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In this paper, line profile analysis of several Cr transitions was carried out for character-
ization of a laser-induced plasma. The plasma was generated on a metallic alloy (nominal
Cr concentration 29.7%) in air at atmospheric pressure by using an infrared Nd:YAG laser.
The emission intensities of 24 Cr I lines and 25 Cr II lines were measured spatially
integrated along the line-of-sight with good resolution. Their line profiles were analyzed
applying a computational fitting algorithm under a framework of a homogeneous plasma
in thermodynamic equilibrium. The effects of self-absorption and spatial inhomogeneity
were taken into account. The plasma temperature and the parameters NI (the atom/ion
concentration times the length of the plasma along the line-of-sight) were accurately
determined, and the electron density was estimated. The results were properly inter-
preted under the employed approach, demonstrating the important influence of the
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issues investigated on characterizing the physical state of laser-induced plasmas.
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1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is an
optical technique based on the spectral measurement of
the radiation emitted by a laser-induced plasma (LIP) for
chemical analysis of the elemental composition of solid,
liquid and gaseous targets [1-3]. The LIP can be character-
ized through determination of the temperature, the elec-
tron density, and the atom/ion number densities of the
present species [4]. Plasma characterization is of prime
importance to achieve a better insight of the physical
processes involved in its dynamic behavior and, thus,
improving the applications. A recent review by Hahn
et al. [5] summarized the current state-of-the-art on this
issue and highlighted the necessity of further research to
accomplish the full LIBS potential as analytical method.

A reliable characterization of the LIP is essential to LIBS
studies devoted to both basic and applied investigations.

*Tel.: +54 249 4439660x1; fax: +54 249 4439669.
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For instance, two important LIBS approaches relying on
accurate plasma characterization are (i) calibration-free
(CF-LIBS) methods, which are aimed at obtaining quantita-
tive results without the need for calibration standards [6],
and (ii) the use of LIPs as spectroscopic sources for mea-
surement of atomic parameters such as Stark broadenings
[7-10] and transition probabilities [11-15]. In the character-
ization procedure, the plasma temperature has a crucial
relevance because it governs the particle-radiation interac-
tion processes in the plasma [16]. The temperature is
generally estimated as the first step and, then, subsequently
employed in the calculation of the other physical para-
meters, i.e., electron, atom and ion densities. Therefore, if an
inaccurate value of the temperature is obtained, this will
cause even larger uncertainties in the subsequent calculus
of other plasma parameters and, finally, in the elemental
concentrations.

The most frequently used method to determine the
temperature is the Boltzmann plot, which is constructed
with the line intensities measured from different transitions
from one ionization species, i.e., atoms or ions, with available
spectroscopic data. The Boltzmann plot provides the excita-
tion temperature from the single species assuming a spatially
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homogeneous optically thin plasma in local thermodynamic
equilibrium (LTE). In order to achieve an accurate calculus of
the temperature, a large number of different lines having a
widespread range of upper level energies should be mea-
sured. Even higher accuracy is obtained by including in the
same plot, called Saha-Boltzmann plot, lines of both atoms
and ions (or any two successive ionization stages) of a given
element because the level energy difference results increased
by the ionization energy [4]. In this case, the ionization
temperature is obtained under the same assumptions as the
Boltzmann plot method. For a plasma in LTE, the excitation
and ionization temperatures coincide with the electronic
temperature corresponding to the Maxwell's distribution of
electron velocities [17].

Most LIBS experiments are carried out recording
spatially-integrated line intensities from LIPs generated
in air atmosphere. This configuration is generally chosen
because of its simplicity and versatility, which make
feasible many applications [18]. Nevertheless, it is well-
known that LIPs are very complex sources of radiation
which evolve with time; hence, the description of its
physical state based on the measurement of emitted
radiation is not straightforward. For a given time of
observation, self-absorption of spectral transitions and
spatial inhomogeneity of the plume make difficult the
characterization of the LIP. They affect the line emission
intensities leading to inaccurate results for the plasma
parameters. The problem of evaluating and compensating
self-absorption of spectral lines has been widely discussed
in the literature [19-25]. Models of inhomogeneous plas-
mas has been also reported [26-31], but these are intrin-
sically more elaborated and time-consuming, which may
reduce their practical applicability.

In addition, from an experimental point of view, there
are some issues that should be considered. First, since the
plasma properties depend on the experimental para-
meters, self-absorption and inhomogeneity can be over-
come or reduced by a proper choice of measurement
conditions and/or selection of adequate emission lines, as
shown for instance in Refs. [32,33]. Consequently, after
adequate conditions of measurement are matched, those
lines showing a plateau (which indicates strong self-
absorption) or a self-reversal dip at its top (evidence of a
non-uniform distribution of temperature along the direc-
tion of observation) are usually discarded. In this way, the
characterization is simplified by adopting the approach of
an optically thin, homogeneous plasma in LTE. However,
depending on the particular experiment and the analyte,
optically thin lines could be scarce or hardly detected, i.e.
because of a poor signal or spectral interference. On the
other hand, recording many emission lines is advisable to
achieve an accurate determination of plasma temperature
by means of a Boltzmann plot or a Saha-Boltzmann plot.
From the reasons mentioned, the measurement of spectral
lines affected by some degree of self-absorption as well as
inhomogeneity is generally necessary, and almost una-
voidable, for an accurate plasma characterization. In this
context, it is worth to further investigate how self-
absorption and spatial inhomogeneity impact on the
determination of the plasma parameters, specially the
plasma temperature.

The study of spectral line shapes is of great importance
as a diagnostic tool of LIPs because they provide informa-
tion on physical source conditions [34]. On these steps, the
goal of the present work was the analysis of line profiles of
several Cr transitions for characterization of a LIP gener-
ated on a metallic alloy. In this approach, several lines of
Cr I and Cr II with different spectroscopic features were
studied applying a simple model of a homogeneous
plasma to extract information about plasma features, with
special emphasis in a reliable temperature determination.
The information of this study will be useful to LIBS
experiments in which an accurate plasma characterization
is required and also to obtain some insight about the
physical processes involved, such as self-absorption and
spatial distribution of species in the plume.

2. Theoretical: spectral line emission from a
homogeneous plasma in LTE

In this section, the basic equations describing radiation
in the case of homogeneous plasma approximation
are reminded. The plasma is assumed in LTE and
cylinder-symmetrical. The emission and absorption of
radiation are described by an emission coefficient ¢,
(Wm 3sr 'nm~ ') and an absorption coefficient (1)
(m~1), respectively. The wavelength-dependent intensity
L (Wm 2sr~ ' nm~!) of a spectral line emitted along the
line-of-sight is given by the solution to the equation of
radiation transfer [35]:

I, = CU.T)(1—e % D) M

where C (a. u.) is a factor that unifies units and depends on
the instrumental set-up, U, (Wm™2sr~'nm™"') is the
distribution for blackbody radiation, T (K) is the plasma
temperature, and z; (dimensionless) is the wavelength-
dependant optical thickness of the plasma. For a plasma in
LTE, z, can be separated into different contributing factors,
similarly to Ref. [36], as

7(T) =x(2) I=xe(T) NIP(2) )

where «(T) (m?) is a coefficient that depends on the
atomic parameters of the transition and that can be
calculated if the plasma temperature is known. Namely,

4

A
Ke(T) = W

Aji g] e*Ei/kT(l_e(Eiij)/kT) (3)
where 2 (m) is the line wavelength, Aj (s71) is the
transition probability, g; (dimensionless) is the degeneracy
of the upper energy level, and E;, E; (eV) are the energy of
the levels. N (m~3) is the density of the emitting species in
the plasma, [ (m) is the length of the plasma along the line-
of-sight, P(4) (m~') is the normalized line profile, in
general described by a Voigt profile, and Q(T) (dimension-
less) is the atomic partition function.

The optical thickness z, reaches its maximum value zg
at the line center 1o and decreases toward the line wings.
If self-absorption of radiation within the plasma is negli-
gible, 7o<1 and the plasma is said to be optically thin. On
the other hand, for the stronger lines (generally the
resonant) the radiation emitted has a large probability of
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being absorbed, then, zp>1 and the plasma is said to be
optically thick.
A correction factor R, (adim.) defined as

I{hin 7
A @

can be calculated if the optical thickness z; is known
[23,25,37]. The correction factor R; can be subsequently
applied to the measured profiles to retrieve the optically
thin line profiles for the same number density of emitters.

In order to quantify the effect of self-absorption on the
emission line intensity, a coefficient SA is defined using the
ratio of the measured peak intensity (I(1g)) over its value in
absence of self-absorption (I""(40)), namely

1(Ag) 1
- Ithin(ﬂ,o) =1 RO (5)
where Rq is the particular value of R, (Eq. (4)) at the line
peak (1o). The SA coefficient can be expressed as percen-
tage multiplying Eq. (2) by 100. It should be noted that SA
was defined here slightly different than that in Refs.
[19,20], in such a way that SA=0 (or 0% absorbed) if the
line is optically thin and it increases up to 1 (or 100%) as
the line becomes self-absorbed. Both definitions are
equivalent.

The optical thickness of spectral lines governs their
self-absorption (see Eqs. (5) and (6)). Similarly to the work
of Aguilera et al. [36], it is deduced that the abscissa of the
point of intersection of the asymptotes of Eq. (1) for low
and high values of the optical thickness is zo=1. This is
the value of the optical thickness at which self-absorption
of a spectral line becomes important. For 7g=1 SA=
35%. Hence, lines with SA<35% suffer a low to moderate

PC

Box-Car

Trigger

Nd:YAG Laser

self-absorption. On the contrary, lines with SA > 35% are
significantly self-absorbed.
Integrating both sides of Eq. (2) along the line profile,

A= | 7,di=x(T)NI (6)
line

we obtain

NI=A/ke(T) (7)

which is the product of the particle density (atoms/ions)
(m~3) and the optical length of the plasma (m) along the
line-of-sight. The parameter NI (m~?2) is relevant to char-
acterize the plasma in addition to the plasma temperature
and the electron density [32,33].

3. Experimental
3.1. Experimental set-up

A schematic representation of the experimental set-up
is shown in Fig. 1. It is based on a monochromator with
good spectral resolution allowing a detailed measurement
of line profiles. It has been used previously [25,37], so only
a brief description is given here.

The LIPs were generated in air at atmospheric pressure
by focusing a Nd:YAG laser (Continuum Surelite II,
4=1064 nm, 7 ns pulse FWHM, 60 m]/pulse, repetition
rate 4 Hz) at right angles onto a metallic alloy (nominal
concentrations: 63.2% Co, 29.7% Cr, 5.5% Mo, and other
trace elements < 2.6%), fixed to a rotary holder, using a
quartz lens of 10 cm focal length. The light emitted by the
plasma from its brightest central region was collected at
right angles to the laser beam direction by using a second
quartz lens with a focal length of 20 cm and imaged on the

Monochromator

PM

i

Fig. 1. Experimental set-up.
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entrance slit (50 pm-width) of a spectrograph (Jobin Yvon
THR 1500, Czerny-Turner configuration, resolution 0.01 nm
in double pass at =300 nm, focal length 1.5 m, grating of
2400 lines/mm). The detector was a photomultiplier (PM)
whose signal was time resolved and box-car averaged.

Cr was selected as analyte because it was present in the
sample at a relatively high concentration and it has a rich
spectrum with an extensive number of transitions. In this way,
intense emissions of many Cr I-II lines were measured with a
suitable temporal window of 90 ns (Gate width) delayed 4 ps
from the laser pulse (delay time). The emission line profiles
were scanned moving the diffraction grating of the mono-
chromator controlled by software and synchronized with data
acquisition and laser firing. Each experimental point of the
emission profile was averaged for 10 laser shots to improve
the signal-to-noise ratio (SNR). The instrumental function had
an estimated FWHM of 0.0065 nm for the 50 pm-width
entrance/exit slits. Line profiles were corrected for the spectral
efficiency of the detector and analyzed with a PC employing a
self-designed computational algorithm.

3.2. Selection of analytical lines

Several Cr lines with wavelengths in the spectral range
280-450 nm were measured. The following criteria were
adopted for selecting the lines:

(i) In typical LIBS experiments, higher ionized species are
not present to a significant degree; thus, only transi-
tions from neutral atomic (Cr I) and singly ionized
species (Cr II) were considered.

(ii) Emission lines having available atomic data were
chosen.

(iii) Lines with different transition probability values
A;i>10° s, and within a broad range of upper level
energies were chosen.

(iv) Lines affected from interferences of other elements,
with a poor SNR, or exhibiting a self-reversal dip at its
top (which is a clear evidence that are strongly
absorbed in an inhomogeneous plasma [38]) were
discarded.

The selected emission lines were 24 lines of Cr [ and 24
lines of Cr II, which are listed in Table 1. The spectroscopic
data were taken from the NIST Database [39]. It should be
mentioned that the recorded set of lines was not intended to
cover the whole Cr spectrum; in fact, other Cr lines could be
selected. The employed emission lines included a reasonably
large number of lines with different spectroscopic character-
istics, which were appropriate for the purpose of the work.

4. Results and discussion
4.1. Analysis of line profiles

The analysis of emission line profiles was carried out
employing the method reported in previous works [25,37],
which is based in modeling emission line profiles. Basically,
a framework of a homogeneous plasma in LTE is applied to
extract information about plasma properties from the

Table 1

Spectral lines of neutral (I) and single ionized (II) atomic lines of Cr
analyzed in this work and their spectroscopic parameters (data from
[39]).

Species Wavelength (nm) Aji (s~ 1) Ej(eV) Ei(eV) g &
Crl 380.48 6.90 x 107  6.28 3.01 9 9
Crl 391.92 9.20 x 106 4.19 1.03 9 9
Crl 392.10 5.80x 10° 4.14 0.98 3 5
Crl 392.86 520x 10 4.16 1.00 5 7
Crl 394.15 2.80x 106 4.17 1.03 7 9
Crl 396.37 1.30 x 108 5.67 2.54 15 13
Crl 396.97 1.20 x 108 5.67 2.54 13 11
Crl 398.39 1.05 x 108 5.65 2.54 9 7
Crl 399.11 1.07 x 108 5.65 2.54 7 5
Crl 403.91 6.70 x 107 6.92 3.85 15 15
Crl 406.57 3.50x 107 7.15 410 1 9
Crl 412.65 6.71 x 10 5.55 2.54 13 13
Crl 420.45 310x 107 6.93 3.98 1 13
Crl 426.31 6.40 x 107  6.76 3.85 17 15
Crl 429.77 490 %107 6.73 3.85 13 11
Crl 430.05 1.90 x 107 6.32 3.43 7 9
Crl 433.76 5.48 x 106 3.83 0.97 5 3
Crl 433.94 6.92x10° 384 098 3 1
Crl 434.45 110 x 107 3.86 1.00 9 7
Crl 435.10 418 x 105 3.82 0.97 3 3
Crl 43518 1.20 x 107 3.88 1.03 1 9
Crl 435.96 540 x 10° 3.83 0.98 5 5
Crl 437.13 410x10° 3.84 1.00 7 7
Crl 449.69 330x10° 3.70 094 7 5
crl 284.32 6.40 x 107 5.88 1.52 10 8
crl 285.68 430x 10" 6.77 2.43 6 4
crl 285.74 280x107 679 245 8 6
crl 286.09 6.90 x 107 5.81 1.48 4 2
crl 286.26 6.30 x 107 5.85 1.52 8 8
crl 286.71 110 x 10 6.76 2.43 4 4
crl 286.76 110 x 10 5.80 1.48 2 2
Crll 287.04 130 x 108 6.77 2.45 6 6
Crll 287.38 8.80x 107 6.75 243 2 4
Crll 287.84 740 x 106 5.85 1.55 8 10
Crll 288.09 7.90 x 10’ 6.76 2.45 4 6
Crll 289.85 120 x 10% 815 3.87 12 10
crl 292.18 9.00 x 107 8.11 3.86 10 8
crl 293.08 110x 108 794  3.71 4 2
crl 293.51 1.80 x 108 8.05 3.83 8 6
crl 295.34 1.80 x 108 7.91 3.71 2 2
crl 296.60 5.40 x 107 8.05 3.87 8 10
crl 297.19 200x10% 7.94  3.77 14 14
crl 297.97 1.80 x 108 7.92 3.76 12 12
crl 298.92 220 x 10 7.88 3.75 8 8
crl 311.86 170 x 10® 6.40  3.74 4 2
crl 312.04 1.50 x 10®  6.41 2.42 6 4
Crll 312.87 810x 107 640 243 4 4
Crll 313.67 6.40 x 107  6.41 418 6 6

optical thicknesses of the lines. The optical thickness z,
(Eq. (2)) was represented by a pseudo-Voigt function, whose
Lorentzian width is dominated by Stark broadening while
the Gaussian width is associated to the instrument profile.
Self-absorption can be quantified and subsequently com-
pensated to retrieve the optically thin line profiles. In this
approach, the intensities of emission of all the Cr I-II lines of
Table 1 were computed and matched to their experimental
profiles using a fitting algorithm. Two examples of modeling
line profiles are shown in Fig. 2.

The results obtained from the analysis of the line profiles
are reported in Table 2. The spectroscopic data obtained for
each spectral line are the total intensity (), the intensity in
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Fig. 2. Examples of experimental profiles (-o-), fitting profiles ( - ) and line parameters calculated for the lines (a) 449.69 nm Cr I and (b) 297.97 nm Cr IL.
The maximum optical thicknesses 7o and the self-absorption coefficients SA are shown.

optically thin conditions (), the value of the optical
thickness at the line center (zg), the self-absorption coeffi-
cient (SA), the Stark width (ws), and the A parameter
(Eq. (6)). It can be seen that the analyzed lines were different
as a result of their different spectroscopic features. These
optical thicknesses originated different degrees of self-
absorption that were quantified by the SA coefficients. The
results of Table 2 were used for characterizing the plasma, as
shown in the following section.

4.2. Plasma characterization, homogeneity and
self-absorption

The plasma was characterized through the determina-
tion of the temperature, electron number density, and NI
parameter assuming LTE conditions. The latter is generally
fulfilled in LIBS experiments by the relatively high electron
densities achieved in the LIP (~10' cm~3). The tempera-
ture was determined using the Boltzmann plot method
with the optically thin intensities of Cr I-II lines of Table 2.

Fig. 3a and b shows the Boltzmann plots constructed
for Cr I and Cr II, respectively. Those lines suffering a low
self-absorption (i.e. SA<35% ) did not affect significantly
the slope of the Boltzmann plots. On the other hand, a
proper correction was required for lines appreciably self-
absorbed (i.e. SA > 35%). It is observed that the slopes of
the linear fittings are different on each case, resulting in
different excitation temperatures: kT;=(0.62 + 0.01) eV for
Cr I, and kT;=(1.22 +0.08) eV for Cr II. The errors were
derived from the standard deviations of the slopes of the
respective linear fittings. This observation agrees with that
reported by Aguilera et al. in Ref. [40] describing that
different excitation temperatures (called apparent tem-
peratures) are usually obtained for atoms and ions when
spatially-integrated line intensities are measured from a
LIP. These apparent values are due to population-averaging
over the real spatial distribution of species along the line
of observation. This result can be extended to all plasma
parameters, i.e. the calculated electron and species den-
sities correspond to population-averaged apparent values.

Moreover, in [40], a Saha-Boltzmann plot was con-
structed with the spatially-integrated emission lines of both
ions and neutral atoms. The data were fitted to a straight line
giving a unique temperature value between the excitation
temperatures for ions and neutral atoms that may be
considered as an apparent ionization temperature of the
whole plasma. Nevertheless, the authors questioned the
reasonability of this value and stressed that it has a con-
siderable dependence on the lines included in the plot.

The Saha-Boltzmann plot is based in the assumption of
a homogeneous plasma. Thus, the homogeneity of the LIP
was experimentally assessed by comparing the apparent
excitation temperatures obtained for ions and neutral
atoms. For a homogeneous plasma, both temperature
values (and also for the other parameters) should merge
into a single value within the experimental error. By
contrast, if a relatively large gap between neutral and ionic
temperatures is observed, then the plasma inhomogeneity
is important, and vice versa. The temperature difference
obtained in this work (0.7 eV) provided experimental
evidence that the plasma generated in the present experi-
mental conditions had a significative inhomogeneity
regarding the Cr concentration, which prevented the
construction of the Saha-Boltzmann plot.

In typical LIBS experiences, Stark broadening is the
predominant mechanism that determines the Lorentzian
contribution to line profiles [41]. It is proportional to
the electron number density, namely, Ws=2WN,/
Nfef, where w (nm) is the electron impact (half) width,
N. (cm~3) is the electron density, and N- (cm~3) is a
reference electron density, usually 10'® or 10" cm—3 [4].
Thus, the electron number density is generally determined
using the experimentally measured Stark widths from the
measured lines. In order to achieve an accurate estimation
of the electron density in the core and the periphery
regions, an statistical averaging of the results obtained
from several lines of Cr I and Cr II should be carried out.

Nevertheless, due to the very scarce published reference
Stark coefficients for Cr I-II lines in the pertinent literature
(with the only exception of Cr II line at 312.04 nm in
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Table 2

Calculated spectroscopic parameters for Cr I-II lines: Experimental intensities (I,,,), optically thin intensities (I;;;;,), maximum optical thicknesses (zg),
self-absorption coefficients expressed as a percentage (SA), Stark widths (Wse), ke factors (Eq. (3)), and A values (Eq. (6)).

Species Wavelength (nm) Lot (. W) Iipin (2. W) 7o (adim) SA (%) Wsrark (A) ke (x 10730 m?) A(x1079m)
Crl 380.48 0.624 0.802 1.0 36.7 0.10 0.76 0.121
Crl 391.92 0.783 1.475 29 67.3 0.07 2.77 0.272
Crl 392.10 0.472 0.543 0.5 213 0.08 0.63 0.051
Crl 392.86 0.301 0.382 0.9 34.0 0.09 0.91 0.099
Crl 394.15 0.362 0.436 0.7 28.1 0.09 0.67 0.078
Crl 396.37 1.340 2.492 2.9 67.4 0.08 5.92 0.458
Crl 396.97 1.164 2.258 31 69.2 0.08 4.75 0.387
Crl 398.39 1.043 1.998 3.0 68.3 0.07 2.92 0.281
Crl 399.11 0.732 0.989 1.2 41.6 0.09 233 0.181
Crl 403.91 0.294 0.381 1.0 36.8 0.08 0.40 0.102
Crl 406.57 0.149 0.153 0.1 4.8 0.06 0.10 0.009
Crl 412.65 0.351 0.391 0.4 17.6 0.09 0.31 0.045
Crl 420.45 0.163 0.167 0.1 4.8 0.07 0.13 0.009
Crl 426.31 0.627 0.839 11 39.2 0.07 0.53 0.103
Crl 429.77 0.381 0.460 0.7 28.1 0.08 0.32 0.071
Crl 430.05 0.190 0.195 0.1 4.8 0.10 0.13 0.012
Crl 433.76 1.257 1.970 19 55.2 0.08 1.48 0.195
Crl 433.94 1.445 1.903 11 393 0.10 1.10 0.132
Crl 434.45 1.950 4.761 5.0 80.1 0.08 5.07 0.508
Crl 435.10 0.846 1.100 1.0 36.7 0.08 0.68 0.102
Crl 435.18 2.790 6.534 5.0 80.0 0.10 6.52 0.604
Crl 435.96 1.634 2.514 19 55.2 0.10 145 0.230
Crl 43713 1.037 1.655 2.0 56.7 0.08 1.50 0.205
Crl 449.69 1.666 2.442 1.6 50.0 0.09 1.49 0.178
Crll 284.32 0.918 2.384 6.9 85.5 0.11 3.99 0.775
Crll 285.68 0.275 0.364 1.2 41.8 0.11 0.78 0.162
Crll 285.74 0.229 0.304 1.2 41.7 0.11 0.66 0.161
Crll 286.09 0.724 1.246 2.6 64.3 0.09 1.83 0.296
Crll 286.26 1.013 2.036 41 759 0.12 3.23 0.600
Crll 286.71 0.288 0.453 19 55.1 0.12 3.18 0.454
Crll 286.76 0.927 1.429 21 58.2 0.07 147 0.372
Crll 287.04 0.654 1.211 31 69.1 0.15 2.36 0.353
Crll 287.38 0.442 0.629 14 46.1 0.09 0.54 0.162
Crll 287.84 0.384 0.503 11 393 0.10 0.38 0.144
Crll 288.09 0.312 0.463 1.8 53.6 0.11 0.97 0.274
Crll 289.85 0.961 1.424 19 55.2 0.13 1.42 0.321
Crll 292.18 0.737 1.078 1.8 53.5 0.14 0.92 0.284
Crll 293.08 0.293 0.387 1.2 41.7 0.13 0.51 0.162
Crll 293.51 0.891 1434 23 60.9 0.11 1.54 0.310
Crll 295.34 0.288 0.365 1.0 36.7 0.11 0.43 0.135
Crll 296.60 0.306 0.370 0.8 31.2 0.11 0.47 0.135
Crll 297.19 1.368 2.758 3.9 74.8 0.14 3.31 0.485
Crll 297.97 1.379 2.618 3.5 723 0.10 2.60 0.473
Crll 298.92 1.424 2.348 2.6 64.4 0.11 2.18 0.440
Crll 311.86 1.620 2912 3.2 70.0 0.14 2.93 0.504
Crll 312.04 2.051 3.807 3.5 723 0.13 3.84 0.591
Crll 312.87 1.121 1.817 2.4 62.1 0.14 1.40 0.351
Crll 313.67 1.440 2.169 2.0 56.7 0.12 1.65 0.339

Ref. [42]), it was not possible to conduct a reliable calculus
of the electron density. Furthermore, the inhomogeneity of
the plasma prevented the calculus of the electron density
by using the Saha-Boltzmann equation [41]. From a pre-
vious work [41], the electron density for similar experi-
mental conditions can be estimated about ~ 107 cm—3.
For the determination of the parameters NI, the A values
(Eq. (6)) were plotted against the x(T) factors (Eq. (3)), which
were calculated with the apparent temperatures for Cr I and
Cr II lines in the last column of Table 2. As shown in Fig. 4a, b,
a linear trend was observed, in accordance with predictions of
Eq. (6). This equation expresses, under the present approach, a
proportionality between the A values and the «,(T) factors for
a given plasma temperature. The data were then fitted to
straight lines passing through zero and the NI parameters

were obtained from the slopes of the linear fittings: NI;=
(9.2+0.3)x10**cm~2 for Cr I and NIy=(1.8+0.1)x
102> cm~2 for Cr II. The errors calculated from the
respective standard deviations were statistically reduced
by averaging the results obtained from many lines.

Overall, the observations fit well with a picture of a plasma
composed of two regions: a core with a higher temperature
and populated mainly by ions, surrounded by a periphery
with a lower temperature, populated mainly by neutral atoms
[30,43,44]. Each region of the plasma is depicted satisfactorily
as a homogeneous piece characterized by its own set of
plasma parameters and for which the model of Section 2
can be applied. The values of the plasma parameters inside
these regions are averaged values of the real spatial
distributions.
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Fig. 3. Boltzmann plots constructed with spatially-integrated optically
thin line intensities of Cr I (a) and Cr II (b). Linear fittings and apparent
temperatures are shown.

The optical thickness of spectral lines, which governs self-
absorption, is proportional to the factor x,(T) (Eq. (2)). Hence,
the «(T) factors can be calculated for spectral lines through
Eq. (3) using a typical range of temperatures to predict their
expected self-absorption [36]. Those lines having relatively
larger values of k. will suffer a stronger self-absorption, and
vice versa. For comparison purposes, the SA coefficients
obtained experimentally for Cr I-II lines are plotted in
Fig. 5a and b with the «,(T) factors computed with the
corresponding apparent temperatures calculated for atoms
and ions in Fig. 3a and b, respectively. It was observed that the
SA coefficients presented the same trend that the «. values for
both Cr I and Cr II lines, demonstrating the agreement
between model and experiment. In addition, comparing both
figures it is seen that Cr II lines are, in general, more self-
absorbed than Cr I lines, which can be explained by a larger
density of ions respect to neutral atoms.

5. Conclusions

In this paper, the line profiles of several Cr I-II transi-
tions were analyzed line by line for plasma characterization
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Fig. 4. Plots of A values (Eq. (6)) versus «, factors (Eq. (3)) calculated with
the apparent temperatures of Cr I and Cr II. Linear fittings and NI
parameters are shown.

using a simple model of a non-uniform plasma composed
of two separate homogeneous regions in LTE: a high-
temperature core populated mainly by ions, surrounded
by a low-temperature periphery populated mainly by
neutral atoms. The emission intensity profiles of Cr
I-II lines were measured with good resolution and
spatially-integrated along the line of observation. From
the individual analysis of the lines, useful informa-
tion was extracted about spectroscopic data, i.e. total
intensity, optical thickness, Stark broadening, and self-
absorption. From a joint analysis of the lines, valuable
information on plasma properties was deduced, such as
atomic and ionic excitation temperatures, spatial inho-
mogeneity, and NI parameters for atoms and ions. It was
not possible to perform an accurate calculus of the
electron density due to the very scarce published refer-
ence Stark coefficients for Cr I-II lines. A reliable deter-
mination of Stark broadening parameters for Cr lines is
envisaged for a future work. Overall, plasma character-
ization using a simple model provided valuable insight
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Fig. 5. Comparison of the SA coefficients obtained for Cr I (a) and Cr II (b) lines with the «, factors of Eq. (3) computed with the corresponding apparent
values of temperature obtained from the Boltzmann plots.
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