
Coordinated by  

Hany Mohamed Hamouda

Edited by  

Mohamed Mokhtar Hefny, Paolo Francesco Ambrico, 

Amer El-Kalliny, Tarek A. Gad-Allah and Ashraf M. Tawfik

Published in  

Frontiers in Physics

Plasma and related 
sciences: experimental 
and theoretical 
approaches

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/research-topics/54212/plasma-and-related-sciences-experimental-and-theoretical-approaches/overview
https://www.frontiersin.org/research-topics/54212/plasma-and-related-sciences-experimental-and-theoretical-approaches/overview
https://www.frontiersin.org/research-topics/54212/plasma-and-related-sciences-experimental-and-theoretical-approaches/overview
https://www.frontiersin.org/research-topics/54212/plasma-and-related-sciences-experimental-and-theoretical-approaches/overview


December 2024

Frontiers in Physics 1 frontiersin.org

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-8325-5788-4 
DOI 10.3389/978-2-8325-5788-4

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


December 2024

Frontiers in Physics 2 frontiersin.org

Plasma and related sciences: 
experimental and theoretical 
approaches

Topic editors

Mohamed Mokhtar Hefny — Leibniz Institute for Plasma Research and 

Technology e.V. (INP), Germany

Paolo Francesco Ambrico — Istituto per la Scienza e Tecnologia dei Plasmi - CNR, 

Italy

Amer El-Kalliny — National Research Centre, Egypt

Tarek A. Gad-Allah — National Research Centre, Egypt

Ashraf M. Tawfik — Mansoura University, Egypt

Topic coordinator

Hany Mohamed Hamouda — Qassim University, Saudi Arabia

Citation

Mokhtar Hefny, M., Ambrico, P. F., El-Kalliny, A., Gad-Allah, T. A., Tawfik, A. M., 

Hamouda, H. M., eds. (2024). Plasma and related sciences: experimental and 

theoretical approaches. Lausanne: Frontiers Media SA. 

doi: 10.3389/978-2-8325-5788-4

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-5788-4


December 2024

Frontiers in Physics 3 frontiersin.org

04 Editorial: Plasma and related sciences: experimental and 
theoretical approaches
Paolo F. Ambrico, Ashraf M. Tawfik, Amer S. El-Kalliny, 
Tarek A. Gad-Allah and Mohamed Mokhtar Hefny

06 Modeling solar chromospheric spicules with intense lasers
Jianzhao Wang, Jiayong Zhong, Weiming An, Weimin Zhou, 
Chen Wang, Bo Zhang, Yongli Ping, Wei Sun, Xiaoxia Yuan, 
Pengfei Tang, Yapeng Zhang, Qian Zhang, Chunqing Xing, 
Zhengdong Liu, Jiacheng Yu, Jun Xiong, Shukai He, Roger Hutton, 
Yuqiu Gu, Gang Zhao and Jie Zhang

14 Research on the influence of gas ionization on pulse forming 
in linear transformer driver (LTD) electron beam generator
Qiang Li, Dagang Liu, Fei Xiang, Laqun Liu and Huihui Wang

23 The spark of life: discharge physics as a key aspect of the 
Miller–Urey experiment
Savino Longo

28 Evaluating atmospheric pressure cold plasma 
decontamination techniques for packaging materials: a 
systematic review and meta-analysis
Caterina Maccaferri, Matteo Gherardi and Romolo Laurita

37 Assessing plasma activated water irrigation effects on tomato 
seedlings
Domenico Aceto, Palma Rosa Rotondo, Carlo Porfido, 
Benedetta Bottiglione, Costantino Paciolla, Roberto Terzano, 
Angelantonio Minafra, Marianna Ambrico, Giorgio Dilecce, 
Beniamino Leoni, Rita Milvia De Miccolis Angelini and 
Paolo Francesco Ambrico

54 Magnetohydrodynamics simulation of magnetic 
reconnection process based on the laser-driven Helmholtz 
capacitor-coil targets
Chunqing Xing, Yongli Ping, Xu Zhao, Weiming An and 
Jiayong Zhong

63 LIF measurement in a partially saturated and partially 
absorbed regime
Pavel Dvořák, Martina Mrkvičková and Jan Kratzer

69 Air cold plasmas as a new tool for nitrogen fixation in 
agriculture: underlying mechanisms and current 
experimental insights
Domenico Aceto, Paolo F. Ambrico and Fabrizio Esposito

76 Research on the characteristics of the Helium plasma beam 
in HIT-PSI
Tao Huang, Qiuyue Nie, Tao Jiang, Cheng Chen, Yang Liu, 
Jinming Gao, Laizhong Cai, Xu Zhao and Xiaogang Wang

Table of
contents

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/


TYPE Editorial
PUBLISHED 03 December 2024
DOI 10.3389/fphy.2024.1529454

OPEN ACCESS

EDITED AND REVIEWED BY

XinPei Lu,
Huazhong University of Science and
Technology, China

*CORRESPONDENCE

Mohamed Mokhtar Hefny,
mohamed.hefny@inp-greifswald.de,
mmokhtar@fue.edu.eg

RECEIVED 16 November 2024
ACCEPTED 19 November 2024
PUBLISHED 03 December 2024

CITATION

Ambrico PF, Tawfik AM, El-Kalliny AS,
Gad-Allah TA and Mokhtar Hefny M (2024)
Editorial: Plasma and related sciences:
experimental and theoretical approaches.
Front. Phys. 12:1529454.
doi: 10.3389/fphy.2024.1529454

COPYRIGHT

© 2024 Ambrico, Tawfik, El-Kalliny, Gad-Allah
and Mokhtar Hefny. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Editorial: Plasma and related
sciences: experimental and
theoretical approaches

Paolo F. Ambrico1, Ashraf M. Tawfik2, Amer S. El-Kalliny3,
Tarek A. Gad-Allah 3 and Mohamed Mokhtar Hefny4,5*
1Istituto per la Scienza e Tecnologia dei Plasmi, Consiglio Nazionale delle Ricerche, Bari, Italy,
2Theoretical Physics Research Group, Physics Department, Faculty of Science, Mansoura University,
Mansoura, Egypt, 3Water Pollution Research Department, National Research Centre, Giza, Egypt, 4PtX
Plasma Development Center, Leibniz Institute for Plasma Science and Technology (INP), Greifswald,
Germany, 5Engineering Mathematics and Physics Department, Faculty of Engineering and
Technology, Future University in Egypt, Cairo, Egypt

KEYWORDS

solar chromospheric spicules, electron beam, pulsed electric field, origin of life,
magnetic reconnection, plasma 2 decontamination, plasma agriculture, laser-induced
fluorescence

Editorial on the Research Topic
Plasma and related sciences: experimental and theoretical approaches
s

Plasma physics is one of the most important tools for explaining our universe and is
extensively used in engineering, industry,medicine, and agriculture to improve the standard
of living. Recently, cold atmospheric plasma (CAP) has attracted significant attention due to
its ability to generate a cocktail of reactive oxygen species (ROS), reactive nitrogen species
(RNS), UV radiation, and charged particles at atmospheric pressure and room temperature.
The investigation of CAP intersects multiple disciplines such as physics, engineering,
chemistry, biology, biochemistry, and many others.The goal of this Research Topic, entitled
“Plasma and Related Sciences: Experimental and Theoretical Approaches,” is to collect high-
quality research related to CAP and plasmas, directly or indirectly, through the associated
sciences. Our Research Topic comprises a total of nine articles:

In the first article, Wang et al. performed experiments with a high-power laser on
a sinusoidal modulated target modeled after solar spicules, revealing structures with
alternating polarity magnetic fields. Simulations suggest strong pulses and magnetic
reconnection can create and heat spicules. Using one-dimensional sinusoidal modulated
synthetic hydrocarbon (C8H8 target), researchers observed multipole magnetic fields,
consistent with a strong pulse model. This method simulates solar surface density
fluctuations and complex magnetic fields. Future studies should examine spicule heating
effects, chromospheric bright points, sunspot micro-jets, and intrinsic oscillations,
highlighting the roles of Alfvén waves and magnetic reconnection.

In the second article, Li et al. reported that there is currently limited research
on how gas ionization affects the pulse formation process in loads driven by pulsed
power sources. Therefore, a simulation method using Particle-In-Cell/Moment-Collision
Calculation (PIC/MCC) has been proposed to accurately model gas ionization during
electron beam generation in Linear Transformer Drivers (LTD.). This method integrates
the electromagnetic field and charged particles with circuit modules, providing a clearer
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understanding of the impact of gas ionization on pulse shape.
Moreover, excessive gas ionization can lead to impedance
mismatches and potential load short circuits.

In the third article, Xing et al. explored the conversion of
magnetic energy into plasma kinetic and thermal energy using the
FLASH code.Their simulations, which align well with experimental
results, reveal significant differences in energy conversion under
varying resistivity conditions. This study provides valuable insights
into the dynamics of magnetic reconnection, contributing to
advancements in laboratory and astrophysical research.

In the fourth article, Longo discussed the famous Miller–Urey
experiment in light of the developments of two fields: computational
chemistry and physics of electrical discharges. He showed that
the second provides a much more realistic description for
understanding the heterodox experiment and presented the role of
the energetic electrons produced by the electric field to generate
radicals and ions. The suggested role sheds light on biomolecules’
formation from elemental chemical components and a better
understanding of the origin of life.

In the fifth article, Maccaferri et al. reported that plasma
technologies have garnered significant interest, recently, in the
agrifood sector due to their innovative applications. The range
of applications spans from direct plasma treatment to indirect
methods using plasma-activated media. A key aspect of plasma
technology in this sector is its ability to decontaminate surfaces and
materials. They systematically compiled studies on the application
of CAP for decontaminating packaging materials. Their synthesis
of the results indicates that plasma technologies meet the standard
requirements typically expected of commercial antiseptics, as the
average logarithmic reduction of the pathogen load on the packaging
was above 4.

In the sixth article, Aceto et al. investigated the effectiveness of
plasma-activatedmedian agricultural applications. Namely, Plasma-
Activated Water (PAW) has been evaluated as an innovative
irrigation method to improve growth and defense mechanisms in
tomato seedlings, including those infected with the Tomato mottle
mosaic virus (ToMMV). The results demonstrated that PAW is
a sustainable, chemical-free alternative to traditional fertilizers,
promoting plant growth, enhancing stress tolerance, and bolstering
resilience against pathogens.These findings underscore the potential
of plasma technology as a sustainable agricultural solution, paving
the way for advancements in the agri-food industry.

In the seventh article, Dvořák et al. reported on diagnostic tools
essential to understanding the microscopic processes within plasma.
Among these tools, laser-induced fluorescence (LIF) is one of the
most importantmethods for detecting various species, offering in situ
measurements with high sensitivity, versatility, and spatial resolution.
This makes the technique a key method for detecting reactive
species in plasmas. The authors focused on the challenges of LIF
measurements in a partially saturated regimewith spatially dependent
laser intensity in the sample (caused by absorption). The Rayleigh-
calibrated LIF measurements, corrected using the authors’ methods,
were experimentally validated through LIF of free tellurium atoms in
an atmospheric pressure dielectric barrier discharge (DBD) plasma,
comparing fluorescence and absorption measurements. The results
demonstrate a high reliability of the LIF methods employed.

In the eighth article, Aceto et al. highlighted cold plasma
as a promising tool for enhancing nitrogen fixation processes.

Based on theoretical modeling, they suggest that maintaining non-
equilibrium conditions in plasma could allow this technology to
surpass the efficiency of the traditional Haber-Bosch process used
in industrial nitrogen fixation. The synergy between modelers and
experimental physicists is essential to achieve these advancements,
leading to refined theoreticalmodels that can guide the development
of more efficient plasma systems.

In the ninth article, Huang et al. reported that the Plasma Surface
Interaction device at the Harbin Institute of Technology (HIT-PSI)
could serve as an excellent platform for testing the performance
of plasma-facing materials and components in extreme irradiation
environments such as tokamak devices. To simulate these conditions,
preliminary irradiation experiments on tungsten were carried out at
HIT-PSI, with a heat flux exceeding 40 MW/m2. Moreover, the He
plasma beam’s emission spectra and heat flux characteristics were
measured at different high magnetic field conditions.

In conclusion, our Research Topic presents nine articles that
collectively enhance our understanding of plasma physics and
its applications. The findings not only contribute to theoretical
knowledge but also hold the potential for practical innovations
across various sectors. We invite readers to delve into these studies
and explore the exciting possibilities that plasma technology offers.
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Solar spicules are small-scale jet-like structures in the lower solar atmosphere.
Currently, the formation of these widely distributed structures lacks a complete
explanation. It is still unclear whether they play an essential role in corona heating.
Here, based on the magnetohydrodynamic scaling transformation relation, we
perform experiments with the interaction of a high power laser with a one-
dimensional sinusoidal modulated target to model solar spicules. We observe
several spicule-like structures with alternating polarity magnetic fields around
them. Magnetohydrodynamic simulations with similar parameters show the detail
information during the spicules’ formation. The results suggest that the so-called
strong pulse model can lead to the formation of the solar spicules. The magnetic
reconnection process may also play a part and lead to additional heating and
brightening phenomena.

KEYWORDS

solar spicules, magnetohydrodynamic (MHD), magnetic reconnection, high energy
density physics, laboratory astrophysics

1 Introduction

Solar spicules are widely distributed in the lower solar atmosphere (chromosphere). The
general length of the Type-I spicules is about 7,000–10,000 km, and most of them have
widths of 300–500 km, and lifetimes of 1–10 min or even longer, the upward velocities of
about 20–40 km s−1, densities of about 3 × 10−13 g · cm−3 and temperatures of around
10,000 K, some spicules are heated to more than 100,000 K [1–7]. The spicules can carry
100 times the mass needed to sustain the solar wind [8]. Data from the Solar Dynamics
Observatory showed the upper solar atmosphere had been heated subsequently when the
spicules moved upwards [9]. There has been no conclusive explanation of the spicules since
their discoveries in 1877. Many models have been proposed based on the source of energy
driving the ejection of spicules from the chromosphere [10], including the strong pulse
model [11,12], the rebound shock model [13], the Alfv�en wave model [14–20] and the
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magnetic reconnection model [9,21]. Dey et al. discussed the
similarities between spicules observed on the Sun and jets
produced by polymeric fluids. They found that the nonlinear
focusing of quasi-periodic waves in an-isotropic media can
generate a forest of jets [22]. The strong pulse model depicts a
scenario where a sudden pressure enhancement produces a strong
pulse in the photosphere or lower atmosphere at the base of a vertical
magnetic flux tube that drives local material into the corona and
forms the spicules [11]. In this model, an initial pressure pulse
generates a disturbance that nonlinearly steepens into a gas-dynamic
shock. This shock can be considered as magnetohydrodynamic
(MHD) slow-mode shock for low-beta plasma. This shock
interacts with the transition region, thrusting it upward, and the
material behind the uplifted transition region is identified as the
spicules [2]. Similar to the above model, the rebound shock model
has a weaker pulse, although it can explain the distribution of
spicule-like structures everywhere in the chromosphere, it cannot
account for the periodicity, evolution, and energetic of the spicules
[10]. In addition to these hydrodynamic models, the magnetic field
may also play an important role in the spicule generation process
due to the complex field structure on the solar surface. Many
numerical simulations including MHD simulations and two-fluid
simulations indicate that Alfv�en waves, magneto-sonic waves, and
the magnetic reconnection process also contribute to the velocity,
length and collimation of the spicules [23–26]. However, it is still
uncertain which model is dominant due to the limitations in
observational resolution. As an interdisciplinary subject,
laboratory astrophysics provides one possible way for us to study
solar chromospheric spicules. Current observations are often limited
by resolution, atmospheric perturbations, and other factors, while in
the laboratory, using the interaction of high energy density lasers
with target materials, we can simulate astrophysical phenomena at
close range, short timescales (nanosecond), small scales (millimeter)
and controlled conditions [22,27,28], and eventually connect
laboratory simulations with astrophysical phenomena through
scaling laws and dimensionless parameters [29].

Based on the strong pulse model, we perform an experiment
using a nanosecond long-pulse laser impinging on a one-
dimensional sinusoidal modulated synthetic hydrocarbon (C8H8)
target to simulate the spicule generation process. Results from
nickel-silver-like 13.9 nm soft x-ray self-emission imaging system
(SXIS) show several jet-like structures appear behind the target.
Proton radiography reveals the magnetic field structure around the
spicules, similar to the Biermann self-generated magnetic field. The
results of a radiation MHD simulation program ‘FLASH’ show
agreement with the experimental results. We reproduce the
process of spicules generation through laser-target interaction
experiments, and by applying scaling laws, we can show the
relevance of the jet-like structures to solar spicules. This is a new
approach to studying spicules. It may show great significance for
further accurate magnetic field structure studies near the spicules’
footpoints and help the understanding of coronal heating and
material transport.

The paper is organized as follows. Section 2 describes the
setup of the experiment. In Section 3, we show the experimental
results and analyses with the help of three-dimensional MHD
simulations and discuss the applications in astrophysics. Section
4 summarizes the results, discusses some remaining problems,

and describes future works concerning about experiments and
simulations.

2 Experimental setup

We performed the experiments using the Shenguang-II laser
facility (SG-II) firstly [30]. Figure 1 shows the setup of the
experiment and the target configuration. The target was made of
C8H8, and it was sinusoidally modulated with a period of 55 μm, a
length of 2,200 μm, a width of 200 μm, a thickness of 18 ± 5 μm, and
an amplitude of 3 μm (Figure 1B). A modulated target with varying
thickness is used to imitate the tiny density disturbances and
alternating magnetic fields in solar chromosphere or lower
atmosphere (more details will be discussed in Section 3). The
experiment employed a main laser with a wavelength of 527 nm,
total energy of about 800 J and a pulse duration of 2 nanoseconds.
The target’s modulated side was irradiated with a 450 μm × 450 μm
square uniform illumination (with an intensity of ~ 1014 W · cm−2).
The diameter of the laser spot size is 7–8 times larger than the target
modulation period. Nickel-silver-like 13.9 nm soft x-ray self-
emission imaging technology (SXIS) is a new approach to
diagnosing the plasma self-emission intensity profile information.
The SXIS system consists of two mirrors (M1 and M2) and an
imaging unit (including a shielding cylinder, an aluminum film to
shield stray light, and an imaging plane). These mirrors have been
coated with multi-layer films that are only sensitive to wavelengths
around 13.9 nm. As a result, the self-emission radiation from the
plasma is reflected twice off these mirrors and then imaged on the
imaging plane (IP), as depicted in Figure 1. Themulti-layer spherical
mirror M1 and multi-layer spherical imaging mirror M2 can filter
out excessive radiation during laser-target interactions, which allow
us to obtain clearer structures [31]. We used SXIS to diagnose the
plasma self-emission profile after the main laser ablated the target,
and we obtained several jet-like structures. However, the magnetic
field was not obtained in this experiment, so we redesigned the
experiment to investigate the formation of the jet-like structures and
the role of the magnetic field in the plasma region.

In order to map the magnetic field structure of the interaction
region, a series of new experiments were performed on the
Xingguang-III laser facility (XG-III) [32]. The target parameters
were the same as before, but we increased the amplitude of the target
to 10 microns in order to observe a clearer phenomenon. The
experimental setup is shown in Figure 1A. The main laser
(wavelength λ = 532 nm, energy about 120 J, pulse duration 2 ns,
laser intensity ~ 1014 W · cm−2) focused on the modulated target
with a focal spot diameter of 200 μm. We used proton radiography
to diagnose the magnetic field [33]. The proton radiography is a
common technique for diagnosing the structures of the magnetic
fields. As the protons pass through the plasma, they are deflected by
the Lorentz force and eventually imaged on the radiochromic film
(RCF) stack. The protons on the RCF stack can form regions of
evacuation and accumulation that correspond to regions of strong
and weak magnetic fields, respectively [34]. Note that because the
proton speed is much larger than the plasma velocity, the electric
field has much less effect on the proton radiography. Therefore the
deflection of the proton is mainly caused by the magnetic field [35].
In the experiment, we used a short pulse laser to drive a proton target
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to produce a proton beam. The proton target consists of a 10 μmAu
foil, a 3 μmTa foil and a shielding cylinder made of Ni. A picosecond
laser (wavelength λ = 1,053 nm, energy about 100 J, pulse duration
0.86 ps, laser intensity ~ 1019 W · cm−2) is focused on the gold foil as
soon as the nanosecond main laser ends (t = 2 ns), which will
produce a beam of protons with an energy greater than 12MeV. The
proton source was 0.8 cm away from the target center. The RCF
stack was 12 cm away from the proton target center. The protons
passed through the plasma region in the direction of perpendicular
to the nanosecond laser incidence direction, and were imaged on the
multiple layers RCF stack. The protons with smaller energy will be
imaged in the RCF layer closer to the proton target, and those with
higher energy will be imaged in the RCF layer further to the proton
target. The magnification factor in this experiment was about 15.

3 Results and discussions

Based on the high energy density experimental facilities
described above, we use a modulated target to simulate the
density fluctuations on the solar surface (or lower
atmosphere). The high-power laser is like a sudden pressure
enhancement in the photosphere or low chromosphere. When
such a strong pulse hits the target, the laser drives a shock, which
drives material jets from the opposite surface of the target, due to
the interaction of the shocks and the ablative structures, which
may mimic the pressure driven spicules on the surface of the sun.
The magnetic Reynolds number is around 100 (ReM ~ L (cm)T
(eV)2), according to the scaling law, if the magnetic Reynolds
number in the experiment is at least an order of magnitude higher
than 1, the process can be reasonably described by MHD [36,37].
Through a series of experiments and simulations, we can connect
the results to the strong pulse model of solar spicules production
with scale transformation criteria.

Figures 2A, B show the results of SXIS obtained in the ‘SG-II’
experiment. A 450 μm × 450 μm square focal spot laser is irradiated
on a modulated target and a plain target, respectively. Darker color
represents stronger x-ray emission. The modulated target is
designed to imitate small density disturbances. A bush of spicules
is often produced at the boundary between two adjacent
supergranules [38,39]. In each supergranule, there are many
granules on a much smaller scale. In the process of granules’
formation, the hot gas from the inner part rises to the surface
and slides down again at the edge of a granule cell. As a result, the
density will be non-uniform across a single granule cell.
Observations also prove that the spicules originate from a small
region near the boundary between two adjacent granules [9]. We are
concerned about how each spicule in the spicule bush is produced.
So we assume that there are some density inhomogeneities in the
spicules production region, like ‘granules’ on a much smaller scale.
As the distance between two spicules is about several hundred
kilometers, we designed a modulated target with a thickness
variation period of 55 μm to imitate the density inhomogeneities.
After the scaling transformation, this period corresponds to the
distance between two spicules in the solar environment. When the
laser ablates the target and produces plasma, the density variation
due to the different thicknesses of the target can correspond to the
small density disturbances on the solar surface or lower atmosphere.
The x-ray emission result (Figure 2A) shows that 10 jet-like
structures with an interval of 55 μm are generated. The
separation of those jets is consistent with the period of the
modulated target. As shown in Figure 2A, the second to eighth
spicules are longer because they are within the laser irradiation
range. Their lengths range from 150 μm to 400 μm. On the other
hand, laser irradiation of a plain target only causes the plasma to
expand thermally without producing any multiple jet-like structures
(Figure 2B). The experimental results verified our hypothesis that
the disturbance of density is one of the necessary conditions for the

FIGURE 1
Schematic diagram of the experimental setup and sinusoidal modulated target. (A) The C8H8 target is located at the target chamber center (TCC).
The main laser focuses on the target modulated side from the top, the proton target is located 1 cm to the right of TCC, and the proton detector (RCF)
images are recorded at 15 cm to the left of TCC. Soft x-ray self-emission imaging system (SXIS) measures plasma parameters near TCC. (B) Sinusoidal
modulated target parameters: width W = 200 μm, thickness H = 18 ± 5 μm, modulation period p = 55 μm, amplitude A = 3 μm or A = 10 μm, the
material is synthetic hydrocarbon C8H8.

Frontiers in Physics frontiersin.org03

Wang et al. 10.3389/fphy.2023.1273568

8

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1273568


generation of the spicules, while a surface with uniform density
cannot produce such structures.

Figure 2C shows one of the proton imaging results (an RCF layer
that absorbs protons with a peak energy of 9.27 MeV) that is taken at
t = 2 ns after the laser focuses on the target. The position of the target
and the laser incidence direction are drawn in Figure 2C. The proton
evacuation region in themiddle is caused by the excessive strength of
the laser magnetic field. Darker green means more protons are
accumulated. Figure 2D is an enlarged view of the red box shown in
Figure 2C, where we can clearly see the multiple jet-like structures.
This implies that an alternating strong magnetic field appears
behind the target. The separation between the jets is consistent
with the period of the target (55 μm). When a thin solid target is
ablated by an intense laser, a high-temperature and high-density
plasma will be generated. Then the plasma expands forward in the
laser direction. The temperature of the plasma is mainly determined
by the heat conduction of electrons inside the target rather than the
adiabatic expansion of the plasma. Therefore, the direction of the
gradient of the plasma temperature is parallel to the target surface,
while the gradient of the plasma density is perpendicular to the
target surface. Such inconsistency of the temperature and density
gradients will generate a thermoelectric potential, which in turn will

induce a thermal current and finally generate a magnetic field. This
is the so-called Biermann magnetic field [40–42].

Samanta et al. observed a magnetic network with positive
polarity and negative polarity magnetic element around the
spicule with a strength of about 10 Gauss [9]. This kind of
magnetic field structure is similar to that produced in our
experiments and simulations, and the strength of the magnetic
field is close to the value scaled to solar spicule (Table 1). In our
experiments, due to the periodic thickness variation of the
modulated target, several plasma clusters are generated after the
laser ablation. An alternating magnetic field is generated around
each plasma cluster according to the Biermann battery effect. These
alternating magnetic fields at the origin of the spicules are consistent
with both the observed and experimentally obtained results. We can
also estimate the magnetic field in the experiment by assuming that
in the proton radiography the proton is deflected by a uniform
magnetic field in the spicule region. The length of the magnetic field
region can be considered the same as the thickness of the target. As a
result, the magnetic field is around 1.8 × 106 Gauss for a 9.27 MeV
proton. According to the time delay and the length of spicule-like
structures measured in Figure 2A, we can also estimate the
maximum velocity of the jet, which is about 150 km s−1.

FIGURE 2
Soft x-ray self-emission imaging results in ‘SG-II’ experiments and proton radiography results obtained with 9.27 MeV protons at 2 ns. (A) Jet-like
structures with an interval of 55 μm eject from the modulated target with the irradiation of a 450 μm × 450 μm square focal spot laser. (B) No jet-like
structures show upwhen the laser irradiates the plain target. Darker color represents stronger X-ray emission. (C) Shows the position of the target and the
direction of laser incidence; (D) is an enlarged view of the red box section in (C), four jet-like proton accumulation structures are visible. Darker green
means more protons are accumulated.
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TABLE 1 The similarity of solar spicules and laser-driven plasma. The data of solar spicules referenced from [2–7,48,49].

Parameters Solar spicules Laser-driven plasma Scaled to solar spicules

Length (cm) ~ 108 − 109 ~ 10−2 ~ 108

Time(s) ~ 10 − 1000 ~ 10−9 ~ 102

Pressure (Pa) ~ 10−3 − 10 ~ 107 ~ 10−3

Density (cm−3) ~ 1011 − 1013 ~ 1019 − 1021 ~ 1011 − 1013

Velocity (km s−1) ~ 10 − 1000 ~ 100 ~ 1 − 100

Magnetic field(G) ~ 10 − 102 ~ 105 − 106 ~ 10

Plasma β ≤ 1 ~ 1

Magnetic Reynolds number, ReM 106–107 > 102

Mach number, M 2–10 5–15

FIGURE 3
MHD simulation results of ‘XG-III’ experiment at 2 ns. (A) Electron density (cm−3) distributionmap, several jet-like structures with an interval of 55 μm
are found. (B)Magnetic field distribution in z-direction, alternating positive and negative magnetic fields surrounding the jets are found. (C) Electric field
distribution in x-direction, the reconnection of reversedmagnetic fields between adjacent jets leads to an increase in the local electric field strength. The
z-direction is perpendicular to the x-y plane pointing to readers. (D). The red curve and the blue curve show the averaged magnetic force and the
electron density along the length of the target, respectively. The data in (D) comes from the rectangle area in (A).
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To model the jet-like structures relevant to solar spicules in the
laboratory, we should confirm that these two systems share some
similar dimensionless parameters. Table 1 shows the comparison of
the dimensionless parameters between the solar spicules and the
laboratory jets. The Reynolds number (Re = Lv/]) and the magnetic
Reynolds number (ReM ~ L (cm)T (eV)2) for two systems are both
much larger than 1, where L is the characteristic length, v is the jet
speed, T is the jet temperature and ] is the viscosity. These values
show that the viscosity is not important, and the plasmamoves along
the magnetic field lines. According to β = 4.03 × 10−11neTeB

−2, we can
also obtain that the plasma has β ~ 1 near the target surface, where ne
~ 1020cm−3, Te ~ 10eV, B ~ 105G. It is similar to the β for the solar
spicules generation region. We also calculate another important
parameter -the density contrast ηρ = ρj/ρa, where ρj and ρa represent
for the densities of the jet and the surrounding environment. The ηρ
for these two systems are both larger than 1. The Mach numbers of
the two systems are also close to each other, which indicates that the
two systems are related to a large extent.

A radiation MHD simulation program ‘FLASH’ is used to help
analyze the experimental results [43]. Based on the experimental
parameters, we perform a three-dimensional MHD simulation using
FLASH. The laser and the target parameters are consistent with ‘XG-
III’ experiment except for the background plasma density, since the
simulation requires the addition of a low density background
plasma, while in the experiment is a high vacuum chamber.
FLASH uses the generalized Ohm’s law [44,45] to calculate the
magnetic field, which takes advection, diffusion, and Biermann
battery terms into account:

∂B
∂t

� ∇ × u × B( ) − c∇ × ηj( ) + c
∇Pe × ∇ne

en2e
(1)

where u is the flow advection velocity, η is the electrical resistivity.
Although the dissipation term is considered in our simulations, it
can actually be neglected since the magnetic Reynolds number is
large enough [37] (> 100).

Figure 3 shows the electron density, magnetic field along
z-direction, and electric field along x-direction at 2 ns in the
simulation results. The laser ablates the target from left to right.
At the moment of the laser ends, it can be clearly seen that the
multiple jet-like structures are moving toward the right, which is
consistent with the x-ray self-emission result shown in Figure 2A.
These jet-like structures have an interval of 55 μm, the maximum
electron density of about 1023 cm−3, the maximum length of about
120 μm, and the velocity of about 150 km s−1, they are very similar to
the parameters in Figure 2A. The full width at half maximum
(FWHM) of the laser pulse is about 100 μm, which is 7–8 times
larger than the modulation period of the target. With the generation
and propagation of the jets, a temperature gradient and a density
gradient are generated around each jet, and a magnetic field
structure is formed by the Biermann battery effect. The magnetic
field along the z-direction is shown in Figure 3B. A toroidal magnetic
field surrounds each jet, which has a similar structure to proton
radiography results shown in Figure 2D. However, the difference is
that the proton accumulation jet-like structures from experiment are
more divergent from each other, which may be caused by the power
distribution of the laser. The magnetic field is interrupted at y =
0.012 cm because the continuity of the field is affected by the

propagation of the plasma at the trough of the modulated target.
During the propagation of the jet, it also expands laterally, which will
cause the reverse magnetic field between the two neighboring jets are
becoming closer and closer. From 1.5 ns, the reverse magnetic field
annihilates, and the electric field in the vertical direction is
significantly enhanced (Figure 3C), which is one of the evidence
for the occurrence of magnetic reconnection [46]. We can obtain the
averaged Lorentz force based on the simulation results along
x-direction from the Maxwell stress tensor,

Fx � ∇ · T( )x � ∂

∂x

BxBx

4π
( ) + ∂

∂y

ByBx

4π
( ) + ∂

∂z

BzBx

4π
( ) − ∂

∂x

B2

8π
( )

(2)
where T � BB

4π − |B|2
8π I is the Maxwell stress tensor, where I is the

identity tensor. We calculate the averaged �Fx(which is
∫Fxdx

Lx
)

between x = 230 and x = 250 (i.e., the white rectangle shown in
Figure 3A where the jets start to form). The �Fx (the red curve shown
in Figure 3D) has multiple spikes which have the same locations as
those spicules (the blue curve of electron density shown in
Figure 3D). It shows that the locations with strong magnetic
force are consistent with the locations of the spicules. This
indicates the Maxwell stress tensor does have contributions to
the process of spicules formation.

According to previous works ([29,37,47]), the two systems can
behave as ideal compressible hydrodynamic fluids if the
dimensionless numbers are much larger than 1, such as Reynolds
number and magnetic Reynolds number. So the ideal MHD
equations and the energy equation for the polytropic gas remain
invariant when the following transformation conditions are
satisfied: r2 = ar1, ρ2 = bρ1, p2 = cp1, t2 � a

			
b/c

√
t1, v2 �

			
c/b

√
v1,

B2 � 	
c

√
B1, where r is the characteristic length, ρ is the number

density, p is the pressure, t is the characteristic time, v is the velocity
and B is the magnetic field. The subscript 1 represents parameters in
the laboratory, and the subscript 2 represents parameters in the solar
spicule system. The coefficients a, b, c are arbitrary positive numbers,
which can be obtained directly by comparing the parameters from
two systems. From our experimental results, we can obtained the
transformation coefficients of a = 1010, b = 10−8, and c = 10−10. The
scaled parameters (Table 1) are close to the parameters in the
experiment, which indicates the experimental results can be
applied to explore the formation mechanism of the solar spicules.

4 Conclusion

In this work, we used a high-power laser irradiating a
sinusoidally modulated C8H8 target with a period of 55 μm and
anMHD code ‘FLASH’ for simulation with similar setup parameters
to experiments. We found several spicule-like structures with an
interval of 55 μm emitting from the backside of the target and
multipole magnetic fields around the spicules. These results are
consistent with the description of the strong pulse model, which
contributes to the generation of solar spicules. The alternating
magnetic fields also correspond to the structures of the magnetic
fields near the footpoints of the spicules. Magnetic reconnection
between adjacent spicules may also be important for brightening and
heating solar spicules.
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This is a new way to study solar chromospheric spicules. We can
change the amplitude and period of the modulated target to simulate
the random density fluctuations on the solar surface, and also apply
an external magnetic field to simulate the complex magnetic field on
the solar surface. These ideas are easily implemented in the
laboratory. In the simulations so far, we have only considered
magnetic reconnection with low resistivity, which may
underestimate the effect of the magnetic field on the spicules.
However, both Alfv�en waves and magnetic reconnection may
play an important role during spicules’ generation and
propagation. In the future, we will do more detailed studies
regarding the heating effect of the spicules to the corona, the
bright points in the chromospheric network, and the formation
of micro-jets in the sunspot penumbra region. In addition, intrinsic
oscillation is one of the important properties of the spicule. We will
also study about this topic in the future.
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Currently, there is limited research on the influence of gas ionization on the pulse
formation process in pulse power source-driven loads. This paper introduces a
road-field-Particle-In-Cell (PIC)/Monte Carlo Collision (MCC) collaborative
simulation method that can accurately simulate gas ionization in Linear
Transformer Driver (LTD) electron beam generation (EBG). The method
couples the electromagnetic field and charged particle simulated through
PIC/MCC with the circuit modules, and the load’s voltammetry characteristics
can real-time feedback to the Blumlein Pulse Forming Network (BPFN) of the
LTD. In contrast to prior simulations that used fitted ideal T-shaped pulse input
waveforms to model the load, this method provides a clearer depiction of the
influence of gas ionization on the pulse shape. Additionally, the paper conducts
simulation studies on LTD electron beam generator operating at different argon
gas pressures. The findings indicate that introducing gas can effectively increase
current while reducing voltage amplitude, thereby lowering the diode
impedance. A small amount of gas can slightly enhance peak power, but
excessive gas diminishes peak power and significantly shortens voltage pulse
width. This is attributed to the beneficial effect of a small amount of gas
ionization-produced plasma on the device. However, an excessive amount of
gas ionization-generated plasma can lead to impedance mismatch in the device,
even resulting in a load short circuit. This phenomenon causes a decrease in
pressure drop at the top, consequently shortening the pulse width.

KEYWORDS

road-field-PIC/MCC collaborative simulation method, linear transformer driver (LTD),
electron beam generation (EBG), gas ionization, Blumlein pulse forming network (BPFN)

1 Introduction

The linear transformer driver (LTD), first proposed by Russian scientists, is a new pulsed
power technology that has been widely used in many fields due to its high voltage and current
characteristics, such as Z pinch, ion implantation formaterialmodifications, plasma physics, and
so on [1–9]. The principle behind LTDpulse formation involves generating a pulse of the desired
shape at low voltage using a linear transformer driver (LTD). Subsequently, voltage
multiplication techniques [10–14] are employed to increase its voltage by several orders of
magnitude. Ultimately, this voltage, generated by the LTDs, is used to drive various loads such as
high-power microwave devices, diodes, thereby exciting high-power microwaves or electron
beams. However, current research predominantly employs idealized T-shaped pulse input
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waveforms, fitted according to requirements, and then simulates the
high-power microwave devices or diodes based on these waveforms.
Nevertheless, in the experiments, a pulse power source is needed to
drive these devices. This involves complex physical processes, including
the generation and propagation of electromagnetic waves, electron
emission, and the production of high-power microwaves, among
others. Importantly, these processes are interrelated, with the pulse
power source influencing the microwave output of high-power
microwave devices or diodes, and the structural parameters and
voltammetry characteristics of the devices, in turn, affecting the
pulse power source. Thus, conducting research solely on high-power
microwave devices or diodes is insufficient to comprehensively capture
these complex and interconnected physical processes.

Furthermore, current research on high-power microwave
devices and diodes is largely conducted under vacuum
conditions. However, in practical applications, it is challenging to
maintain a perfect vacuum, and small amounts of residual gas often
remain. Some studies have indicated that filling an appropriate
amount of gas can affect the simulation of high-power
microwave devices or diodes [15–20]. This necessitates in-depth
research into the performance of high-power microwave devices or
diodes in the presence of gases. Additionally, many pulse power
applications require pulse signals with a stable voltage plateau,
especially in high-power microwave applications. To generate
such flat-top pulses, it is necessary to arrange LC components in
various configurations to create large-scale pulse forming circuits.
However, traditional full three-dimensional electromagnetic PIC/
MCC algorithms are insufficient for simulating large-scale circuits.
Therefore, there is an urgent need for a self-consistent road-field-
PIC/MCC method capable of simulating the aforementioned
complex physical processes.

This paper introduces a road-field-PIC/MCC simulation
method, wherein the PIC/MCC algorithm is coupled with circuit
modules. This coupling facilitates real-time feedback of the load’s
voltammetry characteristics into the circuit simulation module of
the pulse power source, resulting in more precise pulse waveforms.
This refinement enhances the overall device simulation’s fidelity to
practical scenarios. Building upon this foundation, a model is
developed for the LTD pulse power generation device. A foil-less
diode with ring cathode characteristics is integrated into the pulse
power generator. Subsequently, the road-field-PIC/MCC simulation
algorithm is employed to comprehensively simulate the entire
setup. By introducing argon gas at varying pressures, simulations
of the LTD pulse power electron beam generator under different
conditions are conducted. This investigation explores the impact of
gas ionization on pulse shaping in the LTD electron beam generator
and provides an analysis of relevant physical phenomena.

2 Theoretical basic

In order to achieve the road-field-PIC/MCC collaborative
simulation method, it is necessary to develop the circuit
simulation module and the PIC/MCC simulation module.
Subsequently, research on the collaborative coupling methods
between circuit module and PIC/MCC module is conducted. The
circuit modules are implemented based on the Modified nodal

voltage method [21], as elucidated in detail in our previous work
[22]. The subsequent section provides an exhaustive exposition of
the implementation process for the PIC/MCC simulation module
and the road-field-PIC/MCC collaborative simulation module.

2.1 The fundamental theory of ionization
collisions

When the energy of the incident electron is greater than the
ionization threshold, the incident electronmay ionize the neutral gas
molecule. The probability of ionization collision occurring, denoted
as P, is given by:

P � 1 − edSn (1)
where d represents the distance traveled by the electron, S denotes
the ionization collision cross-section, and n stands for the density of
neutral gas molecules. In the ionization process, in addition to
providing the threshold energy for ionization, the remaining
energy of the incident electron is distributed among the scattered
electron and the newly created electrons due to ionization.
According to Ref. [23], the energy of the newly created electrons
due to ionization is:

Eenew � B Einc( ) tan Rarc tan
Einc − Eioc

2B Einc( )( )[ ], (2)

where B(Einc) represents a known function [24] (e.g., for argon, B
(Einc) � 10 eV over a range of 1–70 eV), Einc denotes the incident
electron energy, and R is a uniformly distributed random number
between 0 and 1. Consequently, the scattered electron energy Escat is
given by:

Escat � Einc − Eth − B Einc( ) tan Rarc tan
Einc − Eioc

2B Einc( )( )[ ], (3)

in Formula 3, Eth represents the ionization threshold energy. The
velocity direction of the scattered electrons and newly generated
electrons after ionization can be determined using an elastic collision
model [23], resulting in:

v′
v′
∣∣∣∣ ∣∣∣∣ �

vinc
vinc| | cos χ +

vinc
vinc| | × i( ) sin χ sin ϕ

sin θ

+ vinc
vinc| | × i ×

vinc
vinc| |( ) sin χ cos ϕ

sin θ
(4)

where cos χ � 2+E−2(1+E)R
E , E represents the electron’s energy, ϕ is a

uniformly distributed random number between [0, 2π], and cos θ �
vinc · i where i is the unit vector along the x-axis, vinc, and v′ are the
initial and final electron velocities, respectively. If E corresponds to
the energy of the scattered electron, then v′ is the velocity of the
scattered electron. If E represents the energy of a newly generated
ionized electron, then v′ is the velocity of the new electron. Since the
mass of ions is much greater than that of electrons, their velocities
remain nearly the same as the velocities of the gas molecules before
the collision. Consequently, the velocities of newly generated ions
follow the Maxwell distribution with respect to gas temperature.
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2.2 Road-field-PIC/MCC
collaborative method

Figure 1 depicts the fundamental workflow of the fully three-
dimensional electromagnetic PIC/MCC algorithm. In the traditional
electromagnetic PIC algorithms, the electric and magnetic fields are
updated using charge and current density. Subsequently, these fields are
used to calculate the forces acting on charged particles, leading to updates
in particle velocity and position information. This, in turn, updates the
charge and current density, creating a cyclic process. In the
electromagnetic PIC/MCC algorithm, an ionization collision module
is introduced between the particle velocity and position processing
module and the charge and current density processing module.
When the particle and gas collision probability given by Formula 1 is
satisfied, this module processes the ionization collision process based on
Eqs 2–4, generating new particles and further updating particle velocities.

Figure 2 illustrates the theoretical framework for the fully coupled
system of road-fifield-PIC/MCC collaborative simulation. From the
diagram, it is evident that the electric and magnetic fields serve as
bridges between the circuit module and the charged particle module. In
the circuitry, the connection nodes coupledwith the PIC/MCCmodules
are initially determined, and interactive excitation ports are constructed

within the PIC/MCC modules. At each time step of the collaborative
computation, the PIC/MCCmodule can be regarded as the load for the
circuit module, while the circuit module can be seen as the excitation
input source for the PIC/MCCmodule. The voltage V calculated at the
circuit module connection nodes serves as the input condition for the
corresponding excitation port within the PIC/MCC module.
Subsequently, the electric field E is determined based on the electric
field distribution at the excitation port and coupled into the
electromagnetic field. In contrast to electromagnetic field simulation,
the current in the PIC/MCC simulation is influenced not only by the
vacuum impedance of the devices but also by the motion of charged
particles generated through gas collision ionization. Charged particles
are propelled by the electromagnetic field, and conversely, themotion of
charged particles also affects the electromagnetic field. This, in turn,
impacts the current at the interaction excitation ports. By incorporating
this current into the circuit’s solution, the road-field-PIC/MCC
collaborative simulation can be effectively realized. Referring to
Norton’s equivalent circuit theory [25], the role of the PIC/MCC
grid on circuit devices can be summarized as its effect on the
magnetic field around the circuit devices, as depicted in Figure 3.
According to Ampere’s law, the equivalent current is:

I t( ) � ∫
L
H
.

t( ) · dL. (5)

FIGURE 1
PIC/MCC basic algorithm flow chart.

FIGURE 2
Theoretical framework for the fully coupled system of road-
field-particle collaborative simulation.

FIGURE 3
Integration approach of the circuit module with PIC/MCC.
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where L represents the perimeter of the grid cross-section
surrounding the circuit component.

Generally speaking, the PIC/MCC time step is significantly smaller
than the time step of the circuit iteration. Furthermore, for the sake of
collaborative simulation, the circuit’s iteration time step naturally needs
to be the same as the PIC/MCC simulation’s time step.

3 Numerical simulation study

In the previous section, the theory and implementation process
of the road-field-PIC/MCC collaborative simulation method is
described in detail. Now, this methodology will be employed to
conduct a simulation study on the gas ionization within the LTD
pulsed electron beam generation device.

First, the LTD pulse EBG as shown in Figure 4 was
constructed. The device mainly consists of six linear
transformer driver (LTD) cavities, an insulator, and a diode
load. Each LTD cavity is composed of two Blumlein pulse
forming networks (BPFNs) in parallel through the laser-
triggered switch, along with corresponding magnetic coils,
and oil media. When each BPFN of the LTD cavity was
charged to 140 kV, the laser start operating via the control
signal, the laser triggered switches is closing, and then, six
LTD cavities discharge to the load (such as foil-less diode).

Figure 5 shows the equivalent circuit of a compact BPFN, each
BPFN consists of 20 identical inductors (L1–L20) with a value of
84 nH, 20 identical capacitors (C1–C20) with a value of 0.85 nF,
switch SW1, the load resistance R1, and the additional
inductance of various wires and switches (L21–L22) is
175 nH, R2 is the additional resistance of roughly 0.01 Ω.

When utilizing an n-section uniform network, the pulse width τ

and impedance Z are, respectively [26]:

τ � 2n
���
LC

√
(6)

Z �
����
L/C√

(7)

where n is the number of stages (n � 10 in Figure 5), L is the inductor
of each stage, andC is the capacitor of each stage. According to Eq. 7,
the load resistance of each BPFN can be calculated as 20Ω. Each
LTD cavity includes two BPFNs connected in parallel, and the
effective load resistance of each LTD cavity is 10Ω. With six

FIGURE 4
Depicts a cross-sectional view of the pulsed particle beam generator.

FIGURE 5
Illustrates the equivalent circuit of the Blumlein pulse
forming network.

FIGURE 6
Illustrates a cross-sectional view of a toroidal foilless diode.
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LTDs in series, the entire device has an equivalent load of 60 Ω.
Additionally, the magnetic coils are constructed from a magnetic
core material with a relative permeability μr of 1,000, and the
dielectric material has a relative permittivity εr of 2.5.

Figure 6 shows a schematic of the annular beam foil-less diode.
The grid spacing in the PIC/MCC simulation region is 0.5 mm in the
z-direction, 0.5 mm in the r-direction, and 1° in the ϕ-direction.
According to Ref. [27], the convergence conditions for the FDTD
algorithm are as follows:

Δt≤
1
c
· 1�����������

1
Δr2 + 1

Δz2 + 1
Δl2φ

√ (8)

where c represents the speed of light, Δr denotes the unit length
in the R direction for the PIC/MCC algorithm’s cell, Δz
represents the unit length in the Z direction for the PIC/MCC
algorithm’s cell, and Δlφ signifies the unit arc length in the φ

direction for the PIC/MCC algorithm’s cell. To ensure
satisfaction of the convergence conditions for the PIC/MCC
algorithm, the time step size must be kept smaller than the
maximum value of Δt. According to Formula 8, We can
calculate that the maximum value of Δt is approximately
1.1785 e–12 s. In simulation computations, to ensure algorithm
convergence, it is generally required that the iteration time step
does not exceed the maximum value of Δt. In this paper, the total
iteration time is 360 e–9 s with 433,728 iterations, resulting in an
iteration time step of approximately 8.30 e–13 s. Consequently,
PIC/MCC inherently guarantees the convergence of
the algorithm.

In the collaborative simulation of the circuit-field-particle, the
time iteration step of the circuit is set to be the same as the PIC/MCC
simulation time step to achieve collaborative simulation goals.
Therefore, the PIC/MCC simulation time step Δt and the time
step h for the circuit module satisfy the condition Δt � h. Regarding
the convergence conditions for the enhanced nodal analysis
algorithm, they are outlined in Refs. [28, 29].

Vn − Vn−1 ≤RELTOL · max Vn−1, Vn( ) + ABSTOL (9)
where n represents the current time iteration step, n − 1 denotes
the previous time iteration step, RELTOL is the relative error
precision in the algorithm’s convergence parameters with a
default value of 0.005, and ABSTOL is the absolute error
precision in the algorithm’s convergence parameters with a
default value of 1 e–6. In the enhanced nodal analysis
algorithm, during the linearization calculation of nonlinear
components in the circuit, linearization processing is
conducted based on the backward Euler equation [30].

The differential formula for the current and voltage on the
capacitor is as follows:

I t( ) � C · dV t( )
dt

(10)

where I(t) represents the instantaneous current flowing through the
capacitor, C stands for capacitance value, V(t) denotes the
instantaneous voltage across the capacitor, and (dV(t))/dt
signifies the time derivative of the voltage across the capacitor.

Further linearizing the Formula 10 using the backward Euler
method and circuit theory yields:

In � C

h
( ) · Vn − C

h
( ) · Vn−1 (11)

where h is the time step, and (C/h) can be considered as the
equivalent conductance Geq, Formula 11 can be written as:

Vn − Vn−1 � h

C
( )In (12)

Substituting Eq. 12 into Eq. 9 yields:

h

C
( )In ≤ 0.005 p max Vn−1, Vn( ) + 1e − 6 (13)

Considering that the capacitance in LTD pulse power devices is
typically in the order of nanofarads (nF), as indicated in the
manuscript with a capacitance value of 0.85 e–9 F, and h
represents the time step, set to 8.30 e–13 s in this study,
substituting these values into the Eq. 13, we obtain:

0.00097647In ≤ 0.005 p max Vn−1, Vn( ) + 1e − 6 (14)

Taking into account the discharge of capacitors in the circuit,
current flow through resistors and loads, there will inevitably be
energy losses. In extremely small time iteration steps, the
corresponding current is certainly smaller than the corresponding
voltage values. As indicated by the Eq. 14, this convergence
relationship is guaranteed to be satisfied. Therefore, the overall
algorithm convergence is fulfilled, and the algorithm is stable.

In [31, 32], the structure of the cathode and anode determines
the electric field distribution inside the diode, as well as its beam
characteristics and energy output efficiency of the diode. Taking
into account that the diode will generate an annular electron beam,
the thickness of the cathode ring cannot exceed the width of
the radial gap between the cathode and anode. Therefore, after
comprehensive consideration, δ is set to 5 mm, the radius of
the anode drift tube RA was 60 mm, the outer radius of the
cathode r1 was set to 55 mm, the inner radius of the cathode r2
was set to 51 mm, and the guiding magnetic field B0 was selected as
1.8 T, L1 and L2 represent the locations for voltage and current
measurements, respectively. The threshold for cathode explosive
emission is set at 150 kV/cm [33].

According to Ref. [22], with the same LTD driving conditions
and keeping the other dimensions of the diode unchanged, the
horizontal distance LAK between the cathode and anode of the
loaded diode is set to 36 mm, the entire device achieves impedance
matching, and exhibits higher electron energy output, the overall
simulation results closely align with experimental findings. As
mentioned earlier, the charging voltage for each stage capacitor is
140 kV, and considering losses, the actual input voltage for the diode
is approximately 810 kV. In the background of neutral argon gas, at
a gas pressure of 2 Pa, the simulated particle spatial distribution is
illustrated in Figure 7.

From Figure 7, it can be observed that, without considering gas
ionization breakdown, under the influence of the electric field, the
energy of electrons and Ar+ ions are in the same order of magnitude.
However, the mass of Ar+ ions is much greater than that of electrons,
the momentum of Ar+ ions is significantly greater than that of
electrons. This implies that the cyclotron radius of Ar+ ions is much
larger than that of the electron beam. The guiding magnetic field is
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1.8 T, the cyclotron radius of Ar+ ions is far larger than the thickness
of the electron beam. Consequently, the thickness of the Ar+ ion
beam is greater than that of the electron beam, which aligns with
Figure 7. Moreover, with increasing gas pressure upon injection,
collisions becomemore intense, leading to a greater extent of particle
diffusion. However, the field’s constraint on electrons still surpasses
that on ions. In the background of argon gas within the range of
0.1–10 pa, the density varies from 6 e16 m−3 to 2 e18 m−3. This range
aligns with references [34–36], where the density of plasma
generated by collisions between relativistic electron beams and
background gases falls within a crucial range, changing within
the range of 1 e15 m−3 to 2 e18 m−3. According to reference,
plasma within this range has a significant impact on the power
output of microwave devices. In the backdrop of neutral argon gas
ranging from 0.1 to 10 Pa, the total energy of electrons fluctuates
within the range of 4.15 e5 eV to 3 e5 eV, and it diminishes with
increasing pressure. The recorded electron energy encompasses both
low-energy and high-energy electrons. In the neutral argon gas
background ranging from 0.1 to 10 Pa, the ion energy fluctuates
within the range of 1.8 eV–0.25 eV, and it decreases as the
pressure increases.

FIGURE 7
Particle spatial distribution chart (A) electrons; (B) Ar+.

FIGURE 8
Voltage and current with different Argon gas pressures (A) voltage (B) current.

FIGURE 9
Impedance of the diode filled with argon gas at
different pressures.
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Subsequently, simulations were conducted on the pulsed power
electron beam generator under varying levels of argon gas infusion,
the voltage and current were measured as illustrated in Figure 8. From
Figure 8A, the voltage amplitude gradually decreased with the increase
of the pressure of filled argon, and the greater the pressure of argon,
themore drastic the decline in amplitude. Figure 8B demonstrates that
the quality of the current decreases as the pressure increases after
argon is filled. Utilizing the measured voltage and current, impedance
was computed, as depicted in Figure 9, and in the presence of argon
gas at a pressure of 8–12 Pa, there are minor peaks observed.
However, due to the influence of the plasma, the pulse width of
the output waveform decreases, and the small peaks shift forward,
becoming less conspicuous. According to Refs. [15, 37], this is because
the quality of the electron beam is contingent upon the quality of
the voltage waveform. In previous studies, high-power microwave
devices and diodes were typically subjected to fitting ideal and stable
voltage output waveforms, neglecting the influence of load
characteristics, plasma collisions, and other physical phenomena
on the output waveform of the front-end pulse. Figure 8 reiterates
that when driving the load with a pulse power source, there is amutual
influence between the load and the pulse generator.

According to Refs. [22, 38], under vacuum conditions, the
impedance of the diode is 60Ω when it is stable, and the entire
device is in the impedance matching state. However, upon the
introduction of argon gas, the impedance decreases with the
increasing gas pressure due to electron collisions with argon atoms,
thereby impacting the quality of the electron beam and resulting in a
reduction in voltage, as gas infusion continues, the collision-generated
charged particles increase, leading to an augmentation in themeasured

current, ultimately resulting in a decrease in impedance as the gas
pressure increases. This impedance reduction, in turn, leads to an
overall impedance mismatch within the system. On one hand,
this characteristic of decreased impedance feeds back into the
Blumlein pulse forming network (BPFN) within the Linear
Transformer Driver (LTD). On the other hand, due to the
impedance mismatch, electromagnetic wave reflections occur, with
the reflected waves superimposing upon the waveforms generated
by the LTD. Consequently, based on these two aspects, the reduced
load impedance leads to a decrease in the measured voltage,
and the superimposition of reflected waves with the LTD-generated
waveforms exacerbates the reduction in voltage amplitude.
Furthermore, with the increasing gas pressure infusion, within the
range of 2–12 Pa, the voltage waveform exhibits a phenomenon of
apex reduction. This phenomenon arises from intensified plasma
collisions, exacerbating the impedance mismatch and thereby
affecting the stable and smooth apex of the pulse waveform.

According to the literature [26], the pulse width should be calculated
based on Formula 6, and it can be seen that the pulse width is only
related to the capacitance and inductance values as well as the number of
stages in the BPFN pulse network circuit. However, from the voltage
waveform and Table 1, it can be observed that both the half-width and
full-width of the pulse waveform decrease. Additionally, at higher argon
gas pressures, the pulse width decreases more rapidly. This is because
collisions between electrons and gas produce charged particles. As
simulation time increases, collisions intensify, and the charged
particles form a plasma that fills the cavity of the foil-less diode. This
plasma has electrical conductivity, causing the diode anode and cathode
to enter a conductive state, equivalent to a load approaching a short

TABLE 1 Voltage pulse width under different gas pressures.

Ar/(Pa) 0 1 2 3 4 5 6 8 10 12

Pulse width/(ns)

Half-pulse width 191.1 189 188.2 186.1 184.9 183.4 182.6 172.4 160 119.5

Pulse peak width 83.0 81.9 80.8 79.6 79.1 78.9 77.5 76.5 60.2 57.4

FIGURE 10
Relationship between diode performance and different argon gas pressures (A) beam current, (B) peak power.
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circuit. This process leads to a decrease in the measured voltage
amplitude, which is the reason for the reduction in pulse width.
Furthermore, as the gas pressure increases, for instance, within the
range of 2–12 Pa, the voltage waveform exhibits a phenomenon where
the top is lowered. This occurs because intensified plasma collisions
result in impedance mismatch, thereby affecting the stability and
smoothness of the waveform’s peak.

In addition, the relationship between the diode electron beam
current and peak power with argon gas pressure was also recorded,
as shown in Figure 10A the horizontal axis represents the argon gas
pressure value. The charged particles generated by electron-ionization of
the gas help neutralize the space charge effect of the electron beam,which
aids in breaking the constraint imposed by space charge limitations and
effectively increases the current magnitude [19]. Figure 10A confirms
this phenomenon by showing that the current increases with increasing
argon gas pressure, consistent with the experiment in Ref. [20].
Figure 10B illustrates the relationship between peak power and
pressure, demonstrating that when a small amount of argon gas is
filled, the peak power slightly increases with pressure. This is because the
plasma generated by the ionization of a small amount of argon gas can
improve both the electron beam quality and current magnitude.
However, when an excessive amount of argon gas is filled, intense
collisions lead to a decrease in electron beam quality, resulting in a
reduction in power, Upon the infusion of argon gas at a pressure range of
6–10 Pa, the diode’s peak power gradually diminishes.

4 Conclusion

This study investigated an improved nodal analysis method and a
PIC/MCC simulation method, developing a self-consistent simulation
approach for gas ionization in pulsed power electron beam generators
the Circuit-Field-PIC/MCC simulation method. Using this method,
simulations were conducted on a pulsed power electron beam
generator under different argon gas pressures. The results revealed
that filling the gas could effectively increase the current magnitude
while reducing the voltage amplitude, subsequently lowering the
impedance of the diode. In addition, a small amount of gas could
increase the peak power, but excessive gas led to a decrease in peak
power. There was also a noticeable reduction in pulse width, which was
related to the plasma formed by particle-gas collisions. As the load
impedance decreased, even approaching a short-circuit condition, it
reduced the measured voltage amplitude and consequently caused
changes in the pulse width. Furthermore, a top voltage drop
phenomenon occurred due to the impedance mismatch caused by
the plasma generated from particle-gas collisions. These findings
provide valuable insights for future comprehensive simulations of
high-power microwave devices driven by pulsed power sources.
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The spark of life: discharge
physics as a key aspect of the
Miller–Urey experiment
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Tecnologia dei Plasmi—Consiglio Nazionale delle Ricerche, Bari, Italy

The Miller–Urey experiment demonstrated the possibility of producing
biomolecules from the chemical components of the primordial atmosphere,
using an electric discharge. It profoundly influenced the development of
prebiotic chemistry and astrobiology. The essential aspect of the experiment
is the action of the electric field on a gaseousmixture, which produces chemically
active species. These last react to ultimately form biomolecules. In this work the
hypotheses and methods used to describe the chemical activation of a gas by an
electric field, used in computational chemistry and in the physics of electrical
discharges, are contrasted, showing that the second provides a much more
realistic description of the primary events. A future model should combine the
insights of the two communities to bring forth a faithful and insightful description
of the experiment, from the primary events to the formation of biomolecules.

KEYWORDS

prebiotic chemistry, Miller-Urey, electric discharge, electric field, modeling,
molecular dynamics

1 Introduction

At the beginning of the fifties of the last century, an experiment that combined aspects
of chemistry and physics attracted enormous attention, that continues today, and has taken
on a paradigmatic role in the research on the origin of life. This is the experiment, or rather
the series of experiments conducted by Stanley Miller initially as part of his doctoral thesis
under the direction of Harold Urey [1, 2]. It was carried out in an apparatus like a
continuous cycle distiller, in which a liquid mixture was brought to the boil in a bottom flask
and before being condensed in a water-cooled vapor condenser, was subjected to the action
of a pulsed electric discharge, a repeated spark produced by a generator, in an upper flask
(Figure 1). The apparatus was filled by a mixture of gases and liquids, based on the
hypotheses of the time about the composition of the ancient Earth’s atmosphere and
strongly influenced by Oparin’s work on the origin of life [3]: water, ammonia, hydrogen,
and methane. After hundreds of hours of continuous recirculation under the action of the
electrical discharge, by performing chemical analysis Miller found that from this chemical
mixture some of the basic molecules of life had been formed including amino acids, the
constituents of proteins and enzymes.

This experiment, which never fails to be included in a book on the origin of life and
astrobiology [4] has produced an immense literature and has even had a great cultural
impact. It can be summarized, albeit rather emphatically, as the creation of the molecules of
life from the basic molecules of the universe. This experiment has been then repeated,
modified, and analyzed from a theoretical point of view with the ideas of chemical kinetics
and its methods, more recently with a massive use of computer simulation.
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2 The role of free electrons

In the Miller-Urey experiment the main source of the
events, the cause of the initial chemical activation of the
mixture is clearly the population of high energy electrons, in
the tens of eV’s range, which is produced by the pulsed electric
discharge fired in the upper flask. The actual ionization
process that occurs in a discharge of this type is a cascade
one, in which the electrons are accelerated by the electric field
up to kinetic energies sufficient to ionize the neutral species,
producing further electrons. Radical formation occurs by several
different channels, but all of them are ultimately initiated by the
electron impact with a molecule. This phenomenon has been
studied by the electrical discharge community for more than
a century.

It is known that the fast electrons in an electric discharge are part
of the electron energy spectrum, determined by the different
collision events and by the electric field [5]. The energy
spectrum, also known as electron energy distribution function
(EEDF), determines the rate of ionization and dissociation and
therefore the formation of radicals. It can be calculated with
various numerical methods which have common roots in the
Boltzmann transport equation: the celebrated equation
formulated 150 years ago, and which provides the very
foundation of the kinetic theory of gases [6, 7].

Once the primary processes, those due to electrons, have
produced radicals and ions, the chemical reactions downstream
can be studied theoretically using the methods of chemical kinetics:
the corresponding model is based on a system of coupled differential
equations, whose solution is the composition of the gas in function
of time [8].

On the other hand, while the description of the primary
processes provided by the physics of electrical discharges is
rigorous and quantitative, that of chemical kinetics is hindered
by the numerous species formed and their complexity, due to the
need for data and the complexity of calculation. It has never been
attempted for a system of chemical complexity comparable to the
Miller-Urey experiment.

3 Computational chemistry’s approach
to the experiment

In the last two decades, studies of the discharge-induced
chemistry based on ab initio state-of the-art methods, in
particular molecular dynamics [9], have been very successful in
the chemical community [10, 11] and have the potential to adapt to
any degree of molecular complexity.

In ab initio molecular dynamics, atomic nuclei move according
to Newton’s equations of motion as classical particles while electrons
are described according to quantum mechanics by solving the
Schrödinger equation. The advantage of this method over the
previously mentioned chemical kinetics is that the individual
molecules in the simulation are literally assembled and
disassembled at the atomic level, whenever the law of chemistry
require so. This way it is no more necessary to predict them at the
beginning, to write a scheme like in chemical kinetics, and store their
chemical properties in a database.

This approach allows to obtain a theoretical description of
chemical reactions based only on the basic law of physics. In
principle, future refinements of the methodology and the
availability of better computing resources could provide a

FIGURE 1
Sketch of the Miller-Urey experiment, showing vapor circulation and discharge electrodes. Picture courtesy of Dr. Domenico Aceto, CNR.
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complete description of the Miller-Urey experiment using only the
initial composition of the gas and an estimate of the electric
field applied.

The weak point of this approach is its description of the primary
events. Since it does not calculate the energy spectrum of classical
electrons, it cannot simulate electron-molecule collisions.
Consequently, molecular dynamics simulations of electric-field
induced dissociation use ad hoc approaches to replace the
primary events with others it can describe.

One of such approach is to let the gas molecules dissociate as a
direct effect of the electric field. This last modifies the molecular
electron charge cloud until molecules break into separated atoms
(Figure 2). Quantum calculations show that hydrogen, confined in a
space of molecular dimensions, can be ionized by a static field of
0.1 atomic unit, about 5 × 108 V/cm [12] while lower values are
required to dissociate molecules. In a well-known ab initio
simulation of the Miller-Urey experiment [13] the value of the
electric field is up to 5 × 107 V/cm, not far from the above estimate
and high enough to directly dissociate molecules by breaking polar
bonds, like O-H in water.

This description of the initial events is convenient, but the
scenario of dielectric breakdown in a gas due to the electron
cascade is very different. In a pulsed electric discharge at
atmospheric pressure the electric field is close to the dielectric
strength [5] of the mixture at standard conditions, whose value is
in the range 104 V/cm to 105 V/cm, three orders of magnitude lower
than that assumed in molecular dynamics. The dissociation and
ionization of the gas by such a “weak” field is made possible
(Figure 2) by the acceleration of free electrons in a medium with
a density which is orders of magnitude lower than assumed in
molecular dynamics simulations.

These differences are not without consequences: radicals and
ions predicted by the two methods are very different, due to ab initio
models describing the discharge as occurring in the liquid, while in
the real experiment it occurs in the vapor [14].

Additionally, the problem with the field remains even assuming
that the electric discharge were fired in liquid water: although liquid
water density is compatible with molecular dynamics, its dielectric
strength is just a little higher than 105 V/cm. The reason is that in
liquid water the discharge propagates along “streamers”: ionized gas
channels produced into the liquid [15, 16].

4 Towards a faithful description of the
primary events in the Miller-Urey
experiment

The previous sections should have shown that the crux of the
problem is the difficulty in describing in a way consistent with
physics an electrical discharge in a chemical mixture, which can
produce complex molecules. Looking for inspiration, we can look to
electrical discharges which provide a radical simplification of the
Miller-Urey experiment: those in pure hydrogen, or mixtures of
hydrogen with methane.

An extensive literature has been produced in last decades on the
models of electric discharges in pure hydrogen and hydrogen/
methane, in both cases motivated by the application to the
treatment and production of materials. These models calculate
the energy spectrum of electrons and in some cases also of ions,
based on the transport equation. They include various excited states
of the H2 molecule (vibrational and electronics), the H atom
resulting from dissociation, the electrons, typically three kinds of
positive ions H+, H2

+, H3
+, of which the last and most complex is

often the most abundant, and sometimes also the negative H− ion.
Electrons and ions in these models are subject to tens if not hundreds
of different types of collisions with neutrals. For this reason, the
models include data for the relevant cross sections, determined by
quantum calculations. Among them: ionization, excitation of
vibrational and electronic states, direct dissociation, reactions
with intermediate electronic excited states [17–19].

FIGURE 2
Left: sketch of the dissociation process according to the quantum chemical approach, where the electric field alters the molecular wave functions
and breaks the chemical bonds. Right: sketch of the dissociation process according to discharge physics, where accelerated free electrons occasionally
hit and dissociate molecules. The medium density and the electric field are both about a factor 103 lower in the second case compared to the first one.
Picture by the author.
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The models of discharges in hydrogen-methane mixtures
[20–22], the next step toward increasing complexity, add dozens
of reactions that describe the production of excited states of CH4, of
radicals like CH3 and CH, and of molecular ions such as CH3

+ which
are essential to initiate ionic chemical mechanisms.

This description effort may seem excessive, but it has been
demonstrated that in this way it is possible to reproduce
very accurately the results of experiments on real electric
discharges [23].

The next question is whether it is possible to describe the
primary events, and at least the onset of the chemical kinetics, in
the complex mixture used by Miller. Indications in this sense have
been reported in a recent work [24] where it has been shown that
the electron energy spectrum can be determined using state-of-
the-art methods for a realistic mixture matching that of the Miller-
Urey original experiment and for variants describing less reducing
primordial atmospheres. A model including many of the
sophistications described above has been developed for
lightning in the primordial atmosphere [25]. These works are
confirming the specificity and complexity of the scenario
produced by the electric discharge: free electrons are essential,
the electron distributions are complex and modulate the chemical
reactions with different threshold energies; the dissociation and
ionization processes involved are numerous and require many
cross sections, some of them are poorly known and need new
quantum calculations. Another very recent work pointed at the
discharge as a key issue in the experiment [26].

However, the problem remains that the formal methods of
chemical kinetics employed in the science of electrical discharges
are far less versatile than ab initiomolecular dynamics in describing
the formation of complex molecules.

5 Conclusion

The theoretical study of the Miller-Urey experiment has been
taken over in recent years by the computational chemistry
community, which uses methods able to describe the formation
of complex molecules under the effect of an electric field able to
dissociate the initial components into more reactive radicals. This
created the impression that one could skip interfacing with, and
even knowing, the physics of ionized gases, using ad hoc solutions
to describe the first dissociation events. Unfortunately, this
description implies much higher density, stronger field, and
faster processes that in the experiment, it ignores the variety of
molecular ions, and leads to a deceptive picture of the first
chemical events and the environment in which they occur. It
must be accepted that much more physics, developed in fields
like electric discharges and transport phenomena, is requested to
realistically describe the free electrons in the medium and their
interaction with the molecules leading to the chemical activation of
the mixture.

The type of model that can overcome the difficulties exposed
in this work has not yet been created but there are various
possibilities in principle. For example, a molecular dynamics
simulation could be started based on a description of the gas
following primary events, with ions and radicals and excited
species, produced by a discharge simulation. One must accept to

pay the computational cost to describe less closely spaced
molecules, like in a gas rather than a liquid. Alternatively, one
could employ a chemical kinetic description of the kind used in
discharge physics, but with the numerous necessary input data
provided by molecular dynamics.

The Miller-Urey experiment was a very heterodox
experiment right from its initial formulation, joining high
voltage components to traditional chemical glassware, and
being driven by a vision which is still evocative for researchers
and the public. The researchers pursuing an insightful
understanding of the Miller-Urey experiment must adopt an
interdisciplinary approach. This could bring new kinds of
simulation methods, and perhaps new ideas on the birth of
biochemistry on our and other planets.
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Evaluating atmospheric pressure
cold plasma decontamination
techniques for packaging
materials: a systematic review and
meta-analysis
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Decontaminating food packaging surfaces is a crucial step in the food processing
industry to ensure the quality and safety of the product. Decontamination is
intended as a procedure aimed to reduce the microbial load present on
contaminated packaging to a safe level. Several techniques are traditionally
employed, but the industry is seeking innovative methods that could offer
economic and environmental benefits. Cold plasma is emerging as a
promising solution among the range of possibilities. The present review aims
to assess the effectiveness of plasma-assisted systems for decontaminating
packaging materials. A systematic collection of inherent records was carried
out, and the study outcomeswere extracted using the protocol formeta-analysis.
The synthesis of the results demonstrates the efficacy of this sanitation technique,
since the average logarithmic reduction of the pathogen charge on the packaging
was above 4. This outcome is promising since it alignswith standard requirements
for traditionally employed antiseptics. Future research should focus on the
optimization of processes from the perspective of industrial applications.

KEYWORDS

cold plasma applications, packaging, decontamination (cleaning), microorganisms,
plasma decontamination, atmospheric pressure, foodborne pathogens, food industry

1 Introduction

1.1 Foodborne diseases

Foodborne diseases, caused by contaminated food contact or ingestion, pose a
significant global health concern. Contamination with bacteria, viruses, parasites, or
chemicals can result in various illnesses, with over 200 identified, predominantly
affecting the gastrointestinal tract but also leading to neurological, gynecological, and
immunological issues [1]. Annually, nearly one in 10 individuals worldwide suffer from
foodborne illnesses, resulting in over 420,000 deaths. While foodborne diseases affect all
countries, low- and middle-income nations bear a disproportionate burden. Factors such as
poverty, international trade, longer food chains, urbanisation, climate change, migration,
and increased travel exacerbate these challenges, increasing the risk of contamination and
the spread of infections across borders. In the European Union alone, over 5,000 foodborne
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outbreaks are reported annually, causing approximately 45,000 cases
[2]. In 2022, foodborne outbreaks increased significantly compared
to the previous year, highlighting the need for stringent hygiene
standards and HACCP (Hazard analysis and critical control points)
protocols throughout the food production chain to mitigate
contamination risks and safeguard consumers.

1.2 Food packaging

According to the Food Packaging Forum [3], the most used
packaging materials and food contact surfaces are:

• Ceramics;
• Glass;
• Metal (mainly aluminum and steel);
• Paper and Board;
• Plastics (in particular polyethylene, High-Density
polyethylene, polyethylene terephthalate, polyvinyl chloride,
polystyrene, and polycarbonate);

• Wood.

The Codex Alimentarius specifies that the primary requirement
for packaging is to avoid being a source of contamination [4].
Established in 1963 by the Food and Agriculture Organization
(FAO) and the World Health Organization, the Codex sets
international standards, guidelines, and codes of practice for food
safety, quality, and fairness in international food trade,
encompassing 99% of the global population. Food packaging is
pivotal in maintaining food quality and safety by acting as a
protective shield against external contaminants, prolonging
product shelf life, and preventing spoilage. However, packaging
itself can introduce contaminants, jeopardising food safety and
integrity. Contaminated food packaging poses health risks,
foodborne illnesses, allergenic reactions, and economic
consequences, such as costly recalls and reputational damage for
producers [5, 6]. Preventive measures include stringent quality
control throughout the production process, using high-quality
packaging materials, adhering to good practices and standards,
and implementing rigorous hygiene and health risk analyses,
notably through the Hazard Analysis and Critical Control Points
(HACCP) method. While not explicitly mandated by legislation,
adopting the HACCP methodology is widely recognised and
demanded by the national and international market to ensure
food safety and prepare for certification schemes. HACCP
facilitates both contamination prevention and compliance with
industry standards, aligning with market expectations and
enhancing consumer confidence in food safety [7].

1.3 Hygiene standards and consolidated
decontamination techniques

A crucial yet often overlooked aspect is the biological
contamination level of packaging materials, influenced by factors
like handling frequency and exposure to air. Different materials
exhibit varying propensities for microbial proliferation and require
distinct sanitation methods. Production processes vary widely

among packaging materials, presenting opportunities for both
contamination and decontamination Metals, glass, and plastics
manufacturing involve temperatures incompatible with microbial
survival. Conversely, cellulosic materials present contamination
risks due to source contamination, processing in humid
environments conducive to microbial growth, and lower
processing temperatures that sustain resilient microbial forms.
Paper and board production may involve biocidal agents. Post-
production contamination risks persist across all materials due to
handling, non-sterile air drafts, insect presence, and machine
contact. Acceptable hygienic conditions are indicated by cell
counts below 104 cells/cm2, while values exceeding 107 cells/cm2

denote unsatisfactory conditions [8].
Microbial growth on packagingmaterials depends on factors like

nutrient presence, moisture, and surface biofilm formation. Effective
decontamination, typically targeting a 5-log reduction in microbial
load, employs various thermal, chemical, and physical methods.

Traditional decontamination approaches include heat
treatments, in particular dry heat (>180 °C), hot water and steam
(130°C–150°C), and the utilisation of chemicals like hydrogen
peroxide, ethylene or propylene oxides [9–11]. A growing interest
is directed to more innovative methods like high-pressure
processing, high-intensity pulsed electric field treatment, pulsed
light, ozone-based treatments and cold-atmospheric plasma,
which holds promise for diminishing harmful microorganisms in
the context of the food industry more safely and sustainably [12–14].

1.4 Cold plasma technology

Plasma is the fourth state of matter, consisting of charged
particles (ions and electrons) and neutral molecules. It can
exploit several actions in many different applications, by tuning
the different active agents that it includes [15]. These agents are the
just-mentioned charged particles, chemically reactive species, such
as free radicals, electromagnetic fields, radiations, and heat. For an
application of interest, it is possible to control the operating
conditions in order to maximise the presence of the active agents
of interest. One main characteristic of plasmas (and the most
relevant one to choose based on the application) is their
macroscopic temperature. Plasmas can be consequently
classified into:

- equilibrium (or thermal) plasmas, having the electron
temperature in equilibrium with the heavy particles
temperature, resulting in a macroscopic temperature higher
than 104 K;

- non-equilibrium (or cold plasmas), in which only the electron
temperature is high, while the heavy particles–mainly
influencing the gas temperature–keep values closer to
ambient air.

Plasmas can also be classified on the basis of the pressure, which
can be atmospheric or lower. Cold plasmas at atmospheric pressure
will be hereinafter referred to as CAP (Cold Atmospheric Plasmas).
Atmospheric pressure is often preferred in the industrial application
perspective, since the arrangement is much simpler and economical.
Furthermore, in-line continuous processes are economically
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sustainable only at atmospheric pressure, while low-pressure
treatments should be carried out as batch processes.

The mechanisms of action related to the microbial inactivation
are various. The active chemical components found in CAP
demonstrate the ability to deactivate microorganisms on food
surfaces due to their antimicrobial characteristics [14]. The
primary effective components in the air plasma process include
reactive oxygen species (ROS, including ozone, singlet oxygen,
superoxide, peroxides, and hydroxyl radical) and reactive
nitrogen species (RNS, mainly nitrogen oxides). The
antimicrobial properties of these oxidative species can be
attributed to lipid peroxidation within cell membranes and the
oxidation of proteins and DNA within microbial cells [16].
Keener and Misra [17] have identified potential drivers for
implementing this technology in the food industry, including
lower energy requirements compared to current technologies,
making it more environmentally friendly, reduced operational
and maintenance costs due to simple systems with minimal
upkeep and sanitation needs, improved chemical safety of foods
through plasma inactivation and removal of pesticide and chemical
residues, and its status as a green technology promoting
environmental sustainability, as it only requires air and electricity
to generate effective plasma.

Plasmas can be generated by a wide range of different sources,
depending on the high voltage generator characteristics and the
configuration of the source electrodes. The most used CAP
sources are:

• Corona, in which a pointy electrode locally intensifies the
electric field and allows the discharge;

• DBD (Dielectric Barrier Discharge), having two parallel
(planar or concentric cylinders) electrodes separated by a
dielectric barrier and a gap, in which the discharge takes place;

• Jets, both in the Corona or DBD configuration, presenting a gas
flux which creates a plasma plume coming out from a nozzle;

• SDBD (Surface DBD), a particular configuration of DBDs with
the ground electrode in the form of a mesh and without a gap,
in order to generate plasma in the holes of the mesh.

2 Methods

This report was drafted following the PRISMA 2020 checklist, as
described in the PRISMA statement and PRISMA explanation and
elaboration [18–20].

A systematic research was carried out on the use of plasma
systems for decontamination of surface packaging. The aim was to
collect all studies that tested plasma’s effectiveness on materials that
could potentially or openly be traced back to packaging. The search
focused on the years from 2000 to 2023, collecting all articles
published in that period that contained terms concerning plasma,
packaging materials and possible biological contaminants or
decontamination-related terms in the title, abstract or keywords.

The search string used in the Scopus database is reported as
Supplementary Material.

Reasons for exclusion from selection could be:

- publication language other than English;

- in-package treatments, i.e., where the plasma is generated
inside a closed package;

- antimicrobial action carried out not directly on contaminated
packaging, but, e.g., on food or test plates;

- low-pressure treatment of the material, as the analysis is
addressed to atmospheric processes (however, studies in
which plasma was produced at low pressure but the
decontamination takes place at ambient pressure
were included);

- removal of chemical contaminants as the analysis is addressed
to the antimicrobial action of plasma);

- reviews.

The last search was done in December 2023. In addition to the
study selected with this systematic search, other inherent papers in
the authors’ knowledge were included.

Different categories of information were chosen for the relevant
data extraction from reports. First of all, the data about the plasma
systems were collected, i.e., the type of plasma source and its
dimensions or design characteristics, the operating conditions
(voltage, current, frequency, power and power density, type of
waveforms), the process gas and eventual other synergic agents
such as water vapour, UV, etc. Then, contamination characteristics
were summarised in the categories of pathogen strains, initial
concentrations, and contamination procedure. Packaging sample
material, geometries, and dimensions were reported as well. Finally,
the fundamental data item is presented: the maximum inactivation
achieved in terms of logarithmic reduction of the initial
concentration.

The effect size of the studies, i.e., their outcome, can be presented
differently. In this case, Standardised Mean Difference (SMD) was
chosen as index. SMD is defined as difference in mean outcomes
between groups, as follows:

SMD � Mean outcome of treated group

−Mean outcome of control group

In the specific field of decontamination experiments, SMD could be
identified as the logarithmic reduction of the pathogen charge
(LogR), calculated by means of the following formula:

LogR � LogNt − LogN0

where Nt represents the number of colonies in the treated group
and N0 in the control group.

Every individual study included in the quantitative analysis was
associated with a LogR value for the outcome synthesis.

Averages of logarithmic reductions are also calculated for sub-
groups of studies, by differentiating the pathogens in the main
categories of: Gram-positive bacteria, Gram-negative bacteria, fungi,
and viruses.

3 Results

3.1 Study selection

Subsequently, the flow diagram is presented (Figure 1). The
records were first identified through Scopus database searching, as
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previously illustrated. A few additional papers known by the authors
were included as well. The collection of documents was then
subjected to a preliminary screening on the software ASReview
LAB (Zenodo, Switzerland), which assisted in the selection of
eligible studies employing artificial intelligence tools. An
additional amount was excluded by analysing the full-text articles
for the above-mentioned reasons. A total number of 83 studies was
included in the qualitative synthesis (i.e., the data extraction). Three
papers did not present the data item considered to evaluate the
outcome, i.e., the logarithmic reduction, and were consequently
excluded from the quantitative analysis.

3.2 Summary of data and synthesis of results

The studies outcomes are summarised in the table reported as
Supplementary Material. For each study included in the quantitative

analysis, the outcome indicator, chosen as the logarithmic reduction
of the contaminant concentration, is reported. The effect estimates
of the individual studies are graphically synthesised in the forest
plot, with standard deviation if specified. Each different combination
of factors (plasma source, type of treatment, pathogen, packaging
material) is considered individually and associated with its outcome.
The total number of individual cases is 263. Only the most efficient
case is considered when different operating conditions were
investigated, such as different treatment times, distance between
plasma and the substrate, gas flux or generator electrical settings.
The averages of these results for groups of similar pathogens are also
calculated and reported in Figure 2.

Observing the average reduction rates for the sub-groups, it is
evident that Gram-positive bacteria are usually less sensitive than
Gram-negative bacteria to plasma treatment since the mean
logarithmic reduction is respectively 3.90 ± 1.73 and 4.42 ± 1.76.
This difference is in accordance with the literature and due to their

FIGURE 1
Flow diagram of records identification process.

FIGURE 2
Synthesis of study outcomes: averages of sub-groups logarithmic reductions. Marker sizes represent the relative sub-group size.
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distinctive structure of cell membrane [21]. The anti-viral effect of
plasma on contaminated packaging is a field that needs further
investigation, since only 3 studies were included in the quantitative
analysis. The mean efficacy against fungi, equal to 4.06 ± 1.76 LogR,
reflects the total outcome relative to the whole research. In fact, the
total outcome of the meta-analysis is an average of 4.11 ± 1.75 LogR
over 256 individual cases, which leads to the conclusion that plasma
treatments at atmospheric pressure are effective against
foodborne pathogens.

3.2.1 Investigated pathogens
On the basis of the records collection and data extraction, it was

possible to identify the most investigated pathogens in the field.
Gram-positive bacteria were the subject of study in 136 cases

(51.3% of the total)[ [22–50] [51–74]]; in particular, 32 times the
treatment was against endospores [40–42, 44, 46–49, 52, 54, 57, 58,
62, 70] and 5 times against biofilm of Pseudomonas aeruginosa,
Staphylococcus aureus, Staphylococcus epidermidis (single-species)
[39] and Streptococci strains [44]. The most studied Gram-positive
bacteria are:

- Staphylococcus aureus (50 occurrences, 8 times as Methicillin-
Resistant S. aureus),

- Bacillus subtilis (16 occurrences),
- Listeria monocytogenes (11 occurrences),
- Bacillus atrophaeus (8 occurrences).

Gram-negative bacteria were the subject of study in 93 cases
(35.1% of the total)[ [24, 25], [28–34], [36–38], [43–45], [48, 50, 51],
[61–64], [69, 71] [75–93]]; in particular, 7 times in the form of
biofilm of Escherichia coli (single-species) [78, 90, 94], Pseudomonas
aeruginosa (single-species) [79, 83, 91] and Salmonella strains [88].
The most studied Gram-negative bacteria are:

- Escherichia coli (53 occurrences),
- Staphylococcus typhimurium (15 occurrences),
- Pseudomonas aeruginosa (8 occurrences),
- Acinetobacter baumannii (8 occurrences).

Fungi were investigated in 28 cases (10.6%) [23, 26, 31, 32, 45,
68, 73, 89, 95–99], 2 times as biofilm of Candida albicans [97, 100].
Among the total number of cases counted as “fungi,” thrice the
contaminants were spores [26, 31, 57]. The most studied fungi are:

- Candida albicans (10 occurrences),
- Aspergillus niger (6 occurrences).

Only 6 experiments considered viruses [52, 62, 101–103]. It is
meaningful that 4 out of 5 cited papers were published between
2021 and 2022, suggesting an increasing interest developed after the
COVID-19 outbreak. This deduction is corroborated by the fact that
the specific contaminant virus was a coronavirus in three studies
[101–103]. The contaminant was a bacteriophage in the other two
cases [52, 62].

3.2.2 Investigated packaging materials
Polymeric materials were treated in 58% of the cases. The most

treated polymeric materials were:

- Polyethylene Terephthalate (36 cases),
- Polypropylene (34 cases),
- Polyethylene (24 cases.

Among the non-polymeric materials (occurred in 42% of the
cases), very frequently used substrates were:

- Glass (52 cases),
- Stainless Steel (35 cases),
- Paper (12 cases).

3.2.3 Plasma sources
The following occurrences are referred to a total of 77 specified

sources. The most frequently used are:

- DBD (29 times—38%),
- SDBD (18 times—23%),
- Jets (13 times—17%),
- Corona (7 times—9%).

In 3 out of the 84 selected studies, the plasma source was not
specified at all, while it was just mentioned as a generic CAP in
5 articles. In 2 papers, 2 different sources were tested in the
same paper.

3.2.4 Treatment methods
Different treatment methods are available when CAP are used.

Their conventional classification is adopted in this
systematic review:

- Direct treatment, in which plasma is in direct contact with
the substrate,

- Indirect treatment, in which the anti-microbial action is
exerted mainly by the reactive species, since plasma does
not occupy the substrate area,

- Plasma-activated water or air, as media carrying the reactive
species previously generated by plasma; air or water are
subsequently conveyed in contact with the substrate.

Among the selected studies, direct treatment occurred 46 times
(56.8%), indirect treatment 31 times (38.3%) and plasma-activated
water/air 4 times (4.9%).

A final observation regards the possibility of exploiting synergies
with other biocidal agents. Some attempts dealt with the
combination of plasma and i) ultraviolet rays [23, 27, 31], ii)
hydrogen peroxide [33, 96], iii) water in the form of water
vapour [57], water spray [44] or water layer deposited onto the
substrate [87].

4 Discussion and conclusion

According to the literature, plasma systems are proven effective
in decontaminating packaging materials and food contact surfaces.
The antimicrobial efficacy is demonstrated for various operating and
environmental conditions, for different plasma source
configurations and treatment methods from the direct treatment
to the indirect one to the PAW (Plasma-Activated Water) or PPA
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(Plasma-Processed Air) exposure. The plasma action inactivated a
wide range of different microorganisms. The average inactivation
was satisfactory according to European standards for the traditional
chemical disinfectants BS EN 13697:2015+A1:2019 and BS EN
14885:2022 [104, 105], which state that the minimum LogR
should be at least a 4 LogR for bacteria and at least a 3 LogR for
fungi. In practical packaging industry scenarios, it will be crucial to
evaluate the impact of initial microbial concentration on the plasma
treatment efficacy. Notably, a study conducted by Fernández et al.
[106] revealed an inverse relationship between initial concentration
and treatment effectiveness since, for high concentrations,
significant clumps, and multilayered structures form, potentially
offering physical protection against CAP treatment.

In conclusion, future research should consider the proof-of-
concept of the process and focus on optimisation, in particular,
reducing treatment time and increasing effectiveness. An up-scaling
is wished, considering the requirement of industrial facilities as well.
In fact, the treatment time is often of the order of minutes, which is
not compatible with typical industrial constraints. Furthermore,
most of the plasma sources used for the purpose can treat only a
limited portion of the surface, of the order of a few square
centimeters. Only 3 studies [26, 30, 53] were able to conduct
experiments as in-line processes, while all the others were
performed statically. The transition from laboratory prototypes to
industrial in-line systems should be the main aim of future research
in the field.
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Introduction: The study investigates the potential of Plasma Activated Water
(PAW) as an innovative irrigation medium to enhance growth and defense
responses in tomato seedlings. It explores PAW’s utility in both healthy
seedlings and those inoculated with Tomato mottle mosaic virus (ToMMV).

Methods: PAW, produced through a dielectric barrier volume discharge, serves as
a chemical-free alternative to traditional fertilizers. Tomato seedlings were
irrigated with PAW or control solutions. The study employs biometric
measurements to assess growth and biochemical analysis to evaluate
antioxidant levels and pigments. Gene expression analysis was conducted to
evaluate the plant response, while the distribution of macro and micronutrients
was assessed through micro X-ray fluorescence.

Results and discussion: Results indicate that PAW-irrigated seedlings exhibit
significant growth enhancement compared to those receiving conventional
fertilization. Increased levels of antioxidant molecules and pigments suggest
improved photosynthetic activity and stress tolerance. Gene expression
analysis shows up-regulation of defense genes in PAW-treated plants post-
viral infection. The up-regulation of defense genes and the restoration of
mineral nutrient distribution in PAW-treated, virus-infected plants highlight
PAW’s role in enhancing plant resilience against pathogens and mitigating
nutrient deficiencies. These findings emphasize PAW’s potential as a
sustainable agricultural solution, promoting plant growth, enhancing defense
mechanisms, and reducing biotic stress due to virus infections.

KEYWORDS

PAW, low-temperature-plasma, tomato seedlings, plant growth, gene expression,
tomato mottle mosaic virus, micro X-ray fluorescence
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1 Introduction

In the last decade, the need for suitable, innovative, and non-
chemical strategies for agrifood production and plant protection has
given rise to new tools for microbial decontamination, plant resistance
induction, and enhancement of growth and nutraceutical properties
of products. Low-temperature plasma is proposed as a revolutionary
tool in modern agriculture, offering versatile applications that span
from seed treatment to soil improvement [1]. This novel approach
involves subjecting agricultural systems to non-thermal plasma,
generating reactive species such as reactive oxygen species (ROS)
and reactive nitrogen species (RNS). These plasma-induced reactive
species have shown great potential in influencing various aspects of
plant growth, stress response, and overall crop performance [2–4].
However, plasma treatments are mainly confined to the surface of
materials, and therefore not able to interact with all plant tissues.
Thus, different strategies are required for applications, such as the
production and usage of plasma-activated media.

In conjunction with the advancements in low-temperature plasma
applications, Plasma Activated Water (PAW) has emerged as a cutting-
edge and transformative tool in modern agriculture, offering promising
potential to enhance crop productivity and address various challenges
faced by the industry. This novel approach involves subjecting water to
non-thermal plasma exposing it to ROS and RNS [5] and inducing
changes in the physicochemical properties of the liquid. These changes
can be tailored for different applications [6,7]. Reactive species in PAW
impart beneficial effects on plants inducing physiological and
biochemical changes with positive effects on growth and stress
tolerance [6]. Thus, PAW can be used for watering crops, soaking
seeds, and spraying on foliage, being a sustainable and environmentally
friendly alternative to traditional chemical fertilizers and pesticides.
Recent research on PAW has shown its potential in agriculture.
Studies have found that PAW can enhance seed germination, plant
growth, and yield across various crops like wheat, cucumber, and tomato
[8,9]. It also improves photosynthetic efficiency, and antioxidant enzyme
activities [10], and induces self-defense mechanisms in plants [11,12].
However, further research is needed to fully harness its potential.

In this investigation, we studied the potential of PAW to promote
the growth of tomato plants under both normal and virus-induced stress
conditions, caused by Tomato mottle mosaic virus (ToMMV) infection.
This dual-pronged approach allowed us to unravel the biological and
physiological mechanisms underlying the multifaceted effects of PAW
on the growth of both healthy and virus-inoculated plants.

In the examination of healthy plants, our study employed a
comprehensive set of parameters to assess the impact of PAW. We
closely monitored the growth of the tomato plants, by measuring
parameters such as stem length, diameter and leaf area, and the
influence of PAW on key components of the plant’s antioxidant
defense system, including ascorbate, glutathione, chlorophylls, and
carotenoids content. Additionally, the gene expression of four
different defense-related genes [phenylalanine ammonia-lyase
(PAL), pathogenesis-related protein 1 (PR-1), lipoxygenase
(LOX), and catalase (CAT)] was analyzed to explore tomato
plant responses after PAW irrigation and ToMMV inoculation.
Expanding our focus to plants subjected to ToMMV-induced stress,
we implemented a comparative analysis employing micro X-ray
fluorescence (μ-XRF) spectroscopy to visualize the changes in the
distribution of micro and macro-nutrients in the plant leaves,

unveiling insights into the nuanced responses mechanisms of
virus-inoculated plants to PAW treatment.

2 Materials and methods

2.1 Plasma activated water production

The plasma reactor employed in this study (Figure 1B) operates
on an AC voltage with a frequency of 13 kHz, modulated by a square
pulse at a 500 Hz repetition rate with a 38% duty cycle. A schematic of
the plasma reactor is shown in Figure 1A. A glass pot is used as the
water reservoir and reaction chamber. The pot is closed at the top by a
plexiglass cover with holes to house the high-voltage electrodes and
the gas inlet tube. The six high-voltage electrodes consist of metal pins
enclosed in quartz sleeves. At the bottom of the pot, on its outer face, a
copper tape shaped like a hexagon, positioned to have its vertices
lining up with the HV electrodes, serves as the grounded electrode.
Thus, two dielectric barriers are interposed between the electrodes.
When the chamber is filled up with double-distilled water, the liquid
itself acts as another dielectric layer and establishes a discharge gap of
5 mm. The double dielectric configuration enhances the reproducibility
of the pulsed discharge, ensuring stable plasma activation conditions. A
controlled airflow of 2 standard liters per minute (slm) is insufflated
directly into the water, providing a complete replacement of the gas in
the whole vessel in less than a minute and increasing the water vapor
content in the gas mixture, possibly enhancing hydrogen peroxide
formation. However, due to the presence of cool walls, the evaporation
induced by gas flow and temperature does not reduce the total water
volume as vapor condenses on the outer wall of the vessel. Each
treatment involves subjecting 500 mL of double-distilled water (RPE
Carlo Erba Reagents) to this dynamic process, with continuous stirring
to guarantee homogenous exposure. The treatment protocol consists of
four 15-min steps, allowing for meticulous control and modulation of
the plasma activation parameters. A picture of the setup during the
water treatment is reported in Figure 1B.

The discharge voltage-charge and voltage-current characteristics
were recorded using a Keysight InfiniiVision MSOX6004A with a
bandwidth of 1 GHz and a sampling rate of up to 20 GS/s. To
measure the applied voltage, a Tektronix P6015A high voltage probe
with a ratio of 1,000:1 at 1 MΩ, a bandwidth of 25 MHz, and a rise
time of 4.7 ns was employed. The current was measured using a
Magnelab CT-c1.0 Rogowski coil with a rise time of 0.7 ns attached
to the ground cable. Additionally, charge measurements were
obtained by inserting a 2.4 nF high-voltage capacitor between the
induction electrode and the ground. The energy was measured from
charge-voltage Lissajous characteristics by integrating them.

The optical diagnostic was performed through a slit in the glass
vessel (1.5 mm × 30 mm) closed by a quartz window. The Plasma
Induced Emission (PIE) was collected by an optical fiber designed to
adapt to the monochromator slit with a maximum size of 3 mm in
width and 5 mm in height. A 30 cm spectrometer (Acton Spectra
Pro 2,300) was employed for spectral resolution, featuring a
multiple-grating turret (300/600/1200 grooves×mm− 1, blazed at
300 nm) and a Princeton Instruments PI-MAX4 1024i CCD
(1024 × 1024 pixel sensor, pixel size 12.8 μm, active area 13.1 ×
13.1 mm2). Each CCD image covers a spectral range of
approximately 144/65/30 nm for the three gratings. The emission
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spectra intensities, detected by the ICCD (Intensified CCD) detector,
undergo spectral and intensity correction through calibration and
Halogen lamps. These captured spectra are time-resolved with a
50 µs gate at the start of each high-voltage (HV) half cycle.

2.2 Quantification of reactive nitrogen and
oxygen species (RONS) produced in PAW

The PAW was characterized in its chemical composition in terms
of the active species identified in the literature as responsible for its
biological effects: nitrite and nitrate ions and hydrogen peroxide
content. The concentration of the different reactive species was
measured using a multiparametric photometer Aqualytic AL400 and
Cell Test Lovibond® Water Testing (Tintometer Inc., Germany),
according to the manufacturer’s instructions for quantification of
nitrate ions (Vario Nitra protocol X 535,580, quantification range
0–30 mg L-1), nitrite ions (protocol 512310BT, range 0.01–0.5 mg L-1)
and hydrogen peroxide (protocol 512381BT, range 0.03–3 mg L-1). Due
to the concentration of active species being higher than the
quantification range, in most cases prior to measuring it was
necessary to dilute the PAW with the same double-distilled water
used to produce it. When the sample was diluted, the results of the tests
were multiplied by the corresponding dilution factor.

The pH and oxidation-reduction potential (ORP) values were
measured with a HANNA Instruments (USA) pH-meter model
HI98191 equipped with aHI72911 pH probe and aHI3131ORP probe.

2.3 Plant growth and irrigation with PAW

Seeds of tomato (Solanum lycopersicum L.) cv. Regina were
sown, and the seedlings were then transplanted in a commercial peat
moss substrate (BRILL Typical 3, Germany) at the “two true-leaves”
stage. Pots (9 × 14 × 5 cm3) were kept in a thermo-conditioned
glasshouse box at 25°C ± 2°C and exposed to Osram L36W Cool
White lamps with an 18 h photoperiod.

After the transplant, the seedlings were daily irrigated with 5 mL of
the appropriate solution according to the irrigation treatment reported

in Table 1. Two positive control solutions, consisting of 1 g L-1

ammonium nitrate (YaraTera AMNITRA, Norway), and 0.5 g L-1 of
the commercial fertilizer (Nitrophoska® Special 12–12–17, NPK-based,
EuroChem, Switzerland) were used. Double-distilled water (RPE Carlo
Erba Reagents, Italy) was used as the negative control.

Three seedlings per pot represented a single biological replicate.
All treatments were performed in three replicates per analysis and
the experiments were repeated twice.

2.4 Biometric measurements

The stem length, diameter, and leaf surface area were measured
21 days after the first irrigation time. Biometric measurements were
performed by collecting RGB images through a Digital reflex camera
with a 50 mm objective (Nikon D5300) of the entire plant and the
last three apical leaves of each plant branch. Images were then
calibrated with respect to a target of known dimension to extract the
pixel/cm conversion constant. The leaf area and stem length were
then processed via the freely available Digimizer Image Analysis
Software [13]. A total of 18 plants per treatment were analyzed.

2.5 Determination of chlorophyll and
carotenoid content, and ascorbate and
glutathione pools

The chlorophyll and carotenoid content was determined
according to Lichtenthaler [14] with some modifications. Samples
of uninoculated seedlings (NTDDW, WNPK, WAN, PAW) were
irrigated for 21 days after transplant and subsequently analyzed. In
detail, 0.5 g of the aerial part of the seedling were ground with 8 mL
of absolute acetone and centrifuged at 20,000 × g for 15 min. The
absorbance of the supernatant (total filtrate volume in mL) was
spectrophotometrically measured (Beckman DU-800 UV/Vis
spectrophotometer, Beckman Coulter, Inc., USA) at 645 nm for
chlorophyll a, 662 nm for chlorophyll b, and 470 nm for
carotenoids. Chlorophyll (Chl a, b, and a+b) and carotenoids
(Car) contents were calculated using the following equations:

FIGURE 1
(A) Schematics of the plasma reactor; (B) picture of the reactor during water treatment.
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Chl a µg/mL( ) � 11.24A662 – 2.04A645

Chl b µg/mL( ) � 20.13A645 – 4.19A662

Chls a + b( ) µg/mL( ) � 7.05A662 + 18.09A645

Car µg/mL( ) � 1000A470 – 1.90Chl a – 63.14Chl b( )/214
and the values were expressed as µg per g of fresh weight

of tissue.
For the ascorbate and glutathione pool content determination,

plant samples were homogenized with three volumes of cold 5%
(w/v) metaphosphoric acid in a porcelain mortar. The homogenate
was centrifuged for 15 min at 20,000 × g and the supernatant was
collected for the analysis of ascorbate (AsA), dehydroascorbate
(DHA), reduced glutathione (GSH) and oxidized glutathione
(GSSG) according to Zhang and Kirkham [15].

2.6 Inoculation with ToMMV

Plants were artificially inoculated at 48 h after transplant and
first irrigation. The inoculation was performed mechanically by
abrasion with celite and a suspension of ToMMV obtained
macerating by mortar and pestle 0.5 g of infected leaves at
least 10 days post inoculation (dpi) in 2 mL of 0.1M Tris-HCl
buffer pH 8.0. Plants were maintained until the expression of
viral symptoms on inoculated plants (about 40 days after
transplant).

2.7 RNA extraction and cDNA synthesis

Plant responses to PAW were studied by gene expression
analysis carried out on uninoculated tomato plants at 24, 48, and
96 h from the first irrigation, and on uninoculated and ToMMV-
inoculated plants at two and seven dpi. Three leaves were sampled
from each of the three replicated pots for the untreated control and
PAW-irrigated plants. Different seedlings were sampled at each time
point to avoid the effects of the wounding stress. Total RNA was
extracted from 50 mg of fresh tissues that were macerated in a
1.5 mL tube using a plastic pestle containing CTAB buffer added
with 2% 40K-polyvinylpyrrolidone and 2% sodium metabisulfite
just before use [16]. After chloroform extraction and isopropanol
precipitation, the nucleic acid pellet was resuspended in sterile water
and quantified by optical density reading with a NanoPhotometer™
N60 UV/Vis spectrophotometer (Implen, Germany).

Aliquots of 750 ng of the extracts were then reverse transcribed
by MMLV-RT (Thermo Fisher Scientific, USA) and random
hexanucleotide primers in a 40 µL reaction volume, at 42°C for
1 h, to obtain complementary DNA (cDNA).

2.8 Gene expression analysis

Plant defense-related genes were selected and used for gene
expression analysis by quantitative polymerase chain reaction (qPCR).
In detail, primer pairs specific for the four target genes (PAL [17], PR-1
[18], LOX [19], and CAT [20]), and for the reference genes elongation
factor 1 α (EF-1) and ubiquitin (UBI) [21], were used. qPCR reaction
mixture contained 1 × iQ™ SYBR® Green Supermix (Bio-Rad, Hercules,
CA, United States), 25 μM of each forward and reverse primer, 1 µL of
cDNA, and ultrapure water up to 25 μL.

PCR amplification was performed with the following cycling
parameters: initial denaturation at 95°C for 3 min, 40 cycles at 95°C
for 10 s, and 60°C for 45 s for annealing and extension. Melting curve
analysis was performed over the range of 60°C–95°C. The stability of
the two housekeeping genes was verified with BestKeeper© software
[22] and the geometrical mean of both genes was used for gene
expression analysis. The relative fold change was calculated
according to the 2-(ΔΔCt) method [23].

2.9 Virus quantification

For qPCR quantification of ToMMV in tomato plants, the cDNA
obtained as previously described and the primer set ToMMV-rtfor (5′-
TTGTCATCAGCATGGGCCGACC-3′, position 5759 > 5780 on the
reference viral genome NC_022230) and ToMMV-rtrev (5′-ACACCT
CGCTGAACTGCTGTTG-3′, position 5854 > 5875) were used. The
amplification mixture consisted of 1X SYBR™ Select Master mix
(ThermoFisher Scientific, USA), 0.4 μM of each primer, 1 μL of
cDNA, and ultrapure water up to 12.5 μL. A run of 40 cycles was
performed with an annealing temperature of 56°C.

2.10 Micro- and macronutrients distribution
in seedling leaves

The spatial distribution of several plant macronutrients (Mg, S, P,
K, and Ca) and micronutrients (Mn, Fe, Cu, and Zn, data not shown)
in tomato leaflets was investigated by collecting micro-focused X-ray

TABLE 1 Summary of the plant growth conditions explored.

Treatment conditions Sample code

Plants irrigated with double-distilled water NTDDW

Plants irrigated with tap water added with standard fertilizer (Nitrophoska® Special 12–12–17, NPK-based) WNPK

Plants irrigated with double-distilled water added with ammonium nitrate (YaraTera AMNITRA) WAN

Plants irrigated with Plasma Activated Water PAW

Plants inoculated with ToMMV and irrigated with double-distilled water I-NTDDW

Plants inoculated with ToMMV and irrigated with Plasma Activated Water I-PAW
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fluorescence elemental maps. For such analysis, tomato leaves were
collected from 40-day-old seedlings, the leaflets split and immediately
prepared as described by Terzano et al. [24].

The μ-XRF analysis was carried out using a benchtop μ-XRF
spectrometer (M4 Tornado, Bruker Nano GmbH, Berlin,
Germany) equipped with a micro-focus Rh X-ray source
(50 kV, 600 μA), a polycapillary X-ray optics with a spot-size
of 25 μm and two Xflash™ energy dispersive silicon drift
detectors (SDD) with 30 mm2 sensitive area and an energy
resolution of 140 eV @ Mn Kα.

In particular, the following treatment conditions (as per Table 1)
were analyzed: PAW, I-NTDDW, I-PAW, while WNPK and
NTDDW were used as the positive and negative control,
respectively. For each of the five sets of leaflets, rectangular areas
of approximately 10 × 15 mm at the middle right of the leaf and
including the midrib were imaged by μ-XRF analyses.

All μ-XRF maps were acquired under near-vacuum conditions
(20 mbar) using 25 μm step size and 10 ms per pixel acquisition
time. For each sample, the scanning was repeated 3 times, and the
relative spectra were averaged to increase the signal-to-noise ratio
(S/N). Finally, µ-XRF distribution maps were obtained with the
ESPRIT software (Bruker Nano GmbH, Berlin, Germany, version
1.3.0.3273) and presented for each element using relative
intensity scales.

2.11 Statistical analysis

The data reported are the average of three replicates from two
independent biological experiments. For the investigated analyses,
means and standard error (±ES) are shown. The Shapiro-Wilk test
was run to verify the normality of data distribution. The analysis of
variance (one-way ANOVA), followed by Tukey’s post hoc test, was
used to compare the conditions using GraphPad Prism version
9.0.0 for Windows (Boston, Massachusetts USA). Differences were
considered statistically significant at a p-value ≤0.05.

3 Results

3.1 Plasma characteristics

Panel A of Figure 2 displays the voltage and current waveforms
observed during the PAW production treatment. The filamentary
characteristics of the DBD are evident from the current peaks
occurring at the onset of each voltage half-cycle. By integrating
the obtained Lissajous figures (a typical one is presented in
Figure 2B), we were able to estimate the energy dissipated during
each voltage burst, resulting in a calculated value of Eburst =
26 mJ. Globally, over the course of the treatment, the water is
subjected to a total plasma dose of 93.6 J/gwater.

3.2 Spectroscopic observation

In Figure 3 the emission spectra collected from the discharge
zone above the water surface in air, in the spectral region from 270 to
420 nm, are reported.

They reveal strong bands of the second positive system (SPS) of
molecular nitrogen and the first negative system (FNS) of molecular
nitrogen ion, together with a clear signature of hydroxyl radical (OH)
emission bands in the UV spectral region. In the Vis-NIR region, we
observed characteristic sequences of bands of the first positive system
(FPS) of molecular nitrogen together with the emission line for atomic
oxygen observed at 777 nm (not shown). From the nitrogen SPS(0,0)
band the rotational temperature was derived by using the spectroscopic
tool Massive OES [25–27]. Figure 4 shows the experimental mean
SPS(0,0) band profile, with corresponding standard error, together with
synthetic profiles simulated for rotational temperatures of 444, 555, and
600 K respectively for the PIE observed in the corresponding gates. The
estimated error from multiple simulations of bands, not shown for the
sake of clarity, at different temperatures was on average of the order of
10% of the reported measurements being respectively±44, ±55,
and ±60. By comparing the acquired and simulated spectra, we can

FIGURE 2
Discharge current/voltage characteristics (A) and the charge/voltage Lissajous figure (B).
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FIGURE 3
Spectral signature of the discharge.

FIGURE 4
SPS(0,0) band signature for plasma temperature measurements.

Frontiers in Physics frontiersin.org06

Aceto et al. 10.3389/fphy.2024.1399910

42

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1399910


surmise that the temperature developed in a plasma filament falls
indeed in the 444–600 K range. However, it is also important to point
out that, due to the filamentary character of the discharge, the
temperature measured by optical emission is not representative of
the entire volume of the gas inside the chamber but only of the
portion of the gas crossed by the streamer. The treated water never
reached the boiling point (save for possible local but not detected hot
points), and its temperature increased by about 20°C (from 13,5 ± 0,8 to
35.3 ± 1.4°C) in all experiments.

3.3 PAW chemical composition

The chemical composition of PAW in terms of nitrite, nitrate,
hydrogen peroxide concentration, pH, and ORP was characterized
immediately after plasma treatments of 30 and 60 min.
Subsequently, the measurements were repeated on water treated
for 60 min 1 week after plasma treatment. This final measurement
aimed to assess the chemical evolution of the PAW up to its
equilibrium point. Figure 5 reports the analyses as mentioned
above, grouped by measured quantity.

During the treatment, H2O2, NO−
2 and NO−

3 were produced,
water was acidified and ORP increased. At higher treatment times
[H2O2] increased and NO

−
2 was converted into NO

−
3 and other RNS.

pH and ORP in the PAWwere quite stable after 1 week from the
plasma treatment. [H2O2] and [NO−

2 ] decreased while [NO−
3
-]

increased, likely due to a conversion of the first two compounds
(i.e., NO−

2 oxidation) and other RNS into the latter.
The energy yield of NOx production by ourDBD setup is 2.7 g-NOx

kWh-1. This translates into an energy efficiency of 81.2MJ/mol NOx just
at the end of a 60-min plasma treatment, i.e. 1309.7 GJ/tN (tN = tons of
nitrogen). This value, although somewhat high if compared to other
studies focusing on plasma-catalytic nitrogen fixation, falls in ranges
typical of NOx production by DBD plasma without a catalyst [28,29].

3.4 Effects of irrigation with PAW on
tomato plants

3.4.1 Biometric characteristics
Biometric parameters of tomato plants irrigated with PAW, in

comparison with the other treatment conditions (WAN, WNPK, and
NTDDW), were measured after 21 days of treatment. Figure 6 reports a
representative example of samples grown in different conditions. Results,
reported in Figure 7, show that the PAW treatment performs better in
terms of stem length, diameter, and leaf area surface with statistically
significant differences with respect to the other cases. No significant
differences are obtained among the other cases.

FIGURE 5
pH, ORP, nitrate, nitrite, and hydrogen peroxide content of PAW at two different water-treatment times (30 and 60 min) and 1 week after a 60-min
plasma treatment. The 500 mL samples used for this measurements were stored in the dark at room temperature following treatment. Values with the
same letter for each parameter are not significantly different by Tukey’s HSD test (p < 0.05).
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FIGURE 6
Side and top view of a typical tomato seedling after 21 days of irrigation.

FIGURE 7
Biometric parameters of tomato seedlings at 21 days after the first irrigation. Data are reported as mean values ±S.E. Values with the same letter for
each parameter are not significantly different by Tukey’s HSD test (p < 0.05).
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3.4.2 Effect of different treatments on
photosynthetic pigments

In all treatments, a significant increase of chl a respect to the
control NTDDW was observed (see Figure 8). Chl b and total
chlorophyll (a + b) increased in WNPK and more significantly
in WAN while no significant changes were observed for the
PAW samples with respect to the NTDDW. Carotenoids
significantly increased in WAN samples whereas in PAW
and WNPK samples, no difference with respect to the
control was recorded.

3.4.3 Changes in ascorbate and glutathione pool
The changes in reduced (AsA) and oxidized (DHA)

ascorbate forms together with the total pool after treatments
are shown in Figure 9A. Tomato seedlings exposed to PAW
showed the highest pool content (AsA + DHA) compared to the
NTDDW control and other treatments. Particularly, both the
reduced and oxidized forms of ascorbic acid were highest (p <
0.05) in seedlings treated with PAW. The same levels of AsA
total pool and AsA were observed in the WAN sample if
compared to the control NTDDW. As regards the WNPK
sample, AsA content significantly decreased with respect to
NTDDW whereas DHA content did not change with a
consequent decrease of AsA total pool. A significant decrease
in the AsA/(AsA + DHA) ratio occurred in WAN while no
change in the other treatments with respect to the control
NTDDW was registered (Figure 9B).

In the seedlings treated withWNPK andWAN, both the reduced
(GSH) and oxidized (GSSG) glutathione forms significantly decreased
with respect to the control NTDDW, and consequently, a decrease in

glutathione pool was observed (Figure 9C). In the PAW treatment, no
difference in GSH andGSSG content was observed, if compared to the
control NTDDW. In addition, a decrease in the GSH/(GSH + GSSG)
ratio was registered in WNPK and WAN treatments if compared to
PAW and NTDDW ones (Figure 9D).

3.4.4 Gene expression analysis in tomato plants
irrigated with PAW

To evaluate the possible induction of defense-related genes after
irrigation with PAW, the relative normalized expression (ΔΔCt,
related to the untreated control) of the PAL, PR-1, LOX, and CAT
genes was analyzed.

In un-inoculated plants analyzed at early stages (24, 48, and
96 h) after watering, all four genes were downregulated in the PAW-
irrigated plants compared to the control (NTDDW) (Figure 10).
Fewer differences in gene expression between the two conditions
were generally recorded at 96 h compared to the previous sampling
times (Figure 10).

On the contrary, in the ToMMV-inoculated plants analyzed at
two and seven dpi, all the genes were upregulated by irrigation with
PAW (Figure 11, right panel). In particular, the highest upregulation
induced by PAWwas recorded for PR-1 and LOX genes at seven dpi,
with a mean fold change (FC) of gene expression levels close to two
for both genes.

At two dpi, on the uninoculated plants (Figure 11, left panel)
the PR-1 gene was upregulated (FC = 1.4), while the other genes
were only slightly upregulated (CAT and LOX) or
downregulated (PAL) by PAW. At seven dpi, all the genes
were slightly downregulated in PAW compared to
NTDDW samples.

FIGURE 8
Photosynthetic pigments content at 21 days after the first irrigation. Data are reported as mean values ±S.E. Values with the same letter are not
significantly different by Tukey’s HSD test (p < 0.05).
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3.4.5 Virus quantification
Virus concentration in the inoculated plants increased along

with the sampling time points because of the viral replication in the
infected tissues. Thus, the quantification cycle (Cq) at which the titer
started to be visible over the threshold of negative values, decreased

from two dpi to seven dpi in both I-PAW (PAW-treated virus-
inoculated) and I-NTDDW (untreated-inoculated) samples. A trend
of a slight increase in virus concentration was apparently visible,
however, in I-PAW, showing Cq values ranging from 19.97 (2 dpi)
to 10.25 (7 dpi), compared to I-NTDDW, with Cq values from

FIGURE 9
(A) Ascorbate, (C) Glutathione content, (B) AsA/(AsA + DHA) and (D) GSH/(GSH + GSSG) ratio in seedling at 21 days after the first irrigation. Data are
reported as mean values ±standard error (S.E.) according to Tukey’s HSD test (p < 0.05), values with the same letter are not significantly different. The
uppercase Latin letters refer to the total content, the lowercase Latin letters to the reduced form, and the Greek letters to the oxidized form.

FIGURE 10
Relative normalized expression (ΔΔCt) of PAL, PR-1, LOX, and CAT genes at 24, 48, and 96 h after PAW irrigation on tomato plants.
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FIGURE 11
Relative normalized expression (ΔΔCt) of PAL, PR-1, LOX, and CAT genes in uninoculated, untreated (NTDDW) and treated (PAW) plants, and in
inoculated, untreated (I-NTDDW) and treated (I-PAW) plants, at two and seven dpi (days after inoculation) with Tomato mottle mosaic virus (ToMMV).

FIGURE 12
On the top row, the typical plant growth of the four reported cases at the time of the show-up of the disease symptoms.On the bottom row, pictures
of the sampled leaves for μ-XRF analysis.
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19.07 to 11.87 at the same time points. No virus infection was detected
in uninoculated plants (PAW and NTDDW). The expression of
symptoms on inoculated plants (stunting, shoe-stringed and mottled

leaves, generalized yellowing of the foliage, etc.) started to be visible after
35–40 dpi because the cultivar Regina (a local variety) used in the trials
could be considered quite tolerant to the ToMMV infection [30].

FIGURE 13
Spatial distribution of Mg, P, S, K, and Ca in tomato leaflets, as obtained through μ-XRF analysis.
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3.4.6 Micro and macronutrients distribution in
seedling leaves

In this study, μ-XRF was applied to investigate the possible
effects of PAW on element homeostasis at the leaf level, also in the
case of ToMMV infection. Figure 12 captures the status of the
seedlings at 40 days after transplanting for the PAW, I-PAW,
NTDDW, and I-NTDDW cases. Figure 13 shows the spatial
distribution of Mg, P, S, K, and Ca in tomato leaflets, as obtained
through μ-XRF analysis. For the above-listed elements, the positive
control sample (WNPK) shows a rather homogeneous distribution
in the different leaf tissues, which in general can be considered
indicative of good nutritional and health status [31]. Similar
distributions can be observed in PAW samples too, even if some
differences occur in the I-PAW leaflet, especially for Ca. Indeed, Ca
distribution in I-PAW seems to be partially affected by the ToMMV,
with a preferential accumulation of this element in the veins rather
than in the leaf lamina. Along with this, in both PAW and I-PAW
samples also the S signal increased in the midrib and primary veins
with respect to the WNPK. Conversely, in the WNPK and untreated
(NTDDW and I-NTDDW) samples, S is not observed in the veins.
Besides this, other significant differences were clearly visible in
untreated samples (NTDDW and I-NTDDW) when compared to
the positive control (WNPK) and the treated ones (PAW, I-PAW).
In fact, for all the untreated samples, inhomogeneous element
distributions at the leaf level were observed especially for P, S,
and Ca, characterized by large dark spots in the distribution maps.
Potassium (K) distribution also shows several depletion zones in
untreated samples, with fewer but larger dark spots for NTDDW,
becoming smaller but more frequent in I-NTDDW. These
phenomena appeared more intense for the inoculated samples
(Figure 13).

4 Discussion

In this paper, we evaluated Plasma Activated Water (PAW) as a
novel irrigation medium to promote growth and defense responses
in tomato seedlings, either healthy or inoculated with ToMMV.
Plasma-based technologies could pose an interesting and viable
alternative to traditional fertilizing methods, by their nature as
on/off sources that do not require the employment of chemicals
and eliminate the need for stockage [32].

PAW was produced by exposing double-distilled water to a
VDBD plasma in a custom-made reactor. The “activation” process
involves chemical species that are produced at the onset of the
plasma discharge. The main reactants in the gas phase that are
exposed to plasma are molecular oxygen and nitrogen, from the
supplied air, and water vapor. When the discharge is ignited, these
molecules are immediately vibrationally excited, and the energy
provided by the plasma breaks them apart and fosters a series of
reaction pathways that are not yet fully understood. For example,
from the spectroscopic observations we reported, we can infer the
formation of NO, atomic oxygen, and hydroxyl radicals near the
discharge filaments. These species are then dissolved in the water
bulk through the water-gas interface, where they continue to
undergo a series of reactions and chemical transformations. As
reported by Lukes et al. [33], the transient species produced in the
discharge (namely, OH, NO, and NO2 radicals) are converted into

more stable chemical products once they are dissolved in water, such
as H2O2, NO−

2 and NO
−
3 , acidifying the produced PAW. At the acidic

pH values that are typical of the produced PAW, moreover, a
conversion mechanism of H2O2 and NO−

2 into NO−
3 through the

peroxynitrite intermediate is established [33], leading to the
depletion of hydrogen peroxide and nitrite ion and an increase in
the concentration of nitrate ion at longer treatment times. A week
after the PAW production, this reaction results in the complete
disappearance of NO−

2 , a decrease of the H2O2 content in the PAW,
and conversely, an increase in NO−

3 . The acidity (pH 3.0 ± 0.1) after
complete treatment of the solution can be attributed mainly to nitric
acid. However, the acidic nature of PAW is not a problemwhen used
to water plants grown on soil or a solid substrate since soils and
substrates usually have a buffer capacity that prevents substrate
acidification or strongly limits pH variations, such as in the case of
our study. A proper selection of soil and substrate, as it is usually
done in horticulture, is therefore important to get a final pH that is
suitable for the growth of the selected crop. In addition, NO−

3 uptake
by plant roots occurs through a symport transport with H+ ions
which causes an increase of pH of the growth medium [34]. Being
nitrogen mainly in the form of NO−

3 in PAW, such physiological
process contributes to balance PAW acidity. Differently, more
attention should be paid when PAW is used in hydroponic
systems. In this case, the solution should be properly buffered
(e.g., by adding other mineral nutrients as base salts or metals
with catalytic properties for nitrogen fixation [35,36]) before use.

The measured ORP of 506 ± 11 mV, which suggests an oxidizing
character of the PAW, is caused by the presence of all the above-
mentioned species, known to possess highly oxidative properties.
The typical ORP value of the PAW could prove useful in the
decontamination of soils against plant pathogens to prevent and
manage soilborne diseases and could also put the plant cell into mild
oxidative stress, unlocking new metabolic pathways for growth and
defense responses conferring resistance to biotic and abiotic stresses.

Biometric measurements were performed on plants after 21 days
of irrigation for the four different treatment conditions. Results
showed a statistically different behavior of PAW irrigated samples
with respect to other conventional treatments and untreated ones. In
particular, the growth of PAW-irrigated seedlings was enhanced by
at least 10% for all the measured parameters. Moreover, to evaluate
the effect of PAW on the fitness of the seedlings after 21 days of
treatment, antioxidant molecules such as ascorbic acid and
glutathione and pigments such as chlorophylls and carotenoids
were also monitored.

Chlorophylls and carotenoids are pigments that with proteins
form the light-harvesting complexes that are part of photosystems,
functional units of photosynthesis [37]. AlthoughWNPK andWAN
induced an increase in both chl a and b implying a higher
photosynthetic activity, the higher increase of chl a than chl b in
the PAW treatment suggests in the latter an easier translocation of
energy from chl b to chl a. This trend facilitates the irreversible
direction in the energy capture process making the energy transfer of
light excitation to the reaction center more efficient.

As a consequence, this could lead to higher production of
NADPH and ATP in the light-dependent reactions (first stage of
the photosynthesis) and their increased availability for the Calvin
cycle (second stage of the photosynthesis) with higher production of
photosynthates (such as sucrose), necessary for plant growth and
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productivity. The sugar sucrose is a source of glucose which is the
substrate, in the Smirnoff-Wheeler pathway, for vitamin C
biosynthesis in plants [38] that, in our study, increased in PAW-
treated seedlings. The presence of ascorbate is associated with
preserving the photosynthetic process [39] and limiting ROS-
mediated damage and leaf senescence [40]. The decrease in
chlorophyll a was linked to reductions in AsA content, leading to
decreased RuBisCO activity and CO2 assimilation [40].

It is known that an augmented carotenoid level could be
correlated to counteract the damage to the photosynthetic
apparatus induced by UV light [41]. The fact that an increase of
carotenoid content in PAWwas not observed as compared toWAN,
could therefore suggest the absence of relevant perturbations in the
light-harvesting complex and the energy transfer towards the
reaction center [37].

Ascorbate and glutathione are part of the ascorbate-glutathione
cycle [42] and are the most abundant low molecular-weight
antioxidants in plant cells. They regulate the concentration of the
reactive oxygen species in plant cells, particularly hydrogen peroxide
[38]; however, they are multifaceted molecules involved in various
processes such as plant growth and defense [43]. The higher content
of AsA in tomato seedlings irrigated with PAW strongly suggests the
role of PAW in promoting the production of this antioxidant
compound. On the other hand, the content of reduced
glutathione (GSH - another important antioxidant metabolite
of the plant) and glutathione pool (GSH + GSSG) remained
unchanged in the presence of PAW with respect to the NTDDW
control, suggesting a more relevant involvement of AsA rather
than GSH in the PAW-modified plant metabolism, confirming
the prominent role of ascorbate in the plant defense responses
[44,45]. AsA, counteracting the oxidative stress in cells,
underlines its key role played in the tolerance to several biotic
and abiotic stresses [46]. The decreased GSH content in both
WNPK and WAN samples with the contemporaneous higher
GSSG production contributed to a shift in the redox state of this
metabolite towards the oxidative form with consequent higher
oxidized cell status [47] in those seedlings.

The possible induction of genes implicated in plant defense by
irrigation of tomato seedlings with PAW was investigated at
different time points. Transcript changes of the analyzed genes,
including PR-1 and PAL with a key role in defense responses to
pathogens, LOX, and the antioxidant enzyme CAT, were compared
between treated and untreated control plants. In particular, PR-1 is a
molecular marker for the salicylic acid-activated pathway that is
rapidly and strongly induced as a response to pathogen infections
[48]. All four genes were not activated, in our experiments, during
the early stages after plant exposure to PAW. However, the plants
irrigated with PAW showed a significant upregulation of the
majority of the genes, slightly predominant for PR-1, following
inoculation with the virus ToMMV, suggesting an effect of priming
of induced defense responses by the treatment [49]. This could
suggest that the activation of plant defense responses, possibly
primed by reactive species in PAW, should allow the treated
plants to be more promptly reactive against pathogens. In the
uninoculated condition, downregulation of the same genes in
treated vs. untreated samples could be likely due to the activation
in treated plants of primary metabolism responsible for plant growth
and development instead of that related to defenses [31].

In the cultivar Regina we used for the test, which is a traditional,
long-lasted local variety in our region, the symptoms expression
appeared very late in the time frame chosen for our experimental
plan and, thus, it could be considered tolerant to ToMMV infection.
Significant symptoms we observed, such as green mottling, shoe-
string leaves, and stunting, started to be visible at least 3 weeks after
inoculation. The comparison between I-PAW and I-NTDDW
showed indeed a higher virus accumulation rate, with an increase
in the former rather than in the latter. It can be hypothesized that the
infection of a tobamovirus, having such an active replication and
accumulation in the infected tissues, is somehow favored by an
overall better nutritional status and nutrient mobilization as
promoted by the PAW treatment. It could mean that the plants
watered with PAWuptake higher amounts of nutrients (e.g., mineral
elements) to support and even enhance the virus replication in well-
nourished tissues.

In plants, disorders in element homeostasis at the leaf level are
often correlated to nutritional deficiencies, the presence of
pathogens (including viruses), environmental stresses, etc.
Observing the changes in the spatial distribution of certain
macro and/or micronutrients can provide valuable information
for understanding the type and the impact of the stressor. For
such investigations, μ-XRF is an essential and effective technique
[31]. Significant changes in elemental distribution were observed in
μ-XRF maps for P, S, Ca, and K in the virus-inoculated sample
watered only with distilled water (I-NTDDW) as compared to a
nutrient-sufficient uninoculated plant (WNPK), showing several
spotted depletion zones. The lack (or lower concentration) of
these important macronutrients in many leaf cells provides
evidence of the virus infection, resulting in the already
mentioned visual symptoms such as stunting, shoe-stringed and
mottled leaves, and generalized yellowing of the foliage. Yet, some
inhomogeneities in element distribution could be also observed in
the plants watered only with double-distilled water (NTDDW),
suggesting nutrient deficiencies, as compared to the nutrients-
sufficient control (WNPK). However, the virus inoculation
appeared to worsen the pre-existing nutritional stress status, with
an evident increase in the size and number of nutrients-depleted
areas (Figure 13). Such inhomogeneous distributions are not evident
in the PAWwatered samples, thus suggesting that PAW can provide
a sufficient level of nutrients to tomato plants, similar to what
happens to the plants irrigated with a solution containing the
chemical fertilizer (WNPK). In addition, the irrigation of virus-
inoculated plants with PAW (I-PAW) appeared to almost
completely restore the mineral nutrients distribution in tomato
leaves, becoming more similar to that of the control healthy
plant (WNPK).

Finally, the S distribution in PAW-treated plants, either
inoculated or uninoculated, showed that S concentration
increases in leaf veins, suggesting a mobilization of S-containing
compounds (e.g., glutathione) from plant leaves through the
phloem. Indeed, S assimilated in leaves is exported via the
phloem to sites of protein synthesis (shoot and root apices, and
fruits) mainly as glutathione [34] which can also act as a non-
enzymatic antioxidant that can be activated to overcome oxidative
perturbations [50] like those induced by PAW.

The results of this study regarding the PAW’s effects on plant
growth and defense responses are in accordance with previous
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studies [9–12]. Generally, the results indicate the presence of a better
physiological status of the PAW-treated plants to cope with
oxidative stress and maintain cellular homeostasis. The
augmented chlorophyll a content with the increase of
antioxidant molecules such as the ascorbate suggests that
PAW treatment can potentiate the plant defense and
contribute to higher sugar production, necessary for plant
growth and productivity. In agreement with our results, an
enhancement of plant defense responses induced by PAW
treatment has been also reported by several authors [12,51].
Overall, these findings highlight the potential of PAW as a
sustainable and innovative irrigation medium for enhancing
plant performance and resilience in the face of environmental
challenges. However, additional studies regarding the
involvement and effect of PAW on other antioxidant systems
(such as enzymatic activity, and phenols) and metabolic
pathways (such as sugar synthesis) are necessary to better
understand the potential of PAW in the plant systems.

5 Conclusion

This thorough exploration, encompassing both healthy and
virus-stressed conditions, provides a more detailed
understanding of the dynamic interplay between PAW and
tomato plant growth. Our findings aim to contribute not only
to the growing body of knowledge surrounding the applications
of PAW but also to the specific insights into its potential as a
stress-alleviating agent in the context of viral infections. Through
the examination of plant development, biochemical responses,
nutrient dynamics, and gene expression patterns, our research
provides further evidence of the role of PAW as a sustainable
alternative to conventional chemicals used in agriculture.
Furthermore, the over-expression of the defense-related genes
of plants irrigated with PAW suggests that the crop resilience to
pathogenic challenges could be enhanced potentially reducing
crop losses on the field.
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Magnetic reconnection is an important rapid energy release mechanism in
astrophysics. Magnetic energy can be effectively converted into plasma kinetic
energy, thermal energy, and radiation energy. This study is based on the
magnetohydrodynamics simulation method and utilizes the FLASH code to
investigate the laser-driven magnetic reconnection physical process of the
Helmholtz capacitor-coil target. The simulation model incorporates the laser
driving effect, and the external magnetic field consistent with the Helmholtz
capacitor-coil target is written in. This approach achieves a magnetic
reconnection process that is more consistent with the experiment. By
changing the resistivity, subtle differences in energy conversion during the
evolution of magnetic reconnection are observed. Under conditions of low
resistivity, there is a more pronounced increase in the thermal energy of ions
compared to other energy components. In simulations with high resistivity, the
increase in electrons thermal energy is more prominent. The simulation gives the
evolution trajectory of magnetic reconnection, which is in good agreement with
the experimental results. This has important reference value for experimental
research on the low-β magnetic reconnection.

KEYWORDS

the magnetohydrodynamics simulation, magnetic reconnection, the Helmholtz
capacitor-coil target, plasma physics, energy conversion

1 Introduction

Magnetic reconnection is an important process in astrophysics [1]. The rapid increase of
plasma energy can be achieved through the dissipation of magnetic energy. This phenomenon
finds extensive application in elucidating solar flares, coronal mass ejections, geomagnetic
storms, and other solar-terrestrial space phenomena [2–4]. Extensive magnetic reconnection
data has been acquired through observations by theMagnetosphericMultiscale spacecraft [5–7].
Magnetic reconnection has also been used to explain the high-energy-density astrophysical
systems, such as gamma-ray bursts [8, 9], black hole accretion disks [10, 11], and pulsar [12].
Magnetic reconnection increases electron heat energy in the inertial confinement fusion
experiment and destroys the uniformity of fusion materials, which has always been an
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important issue [13, 14]. In recent years, laboratory research on
magnetic reconnection has made a lot of progress, complementing
astronomical observational research. High-power laser devices
reproduced the loop-top X-ray source [15], affirming the pivotal
role of magnetic reconnection in solar-terrestrial space phenomena.
In the magnetic reconnection experiment (MRX), the length of the
current sheet was given as a few ion skin depth [16] and the experiments
indicated that magnetic reconnection mechanisms were divided into
forced magnetic reconnection and pulled magnetic reconnection [17].
In the experiment of Pei et al. [18], it was the first time to use the
Helmholtz capacitor-coil target to reproduce the low-β magnetic
reconnection process on a traditional laser device. This kind of
target was used to further study the particle acceleration by the
magnetic reconnection in many experiments. Shu et al. [19] pointed
that the ion acoustic and electron acoustic bursts can lead to electron
heating and bulk acceleration. Abraham et al. [20] reported the out-of-
plane reconnection electric field had the direct capability to
accelerate electrons.

The capacitor-coil target can effectively generate strong magnetic
fields in laser-driven experiments. It consists of two parallel upper and
lower target disks that connected by a coil. Featuring an upper target
disk with a laser injection hole, the lasers are precisely focused onto the
lower target disk through this aperture. The lower target disk is ablated
by the laser and generates a substantial population of electrons. Due to
their light mass, these electrons can reach the upper target disk faster
than the ions, leading to a potential difference between the upper and
lower target disks. The potential difference drives the electrons back to
the lower target disk along the connecting coil, initiating a current and
inducing the magnetic field. The intensity of the induced magnetic field
will gradually increase with the laser injection process, reaching the
strongest at the end of the laser pulse [21]. In 1986, Daido et al. [22]
employed a B-dot probe tomeasure themagnetic field of the capacitive-
coil target. The laser power was approximately 1.3 × 1014 W cm−2, and
the experiment confirmed that the magnetic field intensity up to 60T.
This result has been confirmed many times in subsequent studies [23,
24], and Proton deflectometry can obtain two-dimensional magnetic

FIGURE 1
(A) The diagram of the FLASH simulation setup; (B) The shadow image collected in the laboratory from Yuan et al. [29].

FIGURE 2
(A) The coils magnetic force lines that was written at the end time of the laser in the FLASH simulation, (B) The structure of the coils magnetic force
lines from the Radia simulation.
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field structure [25–27]. In 2013, Fujioka et al. [28] repeated this
experiment on the high-power laser GEKKO-XII and employed the
Faraday effect to measure the magnetic field. The obtained magnetic
field intensity could reach approximately 1.5 kT. The presence of a
smaller reverse magnetic field area between the double coils of the
Helmholtz capacitive-coil target was attributed to the consistent
direction of the current. This configuration aligns with the typical
topological features was observed in magnetic reconnection. Yuan et al.
[29] used the Helmholtz capacitive-coil target to produce a parallel
reverse magnetic field structure, exhibiting a strength of approximately
38.5T. They successfully replicated the magnetic reconnection process

on the XG-III laser. However, among the many current experiments,
the systematic and comprehensive magnetohydrodynamic simulation
for these experiments are scarce. Recently, Xu et al. [30] used
magnetohydrodynamic simulation to confirm that the accumulated
of the experimental plasma comes from magnetic reconnection.

In recent years, there are many simulation methods of magnetic
reconnection. Egedal et al. [31] obtain the important role of parallel
electric field in particle acceleration by using kinetic simulation method.
Fox et al. [32] used PIC simulation and found that the fermi acceleration
process plays an important part in reconnection acceleration. These
simulations revolve around the magnetic reconnection process, and we

FIGURE 3
The results of electron number density under the condition of low resistivity in FLASH simulation at (A) 1.0 ns, (B) 2.0 ns, (C) 2.6 ns and (D) 4.0 ns,
taking the x-y plane section view of z = 0.0. The two red spots at y = 0.03 indicate the position of the top of the coil, and the white frame line indicates the
position of the target plate. The coordinate unit is centimeters.
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want to simulate the whole experimental process. PIC simulation can
introduce laser parameters, but the computing power is limited to the
picosecond level. In order to introduce lasers in nanosecond level, wewill
utilize the FLASH radiationmagnetohydrodynamic code to simulate the
magnetic reconnection experiment on three-dimension. The energy
conversion of magnetic reconnection is very complex, and the whole
process is mixed with many factors such as the electric field, waves, and
turbulence. The most fundamental reason is the issue of resistivity. The
magnetic diffusion term introduced by resistivity is the key to whether
magnetic reconnection can occur. Observational data indicate the
existence of anomalous resistivity in astronomical environments
[33–35], but the origin of the anomalous resistivity still require
extensive research. Different resistivity values were applied in the
simulation to confirm the impact of resistivity on the occurrence rate
of magnetic reconnection and the energy distribution following
magnetic energy conversion. The structure of this paper is delineated
as follows. Section 2 introduces the simulation setup, Section 3 displays
and analyzes the simulation results, and Section 4 provides the
conclusion.

2 The simulation setup

This investigation uses the FLASH simulation code to simulate
and study the laser-driven Helmholtz capacitor-coil target
magnetic reconnection experiment. FLASH, a radiation

magnetohydrodynamics simulation code, was developed by the
University of Chicago [36]. It possesses the capability to track the
motion patterns of plasma by solving the magnetohydrodynamics
equations. The dimensionless magnetohydrodynamics equations
are as Eqs 1–6:

∂ρ
∂t

+ ∇ · ρ �v( ) � 0, (1)
∂ρ �v
∂t

+ ∇ ρ �v �v − �B �B( ) + ∇p* � 0, (2)
∂ρE
∂t

+ ∇ · �v ρE + p*( ) − �B �v · �B( )( ) � ∇ · ( �B× η∇× �B( ), (3)
∂ �B

∂t
+ ∇ · �v �B − �B �v( ) � −∇× η∇× �B( ), (4)

Where,

p* � P + B2

2
, (5)

E � 1
2
v2 + ϵ + B2

2ρ
. (6)

In the expression, ρ represents the density, �v represents the
velocity, p represents the thermal pressure, T represents the
temperature, �B represents the magnetic field strength, E
represents the total specific energy, ϵ represents the specific
internal energy, and η represents the resistivity. The FLASH code

FIGURE 4
The structure of the magnetic lines of force of the coils before [(A) 2.6 ns and (B) 2.7 ns] and after [(C) 3.7 ns and (D) 3.8 ns] the moment of magnetic
reconnection. The coordinate unit is centimeters.
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is a single-fluid simulation, therefore the capacity to replicate the coil
current generation process and the naturally induced magnetic field
structure. In our simulation, we wrote a magnetic field module to
realize the simulation study of magnetic reconnection. The initial
structure of the written magnetic field is consistent with the Radia
static magnetic field simulation [37], ensuring the correctness.

The FLASH code contains the laser Energy deposition unit,
which allow adding the laser parameters to the simulation.
Compared with the general hydrodynamics simulation, it can
better reproduce the real situation in the experiment. The FLASH
code contains magnetic field modules such as Biermann magnetic
field and Hall magnetic field. The special magnetic field structure
can be written as the initial condition in the Simulation_
initBlock.F90 file. However, the magnetic field written in this way
cannot be reused or adjusted in the subsequent plasma evolution
process. The magnetic field intensity generated by the target will
increase with the injection of the laser and reach the maximum
strength at the end of the laser. Consequently, it is imperative to
ensure that the simulated magnetic field intensity at the conclusion
of the laser pulse is indeed at its maximum value. We add an
additional code module to write the magnetic field within the main
program file hy_uhd_unsplit.F90 of FLASH. To avoid the writing of
an external magnetic field from interfering with other modules of the
main program, the magnetic field is added following the writing
method of the Biermann magnetic field module that treated as a
source item. The magnetic field is written using the magnetic vector
potential method, defined as �B = ∇×A, which satisfies ∇· �B = 0. This
method effectively maintains the divergence of the simulated grid
magnetic field at zero, ensuring the accuracy of the
magnetohydrodynamics simulations.

The target parameters and laser parameters in the simulation are
established based on the experiment of Yuan et al. [29]. The
simulation is written in a cartesian coordinate system. The
simulation range in the x, y, and z directions is (−2200, 2200) ×
(−1500, 5500) × (−500, 500) μm. The number of simulation grids is
160 × 256 × 64. The outflow boundary conditions are employed. The
magnetic field is introduced into the simulation at approximately
1.0 ns. The magnetic field intensity added inside the coil area ranges
from ~50T, and the maximum value is slightly higher than the
experimental measurement value of 38.5T. In order to avoid the
influence of boundary effects in the simulation, the coil target
structure is simplified. Only the lower target disk and coil area

FIGURE 5
The distribution of the y-component of the magnetic field
strength and the electron number density at (A) 2.6 ns and (B) 3.7 ns
along the x-direction.

FIGURE 6
Electron number density simulation results at (A) 2.0 ns, (B) 2.9 ns and (C) 3.8 ns at high resistivity situation. The coordinate unit is centimeters.
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are retained, while the upper target disk is removed (as shown in
Figure 1A). For stability purposes, the magnetic field is split and the
magnetic field of the semi-circular arc coil is written. After the
magnetic field is initialized, it undergoes free evolution with the
plasma. The accuracy of the written magnetic field is ensured by
comparing the written magnetic field structure with the Radia
simulation results (as shown in Figure 2). The laser energy is set
at 130J, the pulse width is 1.0 ns, and the focal spot radius is 200 μm,
which are basically consistent with the experimental parameters.

The laser radiation position is set to (0, 1900, −300) μm, which is
about 300 μm from the boundary of the lower target disk.

The FLASH code contains the Spitzer highZ resistivity module
that designed for reasonably calculate the resistivity value of each
grid. However, this work wanted to study the conversion of magnetic
energy under different resistivities, so we chose to use constant
resistivity for calculations.

3 Simulation results

Figures 3A–D show the electron number density results in the
case of low resistivity (η = 0.716 cm2s−1, data was taken from z =
0 plane marked by the blue frame line in Figure 1A). The white
circle in Figure 3 denotes the position of the target disk. The high-
density region within the circle corresponds to the plasma
generated by the target disk after laser irradiation. Two high-
density areas outside the white circle represent the vertex position
of the two coils. At 1.0 ns, the laser pulse ends and the magnetic
field completes writing. The plasma begins to be constrained by the
magnetic field to move around the coils (as shown in Figure 3B).
Magnetic reconnection occurs at approximately 2.6 ns (~46.8 τA).
Magnetic reconnection is still ongoing at the end of the simulation.
Note that the 4.0 ns in the simulation corresponds to the 3.0 ns
after the laser ended in Yuan et al.‘s experiment [29]. The
simulated electron number density results exhibit concordance
with the experimental shadow imaging results (as shown in Figures
1B, 3D). The current sheet size obtained from the simulation
results can estimate the reconnection rate of magnetic
reconnection, which is approximately 0.04 ± 0.05 at 4.0 ns
(~72.0 τA). In the simulation, the opening angle of the
magnetic reconnection outflow region is approximately 55° ± 5°,
which is basically consistent with the experimental result of 60° ±
5°. The simulation shows that the electron number density in the
magnetic reconnection region is less than 1019cm−3, and the
magnetic reconnection process cannot be observed in the range
above 1019cm−3. The electron temperature in the magnetic
reconnection region is approximately 2.56 × 106K. The
simulation parameters are consistent with the experimental
data. The plasma β value in the simulation is lower than the

FIGURE 7
Comparison of trends of magnetic, kinetic, and thermal energy in
the case of (A) low resistivity and (B) high Resistivity.

FIGURE 8
(A) Shadow imaging data collected from Pei et al.’s experiment [18], (B) Electron number density results in the y-z plane at x = 0 for the simulation
with a coil magnetic field, (C) Simulation with a straight wire magnetic field at x = 0 The electron number density result of the y-z plane.
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predicted 0.016 from the experiment, that is approximately 0.007.
This indicates that the magnetic reconnection process dominated
by magnetic pressure.

Figure 4 illustrates the evolution of magnetic field. In the
simulation, from the start of magnetic reconnection at 2.6 ns
(~46.8 τA) to the end of the simulation at 4.0 ns (~72.0 τA), the
changes in magnetic field topology continue to occur. The position
of the x point of magnetic reconnection is shifted in the x direction,
and the shape of the magnetic field lines in the magnetic
reconnection area is tilted at 3.7 ns (~66.7 τA). To exam the two
instances of magnetic field topology changes (2.6 ns and 3.7 ns), the
electron number density and magnetic field (y-direction
component) changes along the x direction are shown in Figure 5.
The magnetic field shows obvious positive and negative alternation
at the x point. Plasma accumulates in the current sheet area, and the
width of the magnetic reconnection current sheet at 2.6 ns is slightly
larger than that at 3.7 ns, approximately 2.8 times.

Figures 6A–C depict the simulated electron number density
results with high resistivity (η = 71.6 cm2s−1). The magnetic
reconnection occurs (as shown in Figure 6B) and gradually
characterized by a long current sheet (as shown in Figure 6C). The
moment of magnetic reconnection initiation under high resistivity is
basically the same as that under low resistivity. The magnetic energy
begins to dissipate rapidly from ~2.5 ns (~45.0 τA), as shown in
Figure 7B. The estimated reconnection rate is approximately 0.10 ±
0.03, that is higher than the reconnection rate at 4.0 ns in the low
resistivity simulation.

The variations in magnetic energy, kinetic energy and thermal
energy within the magnetic reconnection region in low resistivity
simulation are shown in Figure 7A (statistics the orange square area of
Figure 3D). It can be seen that the magnetic energy is significantly
dissipated after about 2.6 ns, which confirms the occurrence of
magnetic reconnection. And the thermal energy and kinetic energy
of the plasma increase significantly. In Figure 7, the red solid line
represents the change of ion thermal energy, and the red dotted line
represents the change of electron thermal energy. The increase in ion

thermal energy is higher than that of electrons,
ΔEnerion/ΔEnerele ~ 2.5. The blue dotted line, dotted line, and
solid line represent the plasma kinetic energy in the x, y, and z
directions respectively. The increase in plasma kinetic energy is
mainly observed in the y and z directions. The y direction
corresponds to the outflow direction of magnetic reconnection,
and the z direction corresponds to the out-of-plane direction of
magnetic reconnection. The increase of the kinetic energy in the
two directions is roughly equivalent. In addition, at the end of the
simulation, the plasma kinetic energy in the y and z direction is
basically at the same intensity as the electron thermal energy. It can be
seen from the energy changes that the dissipation of magnetic energy
in magnetic reconnection can be effectively converted into thermal
energy and kinetic energy of the plasma. In the case of high resistivity,
the energy distribution is different from the low resistivity case, as
shown in Figure 7B. The thermal energy and kinetic energy of the
plasma are still effectively increased. The electron thermal energy
exhibits a stronger increase compared to the ion thermal energy,
which is different with the result in the low resistivity case, with
ΔEnerele/ΔEnerion ~ 3.1. In our simulation, ohmic heating dominates
the energy distribution. In the case of high resistivity, the electrons
obtain more thermal energy than ions. The increase of kinetic energy
in the outflow direction is more severe than that of kinetic energy in
the out-plane direction.

Additionally, opposite magnetic field structures in the straight-
wire region can also cause magnetic reconnection. The experiments
of Pei et al. [18] mainly focused on discussing the magnetic
reconnection process within the magnetic field of the straight-
wire region. They observed plasma accumulated of magnetic
reconnection in the x-y plane (corresponding to the y-z plane in
the simulation, as shown in Figures 8A–C). The outflow direction of
magnetic reconnection in the straight-line region is mainly in the z
direction perpendicular to the x-y plane. The dark region between
the two bright lines in Figure 8A corresponds to the high-density
plasma outflow generated by magnetic reconnection. Only the
straight-wire magnetic field was added to the simulation, and the

FIGURE 9
The electron number density at (A) 1.6 ns, (B) 2.5 ns, and (C) 4.0 ns by adding a straight wire magnetic field, intercepting the x-y plane of z = 0.035,
which is beneficial to observing the plasma moving around the coil. The coordinate unit is centimeters.
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simulation results were compared with the simulation results of
adding the semi-circular arc coil magnetic field. The same current
value was set in the two simulations. The evolution of the electron
number density simulation results in the x-y plane with only the
partial magnetic field of the straight wire added is shown in Figure 9.
The plasma is bound by the magnetic field to move around the
straight wire, and reconnection begins at 2.5 ns and continues to
4.0 ns (as shown in Figure 9). At the location where the coil magnetic
field was added, an obvious high-density plasma accumulation area
also appears inside the coil (as shown in Figure 8B). The plasma is
the outflow in the y direction generated by the magnetic
reconnection of the coil magnetic field. The accumulation of
magnetic reconnection outflows in the two different regions
inside the coil is in good agreement with the experimental results
of Pei et al. [18]. It can be seen that the magnetic reconnection of
straight wires and half-arc coils overlap significantly, so
experimental research on magnetic reconnection needs to be
more cautious. Besides, we find that the laser power intensity has
great influence on the experiment, but the target material and coil
geometry parameters have little influence on the experiment.

4 Results and discussion

The magnetic reconnection experiments of using Helmholtz
capacitor-coil targets are simulated and investigated through the
FLASH radiation magnetohydrodynamics simulation code. The
simulation replicates the evolution process of magnetic
reconnection and is in good agreement with the experimental
results of Yuan et al. [29]. Different from previous steady-state
models [38] (the Harris layer model), We have not artificially
interfered with the plasma properties and magnetic field in the
simulation, and can obtain more realistic information on the
development of magnetic reconnection. In the simulation, the
magnetic energy is effectively converted into the thermal energy
and kinetic energy of the plasma. Themain reason for the increase in
kinetic energy is the electric field of the magnetic reconnection, so it
increases significantly in both the outflow direction and the out-of-
plane direction. In the case of low resistivity (η = 0.716 cm2s−1), the
thermal energy of ions increases more significantly compared to
other energy components. The kinetic energy in the magnetic
reconnection outflow direction increases significantly. Ohmic
heating dominates the energy conversion, in the high resistivity
(η = 71.6 cm2s−1) simulation, so the increase in electron thermal
energy is more prominent. Similar to low-resistivity case, the kinetic
energy in the magnetic reconnection outflow direction and the out-
plane direction increases significantly. The distribution of plasma

energy is discrete compared to the low-resistivity situation. And the
reconnection rate increases significantly.
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LIF measurement in a partially
saturated and partially
absorbed regime
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The problems of laser-induced fluorescence (LIF) measurements in a partially
saturated regime with spatially dependent laser intensity in the sample (caused by
absorption) are analyzed. The obtained equations are tested by means of LIF of
free tellurium atoms in a plasma of an atmospheric pressure dielectric barrier
discharge (DBD) by comparing fluorescence and absorption measurements. The
results show a high reliability of LIF measurements.
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1 Introduction

Fluorescence, frequently realized as laser-induced fluorescence (LIF), is one of the most
important methods for detection of various species in numerous scientific fields [1-3]. It
offers in situ measurements with high sensitivity (going to single-molecule detection [4]),
versatility, and spatial resolution. Due to these advantages, it is a keymethod for detection of
reactive species in plasmas [5-9], including free atoms, molecular radicals, complete
molecules, and ions.

Unfortunately, the phenomena occurring during the fluorescence process can be
relatively complicated due to collisions of the excited state [10], laser induced
photodissociation [11, 12], invasivity of the method [13, 14], or necessity of calibration
of the detection system [5-7]. As a result, the absolute concentrations obtained by LIF
sometimes exhibit high uncertainty [15]. Therefore, any validation of the results of the LIF
method is valuable. Moreover, the fluorescence process can be complicated by partial
saturation, i.e., by deviation of the fluorescence signal from its linear dependence on the
energy of laser pulses, which is caused by evident depletion of the investigated ground state,
stimulated emission, and eventually by photoionization of the excited state. Therefore, LIF
saturation was studied by several works [16-18]. Another complication is that the laser
beam may be fully or partially absorbed in the studied sample, which leads to spatially
variable energy of laser pulses. In addition, the absorption can be partially saturated from
the same reasons which cause the saturation of the fluorescence.

The abovementioned complications were the motivation to derive equations that can be
used for evaluation of LIF and that take into account the absorption of the laser beam in the
sample (in this case in plasma) and the saturation of both LIF and absorption. This study
also aimed to validate the concentration values gained from LIF measurements by
absorption. These intentions were realized in atmospheric pressure plasma of a
dielectric barrier discharge (DBD) ignited in a so-called atomizer, i.e., in a device that is
used for dissociation (atomization) of volatile species in the field of trace element analysis to
determine metal concentrations by atomic spectrometry. Particularly, the presented
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measurement was realized on LIF of free tellurium atoms that were
supplied to the plasma in the form of tellurium hydride (TeH2),
which was atomized in the plasma to produce the free Te atoms.

2 Experimental

A volume DBD was ignited inside a DBD atomizer consisting of
two parts—an optical and an inlet arm. The DBD was ignited in the
optical arm—a 75-mm-long silica vessel with 7 mm × 3mm internal
rectangular cross-section. Two planar copper electrodes (50 mm long,
5 mm wide) were placed on the outer surfaces of the upper and lower
bases of the vessel and supplied with a sinusoidal voltage of 26 kHz
frequency and 9 kV amplitude. An inlet arm—a silica tube with internal
diameter 2 mm—was sealed to the centre of the optical arm and served
as the inlet for the working gasmixture from the hydride generator unit.
This compartment served for almost quantitative (93% ± 5%)
conversion of the Te standard solution (50 ng/mLTe) by chemical
reaction, reduction by NaBH4 to TeH2. Ar (75 sccm) served as the
carrier gas, while 50 sccm H2 is produced as a by-product of the
chemical reaction. After passing through the atomizer, the gases escaped
freely through its open ends into the surrounding atmosphere.

The scheme of the whole laser-induced fluorescence setup is
shown in Figure 1. Figure 1C shows the energy scheme for the
detection of the tellurium atoms. The ground state 5p43P2 atoms
were excited to the 5p3 6s 5S2 state by absorbing laser photons of
wavelength 225.903 nm. The resulting fluorescence photons of
wavelength 253.074 nm were emitted while the atoms were
depopulated to the 5p43P1 state. The excitation laser beam was
generated by a system consisting of a Q-switched pump laser
(Spectra-Physics, Quanta-Ray PRO-270-30), a dye laser (Sirah,
PrecisionScan PRSC-D-24-EG with Rhodamine 101/B), and a
frequency conversion unit. The output beam with a wavelength of
225.903 nm, spectral width of 0.4 pm, single-pulse duration of 8 ns, and
repetition frequency of 30 Hz was divided into two branches by a silica
window acting as a beam splitter, which decreased the energy of the
laser beam entering theDBD in order to reduce the strong fluorescence
saturation. The laser beam was circular with a diameter of approx.
3 mm. Before entering the DBD, a part of its spatial wings was cut by a

rectangular (5 × 2 mm) diaphragm so that it could pass through the
center of the optical arm of the atomizer without touching the silica
walls. The beam was localized at the axis of the optical arm. The
energy of both beams was monitored by pyroelectric power meters
(Ophir, Vega PE9), providing the information on the laser energy
before entering the discharge and after the absorption on tellurium
atoms (the ratio between the energymeasured by the first powermeter
and the real energy at the DBD input was obtained from
measurements realized when there was no plasma and no
absorption in the atomizer). The fluorescence signal was detected
perpendicular to the laser beam by using an ICCD camera (Princeton
Instruments, PI-MAX). The spatial resolution of the measurements
was 0.08 mm. An interference filter (AHF 257/12 BrightLine HC) was
mounted on the camera lens to separate the fluorescence signal from
the ambient radiation. The signal was temporally integrated over
100 ns, covering the entire laser pulse and the fluorescence decay (only
for measurements of the fluorescence decay rate, discussed in Section
4, the signal was integrated only over 0.64 ns, and the delay between
the laser pulse and the signal detection was gradually increased by a
step 0.5 ns). In order to increase the signal-to-noise ratio, the
fluorescence image was accumulated on the ICCD camera chip
from typically 300 of laser shots.

3 Theory

For calculating the LIF signal, we will use the simple three-level
model, where atoms or molecules are excited by a laser photon from
their ground state (denoted as the level 1) to a higher excited state (level
3). The excitation is followed by a spontaneous radiative decay to a
lower excited state (level 2), which is accompanied by emission of a
fluorescence photon–this fluorescence radiation is detected, and its
intensity is used for determination of the concentration of studied
atoms ormolecules. Alternatively, the excited atom in the third level can
undergo radiative transition to another lower lying state, or its excitation
can be non-radiatively quenched by a number of collisional processes.
The rate of the desired fluorescence transition to level 2 is described by
the Einstein coefficient of spontaneous emission (A32), whereas the total
depopulation rate of level 3 can be described by the reciprocal value of

FIGURE 1
Experimental setup. (A) the whole laser-induced fluorescence setup; (B) the DBD cell; (C) the energy scheme for the detection of the
tellurium atoms.
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the lifetime of the excited level 3 (1/τ). The product A32 τ gives the
quantum efficiency of the fluorescence.

In the standard LIF measurement in the linear regime, where the
fluorescence signal is directly proportional to the energy of laser pulses,
the measured fluorescence signal can be calculated according to [10].

Mf � af A32 τ
κB13

c
n Ef ∫∫

V

∫Df
Ω
4π

s dV, (1)

where n is the concentration of studied atoms, Ef is the mean energy of
laser pulses,B13 is the Einstein coefficient for excitation from the ground
level to the excited level 3, and κ describes the overlap between the
spectral profiles of the laser line and the absorption line [19] (for the
narrow laser line, κ is simply equal to the ratio between the maximum
and integral intensities of the absorption line. Mf in Eq. 1 is the
fluorescence signal integrated temporally over the whole fluorescence
duration and spectrally over the whole fluorescence transition; it is not
spectrally integrated over the excitation line—if it was spectrally
integrated also over the excitation line, the factor κ should be left
out from the equation). c is the speed of light, and af is the number of
accumulations used during the collection of the fluorescence signal.Df is
the detector sensitivity for the fluorescence wavelength—this constant
includes the quantum efficiency of the ICCD camera (ηf) and the
transmission of the used interference filter (T). Ω is the solid angle for
detection of fluorescence photons covered by the detector. Finally, s
describes the spatial distribution of laser beam energy normalized to 1
(i.e., the surface integral of s over the plane perpendicular to the beam
axis is equal to 1). In practice, it is problematic to predict the value of the

integral ∫∫
V

∫Df
Ω
4π s dV. Therefore, the LIF measurement is often

calibrated by Rayleigh scattering, which gives the signal

Mr � ar
dσr
dΩ

pr

kTr

Er

h]r
∫∫
V

∫Dr Ω s dV, (2)

where dσr/dΩ is the differential cross-section for Rayleigh scattering on
the gas used for calibration; pr and Tr are the pressure and temperature
of the calibration gas, respectively (the gas concentration is equal to nr =
pr/kTr); and k is the Boltzmann constant. Er is the mean energy of laser
pulses used for Rayleigh scattering, ]r is the frequency of laser light, and
h is the Planck constant. Dr is the detector sensitivity for Rayleigh
wavelength, and this quantity is proportional to the ICCD quantum
efficiency ηr. The combination of Eqs 1, 2 enables to calculate the
concentration of studied atoms by

n0 � 4π
ar ηr

af ηf T

nr Er

Mr h]r
dσr
dΩ

cMf

A32 τ κB13 Ef
. (3)

When the partially saturated LIF regime is used, the ratio Mf/Ef
in Eq. 3 must be replaced by the termMfβ/ln(1 + βEf) [17], which
takes into account the partial saturation of the LIF process quantified
by the saturation constant β. In addition, if an appreciable part of the
laser beam is absorbed during the measurement, the spatial
dependence of the laser pulse energy should be taken into account:

n x( ) � 4π
ar ηr

af ηf T

nr Er

Mr h]r
dσr

dΩ
cMf x( ) β

A32 τ κB13 ln 1 + βEf x( )[ ]. (4)

This equation must be supplemented by another equation that
describes the spatial variation of the laser pulse energy along the

direction of the laser beam propagation (x). With no saturation, the
variation would be described by dEf

dx � −n(x) κσa Ef(x), where the
absorption cross-section σa � A31

λ213
8π

g3
g1
. A31 is the Einstein

coefficient for spontaneous emission from directly excited level
3 to ground level 1, which is connected to the Einstein coefficient
for excitation by the relation B13 � A31

λ313
8πh

g3
g1
, where g1 and g3 are

the degenerations of the ground and excited state, respectively. If we
take into account the saturation effects (the depletion of the ground
state and stimulated emission), we will find that the number of
photons lost from the laser pulse is proportional to

A � ∫
∞

0

n1 t( )κB13 − n3 t( )κB31[ ] I t( ) dt, (5)

where n1 and n3 are the concentrations of the ground and directly
excited states, respectively; B31 is the Einstein coefficient for
stimulated emission; and I is the laser intensity. The first term
describes excitation, and the second term is the creation of new
laser photons by stimulated emission (when laser intensity is
small, i.e., in the linear regime, n3 ≪ n1 and n1 ≈ const., which
simplifies the integral to A ≈ n1κB13 ∫∞

0
I(t) dt). From the rate

equation analysis of a partially saturated fluorescence process, it
follows [15, 17] that the number of fluorescence photons is also
proportional to the integral A, defined in Eq. 5. Consequently,
saturation of both the absorption and fluorescence can be
described by the same formula, and the equation for the
spatial variation of the laser pulse energy can be rewritten to

dEf

dx
� −n x( ) κσa

ln 1 + βEf x( )[ ]
β

. (6)

The term ln[1 + βEf(x)]/β in Eq. 6 takes into account the partial
saturation of the absorption. For low laser energies,
ln[1 + βEf(x)]/β ≈ Ef(x), which is the limit of the linear
regime. Of course, in non-homogeneous environments, β (and
also the decay time τ) may also depend on the position. When
saturation and absorption are strong or when the concentration
of measured species strongly varies in the direction perpendicular
to x, βmay vary along the laser beam (in the x direction) also due
to different absorption in various parts of the beam, resulting in
changes of the beam profile. It should be noted that fluorescence
and absorption processes are characterised by identical
saturation constants (β) only if ground state depletion and
emission stimulated by laser photons dominate to the
saturation mechanisms. In rare situations, when other
saturation mechanisms (photoionization of the excited state;
emission stimulated by fluorescence photons) play an
important role, the saturation constants for absorption and
fluorescence may differ.

4 Results

In our study, we applied the equations obtained in Section 3 on
the LIF of free Te atoms generated by a DBD. First, let us assess the
non-linearity or saturation of the LIF process. Saturation can be
revealed when a straight line is fitted to the dependence lnMf on lnEf
because the slope of the fitted line is equal to 1 for linear LIF and
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smaller than 1 for saturated LIF, whereas slope higher than
1 indicates some photodissociation ignited by the laser [12]. In
our measurement, the slope had the value (0.88 ± 0.01), indicating a
weak saturation (according to [17] caused mainly by the ground
state depletion). Therefore, the dependence of the measured
fluorescence signal on the energy of laser pulses was fitted by
the equation

Mf � α

β
ln 1 + βEf( ), (7)

derived in [17] for Gaussian beams, where β is the above mentioned
saturation constant and αEf gives the hypothetical signal that would
be measured if no saturation occurred. Both the data and the fit
(with β � (8.8 ± 0.2) · 105 J−1) are shown in Figure 2, which
demonstrates the deviation of the real fluorescence signal from
the hypothetical linear dependence shown by the broken cyan line.

Not only fluorescence but also absorption can be affected by
saturation processes. Therefore, Eq. 6 should be used instead of the
traditional equation dEf

dx � −nκσaEf for strong laser intensities. The fact
that absorption in our measurements was partially saturated can be
demonstrated by Figure 3, which shows the ratio between the energy of
laser pulses that enter and leave the DBD reactor. The fact that this ratio
is not constant, but it is a slightly decreasing function of the laser pulse
energy, is an evidence of the saturation of absorption.

In order to characterize the fluorescence process, it is necessary to
measure the fluorescence decay time (i.e., the lifetime of the excited
state) and the spectral profile of the excitation line. The decay timewas
measured by variation of the delay between the laser pulse and the
interval when the ICCD camera collects the fluorescence radiation. In
our case, the decay time was significantly shorter than the laser pulse
duration, and a weak tail of the laser pulse disturbed the decay process.
Consequently, it would not be correct to fit a single exponential
through the measured data, and the fluorescence decay was fitted by
the convolution ∫ t

0
L(t′) e−(t−t′)/τ dt′, where the temporal shape of the

laser pulse tail intensity L (strictly speaking, L is the convolution of the
temporal profile of the laser pulse and the temporal response of the
camera) was determined from the temporally resolved measurement
of Rayleigh-scattered laser photons. This procedure led to the value

τ = (1.7 ± 0.2) ns. In our case, the fluorescence quantum yield A32 τ =
1.6 · 10–3 was low because the choosen fluorescence line was a
triplet–quintet transition, and it was weak. The remaining
characteristics, the excitation line profile, were measured by the
variation of laser wavelength. The measured shape agreed with the
Voigt profile with the Gauss parameter σ ≈ 1 · 109 Hz and Lorentz
parameter γ ≈ 5 · 109 Hz and with the ratio between maximum and
spectrally integrated signals κ = (5.6 ± 0.3) Hz−1. Due to the narrow
laser linewidth and small Doppler broadening of the relatively heavy
atoms in the plasma with a low gas temperature around 550 K [20],
the spectral profile of the excitation line is controlled by broadening
mechanisms connected with the atmospheric pressure (collisional
broadening, van der Waals broadening, event. resonance broadening)
[21]. In addition, Stark broadening may play a role in the DBD.

Finally, we can proceed to the calculation of the concentration of
free Te atoms realized by Eqs 4, 6. At the beginning of the solution, Eq. 4
is used for the calculation of the Te concentration in one of the
discharge edges. When the concentration is known, Eq. 6 is used for
the calculation of laser pulse energy in the neighboring point and the
alternating use of both these equations continues until the Te
concentration and the laser pulse energy are known along the whole
beam path in the plasma. The obtained concentration profile for the
measurement, where TeH2 was generated from a solution with Te
concentration 50 μg/L, is shown by the black curve in Figure 4 (it should
be noted that the wavy structures in the right half of the DBD reactor
were caused by an uneven surface of the front silica wall of the atomizer,
which deflected part of the fluorescence radiation). The consequences of
the concentration profile for the understanding of the TeH2 atomization
are described elsewhere [22]; here, we will only summarize that the
presence of free Te atoms in the whole discharge region and the high Te
concentration demonstrate a good performance of the DBD in
atomization of the hydride. The mean concentration in the left part
(not affected by the uneven surface) of the atomizer 3.5 · 1018 m−3 is in
good agreement with the expected value between 3.45 · 1018 m−3 and
3.83 · 1018 m−3 (calculated from the TeH2 supply rate from the hydride
generator to the DBD assuming full hydride atomization), indicating
reliability of the used measurement and evaluation procedure.

FIGURE 2
Saturation of the LIF process. The green line shows the fitted
curve (Eq. 7), and the cyan broken line shows the hypothetical non-
saturated dependence.

FIGURE 3
Ratio of the laser pulse energy behind (Eout) and in front of (Ein)
the DBD as a function of the energy Ein. The green line is the linear fit of
measured points characterized by the slope (−1.77 ± 0.09) · 105 J−1.
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There are several sources of uncertainty of the concentration values:
the first is the variability of the measured intensities, which was, in our
case, approximately 8%. The second was the uncertainty of LIF
parameters, namely, of τ, κ, and β. In our case, the uncertainty of κ
and β was only few percent, but the uncertainty of the decay time τ was
approximately 10%. All the above listed sources together led in our
measurements to an uncertainty below 20%. The third source can be
the uncertainty of the Einstein coefficientsA32 and B13. Our values were
taken from [23]. Unfortunately, we did not find the uncertainty of the
used Einstein coefficient in the cited work and in the references therein.

At last, when solving the pair of Eqs 4, 6, one of the results is the
spatial development of laser pulse energy. One example of this curve is
shown in Figure 4 by the red curve. From such a curve, it is possible to
obtain the ratio of the energy of laser pulses at the input and at the output
of the DBD reactor, which can be simply compared with the measured
value of this ratio. In otherwords, our experiment enabled comparing the
results of fluorescence and absorptionmeasurements. In our experiment,
the ratio of laser pulse energies predicted from the intensity of the
fluorescence signal by means of Eqs 4, 6 had the value 1.34, whereas the
directly measured value was 1.25. The results of the fluorescence and
absorptionmeasurements differed only by 7%, which could be attributed
to losses caused by the reflection of the fluorescence radiation on the
front atomizer wall, which shows a very good agreement.

5 Conclusion

The equations for the evaluation of Rayleigh-calibrated LIF
measurements in a partially saturated regime when a detectable

part of laser photons is absorbed in the sample, in other words of
partially saturated fluorescence measurement with spatially
dependent intensity of the excitation radiation, were summarized.
LIF measurement evaluated by these equations was tested on free
tellurium atoms present in an atmospheric pressure DBD. The results
were in a good agreement with both the expected Te concentration
and with the measured absorption of laser in the DBD, demonstrating
a high reliability of absolute LIF measurements.
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Air cold plasmas as a new tool for
nitrogen fixation in agriculture:
underlying mechanisms and
current experimental insights

Domenico Aceto, Paolo F. Ambrico* and Fabrizio Esposito

CNR Istituto per la Scienza e Tecnologia dei Plasmi, Bari, Italy

Nitrogen fixation is crucial for plant growth and global agriculture, especially with
the projected population growth requiring a significant increase in food
production. Traditional nitrogen fixation relies on the Haber-Bosch (H-B)
process, which is energy-intensive and environmentally harmful due to
greenhouse gas emissions. Emerging technologies, such as cold plasma, offer
promising alternatives with lower energy consumption. Cold plasma facilitates
reactive nitrogen species generation under ambient conditions, potentially
improving the production efficiency of nitrogen oxides (NOx). However,
optimizing cold plasma nitrogen fixation requires a synergy between
experimental and theoretical approaches. Accurate input data are essential for
refining theoretical models, which can then guide the design of more efficient
processes. This integrated approach can leverage renewable energy, operate on
smaller scales, and minimize environmental impacts, making cold plasma a
sustainable solution for future nitrogen fixation needs.
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1 Introduction

Nitrogen (N) is essential for plant development, as it is needed for synthesizing proteins
and nucleic acids. Nitrogen fixation is a crucial process for providing these compounds. This
is a big issue considering an expected population of nine billion people by 2050 that would
require an expansion of global agricultural output by 70%–100% [1].

The established synthesis technology for N fertilizers relies strongly on the Haber-Bosch
(H-B) process, to convert N2 gas into biologically available ammonia (NH3). The current
industrial production of reactive N (RNS) is 120 teragrams per year (Tg yr−1), twice the
amount from all-natural land processes (63 Tg yr−1 [2]). Fertilizer production consumes
about 80% of this RNS [3], and is essential for sustaining half of the global human
population [4]. However, the efficiency of RNS utilization is poor, with 50%–70% lost to the
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environment [5, 6]. The accumulation of excess RNS, such as NH3,
nitrous oxide (N2O), and nitrate (NO3

−), in the atmosphere and
ecosystems leads to serious environmental and climate issues [2, 3, 7,
8]. These issues encompass alterations in ecosystem productivity
and biodiversity [9, 10], the eutrophication and nitrate pollution of
freshwater [10, 11], the deterioration of ozone and air quality [11,
12], and the exacerbation of climate change due to greenhouse
gases [3, 7].

At the beginning of the 20th century, the fertilizers produced by
H-B substituted the non-renewable mineral ones. Nowadays, the
H–B process drains more than 1% of the globally produced energy,
releasing more than 3 × 1011 kg year−1 of CO2, and requiring about
2% of the global natural gas production, to synthesize the needed
hydrogen for NH3 synthesis [13–15]. Therefore, while H-B
processes should be made more sustainable [16], greener
strategies in nitrogen fixation should also be pursued. In Figure 1
the energy consumption in terms of MJ consumed per N mole of
various processes is represented together with the calculated
theoretical limits. Among the explored processes for nitrogen
fixation, the most efficient is still the H-B, surpassed only by
biological nitrogen fixation. Other industrial-scale processes
adopted in the past like the thermal plasma-based Birkeland-
Eyde, or the Frank-Caro process leading to calcium cyanamide
are far more energy-consuming. Metallo-complexes fixation
currently has poor efficiency and a theoretical limit far from the H-B.

Since the 1970s, plasma technologies have been pointed to as a
possible alternative for large-scale NH3 production, in the presence
of a catalyst or not. Different plasma sources have been proposed for
ammonia synthesis, such as glow discharge, gliding arc, microwave,
radio frequency, pulsed discharges, and dielectric barrier discharges.
The current reported energy yield for the plasma and catalytic
materials process is ranging from 1.71–58.8 MJ/mol N [17–33].
Best performances are achieved by pulsed discharge systems and
dielectric barrier discharge reactors at atmospheric pressure that
facilitates the integration of catalytic materials.

Novel approaches based on Cold Plasma are currently being
extensively investigated and promise versatile applications. These
innovative methods entail subjecting agricultural systems to non-

thermal plasma, generating reactive species such as reactive oxygen
species (ROS) and reactive nitrogen species (RNS) [34, 35]. One
crucial allure of these technologies is the achievement of lower
energy consumption (EC) than the H-B process, according to
theoretical calculations [36]. It is our opinion, that the main
advantage of cold plasma technology is related to their intrinsic
non-thermal nature and the energy transfer processes involved in
reactive species productions. We will try to give our opinion on the
elementary processes leading to nitrogen oxide production and their
potential impact on the agrifood industry of this technology
reporting briefly on the current status of the ongoing research.

2 Plasma nitrogen fixation in dry air

Direct, efficient production of NOx from air, at variance with
current indirect production by NH3 synthesis, using H-B process,
would open plenty of possibilities in recycling. NOx allows the direct
synthesis of nitric acid (HNO3) [37], which can be used for chemical
fertilizers production, but also the fast maturation of natural
fertilizers from livestock slurry, an environment-friendly process,
which is currently being developed [38].

2.1 Plasma production of NOx from air:
the mechanism

Plasma production of NOx from air, such as in lightning, by a
thermal plasma was industrially realized by the Birkeland-Eyde
process. The NOx production efficiency of a few percent limits its
application to a handful of special uses thus making the process not
competitive with current industrial processes.

An energy analysis [15, 36] on the use of cold plasma can
however envisage a completely different development, with a
theoretical maximum limit of 35% efficiency [36], exceeding the
current total efficiency of industrial NOx production [37].

Cold plasma behavior is complex and influenced by numerous
parameters and conditions. For instance, electron temperatures

FIGURE 1
Comparison of the energy consumption for nitrogen fixation with different methods (Reprinted from [15] with permission of Elsevier B.V.).
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might reach 10000 K while gas remains at 400 K and molecular
vibrational temperature at 3000 K [39]. To properly study the
kinetics of a cold plasma, therefore we need to know vibrational
state-to-state processes involving, at least, electron-molecule (e-M)
and molecule-molecule collisions. e-M processes transfer electron
energy from the discharge to the internal energy, mostly vibrational,
of air molecular species. Then, by molecular collisions and
vibration-to-vibration (VV) exchange processes, as in N2 (v1)+N2

(v2)→N2 (v1-1)+N2 (v2+1), a significant fraction of molecules
increases its vibrational energy [36, 40], provided low-lying levels
are continuously replenished by e-M processes. When vibrational
energy reaches oxygen dissociation energy (≈5eV), O atoms can
initiate the Zel’dovich chain (Equations 1, 2), while N2 remains
mostly undissociated.

O + N2 v( ) → NO v’( ) +N 1st Zel′dovich reaction (1)
N +O2 v( ) → NO v’( ) +O 2nd Zel′dovich reaction (2)

This is favorable for energy efficiency because it is more efficient
to make N2 react rather than obtaining N atoms from dissociation.
For the same reasons processes involving excited electronic states of
N2 and O2 should be avoided. The ideal Zel’dovich reaction path of
Equations 1, 2 is thought to be the most efficient one [36, 40].
However, many other concurrent collision processes take place, such
as, for example,: vibration-to-translation (VT) deactivation
processes (as in N + O2(v)→N + O2 (v-1)); the reverse of the
Zel’dovich (Equation 1) reaction; plasma–walls vibrational
deactivation collision; NO dissociation/reaction by collisions with
other air species.

2.2 Cold plasma production of NOx from air:
coupling modeling with experiment issue

The non-equilibrium nature of cold plasmas requires a guiding
model to design experiments to investigate the possible reaction
pathways occurring in the discharge systems. Therefore, chemical
kinetics modelling is crucial in this context, provided the data used
as input for this modelling is accurate and detailed. Up to now, no
one has been able to replicate the predictions reported in Ref. [36]
(except for [41]) by detailed modelling. Indeed, the main problem
for modelling is the extremely approximate data taken as input. For
example, the first Zel’dovich reaction Equation 1, i.e., the core of the
NO production mechanism from air, has been known for many
years only by empirical models. The model of Gordiets [42]
considered the possibility of reaction once the reaction threshold
has been reached, which occurs, at room temperature, when N2 is at
least in v = 12 state. More recent studies [43–46] contemplating the
adiabatic path to reaction on the triplet potential energy surfaces
(PES), showed a much more complex situation. In [45] a complete
compilation of vibrationally detailed data (i.e., considering the whole
vibrational ladder of reagents and products) concerning the
adiabatic path has been calculated, with an excellent agreement
with the experimental thermal rate. The differences in results
obtained from the simple models adopted in the past and still
used in the literature are huge (orders of magnitude, see [45,
47]), particularly in the energy region between vibrational levels
v = 12–30 where most of the reaction occurs. Another aspect of great

impact is the determination of the final NO vibration in reaction
(Equation 1). In [48] a comparison of a kinetic scheme in air is
presented using the same set of rate coefficients calculated in [45, 46,
49, 50], but considering state-to-state or only initially state-selected
rate coefficients in (1). The results of N and NO production are
qualitatively different, stressing the importance of accurate and
detailed molecular dynamics calculations as input of the kinetics.

With a higher probability than reaction (Equation 1), the VT
deactivation:

O +N2 v( ) → O + N2 v′< v( ) VTdeactivation (3)

can take place starting from the same collision. This is a big issue
for nitrogen fixation because it depletes the N2 vibrational
population essential for good efficiency in Equation 1. In fact, in
cold plasmas, the strongly endothermic reaction (Equation 1) should
be preferentially activated by vibrational pumping of molecular
species involved rather than by heating, in order to keep the rate
of VT processes like (Equation 3) low. However, the accurate rate
value of the process (Equation 3) for v > 1 has remained unknown
for decades, with only the v = 1 to v’ = 0 rate coefficient known
experimentally. The only known result, however, was also
dramatically different (even 20 orders of magnitude at 300 K)
from theoretical results obtained by quasi-classical (QCT),
semiclassical (SC), and quantum methods [45, 51, 52]. Only in
very recent years the problem has been solved [52, 53], by
recognizing the fundamental role of vibronic transitions of the
collisional system and calculating other transitions from v ≠ 1.
Indeed, process (Equation 3) shows even other issues when studied
theoretically. The methods used for studying molecular collisions of
heavy particles can be QCT, SC, or quantum methods on a scale of
increasing accuracy and computational cost. In studies on air species
aiming to create vibrationally detailed databases, using accurate
quantum methods is simply unfeasible. While these methods are
essential for establishing benchmarks (as demonstrated in [44]),
they are unsuitable for the comprehensive calculations necessary for
kinetic modeling. Semiclassical and, first, QCTmust be used instead,
requiring huge computational resources. However, some processes
are difficult to treat even with these simpler methods, due to their
specific limitations. In particular, the process in Equation 3 cannot
be reproduced theoretically by QCT at low total energy [54].
However, at collision energy values comparable to or higher than
the reaction (Equation 1) threshold, QCT becomes suitable for
accurate results for the inelastic process (Equation 3).
Deactivation processes are surely present in all collision processes
of interest in air plasmas. Most of the VT data used in current kinetic
models of air plasmas have been calculated by methods based on a
forced harmonic oscillator (FHO) semiclassical model [55] or by
QCT [56, 57]. However, FHO is designed to treat non-reactive cases
at not very high total energy, while QCT tends to be more accurate at
higher energy, especially over the threshold for reactions originating
from the collisions considered [46]. Merging of different semi- and
quasi-classical methods for cold plasma modeling input data
calculation is therefore desirable. This merging of methods could
be successfully applied potentially to all collisional systems involving
air species of interest in this context, such as N2-O2, from which O
atoms production depends, and research is active in this sense
[39, 46, 54].
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Another important collisional system is of course the second
Zel’dovich reaction. Even in this case, recent results in [49] are quite
complete, accurate, and more suited for nitrogen fixation studies
than older studies on this topic [58].

2.3 Current experimental approaches for
nitrogen fixation

In most air plasmas, the Zel’dovich reactions (Equations 1, 2)
leading to NO productions can further proceed towards NO2,
resulting in a gas-phase mixture of nitrogen oxides referred to as
NOx. These reactions involve ozone or oxygen radicals oxidizing NO
(Equations 4–6):

O* +NO → NO2 (4)
O* + O2 → O3 (5)

O3 + NO → NO2 + O2 (6)

Following earlier studies on thermal plasma (i.e., electric arc
exploiting the Birkeland-Eyde reaction), other plasma types and
reactors have been examined for NOx production. This has led to an
overabundance of possible sources, making any comparison
between different methodologies quite complicated, as no
standard reactors or even measurements techniques for different
parameters are widely accepted. Energy consumption, for example,
is dependent on power and NOx concentration. NOx concentrations
can be determined via a plethora of methods: Fourier-transform
infrared spectroscopy, mass spectroscopy, chemiluminescence, ion
chromatography, as well as a nondispersive infra-red sensor with an
ultra-violet sensor through a gas analyzer, in situ laser induced
fluorescence, laser Raman spectroscopy, optical absorption. Power
can be calculated by the Lissajous method [59, 60], numerically
integrating the product of the voltage and current and multiplying
by the frequency, or by calorimetric methods by multiplying air
density, gas temperature, heat capacity of the air, and volume [61].
Moreover, for a real industrial application, the total power should
include all the energy consumption in the production pipeline, such
as gas flow system and storage, power sources absorption, etc., that
are not always considered.

A great number of plasma sources have been investigated in the
context of nitrogen fixation into NOx. Gliding arc (GA) reactors are
promising for gas conversion, achieving efficient NOx production
with reduced energy. GA plasmas feature a reduced electric field of
less than 100 Td and electron energies around 1 eV, ideal for the
vibrational excitation of gas molecules. Reactor optimizations,
including controlling pressure, specific energy input, and reactor
designs, enhance NOx yield and energy efficiency across various
setups (EC 0.67–4.8 MJ/mol N) [62–69].

NOx generation in transient spark discharge, which involves
non-thermal and thermal plasma phases, has also been achieved.
Although a limited volume, which means that only a portion of the
N2 gas is exposed to the plasma, innovations like floating electrodes
could improve NOx yield and efficiency, reducing energy needs (EC
1.9–40 MJ/mol N) [62, 70–74].

Dielectric Barrier Discharge (DBD) systems could be of great
interest for the great versatility they offer in reactor design and for
the possibility to operate them at atmospheric pressure. For

example, other than simple cylindrical, plug-flow-like reactors,
it is possible to incorporate water (for nitrogen fixation into NO3)
or other materials in the interelectronic gap. Packed-bed DBD
reactors with various catalysts improve NOx yield, resulting in
higher energy costs. Promising catalytic materials include γ-Al2O3

and Al2O3-supported metallic nanoparticles (EC 17–33MJ/mol N)
[62, 75–77].

Low-pressure microwave plasmas achieved the best energy
consumption and NO yield. However, past claims (EC =
0.28 MJ/mol N [41]) are unconfirmed. Energy use excludes
reactor cooling and vacuum needs, that eventually add up and
make total consumption higher (EC 0.84–3.76 MJ/mol N) [78, 79].

NOx formation by plasma jets in air or N2 reacting with water
results in NO2 and NO3 due to oxygen presence. Key factors
affecting NOx production include gas composition, flow rate, and
temperature. Studies show reducing the flow rate and increasing
oxygen content boosts NOx concentration, while lower gas
temperature and electric field enhance production efficiency (EC
0.42–3.6 MJ/mol N) [80–89].

From the existing literature, it can be concluded that efficient
NOx production in plasma systems relies on optimizing reduced
electric fields to favor vibrational excitation (enhancing Zel’dovich
reactions), controlling gas temperature to prevent NO reconversion,
and utilizing appropriate catalysts. Key parameters include voltage,
electric field strength, gas composition and flow rates, and
reactor design.

All the reported results show that the current technology is still
far from theoretical limits, but is closing the gap between
H-B processes.

3 Future perspective

In countries where agriculture is significant, environmentally
sustainable HNO₃ production could serve as an important power-
to-chemicals channel, accumulating excess renewable power into
valuable chemicals using cold plasma reactors operating at room
temperature and atmospheric pressure, thus requiring lower
investments than an H-B plant [37]: this would be vital to
boosting agriculture in low-income countries. Moreover, a
diffused grid energy/fertilizer production usage would be more
resilient to natural disasters and armed conflicts than centralized
power production and fertilizer import, avoiding direct and indirect
related import, transportation, and distribution costs. In our opinion
the most viable possible solutions are currently two: production of
hybrid fertilizer from slurry and plasma-activated water.

3.1 Hybrid fertilizers

Efficient air plasma production of NOx offers significant
advantages for the fertilizer industry, allowing direct synthesis of
nitric acid (HNO3) [37], for chemical and hybrid fertilizers.
Acidification of livestock slurry process has been used in
agriculture [90] since 2003, but the novelty is the easy-to-manage
direct fertilizer production by air plasma [38]. The latter process
facilitates easy production of fertilizers from slurry and air, with
benefits including recycling livestock wastewater, eliminating
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inorganic feedstock, preserving natural manure components,
shorter organic fertilizer production times, avoiding stocking
dangerous acids, reducing greenhouse gases (i.e., N2O and CH4),
and preventing ammonia emissions. It supports precision
agriculture [91], minimizes environmental losses, and can also be
applied in principle to human wastewater. Preliminary experiments
in the fields show that this “hybrid” (artificial/natural) manure can
be extremely effective [92].

3.2 Plasma-activated water

Concurrently, alongside advancements in low-temperature
plasma applications, plasma-activated water (PAW) has surfaced
as a cutting-edge tool in modern agriculture, with the potential to
enhance crop productivity andmitigate industry challenges [93–98].
PAW production involves subjecting water to non-thermal plasma,
generating reactive species such as ROS and RNS. The
physicochemical alterations induced by plasma treatment on
water can be tailored for diverse applications [99]. PAW reactive
species elicit beneficial effects on plants, inducing physiological and
biochemical changes conducive to growth and stress tolerance [97,
98, 100]. PAW offers a sustainable and eco-friendly alternative to
conventional chemical fertilizers and pesticides, applicable in
watering crops, seed soaking, and foliage spraying.

4 Conclusion

Concerning future developments in nitrogen fixation, cold
plasma seems to be the only promising and industrially scalable
method because its use could further lower the EC of the process,
based on thermodynamic calculations. The highest energy efficiency
is expected when vibrationally excited nitrogen molecules are
formed in sufficient quantities, the temperature of the resulting
gases is not high enough to decompose the reaction products, and
the reaction is channeled into a particular reaction pathway.
Atmospheric pressure cold plasma nitrogen fixation has many
environmental advantages as it requires only electricity, air, and,
depending on the application, wastewater (hybrid fertilizers) or
water (PAW) as feedstock. Contrary to large-scale high-pressure
ammonia synthesis plants, plasma nitrogen fixation may be
performed on a much smaller scale, locally producing the
fertilizers and eliminating the problems associated with fertilizers’
transportation and storage. Moreover, such plants can be ideally
powered by renewable energy sources, further reducing the
environmental impact of fertilizer production.

However, detailed modeling tools are needed to maximize cold
plasma nitrogen fixation efficiency. An essential step is establishing

an efficient dialogue between practical and theoretical experiments:
accurate data sets should be fed to models so that they could shed
light on the mechanism pathways that should be preferred to
optimize the reaction.
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As a high heat flux linear plasma device designed for studying divertor materials in
future fusion reactors, HIT-PSI(Plasma Surface Interaction device at Harbin
Institute of Technology) has been successfully constructed and has
maintained stable operation since its completion. The characteristics of He
plasma beams in HIT-PSI are investigated by emission spectroscopy and an
infrared camera, with preliminary irradiation experiments conducted by
bombarding tungsten with the beam. For relatively conservative discharge
parameters, HIT-PSI achieved a steady-state heat flux capacity of ~40 MW/m2

using infrared measurements, with the full width at half maximum (FWHM) of the
heat flux beam reaching 4 mm. These characteristics make HIT-PSI an advanced
platform for testing divertor materials and plasma-facing components, providing
essential experimental supports for research and development of high-
performance divertor materials.

KEYWORDS

linear plasma device, high heat flux, plasma-surface interaction, plasma facing
components, divertor plasma environment

1 Introduction

The performance of materials for the tokamak divertor target and other plasma-facing
components (PFCs) is critical to determining their reliability [1–5]. As fusion devices
advance towards reactor parameter regimes, the expected high heat flux will exceed 10MW/
m2 in divertor regions [6], accompanied by highly high particle flux. Nevertheless, most
existing divertors of fusion devices, generally operate with short discharge pulses and
relatively low heat flux on their target plates, significantly below the requirement for future
fusion reactors [7–10].

To further evaluate and optimize the performance of PFC materials, various linear
plasma devices (LPDs) have been developed as test platforms to experimentally simulate
plasma surface interactions (PSIs) in future fusion reactors [11–18], mainly focusing on the
study of tungsten [19, 20]. Characterized by a simple structure and low cost, enable flexible
magnetic field configurations by various plasma sources to simulate plasma temperatures
and densities similar to those in fusion reactor boundary regions, LPDs have been widely
used in research areas of plasma physics and applications, particularly for simulating
significant physical processes in divertor/scrape-off-layer (D-SOL) environments. For
instance, Pilot-PSI [21, 22] employs a cascaded arc plasma source capable of generating
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high magnetic fields in short pulses, up to 1.6 T for a few seconds, to
produce hydrogen plasma beams with electron density of 5 ×
1021 m−3 and electron temperature of 3 eV. The next-generation
LPD, Magnum-PSI [23–26], designed and constructed based on the
experience from Pilot-PSI, achieves steady-state particle
flux >1025 m-2s−1 and heat flux >50 MW/m2 [26]. At Oak Ridge
National Laboratory (ORNL), MEPX uses a helicon source in a
confinement magnetic field of ~1.4 T and with additional heating
methods, e.g., ECRH and ICRH, for a designed power of ~1MW [27,
28]. Recently, another high heat flux simulation facility for PSIs
known as HIT-PSI [29] at Harbin Institute of Technology (HIT) has
been designed and is now in operation. As illustrated in Figure 1, this
facility utilizes a cascaded arc plasma source in a high magnetic field
exceeding 2 T generated by superconducting magnets to simulate
characteristics of extreme heat and particle flux in divertor region.

Supported by these devices, the physical simulation of LPDs,
such as that in HIT-PSI and other devices, allows for a more intuitive
understanding transport characteristics in the D-SOL region, and
particularly provides crucial support for the studies on high heat
load effects. First, the similarity between the LPDs (such as HIT-PSI
and other similar devices) and the D-SOL region of tokamaks makes
it an appreciated platform for studying edge physics in fusion
plasmas [30, 31]. In an open magnetic field environment similar
to that in the D-SOL region of tokamaks, the LPD can effectively
simulate feature transport processes of D-SOL plasmas [31–33].
Nevertheless, the toroidal geometry feature of tokamaks other than
that in LPDs may cause the notable drift effect on transport, leading
to limitations in LPD physical simulations [34]. For HIT-PSI, the
plasma beta is designed and experimentally estimated 10–5~10–4, in
the range of D-SOL plasmas of existing tokamaks and future
reactors (e.g., ~10–5 for ITER [35]). Also, the normalized collision
rate (by the electron gyro-frequency) in HIT-PSI is 10–3~10–2, much
higher than that for tokamak D-SOL plasmas (e.g., 10–5~10–4 for
ITER [35]). To present the divertor target property, the ratio of
Debye length, which features the target sheath thickness, to the
electron gyroradius is 10–1~100, also in the same range as for ITER
(~100) [35]. Additionally, the electron temperature in LPDs is
typically lower (ranging from a few eV to tens of eV [26, 36]),

allowing for detached state research. Most prominently, HIT-PSI
can achieve a parameter range much higher than that of existing
tokamak devices but of the future reactor regime, in steady-state
operations. Particularly, HIT-PSI is capable to generate a high heat
flux density of ≳ 20 MW/m2, close to that on the divertor of fusion
reactors [37, 38], which is a crucial parameter for studies of high heat
load effects on target materials. On the other hand, one however
needs to aware the noteworthy electron temperature difference
between the LPD and the tokamak SOL region (usually >100 eV
[37]), which complicates the interpretation of simulation results.
Nevertheless, by adjusting the operating parameters, one may can
yield the LPD experimental environments closer to tokamak
divertor conditions. Furthermore, the linear device enables
detailed investigations on PSIs between various ions (such as
hydrogen, helium, as well as argon, etc.) and materials across
different parameter ranges as well as boundary processes.
However, it is difficult for HIT-PSI to achieve the effects of
multiple particles working together (the particle composition in
the D-SOL region is not only complex, but also with significant
differences in temperatures of particles) [37]. Additionally, by
adjusting the working gases and operation conditions of LPDs,
one can further explore atomic-molecular processes of different
particles, such as ionization, excitation, as well as molecular
activation recombination (MAR) and electron-ion recombination
(EIR), etc [39, 40]. Such processes provide crucial insights into
energy and particle transports characteristics of the plasma,
especially for energy loss mechanism in detachment. Generally,
these capabilities mentioned above make the linear device an
indispensable experimental tool in the future of fusion research
and materials science.

This study focused on the characterization of helium plasma
beams generated in HIT-PSI with high magnetic fields. Optical
emission spectroscopy was then employed to measure the plasma’s
spectral characteristics beam at different magnetic field strengths
and gas flow conditions and excitation temperatures were calculated.
An infrared camera was used to evaluate the heat flux capacity of the
device. Irradiation experiments were also conducted for pure
tungsten samples. In steady-state operations of HIT-PSI, even for

FIGURE 1
A photograph of the HIT-PSI device.
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relatively conservative discharge parameters, the heat flux of helium
plasma beams can reach up to 40 MW/m2, demonstrating the
experimental capability to simulate processes equivalent to those
in the divertor environment.

The arrangement of this paper is as follows: Section 2 introduces
the experimental setups. The results and analysis of emission
spectroscopy, infrared diagnostics, and tungsten irradiation are
presented in Section 3. The final section provides a conclusion.

2 Experiment setup

The HIT-PSI device (Figure 1) is operated in a 2 m long chamber
by superconducting magnets, capable of reaching a magnetic field of
up to 2.5 T, with a uniform magnetic field region >1 m and 8 radial
boreholes to allow for flexible configuration of the vacuum system
and diagnostic equipment. The plasma is generated by a cascaded
arc source to generate a steady-state high-density plasma beam. The
pumping system, consisting of screw and root pumps, achieves a
pumping speed of 2500 L/s, maintaining a background pressure of
0.01 Pa. The movable target platform allows for changing the
irradiation platform position axially.

A schematic diagram of the experimental setup is presented in
Figure 2A. The discharge gas used in experiments is pure helium
(He), with gas flow rates controlled at 1.4 slm, 1.7 slm, and 2.1 slm,
respectively, corresponding to vacuum chamber pressures of 3.0 Pa,
3.5 Pa, and 4.0 Pa measured by an INFICON capacitance diaphragm
gauge (Model CDG025). The collection point for emission
spectroscopy and the infrared camera are both at Window 1,
25 cm from the plasma source outlet. Three axial magnetic fields
are applied, corresponding to coil currents of 120 A, 170 A, and
230 A, producing field intensities of approximately 2.0 T (C1), 1.5 T
(C2), and 1.0 T (C3),as shown in Figure 2B.

Optical emission spectra are collected with a Princeton
Instruments (PI) SP-2750 spectrometer and a MAX4 1024i
ICCD. Two diffraction gratings are utilized, one with a groove
density of 300 g/mm and the other with 2,400 g/mm. Optical
transmission is achieved through a UV-VIS fiber bundle (Model
LG-455-020-3). The focusing optics consists of a fused silica plano-
convex lens, 50.8 mm in diameter and 200 mm in focal length.
Wavelength calibration is carried out by an AvaLight-HAL-CAL-
Mini, while intensity calibration is performed with a PI intensity
lamp in conjunction with the IntelliCal® system.

For heat flux measurement, real-time surface temperature
changes of the graphite block under plasma beam bombardment
are captured and recorded by the infrared camera. Then, a three-
dimensional heat conduction equation was applied to calculate the
heat flux of the plasma beam. A graphite cube with an 80 mm edge
length is placed at Window 1, resting on a zirconia ceramic plate
with a significantly lower thermal conductivity than graphite to
ensure adiabatic conditions for the graphite during irradiation. The
FLIR A700sc infrared camera, operating within the 7.5–14.0 µm
wavelength range, is positioned at Window 1, perpendicular to the
beam transmission direction. The Plasma Beam Facing Surface
(PBFS) of the graphite cube is tilted 30° to the chamber
symmetric axis to facilitate the observation of temperature
changes on the surface with the infrared camera. The observation
window is made of optical-grade ZnSe with a special coating,
ensuring an infrared transmission rate of over 95% in a 6–14 µm
wavelength range. The acquisition frequency is fixed at 30Hz. Before
experimental measurements, the infrared camera is placed behind
the ZnSe window and calibrated by a standard heat source, with the
infrared emissivity of the graphite cube surface measured at the same
30-degree angle setting. The thermal conductivity of the graphite is
measured by a laser flash method and fitted to an exponential
function as.

FIGURE 2
Schematic diagram of (A) the infrared radiation (IR) and optical measurement arrangement and (B) the experimental magnetic field conditions.

TABLE 1 Thermodynamic parameters of the graphite block used.

Thermal conductivity (W/mK) Density (kg/m3) Specific heat (J/kgK)

graphite k 1,880 700
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k � 39.3532 + 62.6777 × e−0.0015 T−273.15( )

where T is the temperature in Kelvin (K), and other parameters are
listed in Table 1.

The irradiated sample is a circular pure tungsten disk with a
diameter of 30 mm and a thickness of 4 mm. The irradiation
location is also at Window 1, with the sample fixed onto a water-
cooled target plate. The back of the sample remains in contact
with a water-cooled copper plate, facilitating the cooling process
by heat conduction during irradiation. To easily observe the
practical interaction between the sample and the plasma, the
entire target is positioned on a movable platform, and the
samples undergo irradiation experiments under two
conditions: without an applied bias and with a bias of −80 V.
After finishing the irradiation, the sample is first cooled and then

exposed to atmospheric pressure, followed by Scanning Electron
Microscope analysis.

3 Results and discussion

In this section, Section 3.1 will introduce the measurement and
analysis of the spectral characteristics of the He plasma beam using
emission spectroscopy under different magnetic fields, while Section
3.2 will present the measurement results of the heat flux of the HIT-
PSI device using an infrared (IR) camera. Section 3.3 provides
preliminary results of the irradiation of pure tungsten target
plates with the He plasma beam.

3.1 Emission spectral characteristics of He
plasma in strong magnetic fields

Figure 3 presents a comparison of the spectral intensities as the
gas flow rate increases from 1.4 slm to 2.1 slm and the pressure rises
from 3.0 Pa to 4.0 Pa at C1, and Figure 5A gives the intensity ratios of
the main He I spectral lines. The substantial enhancement in line
intensity indicates a significant increase in the density of excited
atoms due to increased gas flow. This increase in gas flow can
simultaneously raise the electron temperature and density to some
extent, as demonstrated in experiments conducted on other
experimental setups [41, 42].

Figure 4 compares the spectra in different magnetic fields (C1,
C2, and C3) at a discharge current of 120 A and a gas flow rate of
2.1 slm. The differences in spectral lines of various cases are
minimal. The simple and stable energy level structure of helium
atoms results in a high probability of spontaneous emission for
strong He I lines during transitions from excited states to the ground
state. The plasma produced by the cascaded arc source has a

FIGURE 3
Typical spectra of the He plasma beam at different gas flow rates at C1 and a discharge current of 120 A.

FIGURE 4
Typical spectra of He plasma beams at C1(A), C1(B) and C1(C)
with a discharge current of 120 A and a gas flow rate of 2.1 slm.
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relatively low electron temperature (˂5 eV) [23, 43–45], challenging
to excite a transition to higher energy levels. Thus, the transitions
mainly concentrated on a few strong lines at lower energy levels.
Such factors together lead to main spectral profiles without
significant differences in the three magnetic field conditions.

Figure 5B presents the intensity ratios of the main He I spectral
lines at different magnetic field conditions, with all lines
normalized by that of C1. The results indicate that as the
magnetic field strengthens, the line intensity increases,
particularly as comparing the lines for C1 and C3 with the
more pronounced magnetic field difference. The presence of a
strong magnetic field induces a noticeable Zeeman effect, resulting
in broader spectra and much more apparent intensity differences.
The excitation of helium atoms primarily occurs by collision and
recombination excitations (including radiative and three-body

recombinations). Near the exit of the plasma source, the
electron temperature is relatively high [46], which makes
collisional ionization and excitation the dominant processes,
with electron collisions to ground-state helium atoms being the
primary excitation mechanism. At stronger magnetic fields, the
beam is better confined, radial diffusion, and the density is better
maintained. Additionally, the power supply voltage for the plasma
source increases from 107.0 V at C3 to 119.8 V at C2, and to
126.5 V at C1, indicating that more energy is coupled into the
plasma as the magnetic field strengthens, leading to an increase in
electron temperature. Furthermore, a weak He II 656.4 nm line
appears in the spectrum, indicating an increase in the number of
high-energy electrons. Consequently, the spectral intensity is
higher at stronger magnetic fields.

At high magnetic fields, the spectral lines exhibit significant
Zeeman splitting, which complicates the calculation of parameters
with broadening. Figure 6 shows the Zeeman splitting of He I
667.8 nm line (21 P-31D), clearly observed at C1 and C2.
However, this splitting can be used to calculate the magnetic field
accurately. The splitting caused by the Zeeman effect can be
written [47].

Δλ � λ20
μBgjmjB

hc

where λ0 is the original wavelength of the spectral line, μB is the Bohr
magneton, gj is the Landé g-factor, mj is the magnetic quantum
number, B is the magnetic field strength, h is the Planck constant,
and c is the speed of light. From the splitting width in Figure 6, the
magnetic fields at the measurement positions for C1 and C2 can be
approximately calculated as 1.78 T and 1.26 T, respectively, in close
agreement with the actual magnetic field in Figure 2B.

By selecting the spectral lines from the characteristic spectrum
listed in Table 2, we can construct the Boltzmann plot depicted in
Figure 7A, in which the variation in electron excitation temperature

FIGURE 5
(A) Intensity ratios of the main He I spectral lines at different gas flow rates at C1 and a discharge current of 120 A, with normalization to the spectral
intensity at C1. (B) Intensity ratios of themainHe I spectral lines at differentmagnetic field conditions at a gas flow rate of 1.4 slm and a discharge current of
120 A, with normalization to the spectral intensity at C1.

FIGURE 6
Zeeman splitting of He I 667.8 nm spectrum at C1.
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can be determined. Figure 7B shows the excitation temperatures
calculated using the Boltzmann slope method for different magnetic
fields (with a discharge current of 120 A), as well as various
discharge currents and gas flow rates (at C1). It can be observed
that excitation temperatures do not exceed 1 eV, significantly
differing from the actual electron temperature and indicating
non-equilibrium plasmas and insufficient collisions [15, 48]. In

this region, near the plasma source exit, where both electron
temperature and density are high, collisional ionization
dominates. The collisional ionization process mainly involves
high-energy electrons, and their reduction in number and
insufficient collisions likely lead to non-Maxwellian distribution
characterized by a lack of high-energy electrons. This could be
the reason for the lower excitation temperature.

FIGURE 7
Boltzmann plot of the He I spectral lines (A) and electron excitation temperature at three different magnetic fields (B).

FIGURE 8
Real-time temperature measurement of helium discharges as displayed by the infrared camera. (A) Before discharge, the area marked by the red
dashed circle indicates the region that was previously irradiated by the beam. (B) Measurement range is 0°C–650°C (C) Measurement range
is 300°C–2000°C.

TABLE 2 Selected he i spectral lines and their parameters.

Wavelength (nm) Lower level Upper level Ek (eV) Aki (s
−1) gk

402.62 23P2 53D1 24.04 1.16e+07 7

471.31 23P2 43S1 23.59 5.29e+06 3

501.57 21S0 31P1 23.09 1.34e+07 3

667.82 21P1 31D2 23.07 6.37e+07 5

706.52 23P2 33S1 22.72 1.55e+07 3
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As shown in Figure 7B, the electron excitation temperature
shows a slight downward trend as the magnetic field increases but
generally remains stable overall. Thomson scattering measurements
on the Pilot-PSI and Magnum-PSI device indicated that electron
temperature and density rise with a stronger magnetic field, leading
to an increased ionization rate [22, 49]. Consequently, more high-
energy electrons are consumed in the ionization process, leading to a
slight decrease in electron excitation temperature, which remains
significantly lower than the overall electron temperature.

The electron excitation temperature shows a slight upward trend
as the discharge current increases, depicted in Figure 7B. The
increase in the discharge current leads to a rise in both electron
temperature and density [50], increasing the frequency of collisional
excitation processes, to induce a modest rise in the electron

excitation temperature. However, since most high-energy
electrons are still primarily involved in the ionization process, the
increase in excitation temperature is relatively limited. Additionally,
the increase in discharge current enhances the collision frequency
between electrons and other particles and potentially facilitates
energy redistribution among electrons, to increase a faster
participation of higher energy electrons in excitation processes.
Nevertheless, since most higher energy electrons are still
consumed in the ionization process, the rise in excitation
temperature remains modest.

As indicated in Figure 7B, the electron excitation temperature
noticeably drops with the increase in gas flow. An increase in the gas
flow rate raises not only the electron temperature and density of the
beam but also the density of heavy particles, leading to a higher

FIGURE 9
At C1 with discharge current of 120 A and gas flow rate of 1slm, (A) at approximately the fifth second, the synthesized surface temperature
distribution with a maximum temperature >1700 K; (B) the temperature variation vs. time at the center point of the beam.

FIGURE 10
Heat flux spots at C1 (A), C2 (B), and C3 (C), respectively, with discharge current of 120 A and a gas flow rate of 1.4 slm at C1.
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collision frequency between electrons and heavy particles. As shown
in Figure 3, the number of excited-state atoms rises sharply, resulting
in depletion of higher energy electrons and thereby lowering the
excitation temperature.

3.2 Heat flux measurement by
infrared camera

Infrared camera images captured during the discharge process are
shown in Figure 8. The region marked Px1 is the PBFS of the graphite
block, reconstructed into a square with a side length of 80 mm in
subsequent data processing. Due to limitations of the camera
acquisition range, the heating process beyond the selected range
cannot be measured in a single run. Therefore, the acquisition is
divided into two stages: the first stage measures temperatures in the
0°C–650°C range, and the second in the 300°C–2000°C range. Figure 8
shows real-time images of the two-step temperature measurement.
The data above 500°C by the second acquisition are overlaid on the
first acquisition data to create a composite temperature profile.

The heat flux is predicted by analyzing the surface heat flux
based on the three-dimensional (3D) heat conduction equation to
compute the temperature variations within the graphite block, given
by the following formula [51]:

∂T x, y, z, t( )
∂t

� k

ρcp

∂2T x, y, z, t( )
∂x2

+ ∂2T x, y, z, t( )
∂y2

+ ∂2T x, y, z, t( )
∂z2

[ ]

where k is the thermal diffusivity, ρ is the mass density, and cp is the
specific heat capacity.

The PBFS is set at z = 0 plane, while the non-PBFSs follow the
adiabatic boundary condition of

∂T x, y, z, t( )
∂x

∣∣∣∣∣∣∣∣x→0,x→L

� ∂T x, y, z, t( )
∂y

∣∣∣∣∣∣∣∣y→0,y→L

� ∂T x, y, z, t( )
∂z

∣∣∣∣∣∣∣∣z→L

� 0

Heat flux can then be determined by

q � −k ∂T x, y, z, t( )
∂z

∣∣∣∣∣∣∣∣z→0

To enhance the computational efficiency of solving the three-
dimensional heat conduction equation, an alternating direction
implicit (ADI) algorithm is employed to reduce each step’s
complexity and significantly improve the computing speed and
efficiency. Furthermore, the ADI algorithm has high accuracy
and is suitable for various practical applications in 3D heat
conduction. Also, the implemented code is rigorously validated
by COMSOL and ANSYS results, ensuring its reliability
and precision.

Figure 9A depicts the temperature distribution on the graphite
strike face (PBFS), measured by the infrared thermography
approximately at the fifth second after the discharge onset, with
discharge current of 120 A at C1. The temperature profile exhibits a
Lorentzian distribution, with the core temperature reaching a
significantly high value. Figure 9B presents the temporal
evolution of the core temperature. Notably, at less than 1/3 s
from the onset, the core temperature rapidly escalates
to >1,000°C. After such a rapid rise, there is a slight decrease in
temperature, succeeded by another rise. The cause of this
temperature fluctuation may be surface modifications or damage
caused by the high heat flux, which fundamentally alters the initial
graphite surface morphology.

The two-dimensional (2D) and radial distributions of the beam
heat flux with discharge current of 120 A and a conservative gas flow
rate of 1.4 slm at three distinct magnetic field conditions (C1, C2,
C3) are shown in Figure 10. The heat flux can easily exceed 20 MW/
m2. With the increase in magnetic field strength, a significant
enhancement in heat flux is observed, reaching up to 40 MW/m2

at C1. Figure 11A presents the 2D beam heat flux profile
distribution, which exhibits a quasi-Gaussian shape with no
substantial variations across different conditions. The full width
at half maximum (FWHM) remains approximately 4 mm,

FIGURE 11
(A) The distribution of steady-state heat flux along the vertical direction in Figure 10 and (B) the steady-state heat flux values at different magnetic
fields and discharge currents.
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consistent with the size of the plasma source exit. Figure 11B
presents the steady-state heat flux at different field and current
conditions. The steady-state heat load easily exceeds 20 MW/m2,
with the beam demonstrating good stability. At higher magnetic
fields, the heat flux density curve shows fluctuations during the
initial stage and then gradually reaches a steady state. It may be
attributed to the rapid changes in surface temperature and physical
alterations in surface morphology, leading to variations in
temperature measurements. However, the overall trend is clear:
stronger magnetic fields and higher currents result in
greater heat flux.

It should be noted that, due to the angle between the plasma
beam and PBFS of the graphite block, along with the relatively low
gas flow rate, the current heat flux represents a conservative estimate

of the device’s capabilities, while the actual heat flux achievable by
HIT-PSI could be higher. As the magnetic field increases, the power
of the plasma source accordingly rises, too, which has been
confirmed in our device and other experiments [22, 25, 42]. This
enables more power to be coupled into the plasma beam, leading to
an increase in the electron temperature and density. Additionally,
the strong magnetic field provides better confinement of the plasma,
reducing radial diffusion and increasing plasma density. Ultimately,
this effect significantly enhances the heat flux of the helium beam at
a strong magnetic field.

When the beam reachesWindow 2, at a transmission distance of
120 cm, it undergoes significant attenuation. At C3, the beam is
almost invisible to the naked eye. In the parameter regime of our
experiments, where electron and ion temperatures are

FIGURE 12
SEM images of W samples under different irradiation durations without bias, with the measurement moments at (A) 0 s, (B) 30 s, (C) 60 s, (D) 120 s,
and (E, F) 240 s.

Frontiers in Physics frontiersin.org09

Huang et al. 10.3389/fphy.2024.1489880

84

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1489880


approximately below 5 eV [52] and based on elastic collision
parameters [53, 54], the collision rates of ions and electrons with
atoms in He discharges are estimated in the ranges of 106 Hz and
107 Hz respectively. The characteristic axial propagation period of
the beam is approximately 10–3 to 10–4 s, accordingly. Such features
indicate that during the beam transmission, both electrons and ions
undergo numerous collisions with background neutral helium
atoms, resulting in significant energy transfer to the background
and rapid energy loss from the beam. At the sufficiently high
confining magnetic field in HIT-PSI, the impact of radial
diffusion of the beam heat flux is far less significant than that of
collision effects. To further increase the heat flux, the most effective
way is to reduce the background gas pressure.

3.3 Initial experiment of he plasma beam
irradiation on tungsten

The irradiation results without an applied bias are shown in
Figure 12. The surface irregularity in the non-irradiated sample
shown in Figure 12A is due to the polishing process, with noticeable
cutting marks. The tungsten surface after 30 s of irradiation shows
signs of melting. As the irradiation goes on, noticeable uneven coral-
like structures on the surface are shown in Figure 12C after 60 s, and
then cracks appear in Figure 12D after 120 s. Further tracing the
irradiation to 240 s, the surface exhibits a granular texture in Figures
12E, F. Larger scale SEM images reveal extensive areas of granules in
the micron scale, a sign of recrystallization.

The irradiation results with an applied bias of −80 V are shown
in Figure 13. After just 30 s of irradiation, the tungsten sample’s
surface has formed a distinct “fuzzy” structure. Typically, the
formation of such a structure is considered to require a helium
particle flow reaching 1025 m−2 [55, 56]. This indicates that the
particle flux capability of HIT-PSI has reached a significantly high
level. We will gradually improve the measurement of critical
parameters for irradiation, such as sample temperature and
particle flow, to achieve more precise and systematic experiments
that comprehensively simulate the service environment for divertor
materials and components under high heat flux and high particle
flow irradiation conditions. This will provide experimental data to
support the development of new methods and approaches for

enhancing the service conditions of divertor target materials in
fusion research facilities.

4 Conclusion

The emission spectra and heat flux characteristics of the He
plasma beam are measured at different high magnetic field
conditions, and preliminary irradiation experiments on pure
tungsten samples are carried out. This study reveals that the
heat flux capacity of HIT-PSI can exceed 40 MW/m2, far
surpassing the initial design target and effectively simulating the
extreme heat flux conditions expected in the divertor region of
future fusion reactors.

Additionally, the emission spectrum of helium at high magnetic
field conditions exhibits a consistent pattern, but the overall spectral
intensity significantly rises as the gas flow increases. Preliminary
irradiation experiments demonstrate that HIT-PSI can serve as an
excellent platform for testing the performance of plasma-facing
materials and components in extreme irradiation environments
and providing valuable insights for future research and materials
development.
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