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Atmospheric pressure helium plasmas are investigated through molecular dynamics simulations
at room temperature (300 K) for various ionization fractions (χi = 10−1 − 10−5) in the strongly
coupled regime (ion coupling parameter, Γi ∼ 1− 10) employing Coulomb and Yukawa interaction
potentials. The role of electron screening in ion dynamics and energetics is examined through
ion and gas temperatures, mean squared displacement of ions, ion coupling parameter, and radial
distribution function of the system. It is found that electron screening in the Yukawa potential
significantly limits the disorder-induced heating (DIH) mechanism for strongly ionized plasmas (χi

≥ 10−3). Whereas, ions show a prominent sub-diffusive behavior associated with the DIH during
the non-equilibrium phase for the Coulomb potential. The DIH mechanism is explained using a
model based upon the conservation of energy. However, for weakly ionized plasmas (χi ≤ 10−4), the
maximum ion temperatures are almost similar for both potentials. Furthermore, electron screening
affects the separation distance and arrangement of the ion-neutral pairs for all the values of χi.
In general, Yukawa potential results in a lower mean potential energy of the interacting particles,
which is energetically favourable for the stability of the system.

I. INTRODUCTION

Plasmas at atmospheric pressure have been studied ex-
tensively in a wide range of experiments and found their
applications in surface processing and biomedical fields
[1–4]. The criticality of their research lies in the fact
that it has led to the emergence of a new field known as
plasma medicine [5, 6]. These plasmas are often gener-
ated in laboratories at room temperatures employing RF
sources [7], microwaves [8], DC sources [9], nano-second
pulsed discharges [10], and dielectric barrier discharges
[11]. Depending on the mode of generation, the value
of ionization fraction (χi = ni/(ni + nn), where ni and
nn are the ion and gas number densities, respectively)
in the atmospheric pressure plasmas, ranges from 10−1

to 10−8, and divides the plasma into strong, moderate
and weakly ionized regimes. Based on their ionization
fraction, the plasmas show significant heating and strong
coupling among the ions after their generation [9, 12, 13],
where the ion coupling parameter (Γi), which is the ratio
of mean ion potential energy to the mean ion kinetic en-
ergy becomes ≥ 1. In strongly ionized plasmas, the ion
heating is assumed to be caused by the disorder-induced
heating (DIH) mechanism [12]. DIH arises as the ions
tend to move to a lower potential energy state from a
disordered state and release kinetic energy in the pro-
cess. However, for weakly ionized plasmas, the heating
is often attributed to the discharge geometry and type
of plasma source [9, 13]. For the moderate and weakly
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ionized plasmas, most of the simulation and theoretical
efforts are focused on understanding the plasma chem-
istry, electron temperature (Te), and electron densities
(ne) for a given plasma geometry and generation scheme
[9, 13, 14]. Furthermore, the contributions of intra and
inter-species interactions and internal structures of the
bulk plasmas in plasma heating and ion coupling strength
are not very well understood, even for the strongly ion-
ized plasmas. In this context, we employ molecular dy-
namics (MD) simulations to investigate the ion and neu-
tral gas dynamics and their implications in ion energies,
ion coupling strength, ion and neutral temperatures, and
the internal structures in an atmospheric pressure helium
plasma for χi (= 10−1 to 10−5), at room temperature
(300 K), thus covering the strong, moderate and weakly
ionized plasma regimes. Here, an instantaneous ioniza-
tion is considered, unlike the real experiments where the
ionization process (generation and growth of the ions)
may change depending upon the method of plasma gen-
eration, such as DC, RF, microwave, etc. Therefore,
we choose the total ionization fraction as the parame-
ter, which may be realized in different plasma systems.
MD simulations efficiently track each particle’s trajecto-
ries and easily convey molecular-level information [15–
18]. However, while employing the MD simulations, it
is imperative to designate the intra and inter-species in-
teractions with appropriate potentials. Therefore, in this
work, we discuss the performance of both Coulomb and
Yukawa potentials as the probable ion-ion interaction po-
tential for atmospheric pressure plasmas, which may help
us to decide the appropriate potential, depending upon
χi and other plasma parameters. Section II of this arti-
cle discusses the inter-particle potentials in-depth, along
with the simulation details, followed by the important
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results outlined in section III and a discussion in section
IV. The article is concluded in section V.

II. SIMULATION DETAILS

Typically, the plasmas consist of neutrals, ions, and
electrons, and in atmospheric pressure plasmas, the gas
temperature (Tg) ∼ ion temperature (Ti), and the elec-
tron temperature, Te ≫ Ti. Therefore, in most plasma
simulations, one component plasma (OCP) model is used
[12, 19, 20], and electrons are not explicitly considered in
the simulation system. Commonly, for atmospheric pres-
sure plasmas, ionic interactions (which are singly charged
He ions in the study) are depicted by the Coulomb po-
tential [12, 21], given by

ϕC(r) =
1

4πϵ0

q2

r
, (1)

where ϵ0 is the permittivity of free space, q is the charge
of the ions, and r is the separation distance between a
pair of ions. This model is seen to work well for quan-
tifying the DIH for strongly ionized argon plasmas with
χi ≥ 10−2 [12]. In the present simulation work, this
model will be tested for He plasmas at various ioniza-
tion fractions. However, in Coulomb potential, the effect
of the screening provided by the background electrons
is fully neglected, which may have a role in the ion dy-
namics, as seen in the case of ultracold neutral plasmas
[22]. Therefore, the screened Coulomb (Yukawa) poten-
tial, given by

ϕY (r) =
1

4πϵ0

q2e−κr

r
, (2)

is also employed to quantify the screening effect at dif-
ferent values of χi. Here, κ is the screening constant due
to the electrons and is calculated assuming the ions and
the electrons have the same densities (ni = ne), using
the relation,

κ2 =
neq

2

ϵ0kBTe
. (3)

Furthermore, the electron temperature (Te) is chosen to
be 1 eV (11600 K) in this work, which is a typical value
of Te in atmospheric pressure plasmas [9]. The values of
κ are tabulated in Table II. It is observed that for lower
values of χi, the values of κ ∼ 10−4 Å−1. Therefore, it is
expected that the effect of electron screening diminishes
for weakly ionized plasmas. The inverse of κ, known
as the Debye radius (rd), is > aii for all the values of
χi, to ensure effective screening within the Debye sphere
[23, 24].

The plasma properties are also expected to be influ-
enced by the neutral gas. Therefore, ion-neutral and
neutral-neutral interactions are incorporated in the sim-
ulation. The ion-neutral interactions are guided by the

modified charge-induced dipole potential [12], given by

ϕind(r) =
q2

8πϵ0

αRa
3
B

r4
(
r8ϕ
r8

− 1), (4)

where, αR is the relative polarizability for He (= 1.38
[25]), aB is the Bohr’s radius, and rϕ is the radius at
which the repulsive core acts. The parameter rϕ (= cain,
where ain is the interparticle separation distance for an
ion and neutral pair, and c is a multiplicative constant) is
calibrated using similar techniques followed by Acciarri
et al. [12]. For Tg = 300 K, c is found to be 0.133.
The neutral-neutral interactions are modeled by

Lennard-Jones potential given by,

ϕLJ(r) = 4ϵ[(
σ

r
)12 − (

σ

r
)6], (5)

where ϵ is the energy parameter (0.00094 eV for He), and
σ is the length parameter (2.64 Å for He) [16].
All the three-dimensional MD simulations are carried

out using the LAMMPS software package [15]. The max-
imum number of ions (Ni) is 10,000 for χi = 10−1,
whereas for χi ≤ 10−4, Ni = 100 is fixed. The system
sizes (L) are chosen in such a way that atmospheric gas
pressure is maintained and L ≫ rd, which ensures an im-
portant plasma criterion [23, 24]. The neutral He parti-
cles are distributed randomly in the system and assigned
with an initial Gaussian velocity distribution correspond-
ing to the mean temperature Tg = 300 K. The He atoms
are then equilibrated at constant temperature in a canon-
ical (NVT, where particle number (N), volume (V ), and
temperature (T ) are constant) ensemble using a Nose-
Hoover thermostat [26]. After the system is thermally
equilibrated, a fraction of He particles are ionized, and
the ions are introduced randomly in the system depend-
ing on the value of χi. The initial velocity distribution
of the He ions is of the Gaussian type with the mean
temperature corresponding to 300 K. The system is then
allowed to evolve in a microcanonical (NVE, where N ,
V , and energy (E) are constant) ensemble, and Ti, Tg,
and ion energies are recorded. As the system evolves, Ti

approaches Tg, and thermal equilibrium is achieved when
Ti ∼ Tg.

The Coulomb potential calculations in the simulations
are carried out using the particle-particle particle-mesh
(P3M) solver to incorporate the long-range effects. To
employ the P3M method, a cut-off length for the short-
range interactions needs to be assigned, for which the
force values are calculated in the real space. Further-
more, the ion-neutral potential (cf. eqn. 4) is incorpo-
rated in a tabular format in the LAMMPS input script
as it is not an inbuilt potential form. To use both the po-
tentials combinedly, their cut-off lengths need to match.
Therefore, this common cut-off length is calibrated for all
the values of χi so that the maximum possible value can
be chosen without letting the simulation system collapse.
For χi = 10−1, this value is 200 Å, and for χi ≤ 10−2,
the value is set at 250 Å(∼ 10 ain).
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TABLE I. Simulation input parameters for different ionization fractions (χi). Ni and NT are the ion numbers and total number
of particles, respectively. L is the system size. ni and nn are the ion and neutral densities, respectively. aii and ain are the
inter-particle spacings for ion-ion and ion-neutral pairs, respectively. rY is the chosen cut-off length for Yukawa potential.

χi Ni NT × 105 L (Å) ni (×1022m−3) nn (×1025m−3) aii (Å) ain (Å) rY (Å)

10−1 10000 1 1598.7 244.75 2.2027 46.044 22.136 500
10−2 1000 1 1598.7 24.475 2.423 99.199 21.444 500
10−3 1000 10 3444.3 2.4475 2.445 213.72 21.379 500
10−4 100 10 3444.3 0.24475 2.4472 460.43 21.373 600

2× 10−5 100 50 5889.7 0.048949 2.4474 787.32 21.372 800

TABLE II. Intrinsic quantities of He plasma for different ionization fractions (χi). κ is the electron screening constant, Γi is
the Coulomb coupling parameter at t = 0 (i.e., at Ti = 300 K), ωpi is the ion-plasma frequency and dt (= 0.001 ps) is the time
step chosen for the simulations.

χi κ(×10−3 Å−1) Γi ωpi (×1012rad s−1) ωpidt (×10−3rad)

10−1 21.03 12.1 1.0336 1.0336
10−2 6.65 5.61 0.3268 0.3268
10−3 2.1 2.6 0.1034 0.1033
10−4 0.665 1.21 0.0326 0.0326

2× 10−5 0.297 0.7 0.0146 0.0146

The cut-off length for the Yukawa potential (rY ) is
chosen in such a way that for r > rY , Ti and Tg at equi-
librium remain consistent and rY > aii. For χi = 10−1

and 10−2, a maximum possible value of rY is chosen (=
500 Å) due to smaller values of L (cf. Table I). However,
for moderate and weakly ionized systems, (χi ≤ 10−3),
the values of L are larger, and therefore, we need to judi-
ciously choose rY so that the long-range effects are incor-
porated without increasing the computational expenses.
For χi ≤ 10−3, Ti and Tg at equilibrium remain consis-
tent as ϕY (r) reaches 10−10 times its maximum value.
Therefore, rY for χi ≤ 10−3 is chosen as the r for which
ϕY (r) reaches 10

−10 times its maximum value (cf. Table
I). The cut-off length for neutral-neutral interactions is
chosen to be 50 Å.

Ti, Tg, and ion potential energy at equilibrium are
evaluated for different values of Ni and L for a given
value of χi to estimate the system size effect. The
quantities are found to be consistent with the reason-
able variation of system size. The chosen values of Ni,
total number of particles (NT ), L, ni, nn, mean inter-
ionic separation length (aii = aws = (3/4πni)

1/3, where
aws is the Wigner-Seitz radius), ain and rY are listed
for all the values of χi in Table I. The values of κ,
Γi(= q2/4πϵ0awskBTi), ion plasma frequency (ωpi =√
e2ni/ϵ0mi, where e is the elementary charge and mi

is the mass of the ion), and ωpidt, where dt is the chosen
time step for the simulations are tabulated in Table II
for different values of χi. Γi is calculated for Coulomb
potential at t = 0 (at the start of the NVE stage) and Ti

= 300 K.

The convergence of MD runs is ensured by estimat-
ing the potential energy fluctuations in the system. It is
observed that the maximum percentage standard devia-

tion in the ion potential energy after the equilibrium has
reached is ∼ 4%. Additionally, all simulation runs are
performed for different spatial distributions of neutrals
and ions. For all spatial distributions, similar levels of
fluctuations are observed. Furthermore, as mentioned in
the result section, the maximum error in the mean ion
temperature profile is 8.12 %, and the gas temperature
profile is 0.2 %, which shows the convergence of the simu-
lations within the reasonable error limits, as can be seen
in the gaseous MD simulation works [17].

To validate the simulation protocols, the temperature
profiles for Ti and Tg, and the ion self-diffusion coefficient
in Ar plasma are compared with those obtained from the
literature (Acciarri et al. (2022) and (2023)) and are
found to be matching well.

Acciarri et al.(2022) [12] focus on the strongly ionized
Ar plasma and investigate the temporal evolution of Tg,
Ti, ion kinetic energy, coupling parameter, and radial dis-
tribution function employing Coulomb potential for ion-
ion interactions, which highlight the disordered induced
heating (DIH) as one of the primary heating mechanisms
in plasmas such as nanosecond pulsed plasmas. Follow-
ing the non-equilibrium work, Acciarri et al. (2023) [21]
study the ion self-diffusion coefficient for a broad range
of χi in the Ar plasmas using MD and MCC simulations,
focusing on the diffusion phenomena.

In contrast, our work investigates He plasmas for a
broad range of χi using MD simulations. The work at-
tempts to quantify the screening effect due to the elec-
trons in plasma dynamics, energetics, and structure in
atmospheric plasmas by employing both Coulomb and
Yukawa potentials as the ion-ion interactions. The work
investigates the underlying mechanisms of DIH and en-
ergy contributions during the heating and cooling phases
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FIG. 1. Temporal evolution of ion and gas temperatures (Ti and Tg) for different ionization fractions. (a) χi = 10−1, (b) χi =
10−2, (c) χi = 10−3 and (d) χi = 10−4. The black solid line in Figure 1(a) shows the initial system temperature = 300 K.

of the ion temperature profiles. Furthermore, the conse-
quences of the DIH are also estimated in terms of sub-
diffusive ion motion and ion coupling parameter. Lastly,
the article comments on the structure of the plasma and
opens up the scope for future investigations on the one
component Yukawa plasmas at atmospheric pressure.

The simulations presented in the current article are run
for five different initial spatial distributions of neutrals
and ions for each value of χi. The values of Ti and Tg

are then averaged and presented in the temperature plots
(cf. Figure.1).

III. RESULTS

A. Temperature profiles and ion dynamics

Figure 1 shows the spatially averaged ion and neutral
temperature profiles during the non-equilibrium condi-
tion in the system, i.e., Ti ̸= Tg, for both potentials
(Coulomb and Yukawa). The temperatures are sampled
during the NVE run of the simulation. The curves are
shown till Ti approaches Tg (∼ 350 ps). The maximum
error in the Ti and Tg curves are 8.12% and 0.2%, respec-
tively, which are obtained from the standard deviation er-
rors of the spatially averaged curves. It is observed that
the DIH mechanism is prominent for χi ≥ 10−3, which
results in ion heating. Tg shows an increasing trend for
χi ≥ 10−2, which later equilibrates with Ti (cf. Figure
1(a) and (b)). Furthermore, for χi ≥ 10−3, the Ti curve
shows significant oscillations for Coulomb potential. The
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FIG. 2. Maximum ion temperature (Ti max) and equilibrium
gas temperature (Tg eq) versus the ionization fraction (χi).

frequency of the oscillations decreases, whereas the width
of each peak increases with a decrease in χi. The time
period within which the oscillations last is quantified in
terms of plasma frequency (f−1 = 2π/ωpi). For χi =
10−1, 10−2 and 10−3 the oscillations last for ∼ 13f−1,
2.6f−1, and 0.9f−1, respectively. The oscillations last
for a longer period for the higher value of χi. It shows
that the ions interacting with Coulomb potential suffer
rapid displacements from their respective mean positions
in the potential well formed by the nearest neighbors [27],
resulting in fluctuating repulsive potential energy that
gets converted to the oscillating kinetic energy. Further-
more, with a higher number of ions, this phenomenon
lasts for longer periods due to higher repulsive energies.
In contrast, such oscillations are very much damped for
Yukawa potential. For example, for χi = 10−1, there is
only one secondary peak, which vanishes for lower val-
ues of χi (≤ 10−3). This signifies that the screening due
to the electrons weakens the repulsive force between the
ions. For weakly ionized plasmas, the peaks gradually
vanish, with χi = 2 × 10−5 not showing any peaks for
any potential (not shown). Rather, the Ti curve oscil-
lates with significant thermal and statistical fluctuations
around a mean temperature. It is also observed that for
χi ≥ 10−3, the ions attain the maximum temperature
(Ti max) at similar times for both potentials. For exam-
ple, for χi = 10−1, the ions attain Ti max = 1405.84 K
at t = 0.57 ps for Coulomb potential and Ti max = 792.4
K at t = 0.67 ps for Yukawa potential. However, for
χi ≤ 10−4, Ti max is attained faster for Yukawa potential
compared to Coulomb potential. Additionally, with de-
creasing χi, the time corresponding to Ti max increases.

Figure 2 shows that the value of Ti max decreases with
the decrease in χi, demonstrating that the DIH mecha-
nism is prominent for χi ≥ 10−3. Ti max for a constant
χi is higher for Coulomb potential, as seen in Figure 2
for all the values of χi, and the values start approaching

for both potentials for χi ≤ 10−4. This signifies that ion
heating is directly influenced by electron screening. The
equilibrium gas temperature at the start of the equilib-
rium (Tg eq) for both potentials is also plotted in Figure
2. The values are similar for both potentials for χi <
10−2.
To study the ion dynamics during the DIH mecha-

nism, the mean squared displacement for the ions (MSD

= 1
Ni

∑Ni

j=1[rj(t)− rj(0)]
2, where rj(0) and rj(t) are the

displacements of the jth ion at an initial time and a later
time t, respectively) is calculated. MSD is calculated in-
dependently at different initial times in two scenarios:
(1) during the non-equilibrium (NE) phase, as soon as
the ions are introduced in the system, and (2) during the
equilibrium (EQ) phase (Ti = Tg), for both potentials.
Figure 3 shows the MSD data for χi = 10−1. It is ob-
served that for the NE case, after a short ballistic regime
(MSD∝ ta, a = 2), the MSD shows a sub-diffusive regime
with a ∼ 0.8, before transitioning to the diffusive regime
with a = 1 for both potentials. The time correspond-
ing to the end of the ballistic regime also corresponds to
Ti max. Thereafter, the sub-diffusive regime starts and
lasts till Ti approaches Tg. Such a sub-diffusive regime
is missing for the EQ scenario and for χi ≤ 10−4, even
in the NE scenario. This observation confirms the fact
that the sub-diffusive behavior is exclusive to the DIH
mechanism and it indicates the non-thermal transport
in the system. A similar observation has been reported
for ultracold neutral plasma (UNP), where the ion veloc-
ity distribution during the DIH is non-thermal in nature
due to the influence of nearest neighbors [28]. This phe-
nomenon is also observed in biological specimens, where
the particle is crowded by its neighbors, which hinders
its random motion [29].

B. Ion coupling parameter

The screening effect due to the electrons also has an
effect on the system’s energetics. The mean potential en-
ergy due to ion-ion pair interaction for Coulomb potential
is given by,

PEC =
q2

4πϵ0aws
, (6)

For Yukawa potential, the mean potential energy due to
ion-ion pair interaction is given by,

PEY =
q2e−κaws

4πϵ0aws
. (7)

The mean kinetic energy (KE) for both potentials is
kBTi. Ti depends on the chosen potential at the equi-
librium condition. Subscripts “C” and “Y” are used to
refer to Coulomb and Yukawa potentials, respectively.
Figure 4 shows the variation of mean PE and KE with
χi for both potentials. It is evident that the mean PE



6

FIG. 3. Mean squared displacement for ions (MSD) at χi = 10−1 for (a) Coulomb and (b) Yukawa potential. MSD is calculated
during the non-equilibrium (NE) and equilibrium (EQ) phases, with two different origin times. The curve for the NE phase
shows marking for Ti max. The curves extend till the start of the equilibrium (Ti ∼ Tg). The respective dependence of the
MSD curves on t is shown in the graphs. For the sub-diffusive region, MSD ∝∼ t0.8, and for the diffusive region, MSD ∝ t.
The solid lines show the fitting lines.

FIG. 4. Mean potential (PE) and mean kinetic energies (KE)
for ions for both potentials.

for Yukawa potential is lower than that for Coulomb po-
tential, which provides an energetically more favorable
condition for the plasma system. Meanwhile, the mean
KE remains almost constant for both potentials except
for the χi = 10−1 case.

The screening effect on the system’s energetics is
quantified through the coupling parameter of the ions
(Γi). For Coulomb potential, ΓiC = PEC/KEC

(=q2/4πϵ0awskBTi) and for Yukawa potential ΓiY =
PEY /KEY (= q2e−κaws/4πϵ0awskBTi) [30].

It is observed that Γi decreases with a decrease in χi

(cf. Table II and Figure 5) due to the reduced number

FIG. 5. Ion coupling parameter (Γi) versus the ionization
fraction (χi) for Coulomb and Yukawa potentials. The solid
lines are only to guide the eyes.

of ions for the lower values of χi. The values of Γi for
Coulomb potential are higher than those for Yukawa po-
tential due to the screening effect (cf. Figure 5). This
finding agrees with the observations for the ultracold neu-
tral plasmas [22, 31].

C. Internal plasma structure

To probe into the internal structure of the plasma, the
radial distribution function (g(r) = V n(r)/4Nπr2∆r),
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FIG. 6. Radial distribution function for (a) ion-ion pair and (b) ion-neutral pair, for ionization fraction (χi) = 10−1.

FIG. 7. Change in temperature (∆T = T (t+∆t)− T (t)) versus time for (a) Coulomb potential and (b) Yukawa potential, for
ionization fraction (χi) = 10−1. The time step (∆t) used for the calculations is 0.05 ps.

where n(r) is the number of particles situated from a
reference particle at a distance of r and r +∆r) for var-
ious pairs, such as ion-ion and ion-neutral, is computed
at equilibrium condition for both potentials. The curves
are shown for χi = 10−1 in Figure 6. For the ion-ion
pair (cf. Figure 6(a)), the g(r) curves for both poten-
tials overlap each other. The values of g(r) are negligible
for r/aii ≤ 0.54. These curves attain a peak (∼ 1.1) at
r/aii = 1.65 and then remain constant with the value
of 1 throughout. The peak height decreases and almost
becomes 1 for lower values of χi (not shown). It signifies
that the ions do not form any structures in the system
[16], and the electron screening does not impact the in-
ternal structure of the ions. For the ion-neutral pair (cf.
Figure 6(b)), g(r) is negligible for r < rϕ. rϕ is the radius

at which the repulsive core in the ion-neutral interaction
potential acts (cf. eqn. (4)). g(r) for the ion-neutral
pair shows multiple peaks for both potentials and attains
the primary peak at r/rϕ = 1.23 and 1.10 for Coulomb
and Yukawa potentials, respectively. It is observed that
the peak widths are smaller for the Yukawa potential.
Furthermore, the multiple secondary peaks indicate the
formation of possible shell structures among the ions and
neutrals [32]. The position and width of the peaks dictate
the ion-neutral interaction energy. The primary peak for
the Coulomb potential falls in the region where the po-
tential energy for the ion-neutral interactions is negative
with a higher magnitude. A more detailed discussion of
the potential energy of an ion due to the ion-neutral in-
teraction can be found in Section IV and Appendix A.
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For lower values of χi, the primary peak height increases
for both potentials, with distinctive secondary peaks (not
shown).

IV. DISCUSSION

To understand the potential energy contribution to the
DIH and oscillations in the Ti curve, a model is devel-
oped. According to the DIH hypothesis, the increase in
ion kinetic energy is attributed to the decrease in their
potential energy. Mathematically, for an individual ion,
it can be written as

∆(kBTi) = −(∆PET ), (8)

where PET is the total pairwise potential energy experi-
enced by an ion due to other ions and neutral particles.
Therefore, PET = PEI + PEN , where PEI is the po-
tential energy due to other ions which can be either due
to Coulomb potential (PEC) or Yukawa potential (PEY )
and PEN is the ion potential energy due to the neutrals.

For two arbitrary initial (t) and final (t+∆t = tf ) time
instances, eqn. 8 can be written as,

∆T = Ti(t+∆t)− Ti(t)︸ ︷︷ ︸
∆Ti

=
1

kB
((PEI(t)− PEI(t+∆t))+

(PEN (t)− PEN (t+∆t))), (9)

where ∆T is the change in temperature. For Coulomb
potential, the expression for ∆T becomes,

=
q2

4πϵ0kB
[
1

r(t)
− 1

r(t+∆t)
]︸ ︷︷ ︸

−∆PEI/kB

+

q2αRa
3
B

8πϵ0
[(

r8ϕ
r12(t)

− 1

r4(t)
)− (

r8ϕ
r12(t+∆t)

− 1

r4(t+∆t)
)]︸ ︷︷ ︸

−∆PEN/kB

.

(10)

Similarly, for Yukawa potential, the expression for ∆T
becomes,

=
q2

4πϵ0kB
[
eκr(t)

r(t)
− eκr(t+∆t)

r(t+∆t)
]︸ ︷︷ ︸

−∆PEI/kB

+

q2αRa
3
B

8πϵ0
[(

r8ϕ
r12(t)

− 1

r4(t)
)− (

r8ϕ
r12(t+∆t)

− 1

r4(t+∆t)
)]︸ ︷︷ ︸

−∆PEN/kB

.

(11)

∆Ti (cf. eqn. (9)) is the change in ion temperature in
the time interval ∆t and is acquired from the simula-
tions directly, where ∆t is chosen as 0.05 ps. ∆T due to
the change in potential energies (R.H.S of eqns. (10) and
(11)) is acquired from the simulation by taking the collec-
tive potential energies of all the ions and then averaging
their values by dividing with Ni. ∆T is plotted against tf
in Figure 7 for both potentials for χi = 10−1, showing the
contribution of different pairwise interactions to ∆T . It
is observed that for Coulomb potential, the initial rise of
Ti due to DIH is attributed to the PEI contribution. As
the ions start to cool down, the contribution of PEI di-
minishes, and PEN increases. The rapid decrease in PEI

with time is caused by the increased distance between the
ions to attain a minimum potential energy state among
themselves. For Yukawa potential, ∆Ti is primarily due
to the PEI contribution and the PEN contribution is
negligible throughout. Furthermore, it is found that, for
Coulomb potential, the values of PEN are negative and
large, whereas, for Yukawa potential, these are negative
but negligibly small. Upon analyzing the ion-neutral in-
teraction potential, it is understood that the ion-neutral
interaction energy is negative and significant only for a
small range of separation distance for an ion-neutral pair
(r/rϕ ∼ 1 − 2.4) (cf. Figure A.1). For r/rϕ > 2.4, the
values of the interaction potential are negative but negli-
gible. This shows that apart from the separation distance
of the ion-neutral pair, the number of neutrals and their
arrangement around an ion also play a crucial role in
determining the values of PEN .
The damped oscillations in the ∆T curve at long

timescales (> 2 ps) are only observed for Coulomb po-
tential. The frequency and the amplitude of these os-
cillations decrease with a decrease in χi due to lower
ion densities (not shown in the graph). Furthermore,
for the Yukawa potential, as κ decreases and approaches
the value 0, the oscillations appear and are comparable
to those shown for the Coulomb potential (not shown
graphically).

V. CONCLUSION

Atmospheric pressure He plasma at room temperature
is modeled for χi = 10−1 - 10−5 employing molecular
dynamics simulations, where two potentials are used to
describe the ion-ion interaction; Coulomb and Yukawa.
Yukawa potential incorporates the screening effect caused
by the background electrons.
It is found that the DIH, which is prominent for

χi ≥ 10−3, is more significant for the Coulomb potential.
The electron screening in the Yukawa potential efficiently
limits the ion and gas heating in the system. The max-
imum ion temperatures for the weakly ionized plasmas
(χi ≤ 10−4) are almost similar for both potentials. Dur-
ing the non-equilibrium phase (Ti ̸= Tg) caused by the
DIH, the Ti curve for the Coulomb potential shows an
oscillatory behavior for χi ≥ 10−3. The oscillations are
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very much damped for the Yukawa potential. For weakly
ionized plasmas (χi ≤ 10−4), such oscillations are absent
for both potentials. During this non-equilibrium phase,
the ions show a sub-diffusive behavior for χi ≥ 10−3,
which is more prominent for the Coulomb potential. The
sub-diffusive behavior is exclusively associated with the
DIH mechanism.

The decrease in the potential energy due to the ion-
ion interaction contributes to the increase in Ti during
the DIH process for both Coulomb and Yukawa potential
cases. The contribution to the change in ion temperature
by the ion-neutral interactions is dominant for Coulomb
potential.

In general, the potential energy due to the ion-neutral
interactions is attractive for both potentials and the mag-
nitude is higher for Coulomb potential. Combined with
the g(r) data for the ion-neutral pair, it is understood
that a higher number of neutrals are arranged near an
ion for Coulomb potential, and the ion-neutrals form a
shell-like structure for both potentials for all the values
of χi.

To conclude, it is more scientific to include the screen-
ing effect in the simulations for the atmospheric pressure
plasma systems, as this effect dictates the plasma dy-
namics, energetics, and internal structure more realisti-
cally. The mean potential energy in a Yukawa system is
lower, which is energetically favourable for the stability

of the system. Although the Coulomb potential is easier
to implement with long-range effects and is computation-
ally less expensive, the Yukawa potential may be impor-
tant for ascertaining more physical results for the given
experimental conditions. However, the Yukawa poten-
tial needs to be investigated further to ascertain how it
guides the ion-neutral structural arrangements at room-
temperature plasmas and to extend the current finding to
high and low gas temperatures at atmospheric pressure,
which may be taken up in the future works.
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Appendix A: Ion-neutral interaction potential

Figure A.1 shows the values of the interaction potential
(ϕind) and force (Find) for the ion-neutral interactions for
χi = 10−1. For r/rϕ ≤ 1.14, the values for Find are pos-
itive (repulsive). ϕind attains minimum at r/rϕ = 1.14,
and the values of Find becomes negative (attractive).
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