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The analysis of double-pulse LIBS plasmas is a promising technique for environmental neutral underwater
material exploration. Since the required spectral analysis methods or suitable calibration curves have barely
been investigated for deep-sea applications, a method for spectral simulation and evaluation was
developed, enabling evaluation of the elemental concentrations even under non-atmospheric
conditions. For this, a method for spectral simulation and evaluation was created, containing the
simulation of spectra resulting from multi-elemental plasmas, calculation of data sets with spectral
characteristics for various plasma pressures, temperatures and elemental concentrations and the
estimation of the plasma parameters and the elemental concentrations related to the measured spectra.

Then the accuracy was examined depending on different external parameters, such as laser pulse energy

Received 7th July 2025 ) . . . . .
Accepted 11th November 2025 and water pressure. Finally, it was shown that a calibration curve routine for copper-zinc alloys could be
created with a mean deviation of 3 at% independent of the laser setup. Furthermore, it was shown that

DOI: 10.1038/d5ja00260e this method for spectral simulation and evaluation is suitable to evaluate LIBS spectra for up to 60 MPa

rsc.li/jaas hydrostatic water pressure.

1 Introduction

The global demand for critical minerals is experiencing
a significant and sustained increase, which is primarily driven
by the transition to clean energy and transport technologies.
Deep sea mining of manganese nodules appears as a big supply
alternative, since the mineral content is potentially higher than
the nowadays known mineable land deposits. However, to
ensure minimal environmental impact during exploration,
a non-invasive method for analyzing elemental composition in
deep-sea environments is essential. Underwater, many
conventional material analysis techniques are impractical. For
instance, on-site mechanical preparation of samples, which is
necessary for techniques like mass spectrometry, cannot be
conducted. Additionally, creating a stable plasma using an
inductively coupled plasma method and applying optical
emission or mass spectrometry (ICP-OES/MS) is not currently
feasible in water under high pressure. Extracting samples for
subsequent analysis under atmospheric conditions is both
invasive and costly in terms of time and resources. Therefore,
there is a need for a method that avoids the need for sample
preparation and does not require direct contact between the
measuring device and the sample.
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Laser-induced breakdown spectroscopy (LIBS) is an estab-
lished method for analyzing material samples to determine
their elemental concentrations. For this, a pulsed laser beam is
focused on the sample surface. There, pulse energies of several
tens of millijoules and a pulse duration in the order of nano-
seconds are sufficient to evaporate a small amount of the
sample material, to produce a plasma and to excite it. There-
after, the generated plasma radiates specific line intensities
during the cool down, which depend on the elemental
concentrations.

Previous publications (e.g. ref. 1 and 2) have shown that
double-pulse LIBS is a promising technique for underwater
applications. There, the first laser pulse creates a cavity close to
the sample surface. The second laser pulse excites this gaseous
state and forms the plasma plume inside the cavity, whose
emission provides information about its elemental concentra-
tions. Often, spatial and temporal integrated optical emission
spectroscopy (OES) is used to examine the resulting plasma
radiation (e.g. ref. 3). In industrial applications, line intensities
are determined to obtain information about the occurrence of
individual elements and their quantities. For this, in industrial
applications LIBS is usually operated with calibration curves,
which require constant conditions in the generated plasma.
These have been well studied and proven for use under atmo-
spheric conditions. However, spectra in underwater LIBS are
strongly influenced by external conditions and have consider-
able pulse-to-pulse fluctuations. Li et al.* showed a method in
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which this fluctuation can be compensated by a combination of
spectral measurement and optical imaging of the plasma,
resulting in a reduction of the evaluation error to up to 4.07%.
The method from Xue et al® goes a step further, where
measurements were carried out underwater at elevated pres-
sures of up to 50 MPa. For the evaluation, a correction method
rooted in functional data analysis was used, which allows the
measured spectra at any water pressure to be converted into
mappings at shallow water pressure. However, these methods
are designed for fixed settings. Evaluation with variable laser
parameters for spectral optimization under high water pres-
sures is not provided and will therefore be examined below.

In underwater applications the growth of the plasma plume
is limited by the almost incompressible water, which leads to
a shorter lifetime and smaller plume size* compared to LIBS
measurements under atmospheric conditions. This effect is
further amplified with increasing water pressure, leading to an
increase in the internal cavity pressure, which in turn influences
the plasma and thus the measured spectrum.® However, most
studies for underwater LIBS are limited to shallow water
conditions. Tian et al.” investigated the influence of geometric
effects of laser focusing on the generated plasma and Li et al.®
investigated the influence of the laser pulse energy on the
spectral line intensity. While no line broadening could be
observed in these, because the line width is dominated by the
apparatus profile of the detector, the plasma driven line
broadening (e.g. Stark broadening) becomes more and more
relevant with increasing water pressure.' The results in ref. 9
indicated such an increase in electron density and temperature
with increasing water pressure. Once the water pressure, and
thus the pressure in the generated plasma, becomes high
enough, the broadening can reach a level where strongly
broadened lines overlap, to the point where individual lines can
no longer be recognized or they merge into a continuum-like
signal. Previous studies have shown (e.g. ref. 10) that spectra
with separated lines are possible for water pressures up to
40 MPa. Furthermore, Angel et al.'* showed that calibration
curves for water pressures up to 28 MPa are reliable for some
elements. However, it was also pointed out that the accuracy
decreases significantly with increasing water pressure.

For higher external water and internal cavity pressure, the
pressure inside the plasma cannot be neglected anymore and
previous studies have shown a strong increase in the plasma
density’* and in the continuum radiation and a significant
broadening of the atomic emission lines as well as absorption
effects at higher hydrostatic pressures' up to 60 MPa. Since the
plasma pressure and electron temperature have an influence on
the plasma composition, ie. the amount of electrons, atoms
and ions (see the Saha equation in eqn (3) and (4)), properties in
the measured spectrum also change for different laser setups
and under external water conditions. Accordingly, there is
currently no reliable method to determine the elemental
composition of in situ samples at water pressures of up to
60 MPa. Therefore, to develop a method for the calculation of
plasma compositions, which is independent of external
parameters, ie. hydrostatic pressure or laser pulse energy is
highly desirable.
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In this paper we present a newly developed routine for
spectral simulation for the analysis of multi-element spectra to
assist underwater LIBS diagnostics. The presented code, which
allows the calculation of spectra for different plasma parame-
ters and elemental concentrations during underwater LIBS is, to
the best of our knowledge, the first of its kind. Using these
spectra, a data set of line intensities and widths could be
created. Comparing the spectral characteristics of the data set
and those determined from the measured spectra, the
elemental concentrations can be obtained. Although the code
was first developed for copper-zinc plasma, it can be modified
to consider other elements. Furthermore, this method is not
limited to the demonstrated LIBS plasma, but can be used for
various plasma types and is particularly suitable for applica-
tions where variable conditions occur.

The paper is organized as follows: the experimental setup
and parameters are given in Section 2. The developed method
for spectral simulation and evaluation is explained in Section 3.
The results, including calculated elemental concentrations and
plasma parameters are shown in Section 4. Section 5 gives
a summary and an outlook.

2 Experimental setup

The experimental setup for underwater LIBS consists of
a double-pulse laser, a water-filled pressure chamber and
a compact spectrometer and is based on the setup previously
used in ref. 12 and 13. The schematic experimental setup is
shown in Fig. 1.

Two 1064 nm Nd:YAG lasers and pulse energies of up to 160
m]J with a duration of 5 ns to 7 ns were used. The superimposed
beams were expanded with a 3x magnification beam expander
to a diameter of 18 mm and focused with a 50 mm lens onto the
sample surface, which is located in a water-filled pressure
chamber. While the first pulse produces a cavity on the sample
surface, the second pulse generates a plasma inside the cavity
by exciting the vaporized material. The resulting plasma was
observed through a sapphire window using a dichroic deflec-
tion mirror.
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Fig.1 Sketch of the experimental setup for observation of underwater
LIBS plasmas in top view — two Nd:YAG lasers 1064 nm, each up to 160
mJ, 5-7 ns — BE: beam expander — SW: sapphire window — Sa: sample
— detection with an compact spectrometer in the coaxial direction
using a dichroic deflection mirror (DM). Previously used in ref. 12 and
13.
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For this, a trigger scheme, as shown in Fig. 2, was used and
the laser pulse energies or the hydrostatic pressure were varied.
A short pulse delay ¢, of 0.5 pus or 10 ps was successfully tested in
ref. 12 with low laser pulse energies and water pressures up to
60 MPa and will therefore be used in the following section.

The plasma plume was observed using a fiber-based compact
spectrometer (Avantes AvaSpec ULS17502F-USB2), which is the
most expected kind of spectrometer to be used later in indus-
trial deep-sea applications. In this case, an exposure time of 1
ms means that the signal will be integrated over the whole
plasma lifetime, skipping the trigger preceding signal at the
beginning of the plasma. The absolute calibration of the spec-
tral signal was performed using a tungsten strip lamp (OSRAM
Wi 17/G).

As shown in Fig. 3, well resolved lines can be observed from the
plasma plume generated underwater. Because of their character-
istic spectra, which are well suited for analysis of plasma param-
eters, copper based samples with varying amounts of zinc have
been used in this work. As shown in Fig. 3, an observable change
in the spectrum (e.g. noise level or line width) could be found,
especially for low laser pulse energies, which is caused by the
different cavity expansions and material ablations under different
laser conditions. This effect can often be observed in plasmas
where the external conditions (such as the cavity) also vary, as in
this case due to changing laser pulse energy or water pressure. In
such cases, constant conditions, as often prevailing in industrial
LIBS applications for material analysis, can no longer be assumed,
which makes it more difficult to evaluate the spectra.

However, previous time-resolved measurements with
a Czerny-Turner spectrometer'® have shown that the integrated
signal is dominated by radiation emitted during the first few
hundred nanoseconds of the detection time. Measurements
with a time resolution of 100 ns showed an almost flat
temperature and pressure profile at a fixed time due to the
limited cavity size. A decrease over time could be observed, but
the signal is dominated by the signal of the first hundred
nanoseconds after the trigger, since the temperature drop is
accompanied by a signal drop. Therefore, the plasma can be
reasonably approximated as homogeneous for the purposes of
these studies.
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Fig. 2 Sketch of the trigger sequence — two laser pulses, each 5-7 ns
duration. Delay t. between both laser pulses of 0.5 ps or 10 us, and
a delay of tp = 400 ns between the second laser pulse and the
spectrometer to skip the continuum dominated radiation. The used
compact spectrometer had an exposure time of 1 ms.
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Fig. 3 Spectra of a copper—zinc alloy with 40 at% (DIN EN 12449
CW617N) with two different energies of the first laser pulse E; with
a pulse delay t, =10 ps, measured with a compact spectrometer in the
coaxial direction. The measurements were done underwater at
0.1 MPa hydrostatic pressure.

3 Method for spectral simulation and
evaluation

In this section the simulation code for a multi-element plasma
is described. It is expected that the plasma in this calculation is
dominated by atomic and ionic line radiation of the evaporated
species. Although the code can be applied to any element with
appropriate knowledge of the atomic data, copper-zinc alloys
are examined in this paper. The calculations of the spectra
shown in the following section were limited to the wavelength
range from 452 nm to 537 nm, which takes into account all
lines, which could be measured with the experimental setup.

In order to obtain information about the plasma (e.g. elec-
tron temperature) or of the material to be examined (e.g
elemental concentrations) from the measured spectra,
a method for spectral simulation and evaluation and various
data sets were developed. Using this method, the measure-
ments could be evaluated and compared and various parame-
ters, such as the elemental concentrations, were determined.

The entire method for spectral simulation and evaluation
and databases is shown in Fig. 4 and is described below. In this
method a local thermal equilibrium (LTE) and a spatially and
temporally homogeneous plasma are assumed as a first
approximation.

3.1 Single-element plasma composition module

In this module, the partition function and the plasma compo-
sition or elemental concentrations are determined for indi-
vidual elements. Herein, the electron temperature and the
plasma pressure are varied and the resulting densities for
electrons and neutral/ionized particles are calculated assuming
a local thermodynamic equilibrium (LTE). For this purpose, the
atomic data for the relevant transitions of the involved elements
(here copper and zinc) were taken from the atomic databases
from the NIST" and Kurucz/Bell.*®

The partition function Z according to the Planck-Larkin
relation,™ as an element specific weighting factor, depends on
the ionization energy E; of the respective element and the
electron temperature T, of the plasma. All possible transitions
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Fig. 4 Flowchart of the modules and data sets of the code package
created for the simulation of spectra and the evaluation of measured
spectra. Required running time: one-time preparation of data set, few
hours and repetitive on-side evaluation, each <1 minute.

of the element are summed up using the respective upper level
energy E; and the respective statistical weights gz:

C()E/(
Z(T) = cexpl —
(T) Ek 8k P( kBTe)

effects of scattering

E; E, — E
+g/c-exp( — ZET). (EO(k/BT ) — 1)

effects of thermodynamic potential

1)

In the next step, the particle density of the ions n; depending
on the density of the previous ionization level n; ; can be
calculated by solving the Saha equation for each species, which
are described in more detail in ref. 20-22. The required thermal
wavelength of the electrons can be calculated using the de-
Broglie wavelength:

h2

P ————— 2
2mmeky T, )

Ade-Brog]ie =

For a plasma with low ionization levels, the particle densities
(e electrons, i ions, n neutrals and t all particles) can be calcu-
lated using:

nen; _ ZeZi 1 ex (7 eoEi) (3)
M B Z, Ade—Broglie3 P kBTe
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where the partition function of the electrons is Z. = 2 and the
total particle density n, = n,, + n; is given by the plasma pressure
(ne ~ p/T).

Since for the relevant temperature range (5000 to 20 000 K)
higher ionization is negligible, it can be approximated that n. =
n; = an, and thus « = ny/(n, + n;) as the degree of ionization.
Summing the right side of eqn (3) as csana, the Saha equation
can be solved as follows:

0[2

Mt = CSaha
l—a

n = ang = %‘saha/2+

The resulting non-ionized particle and electron density for
several elements at 1 bar are shown in Fig. 5. This calculation
can now be repeated for different plasma pressures. The
determined plasma compositions are then stored in a matrix-
shaped data set that contains a variation of the electron
temperature and pressure for each element and will be used by
the next module for multi-element spectra.

(CSahz\Z/4 + CSz\hant)

3.2 Multi-elemental spectral module

In this module, the data from the single-element calculations
are used and a spectrum for a plasma made of two elements is
calculated.

In order to do that, the plasma compositions of electrons
and atoms/ions of both elements are calculated using the
single-element plasma composition code module, which is
based on the Saha equations. Thereby, the electrons are fed by
the ionization of both elements and, conversely, as follows, also
influence the line broadening of both elements.

1018
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Fig. 5 Top: non-ionized particle density of different elements.
Bottom: electron density of the respective elements. All depend on the
electron temperature.
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In a first approximation it is assumed for the elemental
concentration gy that:

ne = ;akne_k with 100% = /Zak

From here on, a spatial profile for the temperature and
particle density should be used for laboratory plasmas.
Regardless of how it was generated, many plasmas have the
highest temperatures in the core and a decaying temperature
profile towards the outside. Although the temperature distri-
bution of the LIBS plasma is not always known, previous
experiments at elevated water pressure showed an almost flat
temperature profile.">* Accordingly, an approximation of the
module considering a homogeneous plasma with a diameter d,,
is sufficient. Nevertheless the implemented code can be
enhanced to support the spatially solved spectral simulation as
well and is therefore able to be applied for other kinds of
plasmas.

In order to calculate the spectra, the line widths AA (FWHM)
of all involved transitions in the wavelength range are calcu-
lated. A detailed description of line broadening mechanisms
and shifts of spectral lines in plasmas can be found in ref. 14
and 15. The dominant line broadening effects in the LIBS
application using atomic spectral lines are the Stark broadening
(Stk), caused by ion-electron collisions, and the van der Waals
broadening (vdW), caused by ion-ion collisions and the appa-
ratus profile of the detector. The associated broadening
constants C, and Cg can be found in the literature (e.g. ref. 23
and 24). Since a difference in a factor of up to 2 between re-
ported values by different researchers can be found, the mean
value of these factors is usually taken for this calculation.
Furthermore, the mean thermal velocities v of a Maxwell-
Boltzmann velocity distribution and the particle densities n of
the electrons (e) and atoms/ions (i) will be calculated from the
data given from the single-element module:

2

Ak
Adsy = 11.37 25,132 p,

27y

= (5)
A/dew =411 k Vi3/3662/5}’li

27y

At this point, an additional broadening mechanism should
also be mentioned, which is part of the so-called matrix effect.
In multi-component plasmas, van der Waals line broadening
occurs not only through collisions between heavy particles of
the same species, but also between heavy particles of different
species. However, there are hardly any reported values for such
broadening constants in the literature, so it will not be
considered in the following sections.

In addition, the Stark shift is taken into account. The relative
shift n of the used copper and zinc lines in the calculated
wavelength boundaries was studied by several groups and can
be found in the literature (e.g. ref. 26):

Adshire = NsucAAs/2
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Since van der Waals broadening is only relevant at very low
temperatures, and reliable Cgq coefficients in the wavelength
range between 452 nm and 537 nm are rare for some transi-
tions, the data shown below will be calculated with purely Stark
broadening, convolved with the apparatus profile. Under the
observed plasma conditions, this is suitable for comparison
with the experimental spectra. However, this does not apply to
all types of plasmas, so other types of broadening may need to
be considered in other applications.

In the next step, the emission and absorption coefficients for
a plasma in LTE are calculated. While the associated radiation
transfer equations can be found in ref. 20 in more detail, the
most important formulae are summarized as follows.

The emission coefficients ¢ of the atomic and, if needed, the
ionic lines were calculated using the transition probability A
between upper and lower energy levels, the emitted wavelength
A and the particle density at the upper energy level n,, which
depends on the electron temperature T and the total particle
density of the corresponding species n:

Coh

J— 7Au Mk
Ek 4t 1k k (6)
o - Sukl exp( — eoEy
uk Zk kB Te

Furthermore, the dependence of the absorption coefficient «
on the emission coefficient (e.g. ref. 25) can be used and the
absorption coefficient can be determined for each individual
line in the spectrum:

_ 2= &k
N AAS‘k/vdW Planck(/\k, Te)

(7)

Kk

Finally, the spectrum can be calculated by integrating over
the line of sight using the emission and absorption coefficients
of all involved transitions or lines and solving the differential
radiation transport calculation:

dL(x) = (e(x) — k(x)L(x)dx (8)

Because the plasma is assumed to be homogeneous in
temperature and density/pressure in this method, the emission
and absorption coefficients in the numerical solution are
constant. Therefore the solution of the radiation transport
equation can be solved, approaching a homogeneous plasma
with a diameter dp;:

L(p, T.) = Planck(A, T.) <1 —exp (ZT">) ©)

T = dep

where 7 is the so-called optical depth, which is an indicator of
the total absorption in the plasma. Two exemplary simulated
spectra for copper—-zinc alloys with different amounts of zinc are
shown in Fig. 6.

This calculation can now be repeated for different plasma
pressures, electron temperatures and elemental concentrations.
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The resulting spectra are stored in a data set and will be used by
the next module for comparison of selected parameters with the
measured spectra.

3.3 Spectral characteristic extraction module

In order to extract spectral characteristics such as line widths
and intensities, an evaluation routine was implemented. This
module can be applied to both the simulated spectra and the
measured ones.

In the shown cases, a Lorentz profile of the lines was used to
simplify the calculation, since Stark broadening is dominant in
underwater applications. However, in this module Gaussian or
Lorentz profiles can also be taken into account if the apparatus
profiles or van der Waals broadening are dominant.

For further evaluation, the full width at half maximum
(FWHM) line width and the integrated line intensity (L) of each
line in the observed wavelength range can be extracted using
a fit function for Lorentz profiles. These values were then saved
for the calculation of various plasma parameters, as described
in the following section:

(1) Electron temperature: the temperature will be calculated
using the Boltzmann plot method by exploiting the atomic line
integrals of one of the elements. In the data shown in Section
4.2, copper is most suitable due to the different energy levels of
the detected lines within the observed spectral range.

(2) Total particle density: the radiation of a specific atomic
line is defined by the neutral or ionized particle density at the
respective upper energy level, which depends on the electron
temperature and total particle density of the respective element.
In the shown data the lines at 481.1 nm for zinc and 521.8 nm
for copper were used. Often, instead of particle density, plasma
pressure (p ~ nT) is used as a value here.

(3) Electron density: the atomic lines can be broadened by
several effects. However, lines in the shown data are dominantly
Stark-broadened. This depends on the electron density and
temperature. Using the line width of the copper related line at
521.8 nm, the total electron density can be calculated which is
defined by the sum of the partial electron densities of all
occurring elements.
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Fig. 6 Simulated spectra of copper—zinc alloys for 10 at% and 40 at%
amounts of zinc. Green arrows: lines related to copper and black
arrows: lines related to zinc. Input parameters: plasma pressure of 10
bar and electron temperature of 18 000 K.
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(4) Elemental concentrations: the line integral of a strong
line of each element, here 521.8 nm for copper and 481.1 nm for
zine, can be used to calculate the elemental concentrations.
Since the line integral of an atomic line depends on various
parameters (e.g. temperature, density, and optical thickness),
a direct reverse calculation from the line integrated intensity or
the ratio between two lines of different elements is not possible.
Therefore, the comparison with a data set is the most promising
method, using the calculated temperature and extracted line
intensities as input parameters. The method will be described
in the following section.

3.4 Determination module

Since the line intensities of different lines depend not only on
the elemental concentrations, but also on the plasma parame-
ters, a direct reverse calculation from the fitted data with
a reasonable computational effort is not possible. Although it is
possible to derive temperatures and sometimes even electron
densities directly from the spectrum, as described above, the
line intensities are particularly dependent on the atomic and
ionized particle densities, which cannot be determined directly
but have to be laboriously calculated. Therefore, the desired
values, such as elemental concentrations or plasma pressure,
are determined from a comparison with the fitted values of the
line integrals and if necessary the line widths of simulated
spectra and the point of minimum deviation between both
inputs, measured and simulated spectra.

First, the spectra for given temperatures, plasma pressures
and elemental concentrations were calculated and the spectral
characteristics (line widths and intensities) were extracted and
stored in a matrix-shaped data set. Second, the spectral char-
acteristics are calculated from the measured spectra too and
compared with the corresponding data set. The most suitable
parameters for the LIBS spectra of the copper-zinc alloys shown
below are the line width of the copper related line at 521.8 nm
due to the dominant Stark broadening and the zinc related line
at 481.1 nm, due to the high intensity of both lines.

However, it was found in previous experiments' that an
additional strong electron contributor, most probably hydrogen
and oxygen from water, exists in underwater LIBS measure-
ments. While their line intensities in the observed wavelength
range are negligible compared to the lines related to copper
even at high partial pressures, the additional electron density
can exceed the electron density of a pure copper plasma by
several orders of magnitude, as shown in ref. 12. For this
reason, the line width, as an indicator of the electron density, is
not used as an input parameter for the determination of the
elemental concentration in the shown calculations. Although
the evaluation routine delivers acceptable results with relatively
calibrated lines (or more precisely line ratios) using line widths
as an additional input parameter, absolutely calibrated spectra
should be used in this case in order to have line intensities for
the determination of the plasma parameters. While relative
calibration only corrects for the wavelength-dependent sensi-
tivity of the optical components and detectors, absolute cali-
bration additionally converts the measured signal into physical
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units, usually a spectral radiation density. This value depends
not only on the temperature but also on the particle density of
the species involved, which react with different sensitivities to
plasma pressure and electron temperature due to the different
ionization energies and energy levels (see Section 3.1).

First, the electron temperature 7. has to be calculated by
using the Boltzmann plot method. This method is usually
applied to optically thin plasmas where the self-absorption is
negligible. Even if the observed plasma density in the measured
spectra is quite high, the element-specific density (here copper
or zinc) is small enough to fullfil the assumption. Second, the
deviation of the line intensities (or widths) x from the measured
data m from each data point k of the existing data set d is
calculated to find the point of minimum deviation ¢; and to
determine the partial plasma pressures p; and elemental
concentrations a:

Gl ~50)’ i (5°8) = ps

Xm

4 Results and discussion

4.1 Analysis of spectral characteristic dependence on plasma
parameters

Using the code modules described in Sections 3.1 and 3.2,
a data set for copper-zinc alloy samples was calculated for
known values of plasma pressure, electron temperature and
elemental concentrations and tested with measured spectra.
However, it should be noted that the plasma pressure cannot be
obtained directly from the measured spectrum, even though it
does affect the spectral lines. Instead, the plasma pressure is
determined indirectly from quantities that can be extracted
from the spectrum: the metal vapor density using line intensi-
ties, the electron density using line widths, and the electron
temperature using line ratios. In the method applied here, this
step is bypassed, since the measured spectra are compared
directly with a data set in which the plasma pressure, resulting
from the combination of density and temperature, is already
included as a parameter.

However, it must be mentioned that the plasma pressure
cannot be derived directly from the spectrum, even though it
does of course have an influence on the measured spectrum.
Rather, the plasma pressure is determined using the depen-
dence on the previously mentioned parameters. In order to do
that, the atomic line intensities at 481.1 nm for zinc and
521.8 nm for copper, the line width of the copper related atomic
line and the ratio between both lines were used.

Although the determination of the plasma composition and
its elemental concentrations is independent of the laser setup,
the data set containing the information from the simulated
spectra is limited to the respective diagnostic setup due to
effects from apparatus profiles and therefore must be calculated
individually for each spectrometer. In this case, the evaluations
were focused on the atomic lines of copper and zinc in the
wavelength range of 452 nm to 537 nm, as the transitions of the
respective ions are significantly weaker. The simulated line
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integrated intensity at 521.8 nm for a pure copper sample of the
resulting data set can be seen in Fig. 7. Moreover, the measured
intensities can be used to find the plasma pressure using the
electron temperature determined by using the Boltzmann plot
method. In such a way, plasmas can even be reliably distin-
guished from measurements with similar line widths but
different magnitudes of plasma pressure (see blue crosses in
Fig. 7).

In order to compare the measured spectra with the data set,
information about the electron temperature (e.g. via the Boltz-
mann plot method) or the elemental concentrations must be
available. The other two parameters (plasma pressure, electron
temperature or elemental concentrations) are then obtained
using the determination module. If the elemental concentra-
tions are unknown and need to be determined, the temperature
has to be calculated first. Then, the estimation module is used
to find the plasma pressure and the elemental concentrations.
For this calculation, the different behaviors or the different
dependencies of the line integrated intensity and the ratio
between lines of both species on parameters are exploited, as
shown in Fig. 8.

It can be seen that the ratio of two lines of different elements,
here copper and zinc, depends not only on the elemental
concentrations, but also slightly on the plasma pressure. The
deviation of the determined zinc concentration over the whole
range of plasma pressure for a specific line ratio is negligible for
small atomic proportions. However, it makes a significant
difference for a larger amount of zinc. As a result, while evalu-
ating small proportions is possible with sufficient accuracy
using relatively calibrated spectra, absolute calibration is
necessary for reliable evaluation of samples with higher
proportions. In this case, the plasma pressure can be deter-
mined using the absolute values of a line integral, or to be
precise, the amount of zinc and the plasma pressure can be
determined using the point of minimum deviation from the
data set.

However, it is striking that the line width, which in the
measurements is dominated by Stark broadening, is signifi-
cantly larger than would be expected from the determined metal

Partial plasma pressure [bar]

102\ . ‘
10000 15000
Temperature [K]

20000

Fig. 7 Isoline plot of the line integrated intensity at 521.8 nm from the
created data set depending on electron temperature and plasma
pressure for pure copper. Orange stars: both data points have a similar
line width of 1 nm.
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Fig.8 Isoline plots of the line integrated intensity at 521.8 nm (red) and
the line integrated intensity ratio of the 481.1 nm line to the 521.8 nm
line (blue), both from the created data set depending on the plasma
pressure and the concentration of zinc for 8000 K.

vapor density. Since this type of broadening depends on the
electron density, this indicates the presence of additional elec-
tron sources. That's why it is assumed from the measured
spectra that underwater LIBS plasmas contain a fairly high
proportion of hydrogen and oxygen, which also contribute to
the electron density, although their line intensities in the
observed wavelength range are several orders of magnitude
smaller than the copper line intensities for a large pressure
range. Therefore, it is not plausible to use the Stark broadening
to determine the electron density with the obtained data of this
experiment.

Finally, the presented method is more complex in prepara-
tion compared to other common evaluation methods, such as
comparing the deviation of entire spectra according to Pear-
son.” However, it is less susceptible to absorption effects or
thermal imbalance, which sometimes only change individual
lines. By specifically selecting lines with minimal changes,
a comparatively more precise determination is also possible in
these cases.

4.2 Investigation of sample compositions

For the test of the shown method as a substitute of calibration
curves, as usually used in industrial LIBS applications, various
copper-zinc alloys were used. For this, probes with elemental
concentrations were used, which are defined by the DIN stan-
dard EN 12449.

First, it was tested whether the laser setup has an influence
on the accuracy of the evaluation routine. For this purpose, the
laser pulse energy of both pulses in the LIBS setup was varied
and the measured spectrum for a common copper-zinc alloy
with 40 at% (brass/CW612N) was evaluated to determine the
concentration of zinc. As shown in Fig. 9, the calculated value
only deviates from the declared value by a maximum of 5 at%
under shallow water conditions.

Second, several copper-zinc alloys with different concentra-
tions of zinc were used (DIN EN 12449 CW500L to CW509L) to
check the feasibility of a calibration curve using the presented

J. Anal. At. Spectrom.

View Article Online

Paper

method. In order to do that, a pulse delay between both laser
pulses of #;, = 0.5 ps had to be chosen, because the life time of
the cavity and the plasma is significantly reduced at higher
water pressures as occurring in deep-sea, as shown by Siemens
et al.® In addition, small laser pulse energies were used since, as
previous evaluations have shown, these lead to smaller line
broadening in the measured spectrum,* which is advantageous
for an evaluation. It was found that a linear relationship
between the calculated and declared amount of zinc could be
shown with a mean deviation of 3 at% (see Fig. 10).

In the last step, it was examined how the elevated hydrostatic
pressure in the underwater LIBS setup affects the accuracy of
the evaluation. As shown in Fig. 11, the deviation of the calcu-
lated value is significantly increased and reaches values of up to
12 at%. The reason for this result is that the plasmas observed
at elevated hydrostatic pressure can no longer be assumed as
always optically thin, due to the smaller cavity size and thus the
higher plasma pressure. Furthermore, effects caused by trace
elements (e.g. lead in brass alloys) were not taken into account,
which in industrial applications are usually described by the so-
called matrix effects. Furthermore, the homogeneity of the
composition of the sample on the locally examined surface is
not known, which can be counteracted by measuring and
averaging multiple times at different positions.

Both effects can lead to an increasing error in the evaluation
that will be investigated in more detail in the future. Never-
theless, it could be shown that it is possible to determine the
elemental concentrations using the proposed method even in
the defined parameter ranges despite strongly broadened
spectra and a suboptimal signal-to-noise ratio as usually occurs
under deep-sea conditions, comparable to shallow water
spectra as in Fig. 3.

The results shown here refer exclusively to a two-element
plasma of copper and zinc. However, the routine can easily be
extended to more elements. Since in the shown simulations, the
plasma is always assumed to be in thermodynamic equilibrium,
the number of elements examined should not influence the
accuracy. However, this is subject to the same limitations as
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Fig.9 Determined concentration of zinc depending on the laser pulse
energy for a copper—zinc alloy (DIN EN 12449 CW612N) using a pulse
delay of t; = 10 ps. Triangles: variation of the first laser pulse energy,
squares: variation of the second laser pulse energy, dashed line:
declared concentration of zinc, and dotted lines: £5 at% deviation. All
data points are single measurements.
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Fig. 10 The determined concentration of zinc plotted against the
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CuZn10 to CuZn37). Crosses: calculated values, dashed line: indicates
that the determined concentration is equal to the declared concen-
tration of zinc, and dotted lines: +5 at% deviation with a mean devi-
ation of 3 at%. Laser setup: £; =21 mJ, E; = 33 mJ and a pulse delay of
t, = 0.5 ps. All data points are single measurements.
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Fig. 11 Determined concentration of zinc depending on the hydro-
static water pressure for a copper—-zinc alloy (DIN EN 12449 CW612N).
Crosses: determined values, dashed line: declared concentration of
zinc, and dotted lines: £12 at% deviation. Laser setup: £, =21 mJ, E; =
33 mJ and a pulse delay of t, = 0.5 ps. All data points are single
measurements.

other evaluation methods (e.g., industrial LIBS). Line intensities
that differ by orders of magnitude or overlap of lines from
different elements are due to the measurement and not due to
the evaluation, so the influence of these measurement-related
causes on the accuracy must be investigated more closely in
the future.

5 Conclusions

In this manuscript, a code set for evaluation of the elemental
concentrations of materials in underwater LIBS was shown. It
enables evaluating spectra in various plasma applications. For
this purpose, a modular code was created, which includes the
calculation of single-element plasma compositions and multi-
element spectra, extraction of spectral characteristics of both
measured and simulated data and determination of plasma
parameters and elemental concentrations.
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To test the accuracy of the method, underwater LIBS plasmas
were used, which were generated using a double-pulse laser
setup focused on the surface of a copper-zinc alloy. Using this
method for spectral simulation and evaluation, a data set was
calculated including the line width and intensity of the atomic
copper line at 521.8 nm and the line ratio to the atomic zinc line
at 481.1 nm. It could be shown that it is possible to determine
the elemental concentrations and the partial plasma pressures
by finding the point of minimum deviation between the data set
and the measured values.

In order to prove the accuracy of the method, measurements
with different laser pulse energies were conducted. It was shown
that the deviation of the determined concentration of zinc
regarding the laser pulse energy is below 5 at%. Furthermore,
measurements of copper-zinc plasmas with different concen-
trations of zinc showed that a calibration curve routine with
a mean deviation of 3 at% can be achieved. With increasing
external pressures, in this case due to the underwater applica-
tion, the deviation increases. Nevertheless, applicability could
be demonstrated for hydrostatic water pressures up to 60 MPa.

It was shown that the created method for spectral simulation
and evaluation enables determination of elemental concentra-
tions in plasmas in different parameter ranges. This allows
measurements with LIBS systems without having precise data
about the laser system or the experimental setup. Creating
a data set adapted to a specific spectrometer system enables an
on-site evaluation in a reasonable amount of time especially for
measurements with varying external conditions.
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