
FWHM and shift obtained in our approach are compared
with other theoretical approaches as well as experimental
data in Tables II and III, respectively.

As mentioned, the binary collision approximation can be
evaluated starting with Eq. �12�. The results for the line shift
d1 for line 7065 Å are given in Table IV. Based on the binary
collision approximation, the line shift d2 for static Debye
screening can be found by using � as the lower limit of the
q-integration. The contribution of the dynamical screening
effect d3 is obtained by using the full expression for the
imaginary part of the inverse dielectric function as given in
Eq. �9�. The correction due to the static Debye screening
leads to reduction of the shift at large values of �, which
correspond to the high electron density and relative low tem-
perature, but it does not influence the width.

In our calculations, the ions have been treated as station-
ary during the mean time of an electron collision. The static
microfield leads to a discrepancy at very low plasma densi-
ties, where the motion of ions is more important. The static
microfield approach can be improved by using the model
microfield method �71,82� or MD simulations �23,72,75�.
However, for a nonhydrogenic isolated neutral atomic line, a
simple expression can be given, which closely approximates
the ion dynamics contribution. In particular, following the
unified adiabatic theory, which was independently developed
by Griem �52� and by Barnard, Cooper, and Smith �BCS�
�83�, such an expression can be given in terms of a dynamic
ion broadening parameter �27,30–32,40�. This parameter is
equal to unity for the measured values of lines 4713 Å and

FIG. 15. �Color online� The full width at half maximum of the
He I line 4713 Å as a function of electron density. Available theo-
retical and experimental data are included. The electron temperature
is taken according to Refs. �3,27,29,30,76,80�, see also Table III.

FIG. 16. �Color online� The shift of the He I line 4713 Å as a
function of electron density. Comparison is made with previous
theoretical and experimental data. The electron temperature is taken
according to Refs. �27,29,30,76,80�, see also Table II.

FIG. 17. �Color online� Stark width versus electron density of
the He I line 4713 Å. The experimental data of Milosavljević and
Djeniže �31�, and the theoretical data of Griem �52�, BCW �49�, and
DSB �81� reported from the same Ref. �31�, are compared with our
calculations.
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5016 Å in Ref. �31�. Therefore, the effect of ion dynamics is
negligible for the given electron density and temperature.

IV. CONCLUSIONS

A quantum statistical approach using the technique of
thermodynamic Green function is applied to calculate in-

medium modifications of spectral lines in dense plasmas.
The approach has been used before to hydrogen and hydro-
genlike ionic spectral lines �57,63�. In the present work, this
approach has been extended to the helium atom, and applied
for the electron density range of �1016–1018�cm−3 and tem-
perature range of �1–6��104 K.

TABLE II. Comparison of the calculated shift �values without/with screening� dB by Bassalo et al. �76�, dG from MD simulation by
Gigosos et al. �75� for independent and interacting particles, our calculation dth and the experimental results dexp have been taken from Refs.
�4,5,27–30,80�.

��Å� Ne�1022 m−3� Te�103 K� dB �Å� dG dth �Å� dexp�Å� �Ref. No.�

7281 0.6 4.0 - - 0.208/0.193 0.16±15% �28�
1.03 20.9 0.37/0.36 0.528/0.480 0.438/0.404 0.473 �30�
3.469 20.0 - 1.66/1.49 1.552/1.42 1.48 �4�
9.118 20.0 - 4.34/- 4.212/3.793 4.30 �4�

7065 0.45 22.7 - 0.137/0.139 0.122/0.112 0.14 �27�
1.03 20.9 0.23/0.23 0.327/0.301 0.291/0.265 0.302 �30�
3.48 20.0 - 1.91/0.93 1.02/0.928 1.07 �5�

249.0 63.476 - 65.0/52.7 66.25/55.57 -

6678 1.03 20.9 0.22/0.19 0.389/0.307 0.225/0.178 0.355 �30�
4.88 42.05 - 1.24/- 0.91/0.66 -

6.46 36.45 - 1.43/- 1.242/0.846 -

8.2 31.5 - 1.7/- 1.63/1.04 -

4713 0.59 23.6 - - 0.31/0.286 0.34±0.015 �27�
1.03 20.9 0.44/0.43 - 0.569/0.52 0.538 �30�
2.0 18.0 0.87/0.83 - 1.07/0.982 1.0 �80�
4.1 20.0 1.81/1.71 - 2.393/2.153 2.3 �80�

13.0 20.0 5.98/5.37 - 7.853/6.783 6.0±1.0 �29�

TABLE III. Comparison of the calculated FWHM �values without/with screening are given� WB of Bassalo et al. �76�, WG from
molecular dynamic simulation by Gigosos et al. �75� for independent and interacting particles, our calculation Wth and the experimental
values Wexp are given in Refs. �3–5,27,29–32,80�.

��Å� Ne�1022 m−3� Te�103 K� WB �Å� WG Wth �Å� Wexp �Å� �Ref. No.�

7281 1.03 20.9 0.8/0.8 0.929/0.90 0.813/0.813 0.88 �30�
3.469 20.0 3.20/2.97 2.795/2.794 3.84 �4�
9.188 20.0 8.43/- 7.602/7.596 9.24 �4�

7065 0.45 22.7 0.23/0.241 0.193/0.193 0.22 �27�
1.03 20.9 0.46/0.46 0.523/0.507 0.437/0.437 0.47 �30�
3.48 20.0 1.90/1.91 1.497/1.497 2.04 �5�
6.1 33.0 3.53/- 3.112/3.112 2.81±0.3372 �32�

249.0 63.476 169.0/146.0 157.14/156.35

6678 1.03 20.9 0.78/0.78 1.07/0.946 0.773/0.769 0.98 �30�
4.88 42.05 4.39/- 3.963/3.895 3.55 �3�
6.46 36.45 5.79/- 5.316/5.186 4.24 �3�
8.2 31.5 7.3/- 6.81/6.57 6.28 �31�

4713 0.59 23.6 0.521/0.521 0.54±0.04 �27�
1.03 20.9 0.90/0.90 0.904/0.904 0.95 �30�
2.0 18.0 1.72/1.72 1.898/1.898 2.05 �80�
4.1 20.0 3.66/3.66 3.752/3.75 4.6 �80�

6.46 36.45 6.614/6.607 6.67 �3�
13.0 20.0 12.06/12.06 12.496/12.468 14.0±1.4 �29�
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Recently, Stark broadening of several helium lines has
been observed in various plasma experiments �5,30,32�. An
overall good agreement is found by comparing our results
with measured values. For higher densities, the behavior of
the shift and width of spectral lines becomes nonlinear, see
also Fig. 12. A similar behavior is already known from hy-
drogen �58�.

Calculations of helium lines were first performed by
Griem et al. �51,52�. Other recent calculations of helium line
profiles have been performed by Gigosos et al. �23,75� based
on semiclassical MD simulations for independent, as well as
interacting, particles in a nonquenching approximation. In
the temperature and density range under consideration, both
approaches give results in generally good agreement with
our calculations, which are strictly quantum statistical and
not restricted to a nonquenching approximation. Moreover,
in our calculations, quadrupole contributions are taken into
account. The correction due to this contribution increases at
high densities. In the region under discussion, all of the con-
sidered theories give results for the shift and width of spec-
tral lines which are in reasonable agreement. We expect that
our quantum statistical approach can also be used for higher
densities to obtain relevant results in this region.

In dense plasmas, where the energy distance between the
perturbed and the neighbored perturbing energy levels be-

comes comparable to the electron plasma frequency, dynami-
cal screening effects are important. Screening reduces the
shift especially at a high electron density, analogous to hy-
drogen �58�. This behavior is shown in Figs. 6 and 12. The
linewidth is dominated by the electronic contribution, which
is proportional to Ne. This can be seen in Fig. 11.

At high densities, pair-correlation effects are important for
the microfield distribution function. They can be derived by
an appropriate approach, such as APEX �84,85� or Monte
Carlo simulations �24� in the case of strongly coupled plas-
mas. At low densities �Ne�1022 m−3�, ion dynamics correc-
tion is required; while at high density, the motion of the ions
is not significant �30�. Furthermore, a microscopic descrip-
tion of strong collisions via a partial summation of the cor-
responding three-particle T-matrix �57� or the close-coupling
method by Schöning �70� should be used to avoid artificial
cut-off parameters. This is the object of future work.
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