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We present the results of theoretical and experimental line shape study of the Li I 460.28 nm line with a forbidden
component in a low temperature laser-induced plasma. For this purpose a computer simulationmethod is used to
calculate the overall line profile in the electron number density range of (0.5–11.0) × 1016 cm-3 and the electron
temperature 5800 K. The same computer simulationmethod is used to evaluate asymmetric profiles of the isolated
Li I 497.17 nm line in the same electron density range and for several electron temperatures between 3500 K and
10300 K. The results for the Li I isolated line are used together with two other theoretical calculations for indepen-
dent electron density measurements in laser induced plasma. The electron temperatures in the range of 4000–
7000 K were determined from relative Li I line intensities using Boltzmann plot technique. The comparison be-
tween calculated profiles and experimental data for the Li I 460.28 nm line with a forbidden component indicates
that theoretical results can be used for electron density diagnostics in the aforementioned density range with an
accuracy of ±10–15%. To facilitate the application of theoretical line profiles simple expressions are supplied.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Spatial and temporal distributions of plasma electron number density
(Ne) are among themost important plasma parameters required for test-
ing of plasma modeling. For the plasma Ne diagnostics, spectral line
shapes in conjunction with theoretical calculations are most frequently
used. For this purpose, a spectral line profile is usually recorded using op-
tical emission spectroscopy technique, but absorptionor inducedfluores-
cence may be used as well. For Ne determination the experimental line
widths or the whole line profiles are compared with corresponding
results of well tested theoretical calculations. The most sensitive line
shapes for Ne plasma diagnostics belong to hydrogen atom or
hydrogen-like ion with line shapes governed by the linear Stark effect.
However, hydrogen is not always present in plasma and sometimes is
avoided; in these cases isolated lines of non-hydrogenic species are
often used for plasma diagnostics. Since the shapes of these lines are
governed by the quadratic Stark effect, they are narrower and overlap
less with neighboring lines. This in some cases is a great advantage in
comparison with broad hydrogen lines. Furthermore, non-hydrogenic
lines are available almost in all regions of emission spectra which is im-
portant for numerous applications. Unfortunately, large volume of
ccasion of his 75th birthday, in
f laser spectrochemistry and as
theoretical Stark broadening data for non-hydrogenic lines is still miss-
ing, while not all available data have been thoroughly tested. Thus, for
the application of a spectral line not studied before, laborious calculations
and their testing are required. This is in particular a case for lines of heavi-
er elements frequently required for various laser-induced breakdown
spectroscopy (LIBS) applications.

The situation is considerably relaxed if results of theoretical calcula-
tions are available. In this case it is important that theory was used for
calculation of tested spectral line profile parameters belonging to other
elements or other transitions of the same element. Another difficulty fre-
quently met with non-hydrogenic lines is that they are in some cases so
spectrally narrow that it limits correct determination of line shape with
typical spectroscopic equipment used in laboratory for LIBS experiments.

The lack of Stark broadening data for neutral and singly charged ion
lines explains a recent increase in experimental studies and testing of the-
oretical predictions of line shapes. An overview of earlier publications
dealing with Stark broadening studies using laser induced plasma (LIP)
as a plasma source is reported in [1]. Since then, several new
publications have appeared: Al II lines [2], Zn I 636.2 nm line [3] and indi-
umand zinc neutral lines [4]. In Refs. [5,6] the authors supplemented pre-
viously published data on Fe II and Ni II. A large number of Cu I and Cu II
lineswas studied in [7]while difficulties experiencedwith Cu I resonance
lines and Stark broadening parameters were addressed in [8].

Due to its several advantages, LIP has beenused as a plasma source for
somanynew line shape studies. Themost important qualities of a LIP as a
light source are: possibility to obtain line emission for a large number of
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Fig. 1. Effect of the reduced ion mass μ on the Li I 460.28-nm shape. T = 0.5 eV
(T = 5800 K) and Ne = 1017 cm-3 were assumed. The line shapes are normalized to a
unity area. Zero corresponds to a position of unperturbed 2p–4d transition.
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elements and their ions in a large range of plasma parameters by simple
replacement of the target material, by change of the plasma observation
time, by replacement of a surrounding gas, and by change of the laser
wavelength andpower input to the target surface. These are themain ad-
vantages of LIP over other types of gas discharges used for line shape
measurements [9]. Certain disadvantages also exist, and themost impor-
tant one is plasma inhomogeneity, which is changing temporally and
spatially during the LIP generation and decay. For proper application of
Fig. 2. Ionization degree and ionic plasma composition of a mixture of Al2O3, Li2CO3,
and MgCO3, in a 9:4:1 proportion at Ne = 1017 cm-3 and assuming Saha equilibrium.
LIP for line shape recording one has to take care of numerous precau-
tions, which will be discussed and performed in the experimental part
of this study.

We present in this work results of an experimental and theoretical
line shape study of a spectral line with forbidden component. The
width and shape of the overall line profile, depending on the plasma
density (Ne) and, to a smaller extent, on the electron temperature (Te),
are somewhere in between non-hydrogenic and hydrogenic profiles.
As an intermediate case, these lineswith one ormore forbidden compo-
nents (transitions with Δl ≠ ±1, where l is angular momentum quan-
tum number) occur as a result of the breakdown of the parity
selection rules induced by ambient DC or plasma electric microfield.
This effect should not be confused with the forbiddeness associated to
magnetic dipole, electric quadrupole or other higher multipole transi-
tions. When plasma broadening of allowed line becomes comparable
with energy levels separation between allowed transition and nearest
dipole allowed perturbing level or levels, wave functions becomes
mixed. In this case normally forbidden line starts to appear close to
the allowed one. With an increase of electric field (i.e., an increase of
the charged particles density), the mixing of the wave functions
becomes stronger, the difference between the allowed and forbidden
components becomes meaningful; and one is approaching hydrogen-
like emitter approximation with linear Stark effect responsible for the
line shape formation. Thus, the overall shape of these lines is sensitive
to the charged particle density and, therefore, can be used for the
Ne plasma diagnostics. Furthermore, the comparison of an overall
experimental profile of a line with forbidden components with results
of theoretical calculations may be used as a sensitive test of the Stark
broadening theory. The best studied examples are several visible neutral
He I lineswith forbidden components, see e.g. [10,11]. For recent studies
and reviews of relevant literature for two most frequently used He I
447.1 nm and 499.22 nm lines see [12–14] and references therein.

Unfortunately, in a number of plasma sources helium is not present.
In some cases like LIP in front of a solid target the diagnostics with
helium lines may infer erroneous conclusions due to a poor mixing of
the ablated material with the surrounding gas [15]. Furthermore, in
low-temperature plasma, He lines are not excited or they are insuffi-
ciently intense for reliable Ne diagnostics. Thus, one requires more
suitable lines with forbidden components belonging to higher-Z
elements that originate from the target material.
Fig. 3. a) Schematic presentation of the experimental setup. b) Typical overall spectra
spatially and temporally integrated, recorded with Mechelle ME5000, Andor Technology.
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Fig. 4. The steps of experimental data processing for the Li 460.28 nm line recorded at z= 1.5 mm from the target surface and recorded with delay time of 3 μs: a) data matrix recorded
without back mirror (WOM) after corrections for apparatus function, wavelength correction, crop and symmetrization; b) data matrix recorded with backmirror (WM) after corrections
for apparatus function,wavelength correction, crop and symmetrization; c)WOMafter smoothing; d)WMafter smoothing; e) datamatrix after self-absorption (SA) correction and f) data
matrix after Abel inversion.
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After helium, the next element in the periodic table is lithium,
the lightest metal with a simple atomic structure. This element is
used for various applications and found in a number of target mate-
rials suitable for LIBS analysis [16–20]. Non-hydrogenic Li I spectral
lines have already been the subject of several experimental studies
but only few Stark widths and shifts of Li I lines were reported to-
gether with plasma Ne and Te required for theory testing, see e.g.
[9,21].

Among the Li I lineswith forbidden components, themost studied is
the Li I 460.28 nm line. The allowed line at 460.28 nm originates from
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Fig. 5. The details of data processing for the Li 460.28 nm line recorded at z=1.5mm from the target surface and using delay time of 3 μs. a) The spectral profile at the plasma axis recorded
without backmirror (WOM) before and after smoothing. b) The lateral profile at linemaximum recordedwithout backmirror before and after smoothing. c) The spectral profile at plasma
axis recorded without back mirror (WOM) after smoothing—blue dashed line, recorded with back mirror (WM) after smoothing—black dotted line, after self absorption correction
(SA Corr Smooth)—red dashed-dotted line, and after Abel inversion—green line. d) Same as c) for lateral profiles and obtained radial profile after Abel inversion—green line.
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the 2p–4d transition,while the strongest andmost important forbidden
component comes from the 2p–4f transition. Most of studies of the Li I
2p–4d line with the forbidden 2p–4f component have been devoted to
Ne plasma diagnostics and electric field strength measurements. To
the best of our knowledge, the pioneering work was done by
Grechikhin, see e.g. [22]. One of the important aims of his work was to
derive an analytical formula for reliableNedetermination, using intensity
ratio of the forbidden and allowed components (F/A) of this line.
Grechikhin's study was performed at a relatively low electron density
(~1015 cm-3) without independent Ne diagnostics.
Table 1
Transition array, multiplet, wavelengths, lower and upper energy levels, upper level statistical

Transition Multiplet Wavelength (nm) Ei

1. 1s22p–1s24s 2P°– 2S 497.166 14
497.175 14

2. 1s22p–1s25s 2P°– 2S 427.307 14
427.313 14

3. 1s22p–1s25d 2P°– 2D 413.262 14
413.262 14
413.256 14
Besides the ratio (F/A), other parameters of complex line shape have
been used for plasma Ne diagnostics. These are the separation between
intensity maxima of the forbidden and allowed components (s) and a
full width at half maximum of the allowed component (FWHMa) [23].
These parameters, F/A, s, FWHMa, were determined fromgenerated pro-
files by Sassi [23] for the Ne range of 0.1–1.5 × 1016 cm-3 and compared
with corresponding experimental results [22], see Section 4.2.

Further experimental and theoretical studies of lithium line shapes
were related to electrolytic plasma [24,25]. As a possible explanation
for disagreement between theoretical and experimental profiles, the
weight for Li I lines used for the Boltzmann plot [31,38].

(cm−1) Ek (cm−1) gk A (108 s−1) S

903.66 35 012.06 2 3.460 × 10−2 0.42
904.00 35 012.06 2 6.918 × 10−2 0.84
903.66 38 299.50 2 1.59 × 10−2 0.122
904.00 38 299.50 2 3.17 × 10−2 0.244
904.00 39 094.93 4 1.81 × 10−2 0.252
904.00 39 094.94 6 1.09 × 10−1 2.27
903.66 39 094.94 4 9.04 × 10−2 1.26
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Fig. 6. a) Typical Boltzmann plot of Li I lines. Radial distributions of electron temperature at different delay times (D) at the observation distances b) z = 0.5 mm, c) z = 1 mm,
d) z = 1.5 mm from the target surface.
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authors named reabsorption of the studied lines and weakness of the
quasistatic approximation assumed. The applicability range of impact ap-
proximation and dynamic role of ions to the overall profile of Li I
460.28 nm line was investigated also [25], but an independent determi-
nation of the plasma Ne and Te is missing.

Apart from the application for Ne plasma diagnostics, Li I lines,
including the 460.28 nm line, were used for electric field strength
measurement induced by DC Stark effect, see e.g. [26].

From this survey it is evident that a reliable comparison between the-
ory and experiment for the Li I 460.28 nm line is still lacking. In the first
place theoretical calculations of line shapes for plasma parameters of in-
terest have to be performed and then, for comparison the experimental
line shapes recorded for knownplasmaNe and Te. In the procedure of test-
ing theoretical calculations, an independent measurement of Ne in low-
temperature plasma with a partial lithium content is a difficult task. Due
to a large difference in the excitation potentials, and a low ionization po-
tential of lithium, standard reference lines forNediagnostics like hydrogen
Balmer lines, neutral helium lines, etc are not excited under same
plasma conditions. This is another important reason for providing re-
liable plasma diagnostics with Li I lines, in particular, with the broad
460.28 nm line with the forbidden component. Due to the lack
of other more appropriate Ne plasma diagnostic technique,
we selected the isolated Li I 497.17-nm line with Stark broadening
parameters calculated using two different and widely tested semi-
classical approaches [10,27,28]. In addition, within this study a com-
puter simulation method (CS) [29,30] was used to evaluate profiles
of the same line, see Section 2. All three sets of theoretical data for
the Li I 497.17-nm line are in good agreement (within 15%) for the
studied Ne range and temperature around 5000 K. This was an argu-
ment to use this line for an independent Ne diagnostics.
The purpose of this work is to demonstrate possibility to use the Li I
460.28 nm line with the forbidden component for reliable and sensitive
Neplasmadiagnostic. To achieve this goal, the computer simulationmeth-
od is employed to evaluate a complex shape of this line with the forbid-
den component. The same computation technique is used to evaluate
the line shape of the isolated and slightly asymmetric Li I 497.17 nm
line. Shapes of both lines are calculated for a rangeof plasmaelectronden-
sities. LIP is used as a light source for the experimental testing of the the-
oretical line shapes. The details of experimental procedure for line shape
measurements in LIP are described and results of the comparison of our
calculations and other theoretical results are presented and discussed. Fi-
nally, the application of the Li 460.28 nm line with the forbidden compo-
nent for Ne plasma diagnostic purposes is critically evaluated and simple
expressions for application of the theoretical results supplied.

2. Line-shape calculations using computer simulation method

2.1. Computational approach

For this study, shapes of the Li I 460.28-nm and 497.17-nm spectral
lines were calculated using a numerical computation method described
in Ref. [29], which is an implementation of computer simulationmodel-
ing of plasma-broadened line shapes [30].

In short, the perturbing fields are simulated by the Particle Field
Generator (PFG), where the motion of a finite number of plasma parti-
cles (electrons and ions) is calculated assuming that classical trajecto-
ries are valid. Then, the time-dependent Schrödinger equation (ћ = 1)

idΨ tð Þ=dt ¼ HΨ tð Þ ð1Þ
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Fig. 7. Comparison of theoretical full Stark widths (electron+ ion broadening) vs. Ne for different temperatures, for the Li I 497.17 nm line; blue dashed line—Dimitrijević– Sahal-Bréchot
(DSB) [27,28], green dashed-dotted line—Benett and Griem (BG) [10], black line—computer simulation this work (CS); a) Te = 0.3 eV (3480 K), b) Te = 0.5 eV (5800 K), c) Te = 0.7 eV
(8120 K), and d) Te = 0.9 eV (10440 K).
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is numerically solved, where the Hamiltonian of the atomic system of
the radiator is the sum of the unperturbed Hamiltonian Ho and a time-
dependent perturbation V (t):

H ¼ Ho þ V tð Þ: ð2Þ
Fig. 8. Comparison of theoretical full Stark widths (electron + ion broadening) vs. Te for
three different Ne values for Li I 497.17 nm line; blue dashed line—Dimitrijević–Sahal-
Bréchot (DSB) [27,28], green dashed-dotted line—Benett and Griem (BG) [10], black
line—computer simulation, this work (CS).
The perturbation is due to the PFG-simulated plasma electric field and/or
themacro-fields. In the interaction representation, an equivalent of Eq. (1) is

idU tð Þ=dt ¼ V tð ÞU tð Þ; ð3Þ

where U(t) is the time-development operator. The time evolution of the di-
pole operator D(t) is then obtained:

D
!

tð Þ ¼ U tð Þ†D! 0ð ÞU tð Þ: ð4Þ

Finally, the Fourier transform of the dipole operator

D
!

ωð Þ ¼
Z ∞

0
dt exp −iωtð ÞD! tð Þ ð5Þ

is used to calculate the line spectrum in the dipole approximation:

Iλ ωð Þ � 1
2π

X
i

ρi

X
f

ω4
fi e!λ � D

!
fi ωð Þ

D E��� ���2; ð6Þ

where e!λ , is the light polarization direction and each initial state i is
assigned a population factor ρi.

2.2. Atomic data

In general, NIST atomic data [31] were used for the present calcula-
tions. However, the crucially important for the Li I 460.28-nm line
shape energy difference ΔE4d,4f ≈ 6.8 cm−1 as inferred from the NIST
database is believed to be wrong [32]. Therefore, we instead employed
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Fig. 9. Flowchart of the interpolation process and the fitting of experimental profiles. wi

represents instrumental FWHM, wd is Doppler FWHM, and wg is FWHM of total Gaussian.
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ΔE4d,4f≈ 5 cm−1, derived consistently by recent theoretical studies [33,
34].

For calculations of the shape of the Li I 460.28-nm (2p–4d) and
forbidden (2p–4p and 2p–4f) line complex, 2p, 4 s, 4p, 4d, and 4f levels
were retained in the Hamiltonian. For the Li I 497.17-nm (2p–4 s) line
broadening calculations, only 2p, 4 s, and 4p were sufficient; it was
verified, e.g., that addition of 2 s, 3 s, 3p, and 3d levels resulted in line
width increase only on the order of 1%.

2.3. Plasma modeling

The Li I 460.28-nm line at the plasma densities considered (Ne =
1016–1017 cm-3) is affected by the ion dynamics effect; therefore, in ad-
dition to the ion density, also the velocity of ions (relative to the neutral
Li radiators) affects the line shape. The relative-velocity distribution is a
Maxwellian with an effective (reduced) mass μ determined by the
plasma composition. As itwill be described in Section 3, the target pellet
consisted of amixture of Al2O3, Li2CO3, andMgCO3 in a 9:4:1 proportion.
Evidently, the possible values of the reduced mass might in principle
vary from 3.5 (all ions are Li+) up to about 7 (heavy, possibly
molecular, ionic species). Although this effect is minor, for the Li I
460.28-nm line it may need to be included if a high accuracy is desired.
As an example, in Fig. 1 we show two spectra for T = 0.5 eV (5800 K)
and Ne = 1017 cm-3 calculated assuming μ = 3.5 and μ = 5.

On the other hand, for the 497.17-nm transition, belonging to the
class of so called “isolated” lines that are largely broadened by the
electron impacts [10] alone, this effect is negligible. In order to deter-
mine plasma composition, we assumed that the molecules were fully
dissociated, which is a reasonable at T ≳ 0.5 eV. In addition, the rather
long time (N1 μs) between the application of the ablating laser and
performing spectrum measurements ensures that LTE exists between
atomic species and their ions. Due to different ionization potentials
and statistical weights of atomic levels, the ionization degree of various
species behaves differently as a function of temperature and electron
density. For example, Fig. 2 shows calculated T-dependence of the
plasma composition for Ne = 1017 cm-3.

The plasma particle densities derived in this way were used to
simulate plasma microfields by allowing the charged plasma particles
(electrons and ions) to move along classical straight-path trajectories
inside a fixed spherical volume. The plasma correlation effects were
accounted for by Debye screening, where the Debye length λs of each
species s was calculated under the assumption that species heavier
than s do not contribute to the screening, i.e.,

λs ¼
X

ms0 ≤ms

4πns0e
2Z2

s0

kBT

2
4

3
5−1=2

ð7Þ

The number of particleswas selected sufficiently large to ensure that the
radius of the simulation volume exceeds the Debye length by at least
three times.

3. Experimental setup

The details of our experimental setup and procedure were described
in detail recently [1] and, therefore, only short description will be given
for completeness. The schematic diagram of the experimental setup is
given in Fig. 3a. The plasma was induced by Nd:YAG laser radiation at
1064 nm having 15 ns pulse duration and 50 mJ pulse energy. The
laser beam was perpendicularly directed toward the target surface
and focused by 100 mm focal length plano-convex lens. Laser-induced
plasma is generated in front of a solid state surface. The target material
was pellet (Al2O3 900 mg: Li2CO3 400 mg: MgCO3 100 mg). Spectro-
scopic measurements were performed in air at atmospheric pressure.
The image of the plasma plume was projected with 1:1 magnification
(see Fig. 3), using lens with a 170 mm focal length, onto the entrance
slit (10 μm width and 2.5 mm height) of the spectrometer (Shamrock
sr-303i, Czerny–Turner type, focal length 303 mm) supplied with
three gratings 300, 1200, and 2400 grooves/mm. A quartz lens, 50 mm
diameter with a focal length of 100 mm, flat mirror and mechanical
shutter were mounted behind LIP at the opposite side from the
spectrometer to verify whether line self-absorption is present. The
plasma radiation was recorded with the ICCD detector (Andor Technol-
ogy, model DH720-18 F-63, with 1024 × 256 pixels, 26 × 26 μm2 pixel
size, 18 mm intensifier diameter), mounted at the exit slit plane of
spectrometer. The ICCD was operated by a pulse generator (DG-535,
Stanford Research Systems). The Li I lines were recorded with the
2400 grooves/mm grating. The shape of the instrumental profile is
close to Gaussian with FWHM of 0.093 nm. Instrumental profiles are
measured using low-pressure Hg and Ne spectral calibration lamps.
The wavelength sensitivity of the spectrometer with ICCD system and
all optical elements is calibrated against standard tungsten coiled-coil
filament quartz halogen lamp (EG&G, model 597-1). Standard lamp
was used for relative line intensity calibration. The focal plane of the
laser radiation was set 1 mm below the target surface. The diameter of
impact spot at the sample surface was 200 μm. The target was rotated
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Fig. 10. Best fit examples of the Li I 497.17 nm line using CS profiles, for the delay times of a) 2 μs, b) 3 μs, c) 4 μs and d) 5 μs. All experimental profiles originate from the plasma axis at
z = 1.5 mm from the target surface.
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or translated after every 16 laser shots. Each recording is an average
result of 10 accumulations, each one obtained with 16 laser shots.

The plasma plume was observed perpendicularly to the laser beam
and parallel to the target surface at the distances of 0.5, 1.0 and
1.5 mm from the target surface of the pellet sample. To avoid time inte-
gration and inhomogeneity, which may affect spectral line profiles,
special carewas taken to select delay time and gatewidth. The optimum
gate width of 200 ns and delay times for plasma observation of 2, 3, 4, 5,
7 μs after laser pulse were selected. For these delay times and
with 200 ns gate width, we assumed that plasma is quasi-stationary.
The selected gate width and delay times were appropriate also to
avoid strong plasma continuum emission and to enhance signal-to-
background ratio, see [1] for more details.

3.1. Data processing

The recorded spectral image represents spectral radiance emitted by
the observed LIP layer as a function of the lateral position and
wavelength. The radiation detected by each pixel of the ICCD matrix
corresponds to an integrated intensity of the plasma emission along
the line-of-sight across the radius of the plasma plume. An example of
spectrum is given in Fig. 4a. The details of the experimental data
processing were also described recently [1] and only a short description
will be given. The procedure consists of several stepswhich are illustrated
in Figs. 4 and 5. At the first step, spectral images are imported along
with the correction factor (the apparatus function). After intensity and
wavelength corrections, the images (1st one recorded without the back
mirror and 2nd one recorded with the back mirror) are cropped along
the wavelength and lateral axes and symmetrized (Fig. 4a and b). Then
images are smoothed using Savitzky–Golay filter (Figs. 4c,d, 5a,b).
In the next step self-absorption correction procedure is performed
(Figs. 4e and5c,d). Thedetails of self absorption correction and conditions
of their applicability are given in [1,2]. After checking that a line is opti-
cally thin (or that it can be corrected to optically thin case), an Abel
inversion procedure is performed (Figs. 4f and 5c,d).

4. Results and discussion

4.1. Plasma diagnostics

4.1.1. Electron temperature
For the electron temperature (Te) determination Boltzmann plot

(BP) technique was employed, using relative intensities of Li I lines
given in Table 1. Prior to calculation of Te, the issue of BP technique
applicability under LIP conditions was addressed. The discussion about
BP technique and partial local thermal equilibrium (pLTE) existence in
LIP plasma is given in recent publications [1,2]. The upper levels of
transitions used for Te determination have to be in pLTE in order to
have valid Te diagnostic by the Boltzmann plot technique. Applying
the same procedure as in [1,2] determined critical quantum number at
pLTE limit is 2, calculated using Eq. (7.77) from [35] for lowest Ne and
Te. This means that all Li I lines with the upper level principal quantum
number 3 (ground state + next level) or higher can be used for the
Te determination using the BP technique. From Table 1 one can see
that all three Li I lines fulfill pLTE condition. On the other hand, the so
called McWhirter criterion, commonly used for estimation of LTE
presence in LIP, gives value of Ne = 6.38 × 1015 cm−3 (Eq. (12) in
[36], see also [37]) for critical electron density above which LTE is
established. According to this criterion, all levels of Li I could be used
under given experimental conditions. These two considerably different
results indicate that, generally speaking, criteria for LTE assessment are
not well defined in literature, see also [36].
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Fig. 11. a) The illustration of spectral line parameters that describe the profile of Li I 460.28 nm linewith forbidden component, s—separation between allowed (A) and blue forbidden (F)
component, intensity ratio F/A, FWHM—full width at halfmaximumof the total profile (allowed+ forbidden), b), c) and d) comparison between theoretical s, FWHM, F/A dependence and
experimental results. For experimental resultsNe is determined from best fits of Li I 497.17 nmexperimental profiles lines using CS line shapes. In Fig. 11c. CS fit line describes Stark FWHM
(allowed+ forbidden), while green line from [23] describes FWHM of allowed component only. The reason for this difference: the calculations [23] were performed for low Ne when the
peak intensity of forbidden line is smaller than the halfwidth intensity of allowed line.
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A typical Boltzmann plot with Li I lines is shown in Fig. 6a, while
radial distributions of Te are given in Fig. 6b,c,d. The estimated uncer-
tainty of Te measurements is in the range of 8% to 12% depending
upon delay time i.e. intensities of Li I lines.

4.1.2. Electron density from Li I 497.17 nm line
The Hα Balmer line, frequently used for the Ne plasma diagnostics,

was very weak or not visible at the long delay times (N2.5 μs) which
were of interest for the study of Li I lines. At these late times Li I lines
of interest are present and clearly visible in terms of good signal to
noise and signal to background ratios. Furthermore, for early delay
times (b2 μs), Li I 460.28 nm line was very broad interfering with
other neighboring lines like, e.g., the Al II 466.30 nm line. These broad
and interfering line profiles were not used for the line shape analysis
in this study. As discussed earlier, for an independent method for Ne

plasma diagnostics, the Li I 497.17 nm line was chosen. For this line
two sets of semiclassical calculations by Benett and Griem (BG), see
Appendix IV in [10], and Dimitrijevic and Sahal-Bréchot [27,28] were
already available but the difference between data was not negligible.
In order to determinewhich set of data to use for Ne plasma diagnostics
we performed calculation of the Starkwidths for the same line using the
CS method (see Section 2) and all results are presented in Fig. 7.

Before discussing mutual comparison of theoretical results in Fig. 7,
let us point out that both data sets BG [10] and DSB [28] were used to
infer experimental Stark profiles of Mg I lines [1]. Same procedure
described in [1] is applied here with experimental Li I line profiles for
Ne plasma diagnostics whenever using Stark broadening data BG [10]
and DSB [27,28]. Here, it should be mentioned that the DSB data set
[27,28] lists only the electron impact widths, so the ion broadening
parameter Awas taken from [10] to infer total Stark widths (see Fig. 7).

The comparison of the theoretical data in Figs. 7 and 8 shows that
both sets of already available Stark-broadening Li I data [10,27,28] are
in a reasonable agreement with the CS results. In this study CS Stark
profiles of the Li I 497.17 nm line were used for an independent plasma
Ne diagnostics of LIP since line shape evaluation is performed for entire
asymmetric line profile for all studied plasma conditions. In addition to
this advantage, the same code as for the Li I 460.28 nm line is used, so if
there is certain minor inadequacy of the model, it is present for both
lines and hence it should cancel out.

The set of CS theoretical Stark profiles of the Li I 497.17 nm line
calculated for an Ne range of (0.5 – 11) × 1016 cm-3 and Te = 0.3, 0.5,
0.7, 0.9 eV (3480, 5800, 8120, 10440 K) were used (see Figs. 7 and 8)
to determine LIP radial distributions of Ne. For Ne b 5 × 1016 cm-3, the
experimental widths were determined by fitting measured profile
with asymmetric profile function jA,R [1,10] convoluted with Gaussian,
which includes instrumental and Doppler broadening. Then full Stark
width is used to determine Ne from data in Fig. 7 (solid black line). For
higher electron densities (N5 × 1016 cm-3) whole experimental profile
is fitted with theoretical CS profile. To obtain intermediate values from
the CS data set, an interpolation procedure is applied. The fitting
procedure with interpolated profiles is shown as a flowchart in Fig. 9.
By varying Ne, the best fit of experimental data is achieved and Ne is
inferred. Typical experimental profiles fits are shown in Fig. 10. Criteria
for a satisfactory matching between the experimental and interpolated
theoretical profiles were set for the residue to be less then ±0.05 and
for the correlation coefficient to exceed 0.98.
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Table 2
Comparison of experimental and theoretical data for different Ne and Te. Values of Ne are
deduced from the Li 497.17 nm line using the CS data set. Spectral profile parameters of
Li 460.28 nm line s, F/A, and w are illustrated in Fig. 11a. Here, w represents full width at
the half maximum (FWHM). All theoretical data are calculated for Te = 5800 K.

Ne (1016 cm-3) Te (K) sm (nm) sm/sth (F/A)m F=Að Þm
F=Að Þth

wm (nm) wm/wth

8.63 4470 0.98 1.03 0.96 1.01 2.72 1.03
8.44 4650 0.96 1.02 0.96 1.02 2.76 1.06
8.25 4620 0.93 1.00 0.96 1.02 2.72 1.06
7.58 6880 0.76 0.85 0.89 0.95 2.27 0.93
7.52 7270 0.77 0.88 0.90 0.96 2.34 0.96
7.27 7600 0.76 0.88 0.91 0.98 2.32 0.97
7.16 5210 0.74 0.86 0.90 0.97 1.99 0.84
7.14 5100 0.74 0.86 0.90 0.97 1.97 0.83
7.02 5240 0.71 0.83 0.90 0.97 1.93 0.82
5.31 4390 0.70 0.97 0.90 1.00 2.13 1.10
5.28 4350 0.65 0.91 0.90 1.01 2.13 1.11
5.23 4380 0.66 0.94 0.91 1.01 2.10 1.10
4.93 5210 0.71 1.04 0.89 1.00 1.80 0.98
4.90 5050 0.71 1.04 0.89 1.00 1.79 0.98
4.83 5450 0.65 0.97 0.88 0.99 1.73 0.96
4.15 4150 0.61 1.00 0.84 0.96 1.57 0.98
4.14 4060 0.60 0.97 0.84 0.96 1.55 0.97
4.03 4230 0.55 0.90 0.84 0.97 1.51 0.96
3.40 4900 0.46 0.84 0.81 0.96 1.23 0.89
3.38 4800 0.46 0.85 0.81 0.96 1.23 0.89
3.30 4830 0.40 0.74 0.80 0.96 1.20 0.89
3.36 3960 0.45 0.84 0.82 0.98 1.35 0.99
3.33 4150 0.47 0.87 0.82 0.98 1.35 0.99
3.33 4010 0.44 0.81 0.83 0.98 1.33 0.99
2.96 4740 0.37 0.73 0.71 0.86 1.05 0.85
2.94 4650 0.37 0.74 0.72 0.87 1.05 0.86
2.88 4730 0.35 0.72 0.73 0.90 1.06 0.87
2.41 4800 0.38 0.84 0.73 0.93 1.01 0.96
2.38 4990 0.38 0.85 0.73 0.93 1.00 0.96
2.40 4710 0.37 0.82 0.73 0.93 0.99 0.94
1.71 6450 0.34 0.90 0.72 1.00 0.85 1.06
1.71 6690 0.34 0.91 0.72 1.00 0.84 1.06
1.71 6390 0.34 0.90 0.71 0.99 0.83 1.05
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The estimated uncertainty of the reported Ne values from the
Li I 497.17 nm line is based on a detailed comparison of the BG semiclas-
sical results [10] with various experiments, see Appendix A in Ref. [39].
It was estimated for several multiplets of light elements (He I, C I
and N I) that the semiclassical data [10] may be used for Ne diagnostics
with an uncertainty in the range of 12% to 17%. For all calculated and
tested neutral atom lines from He through Ca the average uncertainty
value is 20% [39]. Since we are dealing here with lithium, which is a
light element with a simple atomic energy structure, and having in
mind comparison in Fig. 7 with two other well tested calculations, the
estimated uncertainty of reported Ne results is in the range of 10% and
15% depending upon quality of experimental line profiles.

4.2. Stark broadening of Li I 460.28 nm line

Theoretical CS profiles of the Li I 460.28 nm line with the forbidden
components were calculated for same Ne mesh as the Li I 497.17 nm
Table 3
Average value of experimental to theoretical ratio for Li 460.28 nm line spectral profile
parameters. Ne ranges were determined from the Stark widths of the Li 497.17 nm
line using the BG [10], DSB [27,28], and CS calculations—the first column in the table.
Temperature range is Te = (3960 – 7270) K.

Ne

(1016 cm-3)
(sm/sth)
average

((F/A)m/(F/A)th)
average

(wm/wth)
average

Ne range from Li 497.17 nm
line using BG data set

1.60–7.80 0.96 0.98 1.03

Ne range from Li 497.17 nm
line using DSB data set

2.10–8.85 0.85 0.95 0.90

Ne range from Li 497.17 nm
line using CS data set

1.71–8.63 0.89 0.97 0.97
line but for Te = 5800 K only. From these CS profiles line parameters s,
FWHM and F/Awere determined (black crosses in Fig. 11) and then theo-
retical dependences of these parameters versus Ne deduced (see Fig. 11,
black lines). Here, s is the separation between the allowed (A) and the
short-wavelength, “blue”, forbidden (F) component, FWHM is a full
width at half maximum of the total profile (the allowed + forbidden
components), and F/A is the peak intensity ratio of the forbidden to
allowed component. Besides theoretical dependences of line parameters,
the experimental values are shown in Fig. 11 as data points for Ne values
inferred from the CS data set for the Li I 497.17 nm line. For the sake of
completeness, available data from [22,23] were also included in Fig. 11.

Experimentally determined Li I 460.28 nm line parameters: s, FWHM
and F/A and their experimental to theoretical ratios are also given in
Table 2.

For the sake of comparison of plasma Ne results derived from the CS
Li I 497.17 nm line profiles (see Table 2) with Ne from the BG [10] and
DSB [27,28] data,Ne range derived from all three data sets are presented
in Table 3. Average experimental to theoretical ratios of line parameters
s, FWHM and F/A of the Li I 460.28 nm line are also given in Table 3.

The comparison of the theoretical and experimental Li I 460.28 nm
line profiles is presented in Fig. 12. The theoretical CS profiles are inter-
polated in a similar way as the Li 497.17 nm line for Ne values inferred
from CS Li 497.17 nm line profiles. The agreement between theoretical
and experimental profiles is checked for several Ne values and differ-
ences are presented in the formof residue graphs in Fig. 12. These differ-
ences are in the range−0.1 to 0.1, when both profiles are normalized to
peak intensity.

The comparison of the experimental and theoretical profiles in Fig. 12
shows a reasonable agreement, and therefore, we conclude that the CS
profiles correctly describe the overall profile of the Li I 460.28 nm line
with the forbidden component at the “blue” line wing. Therefore, to sim-
plify further use of the theoretical data for plasma Ne diagnostics we de-
rive best fit formulas that describe dependence of s, FWHM and F/A onNe.

s nmð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:10592 þ 0:036 � Ne

1016 cm−3

� �2=3
þ 0:041 � Ne

1016 cm−3

� �4=3
s

ð8Þ

FWHM nmð Þ ¼ 0:62 � Ne

1016 cm−3

� �2=3
ð9Þ

F=A ¼
0:97 � Ne

1016 cm−3

� �4=3

0:62þ Ne

1016 cm−3

� �4=3 ð10Þ

The expressions (8) and (10) may be used in the Ne range of
0.5–11 × 1016 cm-3 and Te = 5800 K, while the expression (9) is for
the range of 1–11 × 1016 cm-3 and Te = 5800 K since it describes total
FWHM (allowed + forbidden). For Ne below ~1016 cm-3, F/A ratio falls
below 0.5 so only FWHM of allowed component can be determined.
It should be pointed out that preliminary test of the Li I 460.28 nm
line shape shows a weak dependence on Te; therefore, (8–10) may be
used with confidence for the temperature range of (4000 – 7000) K.

5. Summary and conclusions

We reported results of theoretical and experimental study of the Li I
460.28 nm line with the forbidden component in low temperature
plasma. To perform this study a computer simulation method was
used to calculate the overall shape of this line in the electron density
range of 0.5–11.0 × 1016 cm-3 and electron temperature of 0.5 eV
(5800 K). The same computation technique was used for line shape
calculations of the isolated Li I 497.17 nm line in the same electron
density range and for electron temperatures 0.3, 0.5, 0.7, and 0.9 eV



Fig. 12. Comparison of theoretical and experimental profiles for the Li I 460.28 nm line. Theoretical CS profiles are generated for Ne values inferred from best fits of the experimental
Li I 497.17 nm profiles using the CS data set.
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(3480, 5800, 8120, 10440 K). These results were compared with two
other sets of semiclassical calculations used for plasma electron density
diagnostics.

The shapes of the lithium lines studied were recorded from laser
induced plasma, which was used as a light source for this experiment.
The plasma was induced with a pulsed Nd:YAG laser at 1.06 μm irradiat-
ing pellet target containing a lithium compound. The experimental details
and data handling procedure were described. Plasma parameters were
determined at the time of line shape studies. The electron temperature
was determined from relative intensities of several Li I lines by applying
the Boltzmann plot technique. The electron density was inferred from
the shape of the Li I 497.17 nm line using all three sets of theoretical cal-
culations. However, the test of Li I 460.28nm linewith the forbidden com-
ponent was carried out on the basis of electron density derived from the
computer simulation results for the Li I 497.17 nm line. These resultswere
selected for two reasons: (i) they provide whole asymmetric line profile
and (ii) the same code as for the Li I 460.28 nm line is used for modeling.
The estimated uncertainty of plasma electron densitymeasurements is in
the range of 10–15%.

Theoretical line shape parameters of the Li I 460.28 nm line with
the forbidden component were tested by comparison with measured
values (see Fig. 11) while the experimental Ne values were determined

image of Fig.�12
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by using the Li I 497.17 nm line shapes. The comparison of whole shape
of theoretical and experimental profiles was presented in Fig. 12.
The theoretical profiles in this figurewere generated for the experimen-
tal electron densities, obtained from the Li I 497.17 nm line, as shown
in Fig. 11.

On the basis of comparison theory versus experiment we concluded
that theoretical data for Li I 460.28 nm line with the forbidden
component may be used with confidence for electron density plasma
diagnostics at the temperature of about 0.5 eV (5800 K) with an
estimated uncertainty in the range of 10–15%. In order to avoid detailed
analysis of the Li I 460.28 nm lineprofiles, the bestfits of line parameters
s, F/A, and FWHM are described by formulas (8–10). By measuring the
line shape parameters one can not only determine electron density,
but also estimate whether the lines are self-absorbed.
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