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ARTICLE INFO ABSTRACT

Keywords: Physics-based OES/LIBS simulation tools range from locally installed packages to lightweight web calculators,
Libs but few currently combine browser-based zero-installation access with full configurability over multi-layer
Spectrum

plasma structure, inter-layer temperature and density gradients, time-resolved plasma evolution, and instru-
mental resolution — the combination needed for realistic synthetic dataset generation and method development.
We present a hosted service layer that exposes SAMK's (Satakunta University of Applied Sciences) in-house LTE-
based OES/LIBS spectrum simulator as a free community resource. The contribution is not a new simulation
model; rather, it focuses on making a previously developed simulator easy to access, configure, and run in both
interactive and programmatic workflows.

The service includes (1) a browser-based application with interactive visualisation and (2) a pip-installable
Python package providing a stable API for automated parameter sweeps and bulk requests. Users can define
elemental composition, set electron temperature (Te) and electron density (Ne), and configure plasma decay
parameters. The interface supports multi-layer plasma descriptions, allowing users to specify the number of
layers, their spatial dimensions, and Te/Ne ratios between layers to approximate plasma inhomogeneities.
Instrumental resolution settings can also be adjusted to generate realistic simulated device outputs. Results are
retrievable as CSV for quick inspection or HDF5 for large-scale structured datasets, with full metadata to ensure
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reproducibility.
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[5-8].

Although some browser-based LIBS simulators exist, such as the NIST
LIBS Database, they typically offer limited configurability — lacking
support for multi-layer plasma modelling, inter-layer gradient control,
time-resolved dynamics, or programmatic batch access [9]. Beyond
existing web tools, researchers requiring full configurability must typi-
cally implement the simulation physics independently, a barrier that
disproportionately affects groups without dedicated computational
expertise.

The software presented here addresses this gap by exposing an in-
house LTE LIBS simulator as a freely accessible hosted service. The
contribution is not a new simulation model; rather, it provides a service
layer that removes installation barriers and delivers two complementary
interfaces: (1) an interactive browser-based application, and (2) a pip-
installable Python client library that enables scripted access for auto-
mated workflows. This design allows both experimentalists who prefer
graphical interaction and computational researchers who require batch
access to benefit from the same underlying physics engine. Spectral line
data, derived from the NIST Atomic Spectra Database [10], are hosted
server-side, requiring users only to access the web interface or install the
lightweight Python client package.

2. Software description

This software provides a web-based platform for simulating LIBS
emission spectra under LTE conditions. It supports static and time-
resolved plasma simulations, multi-layer self-absorption modelling,
and data export in multiple formats, accessible via a browser interface,
FastAPI, or Python client library.

2.1. Software architecture

The system follows a client-server architecture built around a server-
side simulation engine. The engine is exposed through a FastAPI back-
end and can be accessed by two user-facing clients: an interactive React
web frontend and a lightweight Python client library.

2.1.1. Simulation engine

The scientific calculation engine is executed server-side and is
accessed through the service interfaces provided by this work. Spectral
line and level data from the NIST Atomic Spectra Database [10] are
stored in a local server-side database. For each simulation, the engine
retrieves the relevant transitions for the requested elements and resolves
the plasma composition under the LTE assumption using partition
functions, the Saha equation, and Boltzmann level populations [11,12].
Line emission and absorption coefficients are then evaluated on the
selected wavelength grid, including Doppler, natural, and approximate
Stark broadening estimates. For multi-layer plasma configurations, each
line-of-sight layer is assigned its own temperature and electron density,
and the emergent spectrum is obtained by combining layer emission and
absorption through optical-depth attenuation.

2.1.2. Backend (FastAPI)

The backend service exposes the simulator through API endpoints. It
receives simulation requests from the web frontend or Python client,
validates input parameters, invokes the simulation engine, and returns
structured JSON responses or downloadable export files. The backend
also handles element-list queries, static spectrum calculations, dynamic
time-resolved simulations, and HDF5 export generation.

2.1.3. Frontend (React + vite)

The browser interface (https://libs.roboai.fi) is a single-page appli-
cation built with React and Vite. It communicates with the backend
exclusively through the REST API and requires no local Python envi-
ronment. The full frontend source code is available in this repository;
users wishing to customise or extend the interface can follow the local
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development instructions in the repository README to install de-
pendencies and run a local development server.

2.1.4. Python client library

The Python client library provides a programmatic interface to the
hosted simulator for scripts, notebooks, and automated workflows. It is
designed as a lightweight pip-installable package that wraps the back-
end service calls with Python functions, so users do not need to manually
construct HTTP requests or interact with the internal calculation engine.
Users can specify elements, molar proportions, wavelength sampling,
plasma parameters, instrumental broadening, and export options using
standard Python objects.

The client returns structured simulation results, including wave-
length arrays, intensity arrays, spectral-line metadata, and, for dynamic
simulations, time-dependent plasma parameters and time-wavelength
intensity matrices. This enables batch parameter sweeps and synthetic
spectrum generation for downstream analysis or machine-learning
model training. The client library does not contain the internal simula-
tion engine or the atomic database; all numerical calculations are per-
formed by the backend service.

2.2. Software functionalities

2.2.1. LTE spectrum generation

The simulator generates wavelength-resolved LIBS emission spectra
under the assumption of local thermodynamic equilibrium (LTE). Users
specify one or more atomic species, their molar fractions x4, the electron
temperature T,, and the electron number density N,. The calculation
may be performed on either a uniformly sampled wavelength interval or
a user-supplied wavelength grid.

Atomic transition probabilities, level energies, and statistical weights
are obtained from a local database derived from the NIST Atomic
Spectra Database [10]. For each element a, the fractional populations
fa of the ionization stages 2 are calculated from the Saha equilibrium
[11]. The mean charge of the element is

Zq = sz az:
z

The total heavy-particle number density Ny, is determined by
enforcing charge neutrality for the complete mixture:

N. = Ntotzxaia'
a

Consequently,
N,
Ntot Zaxeaza Na.z = xaNtotfa,p

where N, is the number density of ionization stage z of element a.
Within each ionization stage, level populations are calculated using the
Boltzmann distribution:

_ 8 _E
Na,z.l - N(l.z Uavz (Te) exp ( kB Te> 1)

where E; and g; are the level energy and statistical weight, and U, , is the
partition function.

For a transition from upper level u to lower level I, the wavelength-
dependent emission and net absorption coefficients are evaluated as

hc
Epul = 74”/1ulAulNu(/’ul ),

and

Kﬂul:LzlAul glNl*Nu du(4),
S 8¢ g ul )
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respectively [13]. The negative N, term accounts for stimulated emis-
sion. The total coefficients in each plasma layer are obtained by sum-
ming over all contributing transitions and elements:

& = E Ej.uls Ky = E Kiul-
ul ul

The intrinsic line profile ¢,(4) is represented by a pseudo-Voigt
profile [14,15]. Its Gaussian component accounts for thermal Doppler
broadening, while its Lorentzian component combines natural and
electron-impact Stark broadening. Rather than sampling the profile only
at the centre of each output bin, the profile area intersecting each
wavelength bin is evaluated and divided by the bin width. This reduces
sampling artefacts when the intrinsic linewidth is narrower than the
wavelength-grid spacing. After radiative transfer has been evaluated,
optional instrumental broadening is applied to the emergent spectrum
by convolution with either a Gaussian or Lorentzian kernel of
user-defined FWHM. Instrumental broadening is therefore treated
separately from the intrinsic plasma line profile.

2.2.2. Time-resolved simulation

The dynamic mode uses empirical, user-adjustable parameteriza-
tions for the temporal evolution of the plasma. The exact functions used
in the software are empirical implementation choices, not equations
directly taken from the cited studies. In the present implementation, the
user-defined reference values are normalized at a chosen reference time:

ar
Te(t) = A+ 0™ Ne(t) =

an
(14 pet™

where t is expressed in ns. The constants (ar) and (ay) are chosen so that
(Te(trer,r)) and (N (trern)) match the user-defined reference tempera-
ture and density. By default, both reference times are 100 ns.

The line-of-sight plasma length is represented by a simplified expo-
nential saturation model,

L(t) = Linax [1 - exp({)] ,

which provides a compact approximation of plume expansion for
exploratory simulation. Because the temporal evolution of electron
temperature, electron density, and plume length depends strongly on
experimental geometry, background gas, laser conditions, and detection
timing, all decay and expansion parameters are exposed to the user and
should be adjusted or refitted for a specific experiment. The default
values are fitted internally to representative time-resolved copper LIBS
data [16] and are intended as starting values rather than universal
constants.

All snapshots in a time series are computed under the LTE assump-
tion of Section 2.2.1. This assumption is least justified at the earliest
times, when the plasma is still ionizing, and at the latest times, when the
electron density has fallen; users should verify that the conditions of
interest are compatible with LTE and should treat instantaneous spectra
at the extremes of the time range as indicative rather than quantitative
(Section 2.3).

2.2.3. Layered radiative transfer and self-absorption

The line-of-sight plasma column is represented by H plane-parallel
homogeneous layers ordered from the plasma core (/ = 0) to the
observer-facing boundary (# = H — 1). Within each layer, T, ,,Ne ,, the
geometrical path length L,, and the resulting emission and absorption
coefficients are assumed to be spatially constant.

In the uniform mode, the plasma is represented by one homogeneous
layer. This mode still includes finite-optical-depth attenuation within
the layer, but it contains no spatial temperature or density gradient. The
weak-gradient and strong-gradient presets use two layers consisting of a
core and an outer layer. For both temperature and electron density, the
outer-to-core ratios are 0.95 in the weak-gradient preset and 0.70 in the
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strong-gradient preset. In the custom mode, the number of layers and the
temperature and density ratios may be specified by the user. For scalar
ratios rr and ry, the layer parameters are

Te,/’ = Te,O T Ne,/ = Ne.O'{w

The user may additionally specify the total line-of-sight length and
the fraction assigned to the core layer; the remaining length is distrib-
uted equally among the outer layers.

Scattering is neglected, and radiation propagation along the line of
sight is described by

&

g
—— =& -l Sy =—
ds ’ Kl7

where S; is the source function. The optical depth of layer ¢ is
Ty =Ki L,

Because the coefficients are constant within each layer, the formal
solution is evaluated analytically [13]. Assuming zero incident radiation
at the rear boundary, the emergent intensity is

H-1 H-1
= ZSW 1- exp(n,)]exp( - Z 1,1,,,[>.
/=0

The first factor represents radiation emitted by layer / after ab-
sorption within that layer. The final exponential is the transmission
through all layers located between layer ~ and the observer. This
formulation accounts for line-of-sight self-absorption and can produce
line-centre self-reversal when radiation from a hotter core pass through
a cooler, optically thick outer layer. This homogeneous-zone treatment
of self-absorption follows established practice in LIBS modelling [17], in
particular two-region descriptions of the laser-induced plasma that
reproduce measured self-absorbed and self-reversed line profiles [18].

The implementation evaluates this expression vectorially over all
wavelength bins and layers. Transfer within each layer is therefore
treated using the analytical formal solution rather than finite-difference
integration along the line of sight. The calculation assumes one-
dimensional line-of-sight transport with no scattering or externally
incident radiation.

2.2.4. Data export and reproducibility

Simulation results can be exported in several formats. CSV exports
provide quick access to spectrum arrays and spectral-line tables for
external plotting or spreadsheet inspection. HDF5 exports store struc-
tured numerical arrays, including wavelength grids, spectra, time-series
data, and time-wavelength matrices for dynamic simulations. JSON
responses are available through the API and are used by the web
interface and Python client.

The web interface also supports saving and loading complete simu-
lation configurations as JSON files. A saved configuration records the
selected elements, proportions, wavelength sampling, plasma model,
temporal parameters, and instrument-broadening settings. Together
with a fixed software version and database version, these configuration
files support reproducible reruns and parameter studies.

2.2.5. Programmatic access

Programmatic access is provided through the Python client described
in Section 2.1.4, enabling scripted parameter sweeps and automated
data generation.

2.3. Limitations and scope

The simulator assumes local thermodynamic equilibrium throughout
and does not enforce a validity criterion as a precondition for running a
simulation. The McWhirter criterion provides a first check on whether
the selected conditions are compatible with LTE, and automatic
reporting of this threshold in the simulation output metadata is planned
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for a future release. It is, however, a necessary and not a sufficient
condition for LTE in transient, spatially inhomogeneous laser-induced
plasmas [19], since relaxation-time and diffusion criteria must also
hold; a rigorous non-LTE treatment would require collisional-radiative
modelling, for which complete rate data are unavailable for most
elements.

Departures from LTE are largest at the earliest times, when the
plasma is still ionizing, and at the latest times, as it cools and the electron
density falls. In the latter case the emissivity decays faster still — the
continuum scales as N2 and line emissivity fall steeply through the
Saha-Boltzmann factors — so the epochs in which LTE is weakest
contribute least to a time-integrated spectrum. Instantaneous spectra at
the extremes of the time range, and strongly self-absorbed resonance
lines, for which the cool peripheral plasma dominates the absorption
while contributing little emission, should therefore be interpreted with
more caution.

The radiative transfer treatment is one-dimensional along the line of
sight, and each layer is internally uniform, so continuous spatial gradi-
ents are represented only to the resolution of the chosen layer count. The
model does not include scattering, frequency redistribution, externally
incident radiation, multidimensional transport, or radiative feedback on
the LTE level populations; full resonance-photon trapping and lateral
transport are therefore outside its scope. Simulated line intensities and
line ratios in the optically thick regime should accordingly be regarded
as physically representative rather than quantitatively predictive, and
quantitative use of strongly self-absorbed lines should be supported by
experimental calibration.

3. Illustrative examples
3.1. Static spectrum simulation

As a first illustrative example, the software was used to generate the
default static spectrum for nickel.

& Spectrum CSV
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The resulting view shows the simulated emission spectrum together
with line markers for the contributing transitions from the local NIST
ASD-backed database (Figs. 1-3).
3.2. Time-resolved spectrum

The second example illustrates the dynamic simulation mode. The
software produced both the full time-integrated exposure spectrum and
spectra at individual time points selected with the time slider.
3.3. 3D visualization

This example focuses on the 3D wavelength-time-intensity surface
generated from the dynamic simulation matrix. The surface view helps
users inspect how emission features appear, decay, or persist across the
simulated exposure window.

3.4. Programmatic access

For example, a static spectrum can be requested either from Python:

from roboai_libs_client import RoboAILIBSClient
client = RoboAILIBSClient()
result = client.simulate_static(elements=["Ni"], range_min_nm=280,
range_max_nm=330)

The same simulation can also be launched from the command line for
quick export.

roboai-libs static —element Ni -range 280 330 —out ni.csv

4. Impact

This software lowers the barrier to physics-based LIBS spectral
simulation by reducing local installation requirements and providing
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both interactive and programmatic access modalities. e Experimentalists who need a rapid qualitative reference for spectral
The primary beneficiaries are: line identification and interpretation of LIBS measurements without
setting up a local simulation environment.
o Computational researchers and machine learning practitioners who
require synthetic LIBS spectra for model development, sensitivity
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studies, or benchmarking. The Python client enables automated
parameter sweeps over electron temperature, electron density,
elemental composition, instrumental broadening, and plasma
configuration, while metadata-annotated HDF5 outputs support
reproducible downstream analysis.

Educators using LIBS or plasma spectroscopy in teaching contexts,
where the web interface provides an accessible way to demonstrate
how plasma parameters, elemental composition, and instrumental
broadening affect emission spectra.

By exposing a previously internal simulator through user-facing web
and Python interfaces, this work improves access to physics-based
spectral simulation workflows. The programmatic access layer allows
the simulator to be integrated into automated workflows and custom
laboratory software and enables batch generation of synthetic spectra
for machine-learning model training without requiring users to interact
directly with the internal calculation engine.

5. Conclusions

This work presents a web-accessible service layer for LTE-based LIBS
spectrum simulation, making a previously internal tool available
through browser-based and programmatic interfaces with minimal local
setup. The service provides an interactive web application and a light-
weight Python client for scripted workflows. Key capabilities include
static LTE spectra, time-resolved gate-integrated simulations with
empirical plasma time-history models, configurable line-of-sight plasma
layering for self-absorption studies, instrumental broadening, and CSV/
HDF5 data export. Save/load configuration support further enables
reproducible and shareable workflows.

The primary contribution is not a new physical model, but the
reduction of the practical barrier between an established simulation
engine and its potential users, including experimentalists performing
spectral interpretation, computational researchers generating synthetic
spectra, and educators demonstrating plasma-spectroscopy principles.

The original simulation engine used in this project was developed by
Eetu Ojanen during his tenure at SAMK [16].
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