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The matrix thermal properties have an important impact on laser-induced plasma, as the thermal effect dominates the
interaction between ns-pulsed laser and matter, especially in metals. We used a series of pure metals and aluminum alloys
to measure plasma temperature and electron density through laser-induced breakdown spectroscopy, in order to investigate
the effect of matrix thermal properties on laser-induced plasma. In pure metals, a significant negative linear correlation was
observed between the matrix thermal storage coefficient and plasma temperature, while a weak correlation was observed
with electron density. The results indicate that metals with low thermal conductivity or specific heat capacity require
less laser energy for thermal diffusion or melting and evaporation, resulting in higher ablation rates and higher plasma
temperatures. However, considering ionization energy, thermal effects may be a secondary factor affecting electron density.
The experiment of aluminum alloy further confirms the influence of thermal conductivity on plasma temperature and its

mechanism explanation.

Keywords: laser-induced plasma, thermal properties, matrix effect, thermal storage coefficient, plasma tem-

perature
PACS: 52.38.-r

1. Introduction

Laser-induced plasma has exotic and complex conditions,
ranging in temperature, density, pressure, magnetic field, and
electric field.!'! As a spectroscopic diagnostic method based
on laser-induced plasma, the laser-induced breakdown spec-
troscopy (LIBS) technology has been widely used in various
fields, such as metallurgy, (23] coal industry, (4] environment, 3!
and energetic materials,!® due to its unique advantages of
rapid analysis time and little sample damage. However, the
matrix effect reduces the accuracy of LIBS. Therefore, it is
crucial to understand the correlation between the matrix phys-
ical properties and laser-induced plasma. For example, Sat-
tar et al.!”) investigated the effect of hardness on the temper-
ature and electron density of laser-induced plasma based on
tungsten heavy alloys. The influence mechanism of ablation
rate and laser-induced plasma was discussed from the perspec-
tives of grain size and band gap. A surface hardness detecting
method based on LIBS for alloys has been proposed. The ther-
mal properties are particularly important in matrix effects, as
the thermal effect play a dominant role in the entire process of
interaction between ns-pulsed laser and matter. In other words,
laser energy promotes the ionization process through thermal
conduction. Many studies on the thermal properties of matrix
effects focus on matrix temperature or the thermal properties
of ambient gases. For example, Liu et al.®! studied the effect
of matrix temperature on fs-LIBS signals using a set of copper
samples. The results indicate that the increase in sample tem-
perature enhances the emission intensity. High temperature
samples have higher plasma temperature and lower electron
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density. Yu er al.!) used a series of gas mixtures composed of
He, Ne, and Ar as the atmosphere for LIBS measurement of
titanium alloy samples. The results indicated that changes in
gas species mainly affect signal intensity, relative standard de-
viation, and total number density, rather than plasma tempera-
ture and electron density. A preliminary explanation was pro-
vided from the aspects of molecular weight, ionization energy,
and thermal conductivity of the gas. Salloom et al.!'%! dis-
cussed the correlation between the hardness of Ni-Cr—Nb al-
loy samples and the spectral line intensity ratio of LIBS spec-
tra, plasma temperature, and electron density. Meanwhile, a
semi-empirical formula between plasma temperature and ther-
mal diffusivity was established based only on four samples.
In this paper, we focus on the effect of matrix thermal
properties on ns-pulsed LIBS by using a series of pure met-
als and aluminum alloys. We compared the Saha—Boltzmann
plot method and the Boltzmann plot method to calculate the
appropriate plasma temperature. Considering the comprehen-
sive effects of thermal conductivity, specific heat capacity, and
density, a good correlation between the heat storage coefficient
of pure metals and plasma temperature was obtained, and its
related mechanism was explained. Considering ionization en-
ergy, the effect of thermal properties on electron density was
discussed. Finally, the above conclusion and internal mech-
anism were confirmed and detailed by observing the plasma
temperature changes of a group of aluminum alloys with only

different thermal conductivities.
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2. Experimental

In experiments, 8 different varieties of pure metals
(>99% in weight) and 5 different varieties of 5000 series
aluminum alloys with standard certificates provided by Jinan
Zhongbiao Company were labeled as S1-S8 and A1-AS5, re-
spectively. Some important physical properties!'!! of all sam-
ples are listed in Table 1, and their appearance is shown in
Fig. 1(a).

LIBS measurements were conducted using a self-made
setup in Fig. 1(a). A Q-switched Nd: YAG laser (Newwave,
USA) at 1064 nm with a pulse duration of 3 ns—5 ns and a
repetition rate of 1 Hz—10 Hz is utilized as the ablation source.
After getting reflected by the mirror (R), the laser pulse was
focused on the surface of sample by the lens (L1, f = 50 mm)
with a spot diameter of approximately 80 wm, and generates
a tremendous laser power density over 100 GW-cm™2. After
laser ablation, the emission spectra including the plasma con-
tinuum radiation and elemental atomic and ionic lines were ac-
quired using a lateral signal collection module, which is com-
posed of two lenses (L2, f = 50 mm, L3, f =75 mm) and
a fiber (d = 200 pm). The spectra were then analyzed using
an optical fiber spectrometer. The gate of the spectrometer is
controlled by a digital pulse delay generator (DG535, Stan-
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ford, USA) with the Q switch signal of laser pulse using as an
external trigger source.

For samples S1-S8, a four-channel spectrometer (regions
from 180 nm to 690 nm, spectral resolution 0.1 nm, Avantes
Avsdesktop USB2, Netherlands) installed with a COMS detec-
tor (2048 x2048 pixels) was used for spectra collection. The
laser energy and integration time were optimized at 24 mJ and
30 ps, respectively. The time delay of 1 pus from the laser
light to the spectrometer starting the spectrum collection is op-
timized.

For samples A1-AS5, a four-channel spectrometer (re-
gions from 181 nm to 655 nm, spectral resolution 0.07 nm,
Avantes Avsdesktop USB3, Netherlands) was used. The laser
energy, integration time and delay time were at 16 mJ, 30 us,
and 1 ps, respectively.

Spectra were collected from 10 repeated pulses at 25 se-
lected positions on the surface of each sample. To reduce the
impact of surface differences, such as oxide layer on surface, 5
ablation pulses were performed as pre-pulse at each of the 25
selected points before spectral collection. And as the result,
any lines of oxygen were not observed in the collected spec-
tra. Finally, a total of 250 sets of spectral data were collected
from each sample.
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Fig. 1. (a) Schematic diagram of the LIBS setup (R: reflector; L1, L2, L3: lenses 1, 2, 3). (b) Plasma temperature (bars) and corresponding R? (lines) of

S1-S8 in Boltzmann plot and Saha—Boltzmann plot.

Table 1. The physical properties of the samples (at room temperature).

. 3 Thermal Specific heat First ionization Ablation
No. Name Density (g/cm”) . . 3
conductivity (W/(m-K)) capacity (J/g-K) energy (kJ/mol) volume (pum-~)

S1 Cd 8.64 92.0 0.230 867.660 1416

S2 Co 8.80 69.21 0.440 760.304 346

S3 Fe 7.87 76.2 0.440 762.374 394

S4 Mg 1.74 159 1.025 737.654 1667

S5 Ni 8.88 60.7 0.460 737.041 266

S6 Sn 7.29 63.2 0.213 708.489 4080

S7 Ti 4.50 17.0 0.528 658.728 4938

S8 Zn 7.10 112.2 0.3898 906.285 418

Al aluminum 5005 2.7 200 0.9 -

A2 aluminum 5050 2.69 193 0.9 -

A3 aluminum 5052 2.68 138 0.88 -

A4 aluminum 5154 2.68 125 0.9 -

AS aluminum 5083 2.66 117 0.9 -
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The ablation volumes are calculated by measuring the
post-ablation surface contours through a step profile, with the
results presented in Table 1.

3. Result and discussion
3.1. Laser-induced plasma of pure metals

In laser-induced plasma, the Stark broadening caused by
electron radiation dominates the spectral line broadening. The
electron density is related to Stark broadening, so it can be
estimated by

Ay )p=2x10"wn, (1)

where n, is the electron density, A4, /2 1s the full width at
half maximum of spectral line, and w is the electron collision
parameter. %!

When the plasma satisfies the condition of local thermo-
dynamic equilibrium, the particles on the energy level obey
the Boltzmann distribution law. The spectral line intensity is
related to the emissivity between energy levels. The plasma
temperature can be estimated using Boltzmann plot of atomic
spectral lines, as shown below:

=————E+c, 2

In
8rAki ksT

where T is the plasma temperature, A is the wavelength of
the line, 1) is the intensity of spectral line, g is the statistical
weight for the upper energy level, A; is the transition proba-
bility, kg is the Boltzmann constant, and E} is the energy of
the upper energy level.[1?!

The plasma temperature can also be estimated using
Saha—Boltzmann plot of both atomic and ionic spectral lines,

as shown below:

A, )A 1,
In =——F+c. 3
( 8rkAki kgT * )

Unlike atomic spectral lines, ionic spectral lines need to be
corrected using

AL\ Al 2mig \>/* T3/?
<ln Z ) —n 22 ln[2< i B) } @)
8kAki 8iAki h Ne

E{ = Ex+Ep+AE, )

where m is the electron mass, / is the Planck constant, Epp is
the ionization energy of element and AE is the corresponding
plasma interaction correction of ionization energy.!'#! Herein,
the electronic density 7. is calculated through Ha 656.28 nm
using Stark broadening method. The atomic and ionic spectral
lines used in Boltzmann method and Saha—Boltzmann method,
as well as their spectroscopic data Ay, g, Ex, Ep, and AE
were all retrieved from the spectra database of the National
Institute of Standards and Technology (NIST).!!

As shown in Fig. 1(b), the plasma temperatures of pure
metals were calculated using Boltzmann plot method and
Saha—Boltzmann plot method, as well as the R? of the cor-
responding linear fitting results. The plasma temperatures cal-
culated by the two methods are different, but Saha—Boltzmann
plot method shows better performance in fitting. For sam-
ples S1-S8, compared to Boltzmann plot method, Saha—
Boltzmann plot method usually has a higher R?> maintained
above 0.9. Due to the simultaneous utilization of atomic and
ionic spectral lines of the same element, Saha—Boltzmann plot
method achieves a wider range of upper energy levels, thereby
improving the accuracy of temperature measurement. There-
fore, the plasma temperature calculated by Saha—Boltzmann
plot method was chosen for subsequent analyses of pure metal
samples.

The temperature of the material increases rapidly in the
process of continuous absorption of laser energy. The distri-
bution of temperature with time at different depths satisfies

0 2] K\ d
a0 =5\(cp) 5

where T is the temperature, x is the depth from the surface,

o
(X,l):| +Cpip](xat)7 (6)

K is the thermal conductivity, C, is the heat capacity, p is the
density, o is the absorption coefficient, and [ is the internal
heat source. 6!

In the interaction between laser and material, thermal
conductivity, specific heat capacity, and density jointly affect
the thermal diffusion on the material surface, thereby affecting
the role of laser energy in the core reaction zone, and reflected
Figures 2(a), 2(b), and 2(c)
respectively show the direct relation between laser-induced

in the laser-induced plasma.

plasma temperature and the matrix thermal conductivity, spe-
cific heat capacity, and density of eight pure metal samples.
No significant correlation was observed as the maximum R?
was less than 0.4. Due to the insufficient number of samples,
the simultaneous differences in various matrix properties hide
this correlation. Considering that the loss of laser energy is
not limited to thermal diffusion, and the energy remaining on
the local surface has a more significant impact on the plasma
temperature. Herein, the thermal storage coefficient S is intro-
duced, which can characterize the ability of materials to store
heat in local areas, involving the thermal conductivity, heat
capacity, and density of the matrix, as shown below:

2npC_ K
S:\/%, 7

where 7 is the harmonic period, usually taken as 24 hours.[!”)

Figure 2(d) shows the variation of the laser-induced
plasma temperature with the heat storage coefficient. It can
be considered that the laser-induced plasma temperature has
a negative linear correlation with the heat storage coefficient
of the matrix, as R? is greater than 0.95. This means that the
plasma temperature is negatively correlated with the thermal
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conductivity, specific heat capacity, and density of the matrix.
When the ns-pulsed laser is focused on the surface of the sam-
ple, metal materials with lower thermal conductivity dissipate
less energy through thermal diffusion. Then, larger laser en-
ergy deposits in smaller local areas, leading to increased abla-
tion. For materials with lower specific heat capacity and den-
sity, melting and vaporization within a local range on the sur-

face require less laser energy. Therefore, it will lead to higher
ablation efficiency and faster temperature rise. Considering
the above points, there is less laser energy used for thermal
diffusion or melting and vaporization for metal materials with
low heat storage coefficients. So, more laser energy can be ab-
sorbed by subsequent laser-induced plasma, ultimately leading
to a higher temperature of laser-induced plasma.

—~
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Fig. 2. Correlation between the laser-induced plasma temperature and the matrix (a) thermal conductivity, (b) density, (c) specific heat capacity,

(d) heat storage coefficient of pure metals.
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Fig. 3. Correlation between the laser-induced plasma electron density and the matrix (a) heat storage coefficient and (b) first ionization energy

of pure metals.

In Fig. 3(a), there is a weak negative correlation between
plasma electron density and the heat storage coefficient, with
an R? of only 0.618. However, this does not invalidate the
previous interpretation of the role of thermal properties in the
LIBS matrix effect. In addition to the thermal effect of laser
energy in the matrix, another important factor to be consid-
ered is the ionization energy of matrix elements. The elec-
tron density depends on the absorption of laser energy by
the plasma, while ionization energy greatly affects the plasma
shielding effect.!'8] The secondary or higher ionization inside
the plasma is much lower than that of first ionization and can

be ignored to some extent, so the first ionization energy should

be significantly correlated with the electron density of laser
induced plasma. However, the negative correlation between
electron density and the first ionization energy is also at a
relatively low level, as shown in Fig. 3(b), where R? is only
0.523. The low heat storage coefficient increases plasma elec-
tron density by the enhancement of the ablation rate and mass,
but the combined effect with other matrix parameters (such as
the first ionization energy) weakens the direct manifestation
of this correlation when the sample size is insufficient. These
indicate that the influence of laser absorption or shielding on
plasma electron density takes into account the contribution of

more parameters, while thermal properties may be a secondary
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factor. A more comprehensive and accurate model needs to be
established to explain the impact of various matrix parame-
ters, including thermal properties, on the complex evolution
process of plasma.

3.2. Laser-induced plasma of aluminum alloys

Samples A1-A5 were used for further discussion and
confirmation of the correlation between the thermal conduc-
tivity of the matrix and the laser-induced plasma. Taking sam-
ple Al as a representative, figure 4(a) shows the typical LIBS

spectrum of this type of aluminum magnesium alloy. The de-
termination of spectral lines was based on the NIST spectral
database.['31 As shown in Table 1, 5 different 5000 series alu-
minum alloys have similar densities and specific heat capaci-
ties, but differ greatly in thermal conductivity, highlighting the
effect of metal thermal conductivity on laser-induced plasma.
Herein, the Boltzmann plot method was used to evaluate the
plasma temperature based on Al atomic spectral lines, as all
fits in A1-AS5 already have R? exceeding 0.93.

5

0 (a) Mg IT 279.55 nm < 8500
= AlT396.19 nm Sample Al ~

= 4 Mg IT 280.24 nm L

. 5
"3 Al 1T 281.63 nm % 8000
< 3 AlT 394.40 nm 5
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Fig. 4. (a) The spectra of sample Al. (b) Correlation between the laser-induced plasma temperature and the matrix thermal conductivity of

aluminum alloys.

Figure 4(b) shows a negative linear correlation between
the laser-induced plasma temperature and the thermal conduc-
tivity of aluminum alloys, with an R? of 0.979, which is con-
sistent with the interpretation of the thermal conductivity ob-
tained in laser-induced plasma of pure metals. In metal materi-
als, the energy transfer between free electrons plays the major
role in thermal conduction. In the temperature field, high tem-
perature electrons will move rapidly and exchange energy with
low temperature electrons through collisions.!!”]

As shown in Eq. (6), when the heat capacity, mass density,
and absorption coefficient are similar, materials with lower
thermal conductivity dissipate less energy during thermal con-
duction, which means that the energy transferred to new free
electrons through collisions will be reduced. At the same time,
more laser pulse energy will be accumulated in the small local
areas on the surface and be absorbed by free electrons, result-
ing in smaller ablation range and higher energy density. In this
way, more energy is absorbed by fewer free electrons and elec-
trons obtain greater kinetic energy. Therefore, more materials
are more likely to reach the plasma state generated by melting
and vaporization. The initial temperature and ionization de-
gree of the plasma generated during this process are relatively
high, ultimately leading to a higher plasma temperature.

4. Conclusion and perspectives

In conclusion, we used a group of samples, including pure
metals and aluminum alloys, to investigate the effect of ma-
trix thermal properties on ns-pulsed laser-induced plasma. The
plasma temperature and electron density were determined by
spectroscopy and were correlated with the matrix properties,

including thermal conductivity, specific heat capacity, density,
and first ionization energy. In the pure metal experiment, heat
storage coefficients calculated from thermal conductivity, heat
capacity, and density were introduced, and a significant nega-
tive correlation was observed with plasma temperature. These
observations are explainable considering that metal materials
with low thermal conductivity and low specific heat capac-
ity require less laser energy for thermal diffusion or melting
and vaporization, resulting in higher ablation rates and higher
plasma temperatures. The weak negative correlation between
plasma electron density and heat storage coefficient leads to
an interpretation that thermal properties play a secondary role
in the matrix effect of laser absorption or shielding on plasma
electron density. In the experiment of aluminum alloys, the
direct correlation between thermal conductivity and plasma
temperature provides a more detailed discussion, strongly con-
firming the conclusion of thermal effects in pure metals. Over-
all, this also reveals the impact of thermal effects on LIBS
spectral acquisition and is expected to provide a new approach
for measuring the thermal properties of unknown metals.
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