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Abstract

With the rapid advancement of laser decontamination technology and growing awareness of
microbial hazards, it becomes crucial to employ theoretical model to simulate and evaluate
decontamination processes by laser-induced plasma. This study employs a two-dimensional
axisymmetric fluid dynamics model to simulate the power density of plasma bombardment on
bacteria and access its decontamination effects. The model considers the transport processes of
vapor plasma and background gas molecules. Based on the destructive impact of high-speed
moving particles in the plasma on bacteria, we investigate the bombardment power density
under various conditions, including different laser spot sizes, wavelengths, plate’s tilt angles,
and plate-target spacing. The results reveal that the bombardment power density increases with a
decrease in laser spot size and wavelength. For instance, when the plate is parallel to the target
surface with a 1 mm spacing, the bombardment power density triples as the laser spot size
decreases from 0.8 mm to 0.5 mm and quadruples as the wavelength decreases from 1064 nm to
266 nm. Notably, when the plate is parallel to the target with a relatively close spacing of 0.5 mm,
the bombardment power density at 0° inclination increases sevenfold compared to 45°. This
simulation study is essential for optimizing optical parameters and designing component layouts
in decontamination devices using laser-induced plasma. The reduction of laser spot size,
wavelength, plate-target spacing and aligning the plate parallel to the target, collectively
contribute to achieving precise and effective decontamination.

Keywords: laser-induced breakdown spectroscopy, fluid dynamics model, bacterial
decontamination

(Some figures may appear in colour only in the online journal)

1. Introduction

* Authors to whom any correspondence should be addressed. Harmful bacteria, recognized as potential biochemical
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weapons, pose a significant threat to national public security
and defense equipment. The development of rapid, efficient,
and environmentally friendly decontamination technology is
imperative for the advancement of emerging national equip-
ment. Traditional chemical decontamination methods
primarily rely on wet decontamination [1, 2], but they
present challenges such as secondary pollution, making them
unsuitable for surfaces of electronic equipment, precision
instruments, sensitive materials, etc. Physical decontamina-
tion methods, including ultraviolet, gamma ray, X-ray,
microwave, and ultrasonic [3-7], suffer from drawbacks
such as prolonged processes, radiation hazards, or unsatis-
factory decontamination effects. Laser-induced plasma
decontamination is grounded in laser-induced breakdown
spectroscopy (LIBS) technology [8, 9]. When the energy
density of the laser pulse surpasses the breakdown threshold
of the target, the affected area on the target surface instantly
evaporates, forming plasma through the ionization of the
vapor. The resulting plasma contains energetic electrons,
ions, molecules, free radicals, and other active particles
capable of disrupting the cell structure and DNA/RNA of
bacteria, leading to bacterial death. Compared to traditional
methods, laser-induced plasma decontamination offers
advantages such as high efficiency, strong penetration,
safety, and pollution-free characteristics. It emerges as a
standout solution among existing microbial decontamination
methods.

In recent decades, extensive research has been conducted
globally on the direct bacterial decontamination using lasers.
For example, Shukla er al utilized a nanosecond infrared
carbon dioxide laser to remove skin cells and bacteria
beneath a micrometer-thick liquid layer, and found that laser
fluence exceeding the boiling threshold of the liquid resulted
in the removal of the liquid layer [10]. Grishkanich et al
used ultraviolet laser radiation to inactivate pathogenic
viruses in water, demonstrating its effectiveness against
coliforms and enteric viruses [11]. Terlep et al proposed an
Er:YAG photoacoustic irrigation technology based on super
short pulses, achieving the removal of 92% of Enterococcus
faecalis biofilms on a titanium surface within 10 s. This
method significantly reduced the number of viable bacteria
remaining on the surface [12]. Jang et a/ utilized a 266-nm
UV laser to eliminate Bacillus atrophaeus spores on ceramic
tiles and assessed the sterilization efficiency in relation to
water absorption, tile color, and surface brightness. Results
showed that matte, white, and vitrified tiles exhibited the
highest sterilization efficiency, which positively correlated
with the number of UV laser exposures and laser intensity [13].
However, there are limited reports on utilizing laser-induced
plasma for bacterial removal. Kawasaki et al studied the
sterilization effect of pulsed laser ablation plasma using a
thin film deposition system. They used a pulsed laser with an
energy density of 9.3 J/cm? to ablate a silver target, and one
minute of plasma irradiation effectively inactivated yeast
fungus and spore-forming bacteria. Sterilization efficacy
depended on laser fluence and irradiation time, with high-
energy silver atoms and ions considered as the main steril-

ization factors [14]. They also confirmed that plasmas gener-
ated by pulsed laser ablation of Ti and TiO, targets effec-
tively killed yeast fungus and spore-forming bacteria, with
the former showing superior efficacy [15]. Recently, we
have also conducted research on bacterial recognition and
decontamination based on LIBS. The average identification
rate for seven bacteria reached 98.9%, with inactivation rates
exceeding 98% for Escherichia coli and Bacillus subtilis
[16, 17].

Given that improper handling of bacterial samples in
sterilization experiments may lead to infection or disease
among researchers, theoretical simulation of the bacterial
decontamination process by laser-induced plasma is of
significant importance for guiding experimental research and
optimizing parameters. In this study, we simulate the steril-
ization process of laser-induced plasma using two-dimen-
sional axisymmetric fluid dynamics equations, and focus on
exploring the effects of laser spot size, wavelength, plate’s
tilt angle, and plate-target spacing on the bombardment
power density of plasma acting on bacteria.

2. Theoretical model

In this study, the total energy of the laser is 100 mJ, and the
background gas is argon at one atmospheric pressure. We
theoretically simulate the bombardment power density of the
plasma generated by laser ablation of the alloy target on
bacteria. During the modeling process, our primary focus is
on the inactivation mechanism of high-energy particles in
the plasma on bacteria, which includes the effects of moving
particles and thermal effects. However, we have neglected
the oxidation reactions involving reactive oxygen ions and
free radicals in the plasma with proteins and nucleic acids in
bacteria, as well as the ultraviolet radiation mechanism of
the plasma.

2.1. Heating of the target

When a high-energy pulse laser irradiates the target material,
the temperature of the target material begins to increase,
leading to melting as it absorbs laser energy. The heating
process of the target material can be described using the
following heat conduction equation [18, 19]:

oT.  oT.
CofPs| —— —
5\ ez

0T,
=A—+(1-R)alexp(-az),
07>

)

where ¢, ps, A, R and « are the specific heat, mass density,
thermal conductivity, reflectivity, and absorption coefficient
of the sample, respectively, 7y is the temperature of the
sample, v is the evaporation rate, / is the laser power density
reaching the sample surface after considering the shielding
effect, and z is the coordinate along the inward normal to the
sample. We assume that the specific heat is constant, which
overestimates the energy of the plasma and introduces a 3%
uncertainty that can be disregarded.
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2.2. Generation and expansion of plasma

When the temperature of the target material reaches its boil-
ing point, it will evaporate to form vapor. The particles in the
vapor will continue to absorb laser energy and become
ionized, forming a plasma. The process of plasma expand-
ing outward can be described by fluid dynamics equations.
Considering the interaction between vapor plasma and back-
ground gas, mass diffusion, viscosity, and heat conduction
terms are added to the conservation equations of mass,
momentum, and energy, respectively. The improved equa-
tions are [19, 20]:
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where p;, p, u, p, e and g™ are the mass density of species i,
total mass density, expansion velocity, local pressure,
specific internal energy, and power loss [19], respectively,
ug, v and ¢ are the diffusion velocity of species i [21],
viscous stress tensor, and heat conduction flux [20], and o
and ap; are the inverse bremsstrahlung absorption coeffi-
cient and photoionization coefficient [22].

2.3. Decontamination of bacteria

The plasma generated by laser ablation of the target material
continues to expand outward until its edges come into
contact with the surface of the plate to be decontaminated.
Subsequently, all the energy of the plasma acts on the bacte-
ria, inactivating them through the high-energy particles
carried inside. Figure 1 shows a schematic diagram of bacte-
rial decontamination by laser-induced plasma, where d is the
distance from the center of the plate to the target surface, and
6 is the angle between the plate and the horizontal plane.

‘z
|

Plate
(bacteria)
Py_f -
Plasma — 4
r
| Target

Figure 1. Schematic diagram of bacterial decontamination on the
plate surface by laser-induced plasma.

3. Results and discussion

3.1. Effect of laser parameters on decontamination

This section focuses on the influence of laser spot size and
wavelength on the laser-induced plasma decontamination
effect. After laser ablation of the target material, the gener-
ated plasma rapidly expands outward. Figure 2 shows the
simulation results of plasma energy density profiles under
the same laser pulse energy but with different spot sizes, at a
delay time of 0.5 us. Here, plasma energy refers to the sum
of internal energy and kinetic energy, and its density reaches
a maximum at the top edge of the plasma. Due to the pres-
ence of background gas, a compressed shock wave is formed
at the front of the plasma. In this region, the vapor plasma
collides with the background gas to exchange energy, creat-
ing a significant gradient in energy density that decreases
rapidly. At the minimum laser spot, the maximum laser irra-
diance is observed. After 0.5 us of evolution, the axial and
radial dimensions of the plasma also show a trend of maxi-
mization. This result is consistent with the experimental
conclusion of Conesa et al that plasma size increases with
increasing irradiance [23]. In addition, as the laser irradi-
ance decreases, the plasma profile is compressed from spher-
ical to ellipsoidal along the axial direction, indicating that
laser irradiance has a significant impact on the axial size of
the plasma. When the same total laser energy acts on the
target material, the increase in spot size leads to a decrease
in laser energy density, resulting in a decrease in the energy
density of the formed plasma. For example, if the spot radius
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Figure 2. Energy density profiles of plasma at 0.5 us under the same laser pulse energy and different spot sizes.
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Figure 3. Radial distribution of bombardment energy density (a) and relationship between bombardment power density and plate-target

spacing (b) under different spot sizes (6 = 0°).

increases from 0.3 mm to 0.8 mm, the maximum plasma
energy density decreases from 20.58 J/cm® to 5.46 J/cm?.
Overall, changes in laser irradiance can significantly affect
the size and energy density of the plasma.

The plasma generated by laser ablation rapidly expands
outward and decontaminates the plate coated with bacteria.
Figure 3(a) shows the radial distribution of plasma energy
density I, under different spot sizes r and plate-target spac-
ing d. The scattered points represent the theoretical simula-
tion results, and the curves are exponential fitting results
with correlation coefficients R* greater than 0.90. The fitting
equation used is y = a+bexp(—x*/2r%), where x is the radial
position. This equation characterizes the energy distribution
of plasma bombardment on bacteria, which exhibits a Gaus-
sian-like distribution along the radial direction. When the
plate is parallel to the target material, the bombardment
energy is maximum at the center of the spot and minimum at
the boundary. Especially at a large spot size, the coefficient
b is small, indicating a reduction in energy difference
between the center and the boundary, and a more uniform
distribution of bombardment energy within the spot range.
However, as the size of the spot increases, the energy density
of the plasma decreases, and the energy acting on the bacte-
ria also decreases accordingly. It can be seen that in order to
improve the decontamination efficiency of plasma on bacte-
ria, it is necessary to increase the power density of the laser.
On the contrary, reducing the laser power density can
improve the uniformity of decontamination. When the plate-
target spacing increases from 1 mm to 2 mm, the expansion
time of the plasma increases, resulting in more energy loss
and a decrease in the energy acting on the bacteria. Figure
3(b) shows the quantitative relationship between bombard-
ment power density [, and plate-target spacing d under
different spot sizes. As spot size and spacing increase, the
bombardment power gradually decreases, consistent with the
results in figure 3(a). This indicates that by reducing the size
of the laser spot and the plate-target spacing, the bombard-
ment characteristics of the plasma can be effectively
controlled, thereby achieving better bacterial decontamina-
tion effects.

1.6 m 266 nm
5 ® 532 nm
A 1064 nm
« 121
E
9
= o
= 08 Ipecexp(-1.23d)
= R’=0.98
&
™ Ipecexp(-1.31d)
0.4 -RZEO.QSA ® .
) ° Ipocexp(-1.27d)
R*=0.94
0.0 : L L w !
0.4 0.8 1.2 1.6 2.0
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Figure 4. Relationship between power density of plasma bombard-
ment and plate-target spacing under different laser wavelengths
(@=0°).

Figure 4 illustrates the relationship curve between
bombardment power density and plate-target spacing under
different laser wavelength conditions when the spot radius is
0.5 mm. The scattered points represent the theoretical simu-
lation results, while the solid lines depict the fitted curves,
with R? greater than 0.93. The power density of plasma
bombardment on bacteria decreases exponentially with
increasing plate-target spacing. Under the same laser power
density and target material conditions, the shorter the laser
wavelength, the higher the electron number density and elec-
tron temperature of the generated plasma, resulting in a
greater bombardment power of plasma on bacteria and a
more effective decontamination effect. This theoretical simu-
lation conclusion aligns with the reported results. Bogaerts
et al theoretically confirmed that at 1 atm of helium, the
parameters of the plasma generated by short-wavelength laser
(266 nm) ablation of the copper target were greater than
those of long-wavelength laser (1064 nm) [24]. The compar-
ative experiment of short-wavelength (355 nm) and long-
wavelength (1064 nm) laser-induced aluminum plasma
conducted by Ma ef al in 1 atm argon also confirmed this
conclusion [25]. The fitting exponential formulas are also
annotated in the figure, and the constant term in parentheses
reflects the rate at which bombardment power decreases with
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Figure 5. Energy density profiles of plasma bombardment on bacteria at different tilt angles (d = 1 mm, » = 0.5 mm).

spacing. In other words, the smaller the constant, the slower
the decrease in bombardment power. The shorter the laser
wavelength, the slower the decrease in bombardment power
with increasing spacing. This indicates that the laser wave-
length has a significant impact on the plasma decontamina-
tion effect, and a decrease in wavelength is beneficial for
bacterial decontamination.

3.2. Effect of plate’s tilt angle on decontamination

In addition to laser parameters, we also investigate the
impact of the plate’s tilt angle on the efficiency of bacterial
decontamination. Figure 5 shows the energy density profiles
of plasma bombardment on bacteria at different tilt angles
when d = | mm and » = 0.5 mm. At the angle of 0°, the
energy of the plasma acting on the bacteria is centrally
symmetric, with the bombardment energy density gradually
decreasing from the center to the edge. This distribution is
determined by the particles sputtered in the plasma and
follows a Gaussian-like distribution. Consequently, as the
plasma continues to deposit on the plate, the formed energy
distribution also exhibits a similar Gaussian-like pattern.
When there is a certain angle between the plate and the
target material, the energy density distribution of the plasma
acting on the bacteria shows obvious non-uniformity. The
left half is closer to the target surface than the right half,
resulting in greater bombardment energy. As the tilt angle
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Figure 6. Radial distribution of bombardment energy density acting
on bacteria at different tilt angles (d = 1 mm, » = 0.5 mm).

increases, the energy density of plasma bombardment
increases in the left half, while it decreases in the right half.
The energy density distribution in the left and right parts
becomes more uneven. Figure 6 displays the radial distribu-
tion of energy density corresponding to figure 5 when d =
1 mm and » = 0.5 mm. It can be observed that the bombard-
ment energy density of the plasma at the center (» = 0 mm)
remains the same at different tilt angles. However, as the tilt
angle increases, the peak energy density gradually shifts
from the center of the spot to the left, and the difference in
bombardment energy density between the left and right parts



Plasma Sci. Technol. 26 (2024) 105503

J Wang et al

251
: 00
—e—27°
o~ —A— 45°
E 200 5
2 12.96exp(-6.84d)
= i R’=0.98
[—]
E 041
— 0.22exp(-1.80d)
0.2} R2=0.95
0.0t S—F—f%—8—a—2
0.0 0.5 1.0 1.5 2.0
d (mm)

Figure 7. Relationship between power density of plasma bombard-
ment acting on bacteria and the plate-target spacing at different tilt
angles (» = 0.5 mm).

of the plasma also becomes more significant. For example,
when the angle increases from 0° to 56°, the maximum
energy density difference in the radial direction increases
from 2.44 J/cm? to 7.33 J/em®. These observations indicate
that the tilt angle of the plate has a significant impact on the
energy density distribution of plasma, consequently affect-
ing the effectiveness of bacterial decontamination. By
adjusting the tilt angle of the plate, precise control of plasma
bombardment energy density can be achieved.

Figure 7 shows the relationship between bombardment
power density and plate-target spacing at different tilt angles.
Overall, the power density tends to decrease with the
increase in plate-target spacing and tilt angle. When the plate
is parallel to the target surface (8 = 0°), the bombardment
power reaches its maximum value. As the plate tilts continu-
ously, the bombardment power gradually decreases, even if
the bombardment energy of the plasma in the local area is
greater. At larger spacing, the bombardment power is almost
the same at all angles except for 8 = 0°. The tilt angle of the
plate has almost no effect on the bombardment power
density of the plasma acting on bacteria. When the tilt angle
is less than 45° and the spacing is less than 0.5 mm, the
bombardment power initially decreases rapidly with the
increase in spacing, and then tends to flatten. When the tilt
angle is greater than 45°, the decreasing trend of bombard-
ment power with the increase in spacing is relatively slow.
This suggests that when the plate is tilted beyond a certain
angle, the bombardment power density is almost indepen-
dent of the spatial position of the plate. Similarly, the fitted
exponential expressions are annotated in the figure, and the
exponential function can well describe the evolution trend
between bombardment power and plate-target spacing.

4. Conclusion

In this study, we utilize an advanced fluid dynamics model
to simulate and access the effectiveness of plasma generated
by pulse laser with different parameters in decontaminating
bacteria on the plate placed at different spatial positions.

Emphasizing the destructive impact of high-speed moving
particles on bacteria, we evaluate the decontamination effi-
ciency of plasma on bacteria through power density of
plasma bombardment. The study explores the evolution of
power density concerning laser spot size, wavelength, plate’s
tilt angle, and plate-target spacing. The findings reveal that
reducing the laser spot size and wavelength can generate
plasma with higher species density and temperature, thereby
increasing the bombardment power of plasma acting on
bacteria and enhancing its decontamination effect. Taking
the example of a plate parallel to the target surface with a
spacing of 1 mm, the bombardment power density increases
approximately threefold when the laser spot size decreases
from 0.8 mm to 0.5 mm, and about fourfold when the wave-
length decreases from 1064 nm to 266 nm. The tilt angle of
the plate and the distance from the target also affect the
power density of plasma bombardment on bacteria. Smaller
tilt angles and closer proximity to the target result in greater
bombardment power of the plasma on bacteria, leading to
improved decontamination effects. When the tilt angle is
below 45° and the spacing is less than 0.5 mm, the power
density of plasma bombardment significantly increases,
rising by 1-46 times compared to 45°. This simulation study
provides valuable insights for the further advancement of
decontamination technology. Optimal laser parameters and
device layout can be selected to optimize and control the
decontamination process more effectively, facilitating
precise bacterial decontamination.
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