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Abstract: Optical emission spectroscopy (OES) is an experimental technique for analyzing, di-
agnosing, and characterizing atomic and molecular species in physics and chemistry. In this 
work, an interactive web tool is designed to simulate atomic OES from which users can generate 
synthetic data from optical emission spectra at a wavelength range from 390 to 700 nm with 
any reported energy level. The reference data for eighty-three elements was retrieved from the 
National Institute of Standards and Technology (NIST) using web scraping techniques. The web 
tool incorporates key parameters such as wavelength step size (λ), full width at half maximum 
(FWHM), and emission source temperature (T). The proposed method for generating spectra 
consists of preprocessing, calculation, and plotting of the data using Python, Pandas, NumPy, 
and Matplotlib, respectively. Finally, the interactive user interface, built with the open-source 
Python framework Streamlit, displays changes in spectral plots generated from input data and 
updates live, supporting zoom, serving as a valuable resource for researchers and students in 
the field of OES.
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1. Introduction

Interactive simulations that include physics concepts are 
viable approaches to improve understanding of abstract 
subjects, particularly in quantum mechanics, such as the 
atomic spectra of the elements.

As the time of confinement due to the COVID-19 
pandemic increased, some universities worldwide imple-
mented virtual education systems for teaching-learning 
in various areas of knowledge (Huang et  al., 2021; Oc-
hkov et  al., 2022; Ojeda Misses & Jimenez, 2021). Some 
studies emphasize implementing software tools for sev-
eral spectroscopy topics, for instance, web interfaces, 
to understand the basic principles of chromatography 
(Jordheim et al., 2021). Other works focus on using stan-
dard spreadsheet software for several tasks, including 
basic calculations for chemistry majors (Cooper, 2018), 
modeling peak shapes for simulation of predicted chro-
matograms (Fasoula et  al., 2017), and estimating peak 
area and height from spectroscopic or chromatographic 
data (Vieira et al., 2019). Synthetically generated data have 
extensive applications (Blackmore et  al., 2023; Oinonen 
et al., 2024; Shah et al., 2023), such as creating simulated 
environments like urban scenes for autonomous driving in 
deep learning (Nikolenko, 2021) or synthetic data to train 
and choose machine learning models (Fintz et al., 2021). 
Another interesting area of exploration involves the sim-
ulation process. There are several works in the literature 
that present Python-based tools for simulating physical 
and chemical processes, which allow users to perform 
better in calculating and evaluating results (Huang et al., 
2021; Ochkov et al., 2022; Ojeda Misses & Jimenez, 2021). 
Later in post-pandemic era there are remote options al-
low students access to a physical laboratory to conduct 
experiments (Pretz, 2021); virtual reality (VR) headsets 
that facilitates students to learn math and science ac-
ademic and research communities through conference 
hybrid events, while the availability of universal access 
to the knowledge even that was successfully implement-
ed during pandemic time, nowadays is declined in some 
spaces (Brown, 2023). 

In this proposal the generation of optical emission 
spectra from atomic chemical elements is proposed 
through the option of parameters such as the wavelength 

step size (λ), full width at half maximum (FWHM), emis-
sion source temperature (T), and energy level. It helps 
to easily understand the creation of synthetic spectra 
and the effect of the variations of their parameters. The 
suggested method presents an interactive web applica-
tion in Python, with capabilities to: a) generate an atomic 
spectrum for a user-defined temperature and wavelength 
range from one of the eighty-three elements based on 
NIST reported database, b) create a spectrum via an in-
teractive user interface made with Streamlit, c) integrate 
an overlapping spectrum from two or more elements, 
d) generate a synthetic data spectra in .png format, 
and e) use updated data reported in NIST, through web 
scraping technique. Those characteristics provide a com-
prehensive and dynamic free software tool to support 
understanding applied spectroscopy concepts (Kolpa-
ková et al., 2011). It is important to mention that a class 
called Generator can be modified to add requirements 
and extend its applications.

In addition, the presented methodology uses free 
software and represents an advantage concerning the 
conventional use of licensed software to simulate mathe-
matical models (Kolpaková et al., 2011; Martinez-Urreaga 
et  al., 2003). While fees and restrictions are associated 
with utilizing the app-licensed software, this web-based 
interface offers a permitted option for real-time simula-
tion parameter adjustment. This tool promotes learning 
among graduate and undergraduate students; moreover, 
it is useful for researchers. Furthermore, it also facilitates 
the identification of real spectra for different investiga-
tions that involve this technique.

Several stages were carried out to achieve the pro-
posed goal: 1) retrieve atomic emission lines from the 
National Institute of Standards and Technology (NIST) 
cloud database, 2) preprocess the acquired data, 3) 
perform Python class definition for creating synthetic 
spectra, 4) filter preprocessed data, 5) data integration 
into Python Pandas DataFrames, 6) class functionality 
addition to fit and create synthetic spectra, and 7) use 
Streamlit to parse Python script into an interactive web-
site (Kumar, 2020; Schares, 2022; Yu et al., 2017). Following 
the outlined steps, we created a user-friendly web page 
interface to generate synthetic spectra. Moreover, inter-
ested readers can use the ideas presented here to build 

Keywords: Optical emission spectroscopy, Python, 
interactive web tool, NIST data, synthetic data.
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their own synthetic spectrum generator in their preferred 
programming language.

2. Methodology

We used Miniconda to build a virtual environment with 
Python 3.7.1. After the virtual environment is activated, 
JupyterLab, Pandas, Seaborn, and Streamlit are installed 
as follows:

(base) C:\Users\Propietario>conda create -n synthetic 
python=3.7.1
(base) C:\Users\Propietario>conda activate synthetic
(synthetic) C:\Users\Propeitario>pip install jupyterlab 
pandas seaborn streamlit

After this procedure, the software packages are ready to 
use. Data acquisition was performed by modifying the 
NIST download URL (see the Associated Content section) 
and replacing the string representing each chemical el-
ement with the corresponding element from a custom 
comma-separated values (CSV) file, one element at a 
time. Subsequently, the acquired data underwent pre-
processing to remove any unwanted characters. A type 
column was then added to distinguish between data cap-
tured in a vacuum or an air environment. The columns 
were reordered, as depicted in the first two stages within 
the dashed box in Figure 1. This procedure is executed 
only once, and the resulting data is stored in a pickle ob-
ject for later use.

Later, we programmed a class named Generator, as de-
picted in stage 3 (see Figure. 2). This class is a fundamental 
component for creating instances with customizable 
arguments, and its DataFrames and methods will be ex-
panded upon in the forthcoming stages (see Figure. 1).

Figure 1. General scheme for the 
generation of synthetic spectra.

Then, the __init__ method is called and executed when a 
class instance is created; also, a pickle file containing the 
NIST data is loaded and initializes the attributes specified 
in Table 1. For stage 4 (Figure. 1), the fit method yields 
the DataFrame df_base containing the NIST-filtered data 
based on the sp_num, stype, element attributes, and an 
index between lower_limit and upper_limit. The __init__ 
method initializes the object attributes and assigns them 
to their corresponding class attributes, denoted by a pre-
ceding ‘_’ (underscore symbol).

The latter task is achieved by calling the private meth-
od _ filtering, and it is updated every time any of the 
parameters is modified in the columns shown in Table 2, 
section A. Moving forward to stage 5 (Figure. 1), a Data-
Frame called df_calc is created to perform calculations 
and generate the synthetic spectrum with values (λ) from 
the Table 2 section B. The index is created at this stage 
based on the following priorities: index, num, and step. 
This process is executed by calling the private method 
_create_df_calc.

Figure 2. Class diagram for the Generator class.
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Table 1. Default values for an instance of the Generator class.

Attribute Default 
value

Description

element ‘H’ Choice of element for synthetic 
spectrum generation (H=Hydrogen)

sp_num 1 Energy level

stype ‘Air’ ‘Air’ or ‘Vacuum’ for the spectrum’s 
environment

lower_limit 390.0 Wavelength’s lower limit in nm

upper_limit 700.0 Wavelength’s upper limit in nm

index [ ] Array of points between lower_limit 
and upper_limit

step_size 0.5 Step size for points generation 
between lower_limit and upper_limit

temperature 5000 Synthetic spectrum temperature in K

line_width 0.3 FWHM of each peak of the synthetic 
spectrum

qt ‘auto’ In ‘auto’ an automatic calculation 
is performed for the temperature-
dependent partition function; 
otherwise, a value must be provided

In stage 6 (Figure 1), the predict method calculates the 
temperature-dependent partition function (Q(T)), de-
fined by Eq. (1) when qt=’auto’; otherwise, the provided 
value is used (Fowler & Guggenheim, 1939).

(1)

Where gk is the statistical weight, Ek is the energy of the 
electronic level k in electron volts (eV), kb is the Boltz-
mann constant (eV/K), T is the temperature in Kelvin (K), 
and n is the electronic level before ionization. For certain 
species, such as inert gases: He, Ne, Ar, etc., the value 
of the partition function is unity, while for H, its value is 
two (Hill, 2012)This characteristic is valid for a tempera-
ture range from 1500 K to 15000 K. For other species, the 
partition function value is obtained by applying Eq. (1).

Eq. (2) is used to calculate the intensity of the emission 
spectrum (I) for each considered line. The numerator and 
denominator are calculated separately to avoid issues 
with NumPy broadcasting.

λ π λ λ
(2)

Where w represents the full width at half maximum 
(nm), Aki is the transition probability (s-1), Q is the tem-
perature-dependent partition function, λC is the NIST 
wavelength within the indicated range (nm), and λ is the 
wavelength with a defined step size (nm) between each 
pair of adjacent points. The term in square brackets de-
notes a Lorentzian peak profile. This type of profile was 
chosen because in general, in all processes that involve 
interaction of the emitting species with charged or neutral 
species (Stark effect and pressure effect) they generate a 
widening of the emitted line, hence the first approxima-
tion is the Lorentzian profile, which is also considered the 
natural profile of a line. The Stark effect predominates in 
the broadening of spectral lines at atmospheric pressure 
and higher pressures (Stark broadening) due to a high col-
lision rate, which occurs when the ionization rate exceeds 
1%. While the Doppler effect leads to a Gaussian profile, 
which is generally present at low pressures (Cabannes, 
1974). Afterward, each calculation is integrated as a new 
column of a single row corresponding to a wavelength, 
aggregating the resulting rows. The outcomes are then 
placed in the final_spectrum column, which, after nor-
malization, is stored in the normalized_spectrum column.

3. Results

The DataFrame df_calc, as visualized in Table 2 section B, 
transforms into the DataFrame shown in Table 3. Hence, 
it becomes feasible to plot the normalized spectrum for 
Hydrogen I (H I), for example, as depicted in Figure 3A and 
Neon I (Ne) in Figure 3B. Both H I and Neon I spectra in 
Figure 3 were simulated under the same conditions: a 
temperature of 5000 K, a wavelength step size of 0.5 nm, 
and a FWHM (denoted as “line width” in the UI) of 0.3 nm. 
In both figures, peaks with intensities in hundredths and 
thousandths of a unit are observed through zooming in. 
This is because the data used to build the spectrum from 
the NIST URL is constantly downloaded and updated. A 
comparison between the spectra obtained in an Excel 
spreadsheet by (Flannigan, 2014) and those generated by 
the proposed Python interface were included in Figure 
3. As a result, some differences are observed between 
the spectra because our results use the most recent data 
reported by NIST. Magnified sections of each spectrum 
highlight our software’s sensitivity in plotting each ele-
ment’s lines.
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Table 2. Extracted data from JupyterLab sections: (A) the generated DataFrame with default arguments 
for H I, and (B) the DataFrame for performing calculations with an index (λ) at a step of 0.5.

A B

λC Aki(S-1) Ek(eV) g_k type Sp_num element λ

397.007500 439000.0 13.320918 98 1 1 H 390.0

410.173400 973000.0 13.220704 72 1 1 H 390.5

434.047200 2530000.0 13.054502 50 1 1 H 391.0

486.128695 9670000.0 12.748538 4 1 1 H 391.5

486.129776 9670000.0 12.748532 2 1 1 H 392.0

486.13500 8420000.0 12.748539 32 1 1 H 392.5

.. .. .. .. .. .. .. ..

656.270970 53900000.0 12.087507 4 1 1 H 698.0

656.273483 22400000.0 12.087507 4 1 1 H 698.5

656.277153 22400000.0 12.087494 2 1 1 H 699.0

656.279000 44100000.0 12.087505 18 1 1 H 699.5

656.285175 64700000.0 12.087511 6 1 1 H 700.0

Table 3. DataFrame extracted from the JupyterLab after performing the calculations. From left to right, λ is the index with a 
step size of 0.5 nm, λC are the lines reported in the NIST for H I, and the last two columns are the results of applying Eq. (2).

λc … λc Results

λ 397.0075 410.1734 434.0472 … 656.285175 final_
spectrum

normalized_
spectrum

390.0 2.1491426e-07 4.7283196e-0 2.1537410e-08 … 4.8611487e-09 0.0000003 0.0000167

390.5 2.4919042e-07 4.9717003e-08 2.2034820e-08 … 4.8794556e-09 0.0000004 0.0000187

291.0 2.9236956e-07 5.2343672e-08 2.2549662e-08 … 4.8978662e-09 0.0000004 0.0000211

391.5 3.4782384e-07 5.518413le-08 2.3082761e-08 … 4.9163812e-09 0.0000005 0.0000242

392.0 4.2068686e-07 5.8262226e-08 2.363499le-08 … 4.9350031e-09 0.0000005 0.0000283

… … … … … … … …

698.0 1.1654105e-10 2.3228815e-10 5.997663e-10 … 1.9808270e-07 0.0000008 0.0000412

698.5 1.1615482e-10 2.314832le-10 5.9750102e-10 … 1.9341829e-07 0.0000008 0.0000402

699.0 1.1577052e-10 2.3068244e-10 5.9524803e-10 … 1.8891672e-07 0.0000007 0.0000393

699.5 1.153881le-10 2.2088582e-10 5.9300775e-10 … 1.8457049e-07 0.0000007 0.0000384

700.0 1.1500760e-10 2.2009332e-10 5.9078010e-10 … 1.8037254e-07 0.0000007 0.0000375

In stage 7 (Figure 1), Streamlit is used to parse the Python 
Script to the web interface, automating the generation 
of synthetic spectra from any computer with a browser 
and Internet access, with the design depicted in Figure 
4A. The parameters, namely element, lower_limit, up-
per_limit, sp_num, and type for filtering NIST data, are 
previously saved in a pickle object. It should be noted 

that each time an element is chosen from the list box, 
the energy levels are updated Figure 4B depicts an ad-
ditional section for configuring the synthetic spectrum 
with the arguments temperature (T), QT (manual or au-
tomatic), step size (nm), line width (nm), and the option 
to select the kind of plot with the Normalized (True or 
False) radio button.
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A

B

Figure 3. Normalized synthetic spectrum in the wavelength range from 390 to 
700 nm using default arguments, A) Hydrogen I, B) Neon I.

A B

Figure. 4. Sections, A) to filter the data obtained from NIST,  
and B) to configure and generate the synthetic spectrum.
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The methods for generating synthetic spectra are 
motivated by the object-handling capabilities of the free 
machine-learning scikit-learn package. The development 
and testing mode code is presented below: 

from synthectic_spectrum import Generator
import matplotlib.pyplot as plt

ss1 = Generator(‘Ar’)
(ss1
  .fit()
  .predict()[‘normalized_spectrum’]
  .plot(figsize=(13, 5), label=’Ar’))
ss2 = Generator(‘Hg’)
(ss2
  .fit()
  .predict()[‘normalized_spectrum’]
  .plot(figsize=(13, 5), label=’Hg’))
ss3 = Generator(‘Ne’)
(ss3
  .fit()
  .predict()[‘normalized_spectrum’]
  .plot(figsize=(13, 5), label=’Ne’))
plt.legend()
plt.ylabel(‘Normalized Intensity’)
plt.xlabel(‘Wavelength (nm)’)
     plt.show()

This code snippet executes the Generator class in Jupy-
terLab. It demonstrates the generation and plotting of 
three synthetic spectra in a few lines, each in a color cor-
responding to argon (Ar), mercury (Hg), and neon (Ne). 
Moreover, it is possible to generate more element spectra 
and plot them on a single graph (refer to Figure 5). No-
tably, the plotted curves in the graph are independent, 
indicating no convolution operation between them.

This programming approach for generating synthetic 
spectra simplifies implementing an interactive website 
for stage 7 (Figure 1) by incorporating Streamlit controls 
and using their values as arguments to generator class 
objects. The Python script can be parsed into a web page, 
as illustrated in Figure 6. The interactive mode in the web 
tool allows the user to perform real-time tasks such as: 
a) display the options’ menu, b) zoom in at any section of 
the spectrum, and c) download the plot as a file in PNG 
format, as shown in Figure 6.

4. Discussion

Figures 3 and 5 present more spectral lines than report-
ed in the work by Flannigan (). This discrepancy arises 
from the increased number of transition probabilities 
available in the data extracted from the NIST database. 
Our methodology allows for the creation of flexible 
interfaces to generate synthetic spectra using free soft-
ware like Python and the other mentioned packages. 
Furthermore, while Flannigan’s work is limited to five 
elements (H, Li, Ne, Na, Hg) for a λ range from 390 to 
700 nm at a fixed step size of 0.5 nm, our approach em-
powers the generation of spectra of 83 elements, with 
energy level reported in NIST. These comparative results 
are shown in the associated content through the link: 
https://github.com/orm030982/synthetic-spectra-files. 
As a result, users can experiment with all the parameters 
mentioned above and observe their effects in almost re-
al-time due to the Streamlit library implemented in this 
work. Additionally, the simulator can generate synthetic 
spectra only if all variables in Eq. (2) are present in the 
NIST data.

Figure. 5. Generated and plotted independent synthetic spectra for Ar, Hg, and Ne (this 
spectrum is not a mixture of gases) with default arguments in JupyterLab.
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Figure 6. Web implementation of the spectra generator in interactive mode, with additional capabilities, including 
displaying line coordinates, enabling zoom functionality, and providing an option to save the plot.

Neon (Ne) is a useful example for showcasing various pa-
rameter variations, and the results are shown in Figure 7. 
These outcomes demonstrate some promising applica-
tions of the proposed web interface in creating synthetic 
spectra. In this regard, specifically varying the step-size 
allows for better resolution of the curve and localization 
of wavelength for the spectrum lines, as shown in Figures 
7A and 7D. In addition, reducing the line_width parameter 
produces a more defined curve profile, preventing over-
lap of adjacent peaks, as depicted in Figures 7B and 7E, 
where this parameter takes on two different values. When 
defining a different absolute temperature, for instance, a 
magnitude of temperature difference modifies the inten-
sity profile of the lines, resulting in the spectra displayed 
in Figures 7C and 7F.

Finally, this document outlines the process of generat-
ing computer-based to simulate atomic emission spectra 
using free software. Users are not required to possess 
a background in computer programming; however, with 
the assistance of an expert in the field, it is feasible to 
replicate, organize, and generate the code based on spe-
cific requirements and the ideas presented in this paper.

5. Conclusions

This study presents an approach to simulating OES us-
ing an interactive web tool developed with Python and 
Streamlit. Based on reference data retrieved from the Na-
tional Institute of Standards and Technology (NIST), this 
tool allows users to generate synthetic spectra for up to 
eighty-three elements across a wavelength range of 390 
to 700 nm, while key parameters manipulation such as 

wavelength step size, emission source temperature, and 
full width at half maximum (FWHM), enable to analyze 
the effects of these parameters on the simulated spectra. 
The methodology involved several stages, including data 
retrieval, preprocessing, and calculations using Python 
libraries such as Pandas, NumPy, and Matplotlib. Integrat-
ing a custom Generator class facilitated the generation 
of synthetic spectra based on user-defined parameters. 
Comparative analyses with existing methods highlight-
ed the tool’s enhanced capabilities, offering a broader 
spectrum of elements and finer control over simulation 
parameters. Finally, the presented web tool represents a 
significant advancement in the field of simulated spectral 
analysis, offering an intuitive interface for users to explore 
and understand the complexities of atomic emission 
spectra effectively. Future developments could extend 
its applicability to additional spectroscopic techniques 
and expand its user base within the scientific community.

Associated Content

The Python Streamlit web interface simulates atomic 
spectra, showcasing the immediate effect of varying their 
parameters for 83 elements withing a flexible wavelength 
range. Explore the tool at: https://orosalesm-synthet-
ic-spectra-g-synthetic-spectra-2nvtv9.streamlit.app

NIST Atomic Spectra Database Lines can be accessed 
at: https://physics.nist.gov/PhysRefData/ASD/lines_form.
html

Images comparing the spectra generated by Flannigan 
and those from this work can be found at https://github.
com/orm030982/synthetic-spectra-files

https://orosalesm-synthetic-spectra-g-synthetic-spectra-2nvtv9.streamlit.app
https://orosalesm-synthetic-spectra-g-synthetic-spectra-2nvtv9.streamlit.app
https://physics.nist.gov/PhysRefData/ASD/lines_form.html
https://physics.nist.gov/PhysRefData/ASD/lines_form.html
https://github.com/orm030982/synthetic-spectra-files
https://github.com/orm030982/synthetic-spectra-files
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Figure 7. Synthetic spectrum tested with default attributes (Table 1). Panels A to C illustrate the variation of a single parameter, 
while panels D to F provide a zoom-in view to better distinguish the effect of the values assigned to the indicated argument.
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