Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS

J. Serb. Chem. Soc. 90 (7-8) 915-927 (2025) Original scientific paper
JSCS-5429 Published 29 July, 2025

Influence of pressure and mixing with air on the equilibrium
composition of laser-induced plasma on ODS steel

MIROSLAV RISTIC, NIKOLA KRSTEVSKI, MILICA MARKOVIC,
ALEKSANDRA SAJIC and MIROSLAV KUZMANOVIC*

University of Belgrade, Faculty of Physical Chemistry, P. O. Box 47, 11158 Belgrade, Serbia
(Received 30 January, revised 10 March, accepted 23 March 2025)

Abstract: Laser induced plasma (LIP) is transient, the part of the time evolution
of its emission used for the Laser induced breakdown spectroscopy (LIBS) tech-
nique corresponds to plasma pressures that are comparable to atmospheric,
where a certain degree of mixing of the ablated material and air must be taken
into account. The aim of this work was to discuss the influence of pressure
change and air mixing of laser ablated material on the equilibrium composition
of plasma obtained on an ODS steel target, which is a material of great interest
for nuclear technology. Special care is devoted to the influence of pressure and
mixing on the equilibrium relationship between the temperature 7 and the elec-
tron number density N, which is important for plasma diagnostics. The obtained
results show that the concept of local thermodynamic equilibrium (LTE) can be
used for the LIBS plasma diagnostics and the optimization of spectrochemical
analysis parameters. The conclusion refers to the expected interval of plasma
pressure during its evolution (10-0.1 bar) and the expected degree of mixing of
the ablated material and air, in the temperature range 5,000—15,000 K, relevant
for the LIBS technique.

Keywords: equilibrium plasma composition; LIBS; ODS steel; pressure, air
mixing.

INTRODUCTION

In order to describe the gas plasma state in detail, it is necessary to know the
population distribution of electronic levels of various atoms and ions, as well as
the distribution of kinetic energy of various particles, including electrons. In the
general case, to fulfil this task, it is necessary to carefully take into account all
elementary processes in the plasma, together with their reaction rates and cross
sections for collisions. If the plasma fulfils the conditions of local thermodynamic
equilibrium (LTE), it can be completely described much easier, by applying the
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916 RISTIC f al.

appropriate equilibrium distributions, without the need to treat the kinetics of ele-
mentary processes. Of particular interest is the knowledge of plasma composition
at different temperatures. Under the conditions of validity of LTE, the equilibrium
composition of the plasma as a function of temperature can be calculated by sol-
ving a system of equations consisting of the Saha equations, the mass conservation
law and the electroneutrality equation. This approach is successfully applied to
describe the equilibrium composition of the laser-induced plasma (LIP), for the
Laser-Induced Breakdown Spectroscopy (LIBS) technique.!-2 In somewhat colder
plasmas, where the existence of molecules cannot be ignored, a more optimal
approach to calculating the equilibrium composition is by minimizing the total free
energy of the particles, taking into account the appropriate mass and charge con-
servation relations.3-# LIBS is a modern technique of elemental chemical analysis,
which uses a plasma induced on the analysed sample as a source of excitation.
Plasma is induced by a high-power density laser pulse. Usually, the nanosecond
laser pulses are used for LIBS, but lasers with shorter pulses can also be used. The
interaction of a laser pulse and a solid sample leads to its ablation and the formation
of a hot and dense plasma that spreads usually in air, at atmospheric pressure.> For
analytical applications, a part of the time evolution of the plasma between 1 and
10 ps is usually used, when the plasma expansion slows down almost completely,
and the pressure becomes close to the ambient pressure. Careful experimental
measurements and theoretical modelling of laser-induced plasma expansion have
shown that during the time evolution of the plasma, near the end of its expansion,
the pressure can even be lower than ambient.%7 Cristoforetti ef al. showed that the
LTE concept can be applied to LIP, in the stage of evolution used for LIBS tech-
nique.8

The oxide dispersion strengthened steels (ODS) are promising materials in
nuclear technology, due to their favourable properties when they are exposed to
high temperatures and intense radioactive radiation.® Different types of ODS steel
are considered for potential application both in fission technology, for fuel clad-
ding, and in nuclear fusion reactors, where they should play the role of first wall
material (known also as plasma face material, PFM). Due to the possibility of
remote analysis, the LIBS technique is of particular interest for the application in
nuclear technology.

The aim of this work was to clarify in more detail the influence of pressure on
the equilibrium composition and the relationship between temperature and electron
number density during the time evolution of laser-induced plasma. Since it is dif-
ficult to monitor the temporal evolution of the plasma pressure during its expansion
with plasma diagnostic methods, it is usually assumed that the plasma pressure in
the time interval used for LIBS, is close to atmospheric pressure. Given that the
acquisition of spectra for LIBS is performed within time interval of 1-10 ps after
the laser pulse with an ICCD detector (or from 1 ps to 10 ms or more with a CCD
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LTE COMPOSITION OF LIBS PLASMA 9 1 7

camera), it is of interest to take into account the pressures higher than atmospheric,
as well as slightly lower values.®7 Also, the influence of the mixing of the ablated
material and the surrounding air should be taken into account. The equilibrium
composition was calculated using the program described in our recent public-
ation, 10 where the influence of the ionization potential lowering (IPL, known also
as continuum lowering) was taken into account. ODS steel was chosen to illustrate
the effect of pressure and mixing with air, because it contains mostly metals but
also non-metal carbon, which will significantly affect the effect of mixing with air.

METHOD

The equilibrium composition of the plasma is calculated using the previously developed
program, which is described in details recently and will only be briefly outlined here.!? First,
the local thermal equilibrium is assumed to be established on a given temperature 7 for the
initial atomic number densities of all the elements that constitute plasma. Each plasma compo-
nent is assumed to enter subsequent ionization processes and thus multiple ionization stages are
reached. For every atomic species i, the ionization—recombination equilibrium between atoms
in ionization stage j and j+1 is described by Saha equation:

_ Ni,j+1Ne _

Z; (T E;—AE
ij 2(2ﬂmeT)3/2 l’jH( )ex (- £
N h ZI-J-(T) kgT

) (M

where §j; is the Saha coefficient, NV; and N; ;,; are the number densities of species i in j and j+1
ionization stage, respectively, N, is the electron number density, m is the mass of an electron, /
is the Plank constant, kg is the Boltzmann constant and £j; is the corresponding ionization
energy, while AE is ionization potential lowering. Z;(7T) and Z; ;.1 (7) are the electronic partition
functions of species 7 in j and j+1 ionization stages, respectively. These partition functions are
calculated from the database of statistical weights and energies adopted from NIST.!! The
partition function of an atom or ion is defined as:

=3 _Ee
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where g; and E;, are, respectively, the statistical weight and energy of electronic level k (relative
to the ground level energy), while 7 is the highest occurring level.

Based on the plasma quasi-neutrality conditions, the partial pressure of free electrons p,
will be:

M=
Mz

Pe=22.(i=Dpy 3)

k

i

where N is the number of elements that constitute plasma, M is the maximal number of ioniz-
ation stages while p;; is the partial pressure of atomic species i, in ionization stage j (j = 1 for
neutral atom, j = 2 for single charged ion, etc.). Also, the Dalton law of partial pressures applies,
so the total pressure P is:
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All Saha equations are mutually dependent through the p, (or N.) value, and after N, is
obtained the program calculates all N values.!? Based on this set of N, and Nj; values, the
ionization potential lowering is determined by Stewart—Pyatt model,!3:!* via the following
equation:

g3 e (i) A+ -1

= 5
2 47[80)1]) (rIS / )‘D )3 ( )
ris being the ion-sphere radius:
3
hs = 6
is = ( 22N (6)

while Ap is the Debye length, defined as:

EokBT
= 7
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&y being vacuum permittivity and e is the elementary charge.

After that, the iterative procedure follows and all Saha equilibriums now need to be
recalculated (this time with IPL included) in order to obtain a new, more accurate set of N, and
Nj; values. This again leads us to a new and more accurate value of AE. Pressure reduction due
to the ionization potential lowering, AP is also applied:!?

2 i .
ap o S +2.,2 /(i =DNy)
247

®)

The iterations are further performed until the difference between two adjacent iterations
of N, value is lower than 10° m3. Reduction of the partition functions can occur due to the
lowering of the ionization potential, if certain high-lying electronic states remain above the new
ionization potential. In present calculations, the reduction of partition functions due to IPL is
taken into account in order to obtain more reliable results. Validation of the used program was
performed by comparison with the literature data, and can be found in our recent publication.!?

RESULTS AND DISCUSSION

Effect of pressure on plasma composition

The equilibrium composition of the plasma in the range of temperatures
relevant for the LIBS technique, from 5,000 to 15,000 K, is given in Figs. 1 and 2,
for pressures of 0.1 and 5 bar®, respectively. The pressure of the LIP ranges
between those two values in the final phase of its time evolution, when the spectral
emission is registered for elemental analysis and characterization of the plasma.
The equilibrium composition of the plasma corresponds to the starting composition

* 1 bar=10° Pa
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Fig. 1. Equilibrium plasma composition as a function of temperature, which corresponds to
the ablation of ODS steel at pressure of 0.1 bar.
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Fig. 2. Equilibrium plasma composition as a function of temperature, which corresponds to
the ablation of ODS steel at pressure of 5 bar.

typical for ODS steel, Table 1. Since ODS steel contains large amount of Fe, we
have assumed that the selective evaporation does not occur during the ablation, as
shown earlier by Pershin et al.16 For that starting composition and temperature
range, the presence of molecules in plasma is negligible. The concentration of
single charged ions becomes higher than the concentration of the corresponding
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atom in the temperature interval from 8,000 to 9,700 K for metals depending on
their first ionization energy (from 6.77 eV for Cr to 7.90 eV for Fe), for plasma at
atmospheric pressure. As a non-metal, carbon has a significantly higher first ion-
ization energy (11.26 eV), so its ion and atomic mole fractions become equal at
higher temperature of 13,500 K. With the increase of plasma pressure, the pro-
portion of ions decreases, and thus it equals the fraction of atoms at higher tem-
peratures. On the contrary, at pressures lower than atmospheric, the degree of ion-
ization increases. For example, the temperature at which the atom and single
charged ion mole fractions are the same for Ti, shifts from approximately 6,290 K
at a pressure of 0.1 bar, over 7,548 K at 1 bar, to 8,750 K at 5 bar. The significant
shift of the ionization—recombination equilibrium with pressure indicates that this
fact must also be taken into account during the spectroscopy of LIP, especially if
the emission is integrated over a long period of time. Even in time-resolved mea-
surements, when an ICCD camera is used, where the integration time can go well
below 1 ps, the decision of whether it is better to use an atomic or an ion line for
spectrochemical analysis also depends on the pressure evolution during the camera
exposure. The concentrations of doubly charged ions are significant at higher tem-
peratures, at low pressure (Fig. 1), while they become negligible as the pressure
increases.

TABLE I. Composition of the ODS sample with first ionization energies of its constituents

Element Mole fraction Eion/ eV
C 0.00303 11.26
Cr 0.12700 6.77
w 0.00584 7.87
Ni 0.00028 7.64
Ti 0.00152 6.83
Fe 0.86233 7.90

The effect of pressure on the ionization—recombination equilibrium of the
analyte is actually related to the dependence of the electron number density on
pressure, which is why this dependence should be discussed in more detail. In Fig.
3, the mole fraction of electrons as a function of temperature is presented, for the
ODS steel plasma, at different pressures. As can be seen, for a given temperature,
the mole fraction of electrons strongly depends on pressure: with a decrease in
pressure (followed by the decrease in the number densities of all particles), the
mole fraction of electrons increases. If the mole fractions of electrons for the cor-
responding pressures are translated into the electron number densities N, the
dependence as shown in Fig. 4 is obtained. The increase in electron number density
with pressure is not linear, because it increases more slowly at higher pressure. The
reason for this behaviour lies in the fact that the increase in the electron number
density favours recombination.
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Fig. 3. Mole fraction of electrons in ODS plasma at various pressures.
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Fig. 4. Number density of electrons in ODS plasma at various pressures.

The Fig. 4 is very interesting from the plasma diagnostics point of view. If the
plasma is in LTE (for a given plasma composition and pressure) each temperature
corresponds to exactly one value of N, considering the lower temperature region
in which (at a given pressure) N, increases. For higher temperatures, where N,
reaches maximum, it starts to fall and changes very slowly, the approach cannot
be applied. It follows that the pressure could be determined using Fig. 4, based on
the previously measured values for N, and temperature. Or vice versa: if the
pressure value is known, based on the previously determined N, the temperature
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of plasma can be determined. For pressures (up to 10 bar, including the
development phase of plasma plume with a pressure lower than the ambient) and
temperatures relevant for the LIBS technique (5,000—15,000 K), the dependence
curves of Ng(7) are sufficiently different that from them one can, at least roughly,
estimate the pressure in plasma that emitted spectral lines, based on which T and
N, were determined.

In plasmas where the pressure changes with time, such are LIPs, there is no
simple diagnostic method to measure the pressure, especially not by non-invasive
diagnostic methods of optical emission spectroscopy. Therefore, any possibility of
even a rough estimation of the pressure value is of interest. The aforementioned
possibility of applying Fig. 4. to determine T or N, if one of those two values is
previously determined by some diagnostic method, is also interesting for the
plasma diagnostics, especially in cases when N, is determined first (from the Stark
broadening of spectral lines, for example) and then the temperature is estimated
using the curves from Fig. 4. This is because the determination of temperature by
emission methods (Boltzmann plot, emission line-intensity-ratio method) is some-
what unreliable, due to large gradients of plasma parameters, especially if the
spectral measurements are not time-resolved.

The effect of mixing with air on plasma composition

The transient nature of LIP results in several additional problems for the
applications in optical spectroscopy. In addition to the unknown plasma pressure
during the time interval of the spectrum acquisition, the plasma composition is also
unknown. It is undeniable that, while the plasma pressures during its expansion are
significantly higher than the ambient pressure, there is practically no mixing of the
ablated material with particles from the surrounding atmosphere. In other words,
the composition of the plasma corresponds to the composition of the ablated
material, taking into account, of course, the ionization processes. However,
knowing the typical time interval of the time evolution of LIP and the expected
pressures, the mixing of the ablated material with the surrounding air must also be
taken into account. Therefore, the influence of mixing air and the ablated material
must also be considered in the context of the results and discussion in the previous
chapter.

When it comes to LIP plasma that is formed in air at atmospheric pressure,
considering that the drop-in pressure is accompanied by a drop-in temperature, i.e.,
the extinction of optical emission, it is reasonable to assume that in the stage of
plasma evolution when the LIBS signal is registered, complete mixing of the air
and ablated material (50 mol. % sample + 50 mol. % air) is not achieved. There-
fore, we took into consideration the following degrees of mixing: 5, 10 and 20 mol.
% of air, in order to evaluate the influence of mixing on the degree of dissociation
of analytes and the connection of N¢(7) in the LIP plasma. Figs. 5 and 6 show the
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distribution of the equilibrium plasma composition as a function of temperature, at
a pressure of 1 bar, without mixing with air and for a mixture with 20 vol. % of air
and 80 vol. % of ablated material (with the composition given in Table I).
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Fig. 5. Equilibrium plasma composition as a function of temperature at 1 bar, which
corresponds to the ablation of pure ODS steel.
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Fig. 6. Equilibrium plasma composition as a function of temperature at 1 bar, which
corresponds to the ablation of 80 vol. % ODS steel mixed with 20 vol. % air.

The introduction of 20 mol. % of heavier ionizing elements (the first ion-
ization energy for N is 14.53 eV, for O 13.62 eV and for Ar 15.76 e¢V) in relation
to the metals present (6.67—7.90 eV), favours a slightly higher metal ionization, so
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that the temperatures on which the mole fractions of atoms and ions are equalized,
move to lower values: 100 K for C, up to 122 K for Ti (see Table II), with the shift
being smaller for higher ionization energies. At pressures lower than the atmo-
spheric this effect is somewhat smaller, while at higher pressures, it is greater.
However, one should not lose sight of the fact that an even more significant
proportion of air in the plasma can only occur when the plasma pressure appro-
aches the surrounding pressure. It can therefore be concluded that possible mixing
of ablated material and air does not significantly affect the choice of optimal lines
(atomic or ionic) for the LIBS technique.

TABLE II. Temperatures at which mole fractions of atoms and ions of all ODS constituents are
equalized, for pure ablated ODS and for mixing with 20 vol. % of air, at pressure of 1 bar. The
differences between these two temperatures are given in AT column

T/K
Element ODS ODS + 20 vol. % air AT/K
C 13375 13275 100
Cr 8.327 8.209 118
W 9.281 9.177 104
Ni 9.747 9.644 103
Ti 7.548 7.426 122
Fe 9.130 9.025 105

The effect of mixing the ablated material with air on the ionization-recom-
bination balance is illustrated in Fig. 7. Due to the overall decrease in the portion
of metals, their degree of ionization is lower, and so is the mole fraction of elec-
trons. However, the decrease in the mole fraction of electrons is less than the
decrease in the mole fraction of the ablated material due to mixing with air: the
introduction of heavier ionizing elements from the atmosphere favours the metal
ionization. For the plasma diagnostics, the influence of mixing with air on the
number density of electrons is very important. With the increasement of tempe-
rature and the number density of electrons, the influence of mixing with air inc-
reases, until at around 9,000 K it reaches approximately 5 %, compared to a mix-
ture with 20 % air, i.e., 8 % at 10,000 K. This means that curves on Fig. 7. can be
used to determine T if N, is known, and vice versa for the atomic lines of metals,
because those in the part of the time evolution of the LIP plasma used for analysis
usually have emission maxima at temperatures below 8,000 K. On the other hand,
the lines of metal ions have emission maxima at temperatures higher than 10,000
K. If the temperature is measured experimentally, the electron number density can
be determined from the curves from Fig. 7. in the entire temperature interval,
therefore also for the ionic lines of metals, with an accuracy better than 10 %.
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Fig. 7. Logarithm of the electron number density as a function of temperature in ODS plasma
with various portions of air indicated (in vol. %).

CONCLUSION

With the increasing pressure, the equilibrium composition of the plasma shifts
towards recombination, i.e., the degree of ionization decreases. Depending on the
first ionization energy of the observed element, the temperature at which the mole
fractions of atoms and ions are equalized shifts to higher values: this shift is
significant, for metals it can be up to 1,500 K, when the pressure changes by an
order of magnitude. With an increase in the pressure, the electron number density
for a given temperature also increases, with the increase in N, being slower than
the increase in pressure, because the increase in pressure favours recombination.
The dependence of N, on T at different pressures is sensitive enough that, based
on previously measured 7 and N, one can at least roughly estimate the pressure.
In other words, by monitoring the time evolution of N, and T, the time evolution
of the plasma pressure can be roughly estimated. This fact is particularly important
considering the lack of suitable emission spectroscopic methods for the plasma
pressure determination.

Considering the fact that the emission of LIP plasma is recorded at pressures
close to atmospheric, the influence of the mixing of the ablated material with the
surrounding air on the ionization-recombination balance of the analyte elements,
as well as on the relationship between N, and 7, cannot be completely ignored. Air
into the plasma increases the degree of ionization, so that the temperatures at which
the mole fractions of atoms and ions are equalized move to higher values to a
certain extent. The effect of mixing with air on the dependence of Ng(7) can be
neglected up to 9,000 K, even for a mixture with 20 % air, which is the upper limit
of the mixing relevant for LIBS. In the interval of 9,000-15,000 K, the LTE
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concept can still be used to determine N. from the previously measured tempe-
rature.
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H3BO[NO

YTUIJAJ [TPUTHUCKA U MEIITAFLA CA BA3IYXOM HA PABHOTEXHU CACTAB
JIACEPCKH UHIYKOBAHE ITVTASME HA ODS YEJIUKY

MHUPOCJIAB PUCTHR, HUKOJIA KPCTEBCKU, MUJIMIJA MAPKOBHW, ATEKCAHIIPA ITAJWR
n MUPOCJIAB KY3MAHOBHUR

Yuueepsuitiei y Beoipagy, @axynitietn 3a ¢pusuuxy xemujy, Ciygeniticku wpi 12—16, Beoipag

Jlacepcky HHAYKOBaHA IIa3Ma je NPOMEHUBA, IMOIITO JIE0 BPEMEHCKE eBOJIyLHUje HeHe
€MHCHje KOjU Ce KOPHUCTH 3a TEXHHMKY CHEKTPOCKOMNHje JTacepcky MHAyKoBaHe masme (LIBS)
ofroapa ITPUTHUCLIMMA IIJIa3Me KOjU Cy yIOpenuBy ca aTMocepckum, IIpH Yemy ce Mopa y3eTH
y 003up U M3BeCTaH CTeleH Mellama adIUpaHOr MaTepHjajia U Basmyxa. Llwm oBor pana je ma
UCIIUTA yTU1Iaj TIPOMEHE IPUTHCKA U MELlamba ca BasJyXOM J1Iacepcky ablupaHor MaTepyjana Ha
PaBHOTEXHM cacTaB I1a3Mme JodujeHe Ha MeTd of ODS uyenuka, MaTepHjasa KOjH je Of BETUKOT
WHTEpECa 3a HyKIeapHy TexHonordjy. IlocedHa maxma je mocseheHa yTuLajy NMPUTHCKA U
Mellama Ha 3aBUCHOCT u3Mehy Temmnepatype T U KOHLEeHTpaLuje enekTpoHa Ne, Koja je of Besu-
KOT 3Hayvaja 3a AWjarHOCTHKY Iia3me. [JobHjeHHn pe3ynTaTd MoKa3yjy Ha ce KOHLEeNT JIOKaJHe
TePMOAWHAMHYKE PaBHOTEKE MOKe KOPHUCTHTH 3a JUjarHOCTUKY LIBS rmasme u onmrumusanujy
napaMeTapa CIeKTPOXEeMHjCKe aHalu3e. 3aKk/byyak je [ja je MHTepBaJl IIPUTHCKA I7Ia3Me TOKOM
meHe esontynyje 10-0,1 bar 1 fa je ouexrBaHH CTEIeH Mellaba ablupaHor MaTepyjaia U Basayxa,
y oncery Temnepartypa 5.000—15.000 K, peneBanTHOM 3a LIBS TexHuky.

(ITpummeno 30. janyapa, pesugupano 10. mapTa, npuxsaheHo 23. mapTta 2025)
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