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Abstract

®

CrossMark

Time-integrated optical emission analysis of laser-induced plasma on Teflon is presented.

Plasma was induced under atmospheric pressure air using transversely excited atmospheric CO,
laser pulses. Teflon is a C-based polymer that is, among other things, interesting as a substrate
for laser-induced breakdown spectroscopy analysis of liquid samples. This study aimed to

determine the optimal experimental conditions for obtaining neutral and ionized C spectral lines
and C, and CN molecular band emission suitable for spectrochemical purposes. Evaluation of
plasma parameters was done using several spectroscopic techniques. Stark profiles of appropriate
C ionic lines were used to determine electron number density. The ratio of the integral intensity
of ionic-to-atomic C spectral lines was used to determine the ionization temperature. A spectral
emission of C, Swan and CN violet bands system was used to determine the temperature of the
colder, peripheral parts of plasma. We critically analyzed the use of molecular emission bands as

a tool for plasma diagnostics and suggested methods for possible improvements.

Keywords: spectroscopy of laser-induced plasma, laser-induced breakdown spectroscopy,
transversely excited atmospheric CO, laser, plasma diagnostics, atomic and molecular emission

spectra, Teflon

(Some figures may appear in colour only in the online journal)

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is an atomic
spectroscopy technique suitable for fast elemental analysis of
various types of samples [1, 2]. The analytical potential of LIBS
also includes the analysis of different organic materials, such as
biological specimens [3, 4], polymers [5-7], and traces of
explosives [8—10]. LIBS spectra of organic compounds can be
fairly complex due to the simultaneous presence of atomic and

* Author to whom any correspondence should be addressed.

1009-0630/23,/045507+09$33.00

ionic emission lines and molecular emission bands [11]. In
addition, the registered intensity and features of both the atomic
lines and molecular bands are influenced by many experimental
parameters. Depending on the applied laser radiation (wave-
length, pulse duration, irradiance), the surrounding atmosphere,
and the signal detection mode (time-gated or time-integrated),
the registered spectral signature of organic material may be quite
different [12]. It should be noted that, due to the difference in the
excited-state lifetimes of atoms and molecules, experimental
conditions can be adjusted so that the spectra are dominated
either by atomic or molecular emission lines.
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Figure 1. LIBS experimental setup based on a TEA CO, laser (a) and temporal profile of the TEA CO, laser pulse (b).

This work used a laboratory LIBS setup based on a
transversely excited atmospheric (TEA) CO, laser and time-
integrated spatially resolved detection of spectral emission to
study Teflon plasma. The relevance of research on laser
plasma induced on Teflon is twofold. The first relates to using
Teflon as a substrate for LIBS analysis of solutions [13, 14].
For this purpose, a micro drop of solution is first applied to
the surface of Teflon and dried, after which the laser irradiates
the dried spot and induces plasma. The suitability of Teflon as
a substrate lies in its chemical inertness and chemical purity.
Teflon is a fluorocarbon-based polymer. Because of the high
excitation energy of F, the possible spectral interferences are
limited to C, i.e., the LIBS spectrum is mainly dominated by
spectral lines of the deposited material. The second is that
Teflon results are relevant for LIBS analysis of different
organic materials, emphasizing polymers characterized by
high C content and solely composed of non-metal elements.
One must be aware that laser-induced plasma is more chal-
lenging to obtain on polymers than on most other materials
due to the high ionization energy and covalent bonding. The
present research is focused on optimizing the conditions to
obtain plasma suitable for spectrochemical application and
developing appropriate spectral methods for Teflon plasma
diagnostics, i.e., determination of plasma parameters.

LIBS plasma induced on the Teflon target emitted strong
C lines (C I and C II) and bands of C, and CN molecules,
suitable for plasma diagnostics. We used a Stark profile of the
C 1II line to evaluate the electron number density. The ioniz-
ation temperature was calculated using the two-line ratio
method. Emission of C, and CN molecular bands was used to
estimate the rotational (7}, and vibrational (7;,) temperatures.

2. Experiment

The LIBS setup shown in figure 1 has been described in detail
elsewhere [15], and we will briefly recall its main
characteristics.

The excitation source for LIBS was a TEA CO, laser
with emission in the mid-infrared spectral region (10.6 pm)
with variable pulse energy up to 170 mJ/pulse and a max-
imum frequency of 2 Hz, operating in a multimode regime. A
pulse is composed of a peak (FWHM = 120 ns) followed by

a us-tail of lower intensity. About 35% of the pulse energy is
contained in the initial spike. A laser beam was focused on the
target mounted on the translational stage, using a ZnSe lens
with a focal length of 13.0 cm. The laser beam was focused
on the Teflon plate (2 mm thickness) that had been previously
polished with sandpaper (2000 grit) and cleaned with ethyl
alcohol. The angle of the laser beam was ~90°. The beam
cross-section has a quadratic form with uniform intensity
distribution. The area of the created spot on the sample sur-
face was 0.014 cm? for a beam focused 5 mm in front of the
Teflon target. The plasma emission was projected onto the
entrance slit of the PGS-2 (Carl Zeiss) monochromator using
an achromatic quartz lens with a focal length of 273 mm. The
slit width was 50 pym, and the height was 2 mm. A charge-
coupled device (CCD) Apogee Alta F1007 camera was used
for signal detection. The camera consists of 1024 x 122
pixels, each pixel of which is 12 um x 12 pm, with an active
area of 12.3 mm x 1.46 mm. The camera has a high quantum
efficiency in the ultraviolet and visible light spectral regions.
The dispersion was about 7nmmm ™', and the typical reso-
Iution was 0.027 nm. For the applied spectral dispersion, a
spectral range of 9 nm was recorded in a single acquisition.
Unless otherwise stated, experiments were conducted
using a laser pulse energy of 150 mJ with the beam focused
5 mm in front of the target surface. The corresponding fluence
was 10Jcm 2, while the peak power density was
35 MW cm 2. Time-integrated spatially resolved LIBS spec-
tra were obtained by recording the optical emission from a
plasma slice at a selected distance (d) from the target.
Selection of a viewing plasma region was obtained by moving
the target along the plasma expansion direction (z-axis in
figure 1) while keeping a constant distance between the
focusing lens and the target. In this way, the effect of elim-
inating the initial emission of the continuum was achieved,
similar to the spatially integrated time-resolved measure-
ments. The spectra were acquired using a time-integrated
mode for signal detection, with a typical integration time of
20 s. Therefore, 20 consecutive laser pulses were accumulated
from different locations on the sample. Measurements were
repeated three times, and the resulting LIBS spectra were
averaged. Low dark current noise gives a better signal-to-
noise ratio (SNR) for a longer integration time compared to
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Figure 2. Profiles of C II lines emitted from Teflon plasma. The laser energy was 150 mJ. The beam was focused 5 mm in front of the target.
Time-integrated emission spectra were recorded at 0.9 mm (a) and 0.3 mm from the target (b). Note that in (a), the x-axis does not apply to
the Hg line, which was shifted for clarity. wy and wg are the Lorentzian and Gaussian widths of the profile distribution.

Table 1. Parameters of C lines relevant for plasma diagnostics for given values of temperature and electron number density: electron impact
width (w) and shift (D) [16]; excitation energy (Eex.), and a product of transition probability and a statistical weight (A-g) [17].

w (nm) D (nm) w (nm) D (nm)
C lines (nm) 7T = 10* K, .=10"em™ T=2x10"K, N.=10"cm™> E, V) Ag(10%sh
C1247.86 0361 x 1072 0.438 x 1072 0.417 x 1072 0.477 x 1072 7.68 8.4
C1I283.67 0928 x 1072 0.724 x 1072 0.767 x 1072 0.573 x 1072 16.33 13.2
C 11 283.76 — — — — 16.33 6.58
C 11 250.91 — — — — 18.65 1.88
C 125121 — — — — 18.65 3.37

individual registration of each pulse, with subsequent aver-
aging, due to the multiplication of reading noise.

3. Results and discussion

3.1. Determination of electron number density

The high emission intensity of C atomic and ion lines and C,
and CN molecular bands from Teflon plasma makes them
suitable for plasma diagnostics. In laser-induced plasmas, due
to relatively high electron number densities (N.) and a mea-
surable quadratic Stark effect for many elements, a suitable
method for determining N, is by measuring Stark profiles of
spectral lines. A particular convenience of this method is that
it does not require any assumptions regarding local thermo-
dynamic equilibrium. Under typical LIBS plasma conditions,
the most intense C lines are C I 247.86nm and C II
283.67 nm. Except for in the plasma core, the atomic line at
247.86 nm is generally much more intense than ionic C lines
and suited for plasma diagnostics under a wide range of
temperature and electron density values. However, for the
same electron density, the C II 283.67 nm ionic line has an
around two times wider line profile than the atomic line
(table 1), reducing the requirement for the spectral resolution
of the spectrograph. The symmetry of ionic lines and the
asymmetry of the profile of atomic lines is an additional
advantage of the utilization of ionic lines for the

determination of N, because determining the half-width of the
symmetric line profile by fitting is easier and more accurate.
Depending on the FWHM of the instrumental profile and the
electron density, the application of C II 283.67 nm for plasma
diagnostics could be limited by partial overlap of the adjacent
C II 283.76 nm line. On the other hand, because they have the
same excitation energy, the intensity ratio of these two lines is
independent of temperature, making deconvolution easier.
Figure 2(a) shows the profile of C II spectral lines. The
figure also shows a profile of the Hg 1 289.36 nm line (emitted
from a Hg pen lamp under low pressure) that we used to
determine the instrumental profile. The Hg spectral line has a
very narrow physical profile (due to the low pressure and low
gas temperature) which can be neglected even compared to
the instrumental profile of high-resolution spectrometers. In
the peak deconvolution procedure, the approximate positions
of both lines were entered, and the Gaussian components (Wg)
of both profiles were fixed, equalizing them with the instru-
mental profile (0.028 nm for the applied slit width of 25 um).
As a result of a deconvolution procedure, approximately the
same Lorentz half-widths (w;) were obtained for both lines
(0.055 nm and 0.056 nm, respectively). The intensity ratio of
the peaks (1.95) is in excellent agreement with the ratio of
their A-g values (2.01), which is clear evidence of the acc-
uracy of the applied deconvolution procedure. The distance
between the peaks (AX = 0.093 nm) is in good agreement
with the difference in their tabulated wavelengths
(AX = 0.089 nm), indicating that both C lines, 283.76 nm
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Figure 3. Profile of an atomic C I 247.86 nm line emitted from Teflon plasma. Time-integrated emission spectra from a plasma slice at
0.9 mm (a) and 0.3 mm from the target (b). Note that in (a), the x-axis does not apply to the Hg line, which was shifted for clarity.

and 283.67 nm, have approximately the same widths and
shifts.

The C ionic lines recorded at distances closer to the target
(d = 0.3 mm) are suitable for diagnostics of denser and hotter
plasma, as demonstrated in figure 2(b). Although the profiles
significantly overlap, and without fixing the distance between
the peaks, the obtained peaks still fit well with the assumed
distance between them (0.085nm) and their theoretical
intensity ratio (1.80). The obtained Lorentzian profile widths
of both lines (0.138 nm and 0.150 nm) match each other by
10%. More accurate deconvolution results could be obtained
by fixing the same expected value of the Lorentzian comp-
onent for both profiles and the position of a lower-intensity
peak using a tabulated value of a distance from the higher-
intensity peak. When applied, the described procedure would
give the intensity ratio of the peaks of 2.02 and the Lorentz
width of 0.137 nm for both lines.

The electron number density (in cm ) can be inferred
from Stark broadening tables [16] using the relation:

Ne
1017

The obtained FWHM of the C II 283.67 nm line profile
was from 0.150 to 0.030 nm, depending on the observation
distance relative to the target surface. The corresponding
electron number densities were in the range of
1.9 x 10'7-9.4 x 10" cm ™. This range is almost identical
to the applicability range of the 283.67 nm line for deter-
mining N.. The deconvolution error increases for higher
electron number densities because of the increased extent of
line overlapping. On the other hand, for electron densities less
than 10'7 cm ™3 , C ionic lines are of low intensity and difficult
to detect. An additional problem at lower electron con-
centrations is the width of the Stark profile of the 283.67 nm
line, which becomes comparable to, or smaller than, the
instrumental profile of a typical medium resolution spectro-
meter, which again increases the deconvolution error.

The Stark profile of the atomic C I 247.86 nm line is
shown in figure 3 to illustrate why the ionic line 283.67 nm is
better suited for determining N, with a medium resolution
spectrometer. As seen in figure 3(a), further away from the

AN = 2w

ey

target, i.e., in plasma zones of lower electron concentration,
the contribution of the Stark broadening to the width of the C
I 247.86 nm line is negligible. In other words, the instru-
mental width determines the FWHM of its experimental
profile. Closer to the target (figure 3(b)), the C I 247.86 nm
line is asymmetrically broadened, which reduces the fitting
procedure quality and increases the N, determination uncer-
tainty [18].

3.2. Determination of ionization temperature

A pair of C ionic lines around 251 nm and the atomic line at
247.86 nm are suitable for determining the temperature from
the ion-to-atom spectral line integral intensities ratio [19]. The
C lines used for plasma diagnostics are not resonant. Their
lower state energies are high enough (for ionic lines, 13.7 eV
and 11.96 eV, and 2.68 eV for the atomic line), so a negligible
self-absorption effect can be expected in the temperature
range estimated for the applied experimental conditions. The
conclusion is supported by the fact that the intensity ratio of
the two C II lines (250.91 nm and C II 251.21 nm) obtained
under different experimental conditions is close to the ratio
obtained using the NIST LIBS application for different tem-
peratures and electron concentrations, which is in agreement
with the fact that these two lines have almost identical exci-
tation energy.

These ionic lines are among the most intense C lines.
Their intensity ratio does not depend on temperature and can
serve as an indicator of the accuracy of intensity measure-
ments. Moreover, they are located near the suitable atomic C
line, eliminating the need for calibration of the spectral sen-
sitivity of the spectrometer. It is enough to estimate changes
in diffraction grating efficiency and quantum efficiency of a
CCD detector in a narrow spectral range of around 250 nm.

The dependence of the ionic-to-atomic line intensity
ratios of the same element on plasma temperature and electron
density is given by the expression [20]:

+ TAT X T3/2 (BdietEion— AEion—ES)x 11605
Lo _ag3x1op8 AL 7
1 g’A" X" N,

@)
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Figure 4. (a) Atomic and ionic spectral lines of C recorded from the plasma zones at d = 0.3 mm and 0.9 mm from the target surface. (b)
Calculated intensity ratio of ionic-to-atomic intensity ratio (C II 250.91 nm/C I 247.86 nm) as a function of plasma temperature.

where [ is the integral intensity of a spectral line; g-A is a
product of statistical weight and transition probability; A is
the spectral line wavelength; E.,. is the excitation potential,
Eion is ionization potential, and AE;,, is the reduction in
the ionization potential for the lower ionization state
(all expressed in eV); N, is the electron number density
(in cm73); and and T is the temperature (in K).

The lowering of the ionization energy in plasma is given
by:

AEion = 6.95 x 1077 x (z + 1)*/3 x (N,)'/3 3)
where z = 0 for the ionization of a neutral atom, while the
physical constants appearing in equations (2) and (3) have
been replaced by their numeric values (in units cm s K3/ 2,
and eV).

Figure 4(a) shows spectra acquired from two plasma
zones, i.e., from plasma zones at different distances from the
target surface (d = 0.3 mm and 0.9 mm). In both cases, the
intensity ratio of the two ionic lines (251.21 nm and
250.91 nm) matches the ratio of their g-A values (1.79) within
2%. Comparing the FWHM of the C lines profile with that of
the instrumental profile showed that the Stark broadening is
more pronounced for the atomic 247.86 nm line relative to the
ionic lines. The square Stark effect makes the 247.86 nm
atomic line profile asymmetric. Closer to the target, N, is
higher, resulting in a broader profile of the atomic line, and
thus increasing the ionic-to-atomic intensity ratio
(figure 4(a)).

Figure 4(b) shows the calculated temperature dependence
of the ionic-to-atomic intensity ratio (C II 250.91 nm/C I
247.86 nm) for several N, values. The experimentally deter-
mined ratios of the integral intensities of ionic-to-atomic lines
and predetermined N, values (from the Stark width of the C II
283.67 nm line) were used to calculate the temperature. The
estimated ionization temperature was in the range of 16 500 K
(d=09mm) to 20500K (d = 0.3 mm).

The temperature derived from equation (2) is ionic
temperature, and the electron density values were obtained
from the profile of an ionic C line. With that in mind and

considering the spectra acquisition mode (time-integrated,
spatially resolved), it is clear that both estimated plasma
parameters (7 and N,.) characterize the hotter plasma zone and
earlier phase of plasma evolution. Since the measurements
were not time-resolved, nor was Abel inversion applied, the
values obtained are the apparent values of plasma parameters
[21]. The obtained values are relevant for the estimation of the
excitation properties of the plasma, i.e., for LIBS analytical
applications. Nevertheless, the estimated values of the plasma
parameters give an insight into the excitation conditions for
ion emission and emission of atoms with high ionization
energy.

3.3. Evaluation of gas temperature using C. and CN molecular
band emission

Spectral emission from plasma induced in the air on C-rich
materials usually contains intense C, and CN molecular bands
[22-25]. Both molecules have high dissociation energy,
relatively low excitation energy of the first excited electronic
state, and favorable transition probability values, all of which
contribute to the high intensity of their emission lines. Max-
imum emission is expected at temperatures of 6200—6500 K.
Therefore, the emission spectra of these molecules, primarily
bands of the C; Swan and CN violet system, are suitable for
the diagnostics of colder, peripheral parts of the plasma.
Considering the spectral detection method used in this
research, as well as the focusing conditions that favor the
formation of plasma characterized by high electron con-
centrations and temperature, the emission from plasma slices
closer to the target consists of intense and broadened spectral
lines of atoms and ions (from hotter plasma regions) and
molecular bands from the peripheral, colder parts of the
plasma.

The emission of the Swan system of the C, molecule
could be registered only from the plasma regions closer to the
target. At distances larger than 0.6 mm, the emission intensity
was negligible. Such spatial distribution differs from the one
obtained for plasma induced on graphite, where the C,
emission was registered at much larger distances from the
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positions of the P and R branches.

target. As the C atoms in plasma originate from the target, the
reason for this discrepancy is primarily the chemical com-
position of the Teflon. The C:F molar ratio is (1/3):(2/3). In
plasma, F atoms can chemically react with C atoms, creating
several chemical species, the most stable of which are CF
molecules.

A spectrum of the C, Swan (0-0) band was partially
superimposed with intense and Stark-broadened ionic spectral
lines of N. Because the (0-0) band spectrum cannot be nor-
malized to the intensity of the band head, the rotational
temperature (7o) could not be determined using the entire
(0-0) band. A favorable circumstance is that, for the given
experimental conditions, the (0-0) band spectrum is suffi-
ciently well resolved (in the region closer to the (1-1) band
head), and the P and R branches are well separated. The
theoretical intensity ratio of the R component and the (0-0)
band head is almost independent of temperature; conse-
quently, the same applies to the relative intensities of the R
components. Therefore, the rotational lines of the band
spectrum can be normalized to the intensity of the R comp-
onent to avoid problems with band head overlap and self-
absorption.

To evaluate the temperature of the peripheral plasma
regions from the C, molecular spectra, the PGopher program,
version 10.0.505, was used. The input file (swan.pgo) was
downloaded from the PGopher site (versionl3 Feb. 2017)
[26], with a set of molecular constants taken from [26].
Firstly, the profile width of the experimentally obtained peaks
of the P branch was determined using the fact that their
components are close in wavelength. The deconvolution
showed that the peak profiles were Gaussian, with a half-
width almost approximately equivalent to the width of the
instrumental profile, 0.027 nm. A comparison of the exper-
imental peak profiles of the R branch with the synthetic
profiles generated by the program showed excellent agree-
ment. A defined spectral profile and a roughly approximated
value for T, were used to determine the scaling factors

corresponding to the best match between the experimental
and synthesized intensities of the R branch peaks. Only the
spectrally isolated R peaks from the short-wavelength part of
the (0-0) band were considered to avoid the influence of
broadened N II lines. In the next step, the value for T,, was
adjusted to obtain the best fitting of the P branch peaks in the
short-wavelength part of the (0-0) band. The normalized
intensity distribution of the portion of the C, spectrum lying
between the (0-0) and (1-1) band heads is not affected by the
value of Ty;,, which facilitates the fitting procedure and
increases its accuracy. The best-fit result was obtained for
T.ot = 5S100K. The band head (1-1) was unsuitable for
determining the vibrational temperature. The best-fit result for
the predetermined T7T,,, of 5100K was obtained for
Ty, = 3350K, figure 5(a). Because of the low sensitivity of
the intensity ratio of the (0-0) and (1-1) bands on temper-
ature, the estimated value of Ty, is unreliable. Figure 5(b)
shows a portion of the spectrum in the (0-0) and (1-1) band
regions near the (1-1) band head, to gain more detailed
insight into the fitting of the spectrum and its temperature
sensitivity.

Comparing the experimental and synthesized (0-0) band
head intensities led to the conclusion that the profile and band
head intensity are partially perturbed due to self-absorption.
Since self-absorption is more pronounced at higher inten-
sities, this was an expected result. Therefore, self-absorption
at the most intense band head should always be checked when
comparing experimental and synthesized molecular spectra.
In any case, avoiding using the most intense band head for
normalization is desirable.

The rotational levels have considerably smaller energy
intervals than vibrational ones. Thus, the rotational temper-
ature is a more reliable measure of the actual plasma state and
corresponds to the gas temperature. Under strong electric or
magnetic fields in plasma, the temperatures of electrons and
heavy particles can be significantly different, even when
plasma is induced under atmospheric pressure. Furthermore,
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Figure 6. Spectrum of the Arv = 0 sequence of the CN B-X violet system using a laser pulse energy of 160 mJ, recorded at a distance of
0.3 mm (a) and 0.9 mm (b). The beam was focused 5 mm in front of the target.

in the plasma regions where the C, molecule is subject to
dynamical chemical equilibrium processes (dissociation and
the formation of molecules), a significant part of the excited
electronic states occurs during the formation of the molecules,
making its population distribution sensitive to these chemical
processes. In other words, the distribution of some excited
states can significantly deviate from the Boltzmann distribu-
tion for a given plasma temperature, leading to significant
errors in determining the vibrational temperature using the
molecular band emission.

Since CN molecules are formed in the interaction of C
ablated from the target with ambient air, we can detect intense
emission of the Av = 0 sequence of the B-X violet system up
to 2mm from the target. In the narrow spectral range of
385.5-388.5 nm, there are well separated and intense (0-0),
(1-1), (2-2), and (3-3) band heads, which are suitable for
determining the vibrational temperature. On the other hand,
the rotational structure of the sequence Ar = 0 has no
characteristic details suitable for normalizing the spectrum
and overcoming the influence of possibly present self-
absorption effects. Considering the method used to acquire
spectra in this work, an additional problem with the treatment
of emission bands of this system is the overlap with the O I, O
II, and N II lines. This problem is particularly pronounced in
dense and hot plasmas, where the lines of these elements
become intense, with significantly broadened profiles due to
the Stark effect.

Figure 6(a) shows part of the Av = 0 sequence of the
CN B-X violet system, emitted from a plasma zone of 0.3 mm
away from the target, together with the synthesized spectrum
obtained for T, = Ty, = 7150 K and a Gaussian half-width
profile of 0.027 nm. By comparing these two spectra, it can be
concluded that the experimentally obtained spectrum is
superimposed on a broad, symmetrical peak profile (half-
width greater than 2 nm) with a maximum of 385.1 nm. It is
not easy to precisely determine the origin of this peak. For
example, it could be formed by overlapping the highly
broadened O II lines (385.08, 385.10, 385.15, and
385.24 nm). Such a spectrum cannot be fitted as a whole with

the theoretical spectrum to determine the temperature. How-
ever, comparing experimental and synthetic spectra in a very
narrow spectral region is possible. The band heads and nar-
row adjacent parts of the rotational structure around them
might be suitable for temperature evaluation. As shown in
figure 6(a), for a given temperature of 7150 K, the fitting is
excellent for the (2-2) and (3-3), relatively good for the
(1-1), and poor for the (0-0) band head. The low-quality peak
fitting is probably due to the broadening of the band head
profiles caused by the self-absorption effect. The difference in
the width of the experimental and synthesized (0—0) band
heads, and to a lesser extent the (1-1) band heads, confirms
this assumption. Regardless of the self-absorption of the most
intense parts of the sequence spectrum, less intense foreheads
can be used to estimate the temperature at the plasma
periphery.

The influence of the densest and hottest parts of the
plasma on the emission of the Ar = 0 sequence from plasma
regions further from the target surface is much more pro-
nounced, as shown in figure 6(b). The lines of single charged
O (388.22, 388.24, 388.32 nm) are overlapped with the (0-0)
band head. The rotational structure is disrupted by a group of
broadened lines of single charged C, O, and N ions, which
prevents using them for plasma diagnostics. However, some
details about the plasma state can be derived from the details
of the spectrum. For example, by comparing the intensities of
the (1-1) and (2-2) band heads, a temperature of approxi-
mately 7200 K was obtained.

The sequence Av = +1 (figure 7(a)) is of much lower
intensity compared to the Av = 0 sequence and consequently
less sensitive to self-absorption. For this sequence, the
intensity ratios of the first three band heads are sensitive to
changes in temperature, especially the intensity ratios of the
(1-0) and (2-1) band heads, as shown in figure 7(b). The
ratios of the intensities of the (3-2) and (2—-1) band heads
increase with increasing temperature up to 6500 K and then
decrease with further increasing temperature. The small width
of the spectral interval in which these three bands are located
is favorable because the spectral sensitivity does not have to
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Figure 7. Spectrum of the Av = +1 sequence of the CN B-X violet system: (a) experimental and (b) synthetic. Experimental conditions were

the same as for the spectra shown in figure 5.

be considered. However, the intensity ratios of the band heads
of Av = +1 sequence may be disturbed by overlapping with
Stark broadened lines of non-metals, as is the case for the
Teflon spectrum. The spectrum shown in figure 7(a) cannot be
directly ‘overlapped’ with the synthesized spectrum. How-
ever, from the intensity ratio, a temperature of approximately
6800 K can be roughly estimated.

4. Conclusions

Time-integrated  spatially resolved optical emission
spectroscopy was applied to study Teflon plasma induced by
TEA CO, laser pulses. Optimal SNR values of the spectral
lines of the C, CN, and C, molecular bands were obtained for
plasma observed at a distance of 0.3 mm from the target
surface. A decreasing trend of SNR values was registered for
spectra acquired at higher distances.

Different optical spectroscopy methods were used for
plasma characterization. The electron density determined from
the Stark width of the C II 283.67 nm line was in the range
from 19 x 107ecm™ (@ =09mm) to 94 x 10" cm™>
(d = 0.3 mm).

The estimated ionization temperature, determined from
the C I/C I line ratio, was 16500K (d = 0.9mm) to
20500K (d = 0.3 mm). The obtained plasma parameters
characterize the warmer plasma zone and the earlier phase of
plasma evolution. However, the estimated values of the
plasma parameters provide insight into the excitation condi-
tions for ionic emission and atomic emission of elements with
high ionization energy.

A C, Swan (0-0) band is unsuitable for estimating the
rotational temperature due to the overlapping intense and broad
N ion lines. In contrast, P and R components are well resolved in
the area closer to the (1-1) band head. The theoretical ratio of
intensities of R components and (0-0) band head is almost
independent of temperature, and the same applies to the relative
intensities of the R components. In order to avoid problems with
spectral overlap with the band head and self-absorption,

rotational spectral lines can be normalized to the intensity of the
R component. The best matching of the experimental with the
synthetic spectra was obtained for 7, =5100K and
T.i, = 3350K. The energy differences of adjacent rotational
levels are significantly smaller than the energy differences
between adjacent vibration levels. Therefore, the rotational
temperature is a much better indicator of the kinetic energy of
heavy particles in plasma and describes the gas temperature well.

Intense emission of the Av = 0 sequence of the CN
violet system was detected at a distance up to 2 mm from the
target. The best match between the experimental and theor-
etical spectra for CN molecules was obtained when
Tror = Tyvip = 7150 K.

The obtained values of plasma parameters are relevant for
estimating the excitation properties of the plasma, i.e., for LIBS
analytical applications. Apparent values of plasma parameters
obtained from C lines describe the central zones of the plasma,
while temperatures obtained from the CN and C, bands reflect
the excitation conditions of the plasma periphery.
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