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Y National Institute for Lasers, Plasma and Radiation Physics, 77125 Mdgurele, Romania

Abstract

We show that the plasma produced by laser ablation of solid materials in specific conditions has an emission spectrum
that is characterized by the saturation of the most intense spectral lines at the blackbody radiance. The blackbody
temperature equals the excitation temperature of atoms and ions, proving directly and unambiguously a plasma in
local thermodynamic equilibrium. The present investigations take benefit from the very rich and intense emission
spectrum generated by ablation of a nickel-chromium-molybdenum alloy. This alternative and direct proof of the
plasma equilibrium state re-opens the perspectives of quantitative material analyses via calibration-free laser-induced
breakdown spectroscopy. Moreover, the unique properties of this laser-produced plasma promote its use as radiation

standard for intensity calibration of spectroscopic instruments.
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1. Introduction

The size of laboratory plasmas being usually smaller
than their characteristic length of radiation relaxation,
the state of complete thermodynamic equilibrium is
generally not established. Most of the generated pho-
tons escape from the plasma and only a minor fraction
of them is reabsorbed. In atmospheric plasmas, the col-
lision rates are large enough so that the characteristic
lengths of particle relaxation are typically smaller than
the plasma size [1]. This favors the establishment of
local thermodynamic equilibrium: the plasma state can
then be modeled in a simplified way using the statistical
laws of equilibrium [2, 3]. However, as the characteris-
tic times of particle relaxation and particle diffusion are
similar, atmospheric density plasmas have nonuniform
spatial distributions of temperature and densities [4, 5].
Plasmas produced by laser ablation of solids differ from
other atmospheric plasmas [6]. According to their large
initial density, the processes of relaxation are faster
whereas the diffusion processes are slower [7, 8]. Due
to the high initial pressure, the ablated material plume
expands rapidly until it reaches a pressure equilibrium
with the surrounding gas atmosphere [9, 10]. It was
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shown that for laser irradiation with ultraviolet nanosec-
ond laser pulses, the plasma appears almost uniform if
ablation occurs under an inert gas atmosphere [11]. The
combination of both local thermodynamic equilibrium
(LTE) and uniform spatial distribution qualifies such a
plasma as an ideal radiation source that was evidenced
by several signatures in the emission spectra of plumes
produced by laser ablation of different materials [12].
In the present research note, we focus on a particular
feature of such an ideal radiation source. Although the
characteristic length of radiation relaxation is expected
to exceed the plasma dimension for most wavelengths,
the situation can be different for photons emitted by
strong resonance lines. Their probability of being ab-
sorbed within the plasma is expressed by the optical
thickness 7 = f a(z)dz, where « is the absorption coef-
ficient and z the coordinate along the line of sight. In the
case of LTE, the processes of absorption and emission
are related through Kirchhoff’s law of thermal radiation
g)/a = U,. Here, g, is the spectral emission coeffi-
cient and U, is the blackbody spectral radiance given
by Planck’s law. For a uniform spatial distribution, the
spectral radiance of the plasma in LTE is given by [13]

B,1 = U/l(l - €_T). (1)

Here 7 = aL, where L is the plasma size along the line
of sight.
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In case of radiation for which the characteristic length of
absorption is much smaller than the plasma size (7 >>
1), Eq. (1) simplifies to

Bk = U,. 2)

When Eq. (2) is fulfilled for the entire spectrum the
plasma is in complete thermodynamic equilibrium.

The most famous blackbody radiator is the Sun. Ac-
cording to its surface temperature of about 5800 K, the
emission spectrum has an intensity maximum located in
the yellow-green spectral range at 500 nm [14]. In met-
allurgy, the blackbody radiation from metal surfaces is
explored to measure the temperature. These pyromet-
ric measurements take advantage of the temperature-
dependence of the blackbody emission maximum pre-
dicted by Wien’s law [15].

Blackbody radiation has been rarely observed from lab-
oratory plasmas. According to their small size, the con-
ditions of strong optical thickness are hardly achieved.
The observation also implies experimental difficulties as
it requires the acquisition of a large spectral range with
an intensity-calibrated spectroscopic apparatus.

During the early development of equilibrium plasma
sources, the blackbody radiation limit was often men-
tioned but rarely demonstrated by measurements [4].
As an example, the blackbody radiation limit was ev-
idenced in the vacuum ultraviolet range for an argon arc
[16]. The saturation of a helium resonance line at the
blackbody radiance was observed in a shock-tube ex-
periment [17]. The plateau at the blackbody radiance of
strong Ti*-transitions was also noticed for short times
(t < 200 ns) during laser ablation of titanium in a low-
pressure nitrogen atmosphere [18].

In the present experiment, we explore the very rich
emission spectrum of a vaporized nickel-chromium-
molybdenum alloy to visualize the blackbody radiance
for the plasma produced by laser ablation with UV
nanosecond pulses in argon background gas. These
conditions have been previously identified to generate
an ideal radiation source [12] and the present measure-
ments consolidate the former results illustrating the re-
markable properties of this source.

2. Experiment

The experiments were carried out in a temperature-
stabilized laboratory environment using a frequency-
quadrupled Nd:YAG laser source (Quantel, model
Brilliant). The laser delivers ultraviolet (266 nm) pulses
of 4 ns duration. The pulse energy was attenuated
down to 6 mJ. After beam focusing with a lens of

Table 1: Composition of the nickel-chromium-molybdenum alloy
(Hart b.v., Inconel 625) : mass fractions given by the manufactor
Cnanufac and values deduced from the LIBS spectra analysis Cp;ps .

Element Cmanu_fac(%) CIJBS (%)

Ni 58 min 63.1
Cr 20.0-23.0 21.0
Mo 8.0-10.0 9.4
Nb 3.15-4.15 3.7

Fe 5.0 1.7

Mn 0.5 max 0.07
Si 0.5 max 0.35
Al 0.4 max 0.30
Ti 0.4 max 0.24
Co 1.0 max 0.1

150 mm focal length to a spot diameter of 100 ym, a
laser fluence of about 80 J cm™ was incident on the
sample surface. The nickel-chromium-molybdenum
alloy of composition given in Table 1 was placed on
a motorized sample holder in a vacuum chamber of
10~* Pa residual pressure. During the experiments, the
chamber was filled with argon at 5 x 10* Pa pressure.
Optical emission spectroscopic measurements were
performed by imaging the plasma with two lenses of
150 and 35 mm focal lengths onto the entrance of an
optical fiber of 600 um core diameter. According to the
image magnification 1:5, the entire plasma volume was
observed. The fiber was coupled to an echelle spec-
trometer of 0.4 m focal length with two optical paths
for the UV and visible/near infrared spectral ranges
(LTB, model Aryelle Butterfly). Using an intensified
charge-coupled device (ICCD) matrix detector for
photon detection, a resolving power of 1.4 x 10* and
9.4 x 10° is obtained for the UV and visible spectral
ranges, respectively.
The spectral resolution of the apparatus was measured
as a function of wavelength using a low-pressure
argon-mercury lamp. An intensity calibration of the
spectroscopic apparatus was performed in the visible
and UV spectral ranges using calibrated tungsten and
deuterium lamps, respectively.
The spectra were recorded for different delays of the
detector gate f, with respect to the laser pulse, setting
the gate width Az, small enough so that the variations
of temperature and electron density during the time
of observation were small compared to their absolute
values. Typically we applied At, < #,/2. To enhance the
signal-to-noise ratio, data acquisition was performed
by averaging over 200 ablation events, applying 10
pulses on 20 different irradiation sites. The sites were
separated by a distance of 150 um.



3. Results and discussion

3.1. Plasma diagnostics

The spectra recorded for different observation times

were compared to the spectral radiance of a uniform
LTE plasma calculated using Eq. (I). An iterative
measurement loop was applied to deduce electron
density, temperature and relative elemental fractions.
For details, we refer to previous work [19, 20].
The main problem of the spectra calculation relies in
the low accuracy of available spectroscopic data. For
example, the transition probabilities A,; of the most
intense Ni and Ni* lines are given with an accuracy
ranging from 25% to 50% [21]. For niobium, no
A,-values are tabulated in the NIST database. In
that case, data are taken from the Kurucz database in
which the transition probabilities are reported without
mentioning the accuracy [22].

To minimize the error of temperature measurements
due to the low accuracy of spectroscopic data, we con-
structed Boltzmann plots of the major elements with a
large number of spectral lines. The lines were selected
according to A,-accuracy, measured signal-to-noise

10 T T T

Ni 15030 +/- 160 K
Cr 15080 +/- 110 K
Mo 15170 +/- 210 K 7
Nb 15170 +/- 200 K
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Nb 8860 +/- 60 K
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Figure 1: Saha-Boltzmann plots of major elements obtained from
spectra recorded for ¢ = 230 ns (a) and 2500 ns (b). In the logarithmic
function, ¢, A, A,y and g, are the emission coefficient, the wavelength,
the transition probability and the upper level statistical weight of the
transitions, respectively.
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Figure 2: Electron density (circles) and temperature (squares) vs
time. The vertical error bars represent the measurement uncertain-
ties whereas the horizontal error bars indicate the time of observation
(gate width).

ratio, interference with other transitions and optical
thickness. As these line attributes change with the
evolution of the plasma properties, the ensemble of
chosen lines varies with the measurement time.
Saha-Boltzmann plots of the major sample elements
(see Table 1) are displayed in Fig. 1 for two different
recording times. The error bars take into account
measurement uncertainties due to noise, intensity cali-
bration and line interferences. Moreover, the accuracy
of the transition probabilities and the uncertainties due
to self-absorption are considered. The parallel slopes of
the Boltzmann plots observed for both times prove the
high accuracy of the temperature measurements (of a
few %).

The electron density n, was deduced from Stark
broadening of the spectral lines listed in Table 2
assuming a linear dependence of the Stark width on n,
[24]. The applied Stark broadening parameters were
measured in separate experiments [25, 26]. The list
of spectral lines from nickel atoms is completed by
the Ar I 826.45 nm transition. The electron density

Table 2: Transitions used for n.-measurements: wavelength A, transi-
tion probability A,;, energy E and total angular momentum quantum
number J of upper (index u) and lower (index /) excitation levels,
Stark width w and shift d for n, = 1 x 10'7 em™3,

a4 Ayl E; E, Ji Ju w d
(mm)  (us™H (V) (eV) (pm)  (pm)
Nil 341476 5500 003 3.66 7 9 7.6° 049
Nil 501.757 20.00 354 601 11 11 50® 18"
Nil 503.536 57.00 3.64 610 7 9 200" -40°
Nil 547.690 950 1.83 409 1 3 18 6
Nil 712219 21.00 354 528 5 7 170" 80°
Arl 826452 1530 11.83 1333 3 3 98¢ 6
“Ref. [23].
bmeasured.



deduced from Stark broadening of this argon transition
was found to match closely (within 10%) the values
obtained with the nickel lines. This indicates that the
electron density within the background gas volume
close to the vapor-gas contact front equals the n,-value
within the ablated vapor plume.

The measured values of electron density and tem-
perature are displayed in Fig. 2 as functions of time
on a double logarithmic scale. They were approx-
imated by functions n.() = 2.19 x 102 197 and
T() = 493 x 10* 179220 where n,, T and ¢ are in units
of em™3, K and ns, respectively. The functions are
close to the evolutions n.(t) and T'(¢) observed for laser
ablation of steel under similar experimental conditions
[10]. According to their large number of excitation
levels, separated by relative small energy gaps, the
metallic plasma species favor the establishment of local

thermodynamic equilibrium. It is therefore reasonable
to expect LTE conditions until a time of the order of
10 us as confirmed by the Boltzmann plots that cover
the entire time-interval of measurements.

3.2. Observation of blackbody radiation

The accurate diagnostics of the plasma allowed us
to retrieve the elemental composition of the ablated
nickel-chromium-molybdenum alloy (see Table 1). For
details of the calibration-free (CF) LIBS measurement
algorithm, we refer to previous work [19, 20].

In opposition to CF-LIBS analyses based on the
optically thin hypothesis (standard CF-LIBS approach
proposed by Ciucci et al. [27]), calibration-free LIBS
measurements that account for self-absorption require
the knowledge of the plasma size along the line of sight
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Figure 3: Spectra recorded for r = 230 ns (a), 350 ns (b), 850 ns (c) and 2500 ns (d). The transition used to adjust the measured spectrum to the
computed radiance (see arrow) is displayed in the inset. The most intense lines are shown to saturate at the blackbody spectral radiance for # < 1 us.
The temperature was deduced from the intensity distribution of transitions having weak optical thicknesses. The dashed lines indicate the narrow
spectral range for which measured and computed spectra are displayed in Fig. 4.
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[see Eq. (1)]. The L-value can be obtained either from
plume imaging or from the simultaneous observation
of spectral lines having significantly different optical
thicknesses [19, 10].

To illustrate this, we may consider the two opposite
cases of completely thin and thick spectral lines. In
the optically thin case (r << 1), Eq. (1) simplifies to
Bn = g,L. The line intensity increases linearly with
the plasma size along the line of sight. In the opposite
case, Eq. (2) applies and the spectral line intensity
becomes independent of L. Thus, after the evaluation
of temperature, electron density and relative elemental
fractions (and thus of all species densities), the plasma
size along the line of sight can be deduced. Once, T,
n., the relative elemental fractions and L are known,
we can compare the computed spectral radiance to the
measured spectrum.

Spectra recorded for different times are displayed
in Fig. 3. For each spectrum, the transition used to
adjust the intensity of the measured spectrum to the
computed radiance is shown in the inset. As the optical
thickness of the Ni I 361.94 nm transition is large at
later times [(c) and (d)], the Ni I 324.31 nm line of
significantly smaller optical thickness is also displayed.
A good agreement between measured and computed
line profiles is observed for both transitions, showing
that self-absorption is accurately taken into account.
The intensity adjustment is equivalent to an intensity
calibration and the measured spectrum can thus be
presented in units of spectral radiance. This allows
us to compare the measured spectra to the blackbody
radiation.

The most intense spectral lines are shown to saturate

at the blackbody spectral radiance in agreement with
the model of a uniform plasma in local thermodynamic
equilibrium [Egs. (1) and (2)]. These lines belong to
Ni* ions. With increasing time, the number densities
of ions decrease due to recombination and the optical
thickness of Ni transitions diminishes. The number of
spectral lines that saturate at the blackbody radiance is
therefore larger at early times and progressively reduces
with increasing ¢. For the early delays [(a) and (b)], the
lines that reach the blackbody level are distributed over
a spectral window of about 100 nm width, allowing
us to follow the change of the blackbody intensity
distribution with temperature.
We emphasize that the blackbody temperature equals
the electronic excitation temperature deduced from
the Boltzmann plots (see Figs. 1 and 2). The equality
of both temperatures is a direct proof of the estab-
lishment of local thermodynamic equilibrium in the
laser-produced plasma.
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Figure 4: Narrow range of spectra displayed in Fig. 3 for t = 230 ns
(a), 350 ns (b), and 850 ns (c). Comparison to the computed spectral
radiance. The strongest Ni*-transitions are shown to saturate at the
blackbody spectral radiance.

To clearly illustrate the progressive decrease of the
optical thickness of Ni' transitions, the measured
spectra are displayed in Fig. 4 together with the
computed spectral radiance for a narrow spectral
window including several of the strongest lines. The
simulations show that the most intense lines saturate at
the blackbody radiance only at short times, when the
corresponding population number densities are large
enough. Compared to simulations of emission spectra
recorded during laser ablation of steel [12, 10], the
agreement between measured and computed spectra is
less good. This is attributed to the quality of available
spectroscopic data. Compared to iron, the transition
probabilities of Ni, Cr, Mo and Nb have much larger
uncertainties [21]. However, the reduced accuracy does
not affect the conclusions of the present work. The sat-
uration at the blackbody radiance occurs independently
of the transition probability if the optical thickness is
large enough.

4. Conclusion

The time-resolved spectroscopic measurements of
the plasma produced by material ablation with ultravio-
let nanosecond laser pulses in an argon atmosphere al-



lowed us to observe the saturation of the strongest emis-
sion lines at the blackbody radiance. The demonstration
is given for ablation of a nickel-chromium-molybdenum
alloy that generates a very rich emission spectrum with
many strong transitions. To enable accurate plasma di-
agnostics, the large uncertainties of available spectro-
scopic data were compensated by the use of a large
number of spectral lines for temperature and electron
density measurements.

It is shown that the excitation temperature of atoms and
ions equals the blackbody temperature. This is an al-
ternative and direct proof of the establishment of local
thermodynamic equilibrium. A major consequence of
this demonstration is that the plasma produced under
the present experimental conditions can be described
by simple and accurate modeling. The clear evidence
of LTE re-opens the perspectives of quantitative ma-
terial analysis via calibration-free laser-induced break-
down spectroscopy.

From a practical point of view, the saturation of tran-
sitions at the blackbody spectral radiance can be ex-
ploited for the intensity calibration of spectroscopic in-
struments. Moreover, we anticipate that the intense con-
tinuum emission generated during the early expansion
stage of the laser-induced plasma may serve as a radia-
tion standard. This point, however, requires further in-
vestigations of the plasma properties in the initial time-
interval.
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