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Atmospheric Pressure Plasmas are 
used for multiple applications

● Operational Simplicity (no vacuum system required) and low 
running cost

● Promising for inactivation of pathogens in medicine, 
applications in food industry, agriculture, water purification, 
atmosphere decarbonization, among others.

● Highly non-equilibrium plasma state (Te>>Ti) which promotes 
chemical reactions

Conclusions
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A key science challenge is to model the main mechanisms 
involved in the plasma dynamics and transport of reacting 
species in order to improve the development of plasma sources

Ions are strongly coupled in 
atmospheric pressure plasmas 

This leads to strongly correlated effects that currently are not 
accounted for in standard modeling techniques

Argon plasma, Z=1, T = 293 K
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Coupling Parameter ● Γ < 1 → Weakly Coupled

● Γ > 1 → Strongly Coupled

s,s´ → species  (i,n), (i,i), (n,n), (e,e), etc

Ti = 293 K, 
Te = 2 eV, 
P = 1 atm:

xi Γee Γii

0.01 0.07 5.80
0.5 0.27 21.35

At room temperature and atmospheric pressure, 
ions are expected to be strongly coupled

Figura 2: Difractogramas de las aleaciones fabricadas. Se indica la fase correspondiente a cada pico y su respectivo plano de la estructura cristalina.

In order to account for all the relevant physics we 
can use Molecular Dynamics (MD) Simulations 

Strongly Coupled Effects set the ion 
Temperature

Characteristic regions: 
I. Disorder Induced Heating (DIH)

II. Large fluctuations in the ion temperature
III. Ion - Neutral temperature relaxation

Ionization fraction xi = 0.01

Oscillations in ions positions after DIH
→ Exchange between KE and PE 
→ ion Temperature fluctuations due to the strong 
coupling between ions (Γii > 1 → Avg. Potential 
Energy > Avg. Kinetic Energy) 

Ki
E: Ions total Kinetic Energy

Kn
E: Neutral atoms total Kinetic Energy 

ET: Total Energy

Ion neutral collision frequency can be computed 
from the charge induced dipole cross section

Ion-Neutral temperature relaxation through collisions

Particle in Cell simulations solve the left hand side of the 
Boltzmann Equation on a grid and the right side using the Monte 
Carlo Collision method

● One entire MD simulation would fit into a subgrid inside a single cell of a PIC 
simulation.

● Each “macro particle” in a PIC simulation could contain millions of individual particles 
(Large specific weight)  

● In order to obtain the DIH we need to resolve aii  

● You would not obtain this result with traditional PIC codes

Applies 
only when Γ 

< 0.1

● Ions are strongly coupled in atmospheric pressure plasmas
● The equilibrium temperature is set by the DIH, Ion-Neutral temperature 

relaxation through collisions and 3-body recombination
● The DIH and ion temperature fluctuations could not be obtained by 

solving the Boltzmann equation or using PIC simulations since they 
only apply to weakly coupled plasmas

● i-i interactions are not screened by the presence of neutral atoms 
● The strongly coupled effects are not negligible and you need models 

to capture this important physics

● LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)
● Electrons were considered as a non interacting background neutralizing 

species and are not included
● Partially ionized Ar plasma, T=293 K, P = 1 atm.
● Short (neutral-neutral), Medium (ion - neutral) and Large (ion - ion) 

range interactions were included.
●  3D periodic box of length ~ 25 a.

Evolution of Neutral 
Ar to equilibrium

Instant Ionization of a 
fraction of the particles

NVE simulation including 
interactions between: i-n, n-n 
and i-i

Starting with a neutral gas and applying an instant ionization pulse

● The collision operator used in the Boltzmann equation only 
accounts for binary collisions. 
     This only applies to the weakly coupled regime ( Γ < 0.1 ) ! 

● PIC codes solve the Boltzmann equation
 → By using PIC you will totally miss the strongly coupled 
effects in the ion dynamics

Strongly Coupled Plasmas do not 
obey the Boltzmann Equation

I II III I II

~ a

Neutral Gas 
at equilibrium

Ionization 
Pulse

Separation 
of ions

Ionization causes:  φshort range → φlong 

range

Ions move to lowest potential 
configuration

r << a

Total energy is conserved

I. Disorder Induced Heating (DIH)

II.   Large fluctuations in the ion temperature

III.   The Ion-Neutral temperature relaxation through 
collisions lowers the ion temperature increasing 𝚪ii

Teq and Timax can be modeled using energy conservation arguments
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