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Numerical simulation of dynamics behavior of pulsed-DC helium plasma jet confined
by parallel magnetic field at atmospheric pressure
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A two-dimensional axisymmetric fluid model is used to simulate the dynamics behavior of an atmospheric-
pressure helium plasma jet in the presence of a parallel magnetic field. The plasma jet is generated in a coaxial
dielectric barrier discharge (DBD) driven by pulsed direct-current voltage. Comparative analysis of the plasma
jet with and without the parallel magnetic field indicates that a slightly thinner plasma sheath inside the tube is
present with the parallel magnetic field as a result of the decreased accumulated electrons on the inner surface
of dielectric tube. After the streamer propagates outside the tube, a little more concentrated electron distribution
in the annular wall is observed by applying the magnetic field because of the reduced electron diffusion in the
radial direction and the confinement effect of the magnetic field on the electrons in the avalanche heads. The tiny
reduction in the length of plasma jet is attributed to the E × B drift of charged particles. These results demonstrate
that the parallel magnetic field has no apparent effect on the propagation of the plasma jet, and it contributes
little to the performance improvement of the coaxial DBD, which agrees well with the previous experimental
observations. This little impact of the parallel magnetic field on the coaxial DBD plasma jet may result from
negligible contribution of the memory effect to the sole discharge pulse as well as the weak confinement effect
of the applied magnetic field on the surface electrons that moves along the magnetic field lines under electrostatic
repulsion.
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I. INTRODUCTION

The atmospheric-pressure plasma jet (APPJ) has become
one of the hot spots in the field of plasma research in re-
cent decades because of its broad application prospects in
material processing and biomedicine [1–6]. Compared with
other plasma devices, the plasma jet can deliver abundant
active species from narrow gas gaps to open spaces and can
be used to treat samples with various shapes and sizes [7–9].
APPJs can be generated by direct-current (DC) discharges
[10–17]. For example, Duan et al. [10] and Tang et al. [11] de-
signed brush-shaped plasma jets based on DC glow discharge.
Fridman et al. [12] and Shiki et al. [13] developed torchlike
plasma jets by gliding-arc discharge. To improve the working
efficiency of APPJs in industrial and medical applications,
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introduction of the magnetic field to plasmas has been pro-
posed. Feng et al. [16] found that the length of the plasma
torch (19 cm) was increased by ∼3 times, and the adhesion of
the treated polymer films was improved by up to ∼30 times,
after applying a magnetic field (0.25 T) perpendicular to the
electric field. Jiang et al. [17] reported a 34% reduction in the
total energy consumption for plasma generation, 40% incre-
ment in the jet length, and more than twofold enhancement
in the irradiance with the application of a perpendicular mag-
netic field (0.42 T), accompanied by the notable improvement
in the uniformity of the plasma brush. The improvement of
DC discharge by the perpendicular magnetic field is attributed
to the enhanced ionization and excitation process in the curved
and lengthened electron path due to the Lorentz force as well
as the same direction of E × B drift as the gas flow.

Dielectric barrier discharge (DBD) is regarded as another
common way to generate APPJs because of its simpler elec-
trode configuration and lower power consumption than DC
discharge [6,8,18,19]. In addition to the perpendicular mag-
netic field used to optimize DC discharges, a magnetic field
parallel to the electric field was also capable of improving
the discharge intensity and uniformity significantly at atmo-
spheric pressure, where the plasma was produced between
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two parallel-plate electrodes in a repetitive unipolar nanosec-
ond pulsed DBD [20–22]. The authors believed that the
enhancement of the memory effect and the confinement of
the magnetic field on electrons are the main reasons for
the discharge improvement. Additionally, many streamerlike
plasma jets have been developed in coaxial DBDs [23–30].
However, it has been demonstrated in several studies that the
coaxial DBD APPJs are not sensitive to the parallel magnetic
fields. Liu et al. [27] employed ring permanent magnets to
produce a parallel magnetic field of 0.587 T in the region
of a helium APPJ, and little effect was measured for the
free expanding plasma plumes. Shi et al. [28] showed that
the growth in the length and irradiance of a helium plasma
jet was closely related to the position of the magnetic ring.
The growth was inconspicuous with the magnetic ring placed
downstream of the high-voltage electrode. A 40% improve-
ment in APPJ length and a 23% increase in the intensity
of spectral line O (777.2 nm) were acquired only when the
magnetic ring moved to the periphery of the high-voltage
electrode.

The above experiments show that the parallel magnetic
field generally has little impact on the APPJs produced by
coaxial DBDs, which is quite different from the great im-
provement of discharge performance observed in both DC
discharges and parallel-plate DBDs. It has been reported that
this little impact on the APPJs probably lies in the fact
that the electron collision frequency is much more than the
electron cyclotron frequency, and collisions make the magne-
toactive collisional plasmas isotropic for transport when using
a magnetic field on the order of a few tenths of a Tesla at
atmospheric pressure [27]. Nevertheless, the reason why the
parallel magnetic field contributes little to the coaxial DBDs
has not been clearly addressed, and the influence mechanism
of the parallel magnetic field on the APPJs has not been fully
clarified in coaxial DBDs. For instance, the motion manner
and drift trajectory of an electron under the action of parallel
magnetic fields is still unclear. Moreover, the variation of
microscopic characteristics of APPJs in the parallel magnetic
field has not yet been systematically discussed in coaxial
DBDs. These deficiencies prevent further understanding of
the characteristics of a plasma jet confined by a magnetic
field and bring blindness to the working optimization of a
magnetic-field-assisted plasma jet.

Furthermore, a similar experiment was conducted by plac-
ing the ring magnets downstream of the power electrode in a
coaxial DBD [29], and it came to an exciting conclusion that
the parallel magnetic field (ranges from 0.1 to 0.4 T) had an
apparently positive impact on the streamer discharge, where
the length and brightness of the APPJs were significantly
enhanced. Additionally, a parallel magnetic field (0.2 T)
generated by a pair of Helmholtz coils was applied to the
coaxial DBD argon plasma jet [30]. Examination of the
plasma physical appearance and optical emission indicated
that the plasma irradiance was increased. These experimental
observations are quite distinct from the reports mentioned
above. That is to say, an inconsistence about the enhancement
effect of parallel magnetic field on coaxial DBDs comes into
being. However, theoretical reports are lacking that verify
these published experimental results and clarify this academic
disagreement.

Based on the above considerations, it is necessary and
essential to fully and deeply explore and understand the com-
plicated dynamic behavior of plasma jets during the overall
discharge process in the presence of the parallel magnetic
field. At present, due to the limitation of experimental di-
agnostic techniques, the spatiotemporal distributions of elec-
trons, ions, and electric fields in the discharge space cannot
be well examined and understood. Here, a two-dimensional
axisymmetric self-consistent model of pulsed-DC driving an
APPJ is developed with a parallel magnetic field applied. All
efforts of this work will allow us to gain further insight into
the intrinsic mechanism of the effect of a magnetic field on
plasma jets, to reach a common understanding and recognition
on the enhancement effect of magnetic field on plasma jets,
and to avoid the poorly efficient generation of plasmas and
the lowly effective utilization of plasma jets with the magnetic
field applied in various applications.

II. MODEL

A two-dimensional axisymmetric self-consistent fluid
model is established according to the previous relevant ex-
periments [27–30] and used to simulate the influence of the
steady magnetic field on a coaxial DBD APPJ. Figure 1(a)
depicts the schematic diagram of the simulation geometry,
which is built in an axisymmetric cylindrical coordinate (r, z).
Only the left half of the computational domain is shown, and
the boundary AG is the symmetric axis. In this paper, pure
helium gas flows through a dielectric tube (length of 5 mm,
inner diameter of 2 mm, and outer diameter of 16 mm) and
merges into the ambient air. The air is composed of 80% ni-
trogen and 20% oxygen in the model. The helium flow rate is
constant as 2 standard liter per minute (SLM), which is equal
to a mean inlet velocity of 10.61 m/s. Two permanent ring
magnets (recoil permeability of 1.05 and remanent magnetic
flux density norm of 1.41 T) are stacked downstream of the
dielectric tube with the N pole close to the dielectric tube
and the S pole far away from the dielectric tube. Each ring
magnet has an inner diameter of 16 mm, an outer diameter
of 28 mm, and a height of 4 mm. The APPJ is driven by
pulsed-DC high voltage (HV) with an amplitude of 4 kV and
a rise time of 50 ns. The HV ring electrode (length of 2 mm,
inner diameter of 4 mm, and outer diameter of 4.4 mm) is
embedded in the dielectric tube (relative permittivity of 5)
in a coaxial manner. The gas discharge mainly occurs in the
smaller domain (ACFG), which is depicted on both sides of
the symmetric axis, as shown in Fig. 1(b). The boundaries
CF and FG are grounded, as indicated by the green solid
lines. Figure 1(c) shows the spatial distribution of the sta-
tionary electric field with the 4 kV voltage applied to the ring
electrode, not considering the field distortion by the plasma.
Without the consideration of the process of generating plasma
by gas discharge, the stationary electric field is solved by
calculating the Laplacian equation ∇ · E = 0. The strongest
electric field of 8.2 × 105 V/m within the investigated domain
is obtained near the dielectric inner surface downstream of
the power electrode, from which the electric field inside the
tube gradually weakens toward both ends of the tube on the
whole. This stationary electric field outside the tube reaches
its maximum value approaching the corner of tube exit and
decreases in the direction away from the tube exit.
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FIG. 1. (a) Schematic diagram of simulation geometry. AG: Symmetric axis; AB: Inlet for helium gas; BHICB: Boundary of the dielectric
tube; IQKJI: Boundary of ring magnet; POMLP: Boundary of another ring magnet; CD: Inlet for air; DE and EG: Outlet for gas species; N:
N pole of the ring magnet; S: S pole of the ring magnet. (b) Detail of the gas discharge region. Red rectangular area: High-voltage (HV) ring
electrode. Green lines: Grounded electrode. (c) The spatial distribution of stationary electric field with the 4 kV voltage applied to the ring
electrode.

For the plasma jet generated by pulsed DC discharge, since
the propagation speed of the streamer (∼105 m/s) is much
higher than the gas flow rate (∼10 m/s), the gas spreads out a
negligible distance in the investigated time span, and the tem-
poral and spatial profiles of mole fraction remain unchanged
[31,32]. As a result, the overall problem is divided into three
components: a steady neutral gas flow component, a magnetic
field component, and a transient plasma dynamics component.
The larger domain (ADEG) is used for the neutral gas flow
and the magnetic field components, while the smaller domain
(ACFG) is used for the plasma dynamics component.

A. Neutral gas flow model

The governing equations of the neutral gas flow model
consist of the continuity equation [Eq. (1)], the momen-
tum conservation (Navier-Stokes) equation [Eq. (2)], and the
convection-diffusion equation [Eq. (3)] [32,33]:

∇ · (ρu) = 0, (1)

(∇ · ρuu) = −∇p − (∇ · τ ) + F, (2)

∇ · (ρuwg) + ∇ · Jg = 0, (3)

where ρ is the mixture density (helium 0.1664 kg m−3, air
1.293 kg m−3), u is the velocity vector, p is the pressure, τ is
the stress tensor for a Newtonian fluid, F is the body force, w

is the mass fraction, and the subscript g represents the species
of gases (i.e., He and air). For laminar flow, the diffusion flux
Jg = −ρDg∇wg, where Dg is the binary molecular diffusion
coefficient (helium in air 7.2 × 10−5 m2 s−1). The boundary
conditions for the neutral gas flow model are summarized
in Table I. The corresponding boundaries can be found in
Fig. 1(a).

B. Magnetic field model

The magnetic flux density B is governed by Gauss’s law
for magnetic fields [Eq. (4)], Ampere’s law [Eq. (5)], and the

constitutive relations [Eqs. (6) and (7)]:

∇ · B =0, (4)

H = − ∇Vm, (5)

B =μ0μrecH + BR

(in the regions of the two ring magnets), (6)

B = μ0μrH

(in the regions of the flowing gas and dielectric tube), (7)

where H is the magnetic field strength, Vm is the magnetic
scalar potential, μ0 is the vacuum magnetic permeability, μrec

is the recoil permeability of the two permanent ring magnets
(constant as 1.05), BR is the remanent magnetic flux density
of the two permanent ring magnets (1.41 T, along the reverse
direction of the z axis), and μr is the relative permeability in
the regions of the flowing gas and dielectric tube (set to 1).
The boundary conditions for the magnetic field model are
summarized in Table II.

C. Plasma dynamics model

The plasma dynamics component solves the Poisson equa-
tion [Eq. (8)], the species continuity equations [Eq. (9)], and
the electron energy conservation equation [Eq. (11)] [31–34]:

−ε0∇ · (εr∇�) = ε0∇ · (εrE ) =
∑

k

qknk, (8)

∂nk

∂t
+ ∇ · �k = Rk, (9)

�k = sgn(qk )nkμkE − Dk∇nk, (10)

∂nε

∂t
+ ∇ ·

(
5

3
μeEnε − 5

3
De∇nε

)

= −e�e · E −
∑

j

�EjKinel, j − 3
me

M
kbneven(Te − Tg),

(11)
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TABLE I. The computational boundary condition for the neutral gas flow model.

AB CD BHIC IQKJI POMLP DE EG

ur 0 0 0 0 0 ∂ur
∂r − 1

3 (∇ · u) = 0 0
uz 10.61 m/s 0.3 m/s 0 0 0 0 ∂uz

∂z − 1
3 (∇ · u) = 0

wHe 1 0 ∇wHe · n = 0 ∇wHe · n = 0 ∇wHe · n = 0 ∂wHe
∂r = 0 ∂wHe

∂z = 0

wair 0 1 ∇wair · n = 0 ∇wair · n = 0 ∇wair · n = 0 ∂wair
∂r = 0 ∂wair

∂z = 0

Note: ur and uz are the velocity components in the radial and axial direction, respectively. n is the unit normal vector pointing towards the
boundary.

where ε0 is the vacuum permittivity, εr is the relative permit-
tivity of the dielectric material, � is the electric potential, E
represents the electric field, q is the charge, n is the number
density, the subscript k indicates the kth species included in
the plasma chemistry, � is the species number flux in the
drift-diffusion approximation, Rk is the source term for the kth
species, sgn(qk) is the sign function (positive or negative), μ

is the mobility, D is the diffusion coefficient, nε is the electron
energy density, the subscript e represents the electrons, e is
the electron charge, the subscript j denotes the jth reaction,
and �E and Kinel are the energy loss during the inelastic
collisions and the corresponding reaction rate, respectively.
Here, me, M, kb, and ven are electron mass, gas species mass,
the Boltzmann constant, and the electron-neutral momentum
transfer collision frequency, respectively. Also, Te is the elec-
tron temperature. The gas temperature Tg is 300 K.

The diffusion coefficients of all species except electrons are
computed using a mixture-average formulation. The mixture-
averaged diffusion coefficient of species k is defined as Dk =

1−ωk∑
j �=k x j/Dk j

, where ωk is the mass fraction of species k; x j is

the mole fraction of species j; and Dk j is the binary diffusion
coefficient between species k and j. The latter is calculated
using the Chapman-Enskog theory [35,36] and depends on
Lennard-Jones binary interaction potential parameters. It is
assumed that the Lennard-Jones coefficients used to calculate
the Dk j’s of ions and excited species equal the ones used for
the ground-state neutrals. Therefore, the diffusion coefficient
of an ionic or excited species is equal to the diffusion coeffi-
cient of its ground-state neutral counterpart. The mobility of
ions is computed based on Einstein’s relation μi = qiDi/kbTi,
where the subscript i stands for ions. The ion temperature Ti

equals the gas temperature by assuming all ions and neutrals
in thermal equilibrium with each other. For the neutral species,
the mobility is set equal to zero.

Table III summarizes the boundary conditions for the
plasma dynamics model. The boundary conditions for the
particle number flux (�e, �i, and �m) and the electron energy

TABLE II. The computational boundary condition for the mag-
netic field model.

ABCD DE EFG A

Vm
∂Vm
∂z = 0 ∂Vm

∂r = 0 ∂Vm
∂z = 0 0

flux (�ε) at the solid walls are set as follows:

n · �e = 1

4
ne

√
8kbTe

πme
− αs

∑
i

γi(�i · n) + α′
sμeneE, (12)

n · �i = 1

4
ni

√
8kbTi

πmi
+ αsμiniE, (13)

n · �m = γm

1 − γm/2

1

4
nm

√
8kbTg

πmm
, (14)

n · �ε = 1

2
nε

√
8kbTe

πme
− αs2kbTe

∑
i

γi(�i · n), (15)

where n is the unit vector pointing toward the solid wall,
and the subscripts m and ε stand for the metastables and
the electron energy, respectively. Here, mi is the ion mass,
and mm is the mass of metastables. The secondary electron
emission coefficient γi is set as 0.1 for all positive ions, which
means the dielectric surface is supposed to emit secondary
electrons under ion bombardment. The sticking coefficient γm

is set as 1 for all excited neutrals, radicals, and ion species,
which means that all excited species, radicals, and ions that
impact wall surfaces are assumed to return to the gas phase as
their corresponding ground-state neutrals. Also, αs and α′

s are
switching functions depending on the dot product of E and n:

αs =
{

1 (E · n � 0)

0 (E · n < 0)
, α′

s =
{

0 (E · n � 0)

1 (E · n < 0)
. (16)

The electric potential on the dielectric material is obtained
from Gauss’s law:

(D2 − D1) · n = σs,
dσs

dt
= Ji · n + Je · n, (17)

where D1 and D2 are the electric displacement vectors, σs is
the net charge density accumulated on the dielectric surface,
and Ji and Je are the total ion current density and the electron
current density on the surface, respectively.

When a steady magnetic field is introduced to the plasma
dynamics model, the mobility and diffusion coefficient of
charged particles are transformed into tensors [30]. The fol-
lowing expressions in Eqs. (18) and (19) for electron mobility
tensor correspond to the case where the magnetic field is in
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TABLE III. The computational boundary condition for the plasma dynamics model.

AB BC CI IF FG BHI Ring

ne
∂ne
∂z = 0 … … ∂ne

∂r = 0 Eq. (12) Eq. (12) …

ni
∂ni
∂z = 0 … … ∂ni

∂r = 0 Eq. (13) Eq. (13) …

nm
∂nm
∂z = 0 … … ∂nm

∂r = 0 Eq. (14) Eq. (14) …

nε
∂nε

∂z = 0 … … ∂nε

∂r = 0 Eq. (15) Eq. (15) …

� ∂�

∂z = 0 ∂�

∂z = 0 0 0 0 Eq. (17) �a

Note: The boundary ring represents the HV electrode. �a is the applied voltage.

the z (axial) and r (radial) directions:

μ′
e = 1

1 + μ2
eB2

z

⎡
⎣ μe −Bzμ

2
e 0

Bzμ
2
e μe 0

0 0 μe
(
1 + μ2

eB2
z

)
⎤
⎦

=

⎡
⎢⎢⎣

eνm
me(ν2

m+ω2
c ) − eωc

me(ν2
m+ω2

c ) 0
eωc

me(ν2
m+ω2

c )
eνm

me(ν2
m+ω2

c ) 0

0 0 e
meνm

⎤
⎥⎥⎦, (18)

μ′
e = 1

1 + μ2
eB2

r

⎡
⎣μe

(
1 + μ2

eB2
r

)
0 0

0 μe −Brμ
2
e

0 Brμ
2
e μe

⎤
⎦

=

⎡
⎢⎢⎣

e
meνm

0 0

0 eνm
me(ν2

m+ω2
c ) − eωc

me(ν2
m+ω2

c )

0 eωc
me(ν2

m+ω2
c )

eνm
me(ν2

m+ω2
c )

⎤
⎥⎥⎦, (19)

where μe is the electron mobility in the absence of a magnetic
field (0.1132 m2 V−1 s−1 in our model). Here, Br and Bz are
the radial and axial components of the magnetic flux density,
respectively. The total electron collision frequency is ex-
pressed as νm = n · ve · Qm, where n is gas number density, ve

is the electron velocity, and Qm is electron momentum transfer
cross-section [37]. The electron cyclotron angular frequency
ωc = eB/me, where B is the magnetic flux density. The diffu-
sion coefficient of the electrons in the presence of a magnetic
field is calculated using Einstein’s relation as follows:

D′
e = kbTe

e
μ′

e. (20)

It can be concluded that the mobility and diffusion coefficients
in the direction perpendicular to the magnetic field are reduced
to 1/(1 + β2) of those in the absence of the magnetic field
(β = ωc/νm is the Hall parameter) [38].

D. Plasma chemistry

All reactions and corresponding rate coefficients are listed
in Table IV. The helium-air chemistry set is determined by
referring to the previously published paper [33,46–48]. Com-
pared with the recent simulation study on pulsed microwave
discharge in pure N2 [49], the reaction mechanism for N2 is
rationally simplified in this paper based on the principle of
compromise between short calculation time and high calcula-
tion accuracy [50–52]. The following particles are considered
in the plasma chemistry: the gas molecules in the ground state
(He, N2, and O2), the electrons (e), the ions (He+, He+

2 , N+
2 ,

O+
2 , O−

2 , and O−), oxygen atoms [O in the ground state and
O(1D) in the excited state], the metastable helium molecules
[He∗ which represents He(21S) and He(23S) and He∗

2 which
represents He2(a3�+

u )], vibrationally excited air molecules
[N2(ν = 1), N2(ν = 3), N2(ν = 4), N2(ν = 5), O2(ν = 3), and
O2(ν = 4)], electronically excited air molecules [N2(A3�+

u ),
O2(a1�g), O2(b1�+

g ), and O2(A3�+
u , C3�u, c1�−

u )]. For the
elastic collision (R1 and R4), electron impact excitation (R2,
R5–R9, R11–R18, R20, and R21), electron impact ionization
(R3, R10, and R22), and electron attachment reaction (R19),
their reaction rates are calculated using BOLSIG+ [39] with the
cross-section data from the LXCat database [40–42]. Here, the
Maxwellian assumption is taken for electron energy distribu-
tion function [33,53]. It should be noted that photoionization
is not considered in our model. Instead, a uniform background
electron density of 1013 m−3 is predefined in the discharge
space to supply the initial seed electrons for the propagation
of ionization wave [32,33].

E. Numerical implementation

In this paper, COMSOL Multiphysics software version 5.3
is used for the simulation [54]. First, Eqs. (1)–(7) are solved
to obtain the steady-state fluid velocity and pressure, mole
fraction, and magnetic flux density profiles. These results are
then used as the initial condition for Eqs. (8)–(11) to acquire
the time-dependent charged and minority neutral species con-
centrations as well as the electric field profiles. All governing
equations are discretized in space by using the continuous
Galerkin finite element method with the free triangle meshes.
To describe the complicated chemical reaction in the helium-
air mixed layer, the maximum mesh size is set to 0.04 mm
inside the tube and in the region r < 1.5 mm outside the
tube. The remaining region is more sparsely meshed with the
maximum mesh size of 0.2 mm. The complete mesh consists
of ∼8 × 104 cells, and the total number of degrees of freedom
is ∼7 × 105.

In the stationary computations, Eqs. (1)–(7) are distributed
into three groups by using a segregated solver. For the first
group, P1-P1 discretization is applied, which means that
piecewise linear interpolation shape functions are used for
both velocity and pressure field. For the second group, the
concentration field is discretized using linear Lagrange el-
ements. For the third group, quadratic Lagrange elements
are used for the magnetic field. The first and second groups
are strongly coupled by the velocity vector. The stream-
line diffusion and crosswind diffusion options are activated
for stability in these two groups. Within each segregated
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TABLE IV. List of reactions included in this study.

No. Reaction Rate coefficient Activation energy Reference

R1 e + He → e + He BOLSIG+ 0 [39,40]
R2 e + He → e + He∗ BOLSIG+ 19.8 [39,40]
R3 e + He → 2e + He+ BOLSIG+ 24.6 [39,40]
R4 e + N2 → e + N2 BOLSIG+ 0 [39,41]
R5 e + N2 → e + N2(ν = 1) BOLSIG+ 0.2889 [39,41]
R6 e + N2 → e + N2(ν = 3) BOLSIG+ 0.8559 [39,41]
R7 e + N2 → e + N2(ν = 4) BOLSIG+ 1.134 [39,41]
R8 e + N2 → e + N2(ν = 5) BOLSIG+ 1.409 [39,41]
R9 e + N2 → e + N2(A3�+

u ) BOLSIG+ 6.17 [39,40]
R10 e + N2 → 2e + N+

2 BOLSIG+ 15.6 [39,41]
R11 e + O2 → e + O2(ν = 3) BOLSIG+ 0.57 [39,42]
R12 e + O2 → e + O2(ν = 4) BOLSIG+ 0.772 [39,42]
R13 e + O2 → e + O2(a1�g) BOLSIG+ 0.977 [39,42]
R14 e + O2(a1�g) → e + O2 BOLSIG+ −0.977 [39,42]
R15 e + O2 → e + O2(b1�+

g ) BOLSIG+ 1.627 [39,42]
R16 e + O2(b1�+

g ) → e + O2 BOLSIG+ −1.627 [39,42]
R17 e + O2 → e + O2(A3�+

u , C3�u, c1�−
u ) BOLSIG+ 4.5 [39,42]

R18 e + O2(A3�+
u , C3�u, c1�−

u ) → e + O2 BOLSIG+ −4.5 [39,42]
R19 e + O2 → O+ O− BOLSIG+ 3.6 [39,42]
R20 e + O2 → e+ 2O BOLSIG+ 5.58 [39,42]
R21 e + O2 → e + O + O(1D) BOLSIG+ 8.4 [39,42]
R22 e + O2 → 2e + O+

2 BOLSIG+ 12.06 [39,42]
R23 e + He∗ → 2e + He+ 1.28 × 10−13T 0.6

e exp(−4.78/Te) 4.78 [43]
R24 e + He∗

2 → 2e + He+
2 9.75 × 10−16T 0.71

e exp(−3.4/Te) 3.4 [43]
R25 2He∗ → e + He + He+ 4.5 × 10−16 −15 [43]
R26 e + He+

2 → He∗ + He 5.0 × 10−15T −0.5
e [44]

R27 He∗ + 2He → He + He∗
2 1.3 × 10−45 [44]

R28 He+ + 2He → He + He+
2 1.0 × 10−43 [44]

R29 e + He+ → He∗ 6.76 × 10−19T −0.5
e [45]

R30 2e + He+ → e + He∗ 6.186 × 10−39T −4.4
e [45]

R31 e + He+ + He → He∗ + He 6.66 × 10−42T −2
e [45]

R32 2e + He+
2 → e + He∗

2 1.2 × 10−33 [45]
R33 e + He+

2 + He → He∗ + 2He 3.5 × 10−39 [45]
R34 e + He+

2 + He → He∗
2 + He 1.5 × 10−39 [45]

R35 2e + He+
2 → e + He + He∗ 2.8 × 10−32 [45]

R36 2e + N+
2 → e + N2 5.02 × 10−39T −4.5

e [43]
R37 e + N+

2 + N2 → 2N2 2.49 × 10−41T −1.5
e [43]

R38 O− + O+
2 → O + O2 2 × 10−13 [45]

R39 e + 2O2 → O−
2 + O2 5.17 × 10−43T −1

e [31]
R40 O−

2 + O+
2 → 2O2 2 × 10−13 [45]

R41 O−
2 + O+

2 + M → 2O2 + M 2 × 10−37 [45]
R42 He∗ + N2 → e + N+

2 + He 7 × 10−17 [31]
R43 He∗

2 + N2 → e + N+
2 + 2He 7 × 10−17 [31]

R44 He+
2 + N2 → N+

2 + 2He 5 × 10−16 [31]
R45 He+

2 + O−
2 → O2 + 2He 1 × 10−13 [45]

R46 He∗ + O2 → e + O+
2 + He 2.6 × 10−16 [43]

R47 He∗
2 + O2 → e + O+

2 + 2He 3.6 × 10−16 [43]

Note: Rate coefficients have units of m3 s−1 for two-body reactions and m6 s−1 for three-body reactions. Te represents the electron temperature
in eV. Species M in reaction R41 represents a third body. He∗ represents He(21S) and He(23S). He∗

2 represents He2(a3�+
u ).

group, a damped Newton method with a constant damping
factor is used to linearize the nonlinear equation, and the lin-
earized equation is solved using a parallel sparse direct solver
(PARDISO). The Newton iterations within the first and third
groups are terminated after one iteration, while the Newton it-
erations within the second group are stopped at either iteration
numbers of 3 or tolerance of 10−3. The overall convergence
criteria of the segregated iterations are satisfied when the

minimum of the solution- and residual-based estimated rel-
ative errors is smaller than the specified tolerance 10−3.

After the steady-state solution reaches convergence, a fully
coupled solver is utilized to obtain the numerical solution of
Eqs. (8)–(11) in the time-dependent calculations. The linear
shape functions are applied for all dependent variables of the
fully coupled system. The implicit backward differentiation
formula (BDF) method, with a maximum order of five and a
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FIG. 2. The steady-state distributions of (a) He mole fraction, (b) magnetic flux density, (c) the axial component of the magnetic flux
density, and (d) the radial component of the magnetic flux density.

minimum order of one, is used for time stepping. At each step,
the nonlinear system is linearized by an automatic Newton
iteration. PARDISO is chosen as the direct linear system solver.
The time steps are automatically chosen by the BDF solver,
depending on the relative and absolute tolerances that control
the solution error. The maximum of the time step interval
is set up to 1 ns. The absolute and relative tolerances are
set to 10−3. Note that the governing equations in the plasma
dynamics model are solved in logarithmic form to achieve
better stability.

The Debye length is expressed as λD = 7.4 ×
103

√
Te(eV)/ne(m−3)[m−1/2 · (eV)−1/2] [55]. In this paper,

typical values of electron temperature and electron number
density are 5 eV and 1018 m−3, respectively. Hence, the Debye
length is calculated to be 16.5 µm. To confirm our results, the
grid convergence analysis is performed by mesh refinement.
The refined mesh reduces the maximum mesh size to 15
µm in the region where the plasma jet flows through for the
purpose of resolving the Debye length. The mesh cells and
degrees of freedom are increased to 3.2 × 105 and 4 × 106.
The calculations were performed on a Linux workstation
equipped with Intel Xeon(R) Gold 6154 CPU @ 3.00 GHz
and 3 TB RAM. The mesh refinement greatly increases
the run time from 11 h to 3.3 d for a 190 ns simulation
run using 72 threads. It is noted that the simulation results
about the effect of the parallel magnetic field on the coaxial
DBD APPJs are not influenced by the mesh refinement. The
relevant data obtained before mesh refinement are selected to
capture the studied physical problem on account of a small
computational burden.

III. RESULTS AND DISCUSSION

A. Spatiotemporal evolutions of electron density and electric
field in the parallel magnetic field

The results of steady-state neutral gas flow and magnetic
field simulations are shown in Fig. 2. In the absence of a

magnetic field, it is assumed that the two ring magnets are
both replaced by nonmagnetic media with the same shape
and size. Therefore, the calculated spatial distribution of mole
fraction of species has no differences in the two cases with
and without the magnetic field. The same flow field is guar-
anteed to exclude the possibility that the difference in the
flow field leads to the difference in the subsequent discharge
characteristics. In Fig. 2(a), the helium mole fraction is unity
inside the tube. After the gas exits the tube, the helium mole
fraction decreases in both the axial and radial directions, while
the air mole fraction increases due to the convection-diffusion
between helium and ambient air. The spatial distribution of
the magnetic flux density in Fig. 2(b) shows that the maxi-
mum magnetic flux density on the symmetric axis is ∼0.3 T,
which is quite close to the value of magnetic field employed
in the experiments [16,17,27–30]. The magnetic flux den-
sity gradually increases along the radial direction in the gas
discharge domain and reaches the maximum value at the
position of the magnet and decreases subsequently in the
region of ambient air. The streamlines and arrows in Fig. 2(b)
indicate the direction of the magnetic field. In the area of
streamer advancement, the magnetic field is mainly along the
axial direction only with a small radial component. Therefore,
the applied magnetic field is approximated as a parallel one
here. The axial and radial components of the magnetic flux
density are shown in Figs. 2(c) and 2(d), respectively. In
these two subgraphs, red represents that a positive value for
these two components, while blue represents a negative value.
In the whole gas discharge domain, the axial component of
the magnetic field is almost in the same direction as the
gas flow. Inside the tube and near the exit (r � 8 mm and
z < 9 mm), the radial component points from the outer edge
of the dielectric tube to the symmetric axis, while its direc-
tion reverses at the position farther away from the tube exit
(r � 8 mm and z > 9 mm). In the area of streamer develop-
ment, the magnetic field in this numerical calculation presents
a spatial distribution like those determined in the experiments
[28,29], which facilitates the direct comparison between
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FIG. 3. The spatial distributions of electron density for the case without magnetic field at (a) 50 ns, (b) 80 ns, (c) 120 ns, (d) 150 ns, and
(e) 190 ns. The spatial distributions of electron density for the case with the magnetic field at (f) 50 ns, (g) 80 ns, (h) 120 ns, (i) 150 ns, and
(j) 190 ns. The spatial distributions of the difference between the electron density with the magnetic field and without magnetic field at (k) 50
ns, (l) 80 ns, (m) 120 ns, (n) 150 ns, and (o) 190 ns. The inset in (b) shows the radial distributions of electron density ne (yellow solid line),
positive ion density ni (green solid line), and electric field E (red solid line) at the axial position of 3.5 mm (magenta dashed line) at 80 ns in
the absence of magnetic field.

our theoretical simulation and the previous experimental
observations [27–30].

Figures 3(a)–3(e) show the spatiotemporal evolutions of
the electron density in the absence of magnetic field. The gas
breakdown is triggered ∼35 ns after the start of the pulse volt-
age with the amplitude of 3.3 kV. It follows from Fig. 3(a) that
the plasma is initiated in the vicinity of the power electrode at
50 ns, and it adheres to the inner surface of dielectric tube.
The streamer propagates along the direction of the gas flow.
At the time of 80 ns, as shown in Fig. 3(b), the streamer head
reaches the tube exit and is about to flow into the helium-air
mixed layer.

The inset in Fig. 3(b) shows the radial distributions of
electron density (yellow solid line), positive ion density (green
solid line), and electric field (red solid line) at the axial po-
sition of 3.5 mm (magenta dashed line). At this moment, the
electrical neutrality is satisfied within the range from symmet-
ric axis to the radial position of 0.45 mm. With the increase
of radial distance from the symmetric axis, the large differ-
ence of charge density accompanied by the enhanced electric
field is present between the electrically neutral region and
the dielectric inner surface, which is manifested as a typical

characteristic of plasma sheath. The peak electron density is
located at the sheath edge, which is consistent with the α

mode of a radiofrequency capacitively coupled discharge [56].
Further observation indicates that the sheath thickness initially
increases and then decreases along the axial direction inside
the tube.

When the jet propagates outside the tube at 120 ns
[Fig. 3(c)], the discharge channel emerges as a hollow ring-
shaped pattern, and the streamer head reaches the axial
position of 9.1 mm. The mixed layer of helium and air is
crucial for the gas discharge at this stage due to the lower
ionization threshold for helium in contrast with air species.
When the time increases to 150 ns [Fig. 3(d)] and 190 ns
[Fig. 3(e)], a similar distribution of electron density is ob-
served except that the plasma channel becomes longer, and the
streamer head reaches the axial position of 12.0 and 15.5 mm,
respectively.

The peak electron density in the dielectric tube (the blue
font in Fig. 3) initially increases from 8.78 × 1016 to 5.41 ×
1018 m−3 during the process of the streamer developing inside
the tube and in the vicinity of the exit, and then gradually
decreases to 4.95 × 1018 m−3 as the streamer further proceeds
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forward. For the maximum electron density outside the dielec-
tric tube (the orange font in Fig. 3), it rises from 2.38 × 1018

m−3 at 90 ns (not shown in this paper) to 3.90 × 1018 m−3

at 120 ns and then falls to 3.20 × 1018 m−3 at 190 ns. The
peak electron densities both inside and outside the tube first
increase and then decrease. This phenomenon was also re-
ported by other groups [31,57].

Figures 3(f)–3(j) show the spatiotemporal evolutions of the
electron density in the presence of magnetic field. Compared
with the case without a magnetic field at the same moment,
there is no significant variation in the evolution of the electron
density. This means that the parallel magnetic field almost has
no effect on the streamer propagation and contributes little to
length variation of the coaxial DBD plasma jet, which agrees
well with the experimental observations [27,28]. The magenta
curve in Fig. 3(j) is the contour line with the electron density
of 1.18 × 1018 m−3 (equal to 1/e of the maximum electron
density outside the tube at 190 ns). It needs to be noted that
only the line segments outside the tube are defined as the
boundary for the annular wall. Most of the charged particles
of the plasma jet are concentrated in the annular wall, and
the charge density rapidly decreases along the direction away
from the annular wall.

To conduct a more detailed analysis of the effect of a
magnetic field on a plasma jet, the electron density without
the magnetic field is subtracted from the electron density with
the magnetic field, as shown in Figs. 3(k)–3(o). In the color
bar on the right side of these subgraphs, red represents a
higher electron density with the magnetic field than that with-
out the magnetic field, while blue represents a lower electron
density with the magnetic field than that without the magnetic
field. As shown in Fig. 3(o), the maximum difference values
inside and outside the tube are 5.08 × 1015 and 2.09 × 1015

m−3, respectively. They only account for 0.10% of the maxi-
mum value of 4.95 × 1018 m−3 inside the tube and for 0.07%
of the maximum value of 3.20 × 1018 m−3 outside the tube. It
is concluded that the sheath thickness inside the dielectric tube
in the presence of the magnetic field is slightly thinner than
that in the absence of the magnetic field. After the streamer
propagates outside the dielectric tube, the electrons exhibit a
little more concentrated distribution in the annular wall in the
presence of the magnetic field. The jet length in the presence
of the magnetic field is slightly shorter than that in the absence
of the magnetic field.

Figures 4(a)–4(e) show the spatial distributions of electric
field with the applied magnetic field at 50, 90, 120, 150, and
190 ns, respectively. At 50 ns, the electric field is approxi-
mately distributed uniformly in the discharge space of interest
inside and outside the tube in Fig. 4(a). When it comes to
90 ns in Fig. 4(b), the discharge space is somewhat disturbed,
and a high electric field is observed very close to the inner
tube surface approaching the exit. In addition, at this moment,
the streamer develops out of the tube, and there also exists a
relatively high electric field both around the plasma channel
and in front of the streamer head. At 120, 150, and 190 ns,
a similar distribution of electric field is presented, as shown
in Figs. 4(c)–4(e), except that this high electric field extends
along the gas flow.

The axial profiles of the electric field at r = 0 mm (sym-
metric axis) and r = 0.7 mm in the presence of magnetic

field are both plotted at the time of interest [90 ns (magenta
lines),120 ns (blue lines), 150 ns (green lines), and 190 ns
(red lines)], as shown in Fig. 4(f). The electric field first
increases and then decreases with increasing the axial position
at the four moments of interest, whether the radial position
is 0 or 0.7 mm. This profile indicates that the electric field
in the streamer head is much higher than that behind the
streamer head. On the symmetric axis (dashed lines), the max-
imum values of the electric field are 1.00 × 106, 9.31 × 105,
9.59 × 105, and 1.07 × 106 V m−1, respectively, obtained at
90, 120, 150, and 190 ns. When it comes to the radial po-
sition 0.7 mm away from the symmetric axis (solid lines),
the maximum electric field is increased compared with that
on the symmetric axis at the same moment. The maximum
electric field at the radial position of 0.7 mm first rises from
1.36 × 106 V m−1 at 90 ns to 1.57 × 106 V m−1 at 120 ns
and then falls to 1.55 × 106 V m−1 at 150 ns and 1.42 × 106

V m−1 at 190 ns. Our further simulation indicates that the
axial profiles of the electric field at the same moment and
the same radial position in the absence of the magnetic field
(not presented here) are like those in the presence of the
magnetic field in Fig. 4(f). The maximum electric field at the
radial position of 0.7 mm also increases first and then de-
creases during the process of the streamer developing outside
the tube.

B. Spatiotemporal evolutions of electron energy, Hall
parameter, and E × B field in the parallel magnetic field

The spatial distributions of electron energy for the case
with the magnetic field at 50, 80, 120, 150, and 190 ns are
respectively shown in Figs. 5(a)–5(e). At 50 ns, the peak
electron energy of 7.0 eV is obtained near the inner dielec-
tric surface at the downstream of the power electrode. The
electron energy gradually decreases toward both ends of the
tube on the whole, as shown in Fig. 5(a). The maximum
electron energy outside the tube of 5.6 eV is located at the
vicinity of the tube exit. When the streamer head approaches
the tube exit at 80 ns in Fig. 5(b), a high electron energy is
observed in the region between the plasma channel and the
inner dielectric wall where the plasma sheath locates as well
as the streamer head in the front of the plasma channel. The
peak electron energy of 9.2 eV within the investigated domain
appears in the plasma sheath on the side near the edge of
plasma channel in the vicinity of tube exit. The maximum
electron energy outside the tube is increased to 7.9 eV. After
the plasma jet propagates outside the tube, the high electron
energy still exists in the plasma sheath and the streamer head.
Moreover, the electron energy surrounding the lateral surface
of plasma channel is ∼50% lower than that at the streamer
head. At 120 ns in Fig. 5(c), the peak electron energy is
9.3 eV in the plasma sheath inside the tube. The maximum
electron energy outside the tube (8.3 eV) is located off axis
at the streamer head, and the electron energy surrounding the
lateral surface of plasma channel is ∼4–5 eV. When it comes
to 150 and 190 ns, a similar spatial distribution of electron
energy is presented, respectively, in Figs. 5(d) and 5(e), except
for its extension along with the streamer advancement. The
maximum electron energy in the plasma sheath inside the tube
falls to 8.5 eV at 150 ns and 7.4 eV at 190 ns. The maximum

033028-9



YINGHUA LIU et al. PHYSICAL REVIEW RESEARCH 6, 033028 (2024)

FIG. 4. The spatial distributions of electric field for the case with the magnetic field at (a) 50 ns, (b) 90 ns, (c) 120 ns, (d) 150 ns, and (e)
190 ns. (f) The axial distributions of electric field on the symmetric axis (dashed lines) and at the radial position of 0.7 mm (solid lines) for the
case with the magnetic field at 90 ns (magenta lines), 120 ns (blue lines), 150 ns (green lines), and 190 ns (red lines).

electron energy at the streamer head decreases to 8.1 eV at
150 ns and 8.0 eV at 190 ns.

Figures 5(f)–5(j) show the spatial distributions of total
electron collision frequency in the presence of the magnetic
field at 50, 80, 120, 150, and 190 ns, respectively. The spatial
distributions of Hall parameter at the corresponding moments
are plotted in Figs. 5(k)–5(o). As shown in Fig. 5(f), the spatial
distribution of the total electron collision frequency is like that
of the electron energy at 50 ns in Fig. 5(a). The peak value of
the total electron collision frequency (2.2 × 1012 Hz) is also
obtained near the inner dielectric surface at the downstream
of the power electrode inside the tube. The Hall parameter
is very small in the regions with higher electron energy and
electron collision frequency, as shown in Fig. 5(k). Especially
at the position where the plasma locates, the Hall parameter is
only ∼0.003, which is �1. The Hall parameter is significantly
increased (	1) in the area further away from the tube exit and
closer to the two permanent ring magnets, as a result of the
increased magnetic field.

Until 80 ns, in view of the fact that the streamer discharge
takes place inside the tube, the spatial distributions of the total

electron collision frequency [Fig. 5(g)] and Hall parameter
[Fig. 5(l)] basically remain unchanged outside the tube. Inside
the tube, the total electron collision frequency in the plasma
sheath is higher than that in the plasma channel. The peak
value of the total electron collision frequency (2.4 × 1012 Hz)
is also acquired in the plasma sheath on the side near the
edge of plasma channel in the vicinity of tube exit, which is
consistent with that of the electron energy in Fig. 5(b). The
Hall parameter in the plasma channel where the electrons are
concentrated (∼0.01–0.02) is slightly larger than that in the
plasma sheath (∼0.01).

After the plasma jet is ejected from the tube, the total
electron collision frequency surrounding the lateral surface
of plasma channel is larger than that in the plasma channel,
as shown in Figs. 5(h)–5(j). Moreover, a higher total electron
collision frequency can also be observed at the streamer head
in the front of the plasma channel and in the plasma sheath
inside the tube. At 120 ns in Fig. 5(m), the Hall parame-
ter in the annular wall reaches its maximum value (∼0.07)
near/on the lateral surface of the plasma channel, from which
it decreases along the direction of the negative r axis. It is
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FIG. 5. The spatial distributions of electron energy for the case with the magnetic field at (a) 50 ns, (b) 80 ns, (c) 120 ns, (d) 150 ns, and
(e) 190 ns. The spatial distributions of total electron collision frequency for the case with the magnetic field at (f) 50 ns, (g) 80 ns, (h) 120 ns,
(i) 150 ns, and (j) 190 ns. The spatial distributions of Hall parameter for the case with the magnetic field at (k) 50 ns, (l) 80 ns, (m) 120 ns, (n)
150 ns, and (o) 190 ns.

only ∼0.02 in the region surrounding the lateral surface of
the plasma channel and in the streamer head where the higher
electron energy and higher total electron collision frequency
are observed.

With increasing the time to 150 and 190 ns, a similar spatial
distribution of the Hall parameter is acquired, respectively, in
Figs. 5(n) and 5(o), except that the red area in the plasma chan-
nel extends to a longer distance, and the blue area around the
plasma channel expands in the investigated domain. The Hall
parameter in the annular wall reaches its maximum values of
0.080 at 150 ns and 0.083 at 190 ns near/on the lateral surface
of the plasma channel. It is larger in the middle part of the
annular wall along the axial direction. The Hall parameter
in the region surrounding the lateral surface of the plasma
channel and in the streamer head still maintains at 0.02 or so
at 150 and 190 ns.

The spatial distribution of the Hall parameter can be under-
stood based on the orientation of the electric field with respect
to the magnetic field. In the streamer head, the electric field
is nearly parallel to the magnetic field, where the electron en-
ergy and electron collision frequency are relatively high. The
mobility along the electric field direction changes quite little.

Hence, the Hall parameter in the streamer head is relatively
small. Near/on the lateral surface of the plasma channel, the
electric field is nearly perpendicular to the magnetic field, and
the electron energy and electron collision frequency are rela-
tively small. The mobility along the electric field direction is
reduced to some extent. Therefore, the Hall parameter reaches
a relatively higher value here. In the region surrounding the
lateral surface of the plasma channel, the electric field is still
perpendicular to the magnetic field, but the electron energy
and electron collision frequency are increased compared with
those on the lateral surface of plasma channel. As a result, the
Hall parameter is decreased compared with that on the lateral
surface of plasma channel. In the annular wall, although the
electron energy and electron collision frequency are reduced
compared with those on the lateral surface of plasma channel,
the Hall parameter is moderately decreased compared with
that on the lateral surface of plasma channel. This is because
the electric field is almost parallel to the magnetic field.

As we know, the plasma sheath is a positive space-charge
region shielding the neutral plasma from the dielectric wall
or metal electrode [58]. Because of the higher mobility of
electrons than that of ions, the electrons are absorbed to the
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part of the inner surface of the tube that is parallel to the
power electrode. The repulsion of the accumulated electrons
on the inner surface against the electrons inside the tube pre-
vents them from migrating to the vicinity of the tube wall.
Therefore, a large charge density difference between positive
ions and electrons is formed in the sheath. The magnetic
field inside the tube is mainly along the axial direction, as
shown in Fig. 2(b). According to Eqs. (18) and (19), the
decrease of electron mobility radially reduces the number of
electrons accumulated on the dielectric wall. Consequently,
the repulsive effect weakens, and a thinner sheath is acquired
in the presence of the magnetic field. In our case, the Hall
parameter inside the tube is ∼0.01–0.02 as mentioned above,
which means a tiny reduction both in electron mobility and
the ultimate sheath thickness.

In the annular wall, the Hall parameter reaches ∼0.08
near/on the lateral surface of the plasma channel, and the
radial diffusion coefficients of electrons and ions with the
applied magnetic field are accordingly decreased to 0.9936
of that without the magnetic field. The small decrease of
the coefficient hinders the inward and outward radial diffu-
sions of charged particles in the annular wall to some degree.
On the other hand, a confinement effect is imposed on the
high-energy electrons in the avalanche heads by the Lorentz
force during the process of streamer evolution [20–22]. The
radial expansion of the wedge-shaped avalanche heads is thus
restricted with the applied magnetic field. These two factors
are probably responsible for the little more concentrated elec-
tron distribution in the annular wall under the effect of the
magnetic field.

Also, the Hall parameter in the streamer head maintains
at 0.02 or so, which means the propagation of the ionization
wave along the axial direction is hindered at a very least
level. Therefore, it is reasonable that the length of the plasma
jet is reduced after applying the parallel magnetic field. The
shortened jet length in the presence of the parallel magnetic
field is further elaborated as below.

From the perspective of the particle orbit theory, the
E × B drift of the charged particles is suitable for elucidating
the reduced jet length in the presence of the magnetic field
[59]. In our case, E × B = (EzBr − ErBz )eθ , where Ez and Er

correspond to the axial component and radial component of
the electric field, Br and Bz correspond to the radial compo-
nent and axial component of the magnetic field, and eθ is the
unit vector of the θ axis. The spatial distributions of the E ×
B field at the time of interest (50, 80, 90, 120, 150, and 190
ns) are calculated and plotted in Fig. 6. In these subgraphs,
the red represents that the direction of the E × B field is
along the positive θ axis (clockwise looking in the direction
of the streamer advancement), while the blue represents that
the direction of the E × B field is along the negative θ axis
(counterclockwise looking in the direction of the streamer
advancement).

It is found that a line [magenta dashed curve shown in
Fig. 6(a)], which divides the entire discharge space into two
parts, is present at 50 ns. In the region above the dividing line
with a smaller z value (except for the sharp corner of the tube
exit), the E × B field is along the negative θ axis. The E ×
B field is along the positive θ axis in the region below the
dividing line with a larger z value. Due to a large electric field

FIG. 6. The spatial distributions of E × B field for the case with
the magnetic field at (a) 50 ns, (b) 80 ns, (c) 90 ns, (d) 120 ns, (e)
150 ns, and (f) 190 ns.

along the negative r axis at the sharp corner of the tube exit at
50 ns, the E × B field here is along the positive θ axis, which
is distinct from other nearby locations. As shown in Fig. 6(b),
when it is 80 ns, this dividing line still exists, and its position
remains almost unchanged. Because of the spatial distribution
of the electric field inside the tube being disturbed by the
streamer discharge, the E × B field in the plasma channel
closer to the power electrode, as well as that at the sharp
corner of the tube exit, is changed to the opposite direction
of that at 50 ns. As the plasma jet propagates forward, the
streamer discharge continues to disturb the spatial distribution
of electric field outside the tube, and the direction of the E
× B field at the on-axis front end of the plasma channel is
altered to the positive θ axis at 90 ns in Fig. 6(c). When it
comes to 120 ns, in addition to the on-axis front end of the
plasma channel, the E × B field in the annular wall outside
the tube also presents a positive θ -axis direction, as indicated
by the red area in Fig. 6(d). With the time increased to 150 ns
in Fig. 6(e) and 190 ns in Fig. 6(f), this red area extends with
the increase of the plasma jet length. It is revealed that the E
× B field is mainly along the positive θ axis in the plasma
channel, where electrons and ions are mainly distributed. The
particle orbit theory shows that the E × B field makes the elec-
trons and ions drift in the azimuthal direction in the presence
of the magnetic field, which is deviated from their original
axial-direction trajectories dominated by the electric field, and
therefore, the development of the plasma jet is hindered in
the axial direction. Namely, the E × B drift is responsible
for the tiny reduction in the length of the plasma jet with the
application of the magnetic field.

Above all, the parallel magnetic field has a minor impact
on the APPJs generated with the coaxial DBD. The tiny re-
duction of sheath thickness inside the tube is attributed to the
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reduced number of accumulated electrons on the dielectric
inner surface. The little more concentrated electron distribu-
tion in the annular wall outside the tube is ascribed to the
decreased electron diffusion in the radial direction and the
confinement effect of parallel magnetic field on the electrons
in the avalanche heads. The slightly shortened jet length is in-
duced by the E × B drift of electrons and ions. Our simulation
results are quite different from the experimental observations
in the parallel-plate DBD, where a notable impact of the par-
allel magnetic field on the plasma generation was observed.

C. Comparative analysis of the coaxial DBD and parallel-plate
DBD in the parallel magnetic field

As aforementioned, the discharge improvement in the
parallel-plate DBD is caused by the enhancement of the
memory effect and the confinement of the magnetic field on
electrons [20–22]. Firstly, the discharge occurs three times
in sequence within one voltage pulse for the parallel-plate
DBD with the gas gap of several millimeters. After the pri-
mary discharge, the residual charges (basically the ions) in
the microdischarge channel facilitate the formation of the sec-
ondary and tertiary discharges in the same spot. The enhanced
primary discharge generated more residual charges with the
parallel magnetic field, which lead to a prominent increase
in the intensity of the tertiary discharge. However, for the
free-expanding coaxial DBD APPJs excited by pulsed-DC
power in our case, only one discharge pulse is considered
for most of the experimental situations [27,28], and there is
no chance for the residual charges to promote the secondary
and tertiary discharges in the same discharge phase. That is
to say the memory effect almost contributes nothing to the
improvement of free-expanding coaxial DBD APPJs.

Secondly, in the DBD with parallel-plate configuration,
the moving direction of the surface electrons under the
electrostatic repulsion is perpendicular to the direction of the
magnetic field. The Lorentz force imposed on the surface elec-
trons is considerably large. The lateral expanding of surface
electrons is reduced with the confinement of the parallel mag-
netic field, which decreases the decay of the surface electrons.
Thus, the number of surface electrons is increased, and the
discharge is enhanced [20]. Nevertheless, in the coaxial DBD
with parallel magnetic field applied, the moving direction
of the surface electrons under the electrostatic repulsion is
parallel to the direction of the magnetic field. The confine-
ment effect of the magnetic field on the surface electrons is
extremely weak due to the small radial component of the
magnetic field in our case. Instead, the confinement of the
parallel magnetic field on the free electrons in the discharge
space prevent some electrons from drifting to the tube surface.
As a result, the number of surface electrons is reduced, and
the enhancement of discharge due to the confinement of the
magnetic field on electrons is not obtained.

D. Spatial distributions of typical species in the parallel
magnetic field

Since various positive ions, including He+, He+
2 , N+

2 , and
O+

2 , are produced in the discharge, it is necessary to analyze

the spatial distributions of these species in the plasma jet.
Here, the spatial distributions of O and O(1D) are also dis-
cussed due to their high oxidative stress. Figure 7 shows the
spatial distribution of species density in the presence of the
magnetic field at 190 ns. The species density in the absence
of the magnetic field at the same moment has an analogous
spatial distribution with that in the presence of the magnetic
field and thus is not presented here. For the helium species
in Figs. 7(a) and 7(d), He+ and He+

2 are concentrated in
the streamer head and in the plasma channel inside the tube,
respectively. The peak value of N+

2 in Fig. 7(b) is higher than
that of He+ in the streamer head. In Fig. 7(e), O+

2 has the
same distribution profile as N+

2 , and the slight difference is
that most of them are confined in the region closer to the
outlet of the tube. These results indicate that the electron
impact ionization of helium and nitrogen atoms (R3 and R10
in Table IV) is the major ionization reaction in the streamer
head, and Penning ionization (R42, R43, R46, and R47 in
Table IV) is the dominant contributor to the ionization along
the channel behind the streamer head [33]. The distribution of
O in Fig. 7(c) and O(1D) in Fig. 7(f) in the annular wall is
more uniform than the other species, and their peak values are
even higher than that of N+

2 and O+
2 , which is the key source

of the reactivity of the plasma jet. Considering the close cor-
relation between the optical emission and the active species,
the similar spatial distributions and nearly identical density
values of the species in the two cases indicate that the parallel
magnetic field has little impact on the luminous intensity of
plasma jet, which is consistent with the previous experiment
results [27,28].

To explicitly elucidate the impact of the magnetic field
on these positive ions and active species, the species density
without the magnetic field is subtracted from the species den-
sity with the magnetic field, and its difference is plotted in
Fig. 8 in the same way as the electron density aforementioned.
As shown in Fig. 8(a), the He+ density is increased along
the channel behind the streamer head but decreased in the
streamer head with the magnetic field applied. The He+

2 ion
density inside the tube gets higher at the radial position farther
away from the symmetric axis in the presence of the magnetic
field in Fig. 8(d). It agrees with the previous observation that
the magnetic field decreases the sheath layer thickness. Due
to the fact that He+

2 accounts for the majority of positive ions
in the plasma channel inside the tube and the plasma channel
presents the electrically neutral characteristics, the variation
of the spatial distribution of He+

2 ions in the presence of the
magnetic field is like that of electrons inside the tube. The ion
densities for N+

2 in Fig. 8(b) and O+
2 in Fig. 8(e) represent

a more concentrated distribution in the annular wall under
the effect of the magnetic field. This is consistent with the
previous observation from the electron density distribution,
as indicated in Figs. 3(k)–3(o). However, it follows that the
spatial distribution of O and O(1D) contracts radially in the
presence of magnetic field, respectively, shown in Figs. 8(c)
and 8(f). The effect of magnetic field on O and O(1D) is little
different from that on N+

2 and O+
2 , which may be caused by the

different reaction pathways and distinct reaction competition
modes in production and consumption of these species, as
listed in Table IV.
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FIG. 7. The spatial distributions of the species density for the case with the magnetic field at 190 ns: (a) He+, (b) N+
2 , (c) O, (d) He+

2 , (e)
O+

2 , and (f) O(1D).

E. Spatiotemporal evolutions of the ionization rate and
streamer propagation in the parallel magnetic field

To delve into the propagation dynamics of the plasma jet,
the total ionization rate (including ionization of He, N2, and

O2) of the plasma jet at the four moments of interest (90, 120,
150, and 190 ns) in the absence of the magnetic field is shown
in Fig. 9(a). The total ionization rate is mostly concentrated
in the streamer head with less ionization distributed along the

FIG. 8. The spatial distributions of the difference between the species density with the magnetic field and without magnetic field at 190 ns:
(a) He+, (b) N+

2 , (c) O, (d) He+
2 , (e) O+

2 , and (f) O(1D).
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FIG. 9. The total ionization reaction rates at 90, 120, 150, and 190 ns for the case (a) without magnetic field and (b) with the magnetic
field. (c) The differences between the total ionization reaction rates with the magnetic field and without magnetic field at 90, 120, 150, and
190 ns. And the temporal evolutions of the streamer propagation speed for the case (d) without magnetic field and (e) with the magnetic field.

channel behind the streamer head. The peak ionization was
located off axis in the streamer head, which is the same as
the plasma bullet with a ring structure captured by the ICCD
image in the experiment [25]. It is generally recognized that
the ionization wave will propagate along the He-air mixed
layer where the He concentration is ∼99%, which is in favor
of promoting the ionization processes [57]. According to the
mole fraction profile in Fig. 2(a), it is reasonable that the
radial position of the peak value of the total ionization rate
gradually approaches the symmetric axis with increasing the
propagation distance of the ionization wave. The peak ioniza-
tion rate first increases from 1200 mol/(m3 s) at 90 ns to 3789
mol/(m3 s) at 120 ns and then decreases to 2925 mol/(m3 s) at
150 ns and 2253 mol/(m3 s) at 190 ns. Figure 9(b) shows the
total ionization rates at the same four moments in the presence
of the magnetic field. It is found that the spatial distribution
and peak value of the total ionization rate have no significant
difference from that in Fig. 9(a) at the same moment. The total
ionization rate in the two cases with and without the magnetic
field spatiotemporally evolves in the similar manner. During
the process of the streamer developing outside the tube, the
initial increase and subsequent decrease of peak ionization
rate may be caused by the temporal evolution of maximum
electric field at the radial position of 0.7 mm, as described
in Fig. 4. To compare the streamer head with and without
the magnetic field at the same time, the total ionization rate

without the magnetic field is subtracted from that with the
magnetic field, with the results shown in Fig. 9(c). It is found
that the propagation distance of the streamer head at the same
time is slightly shorter in the presence of the magnetic field.
This agrees well with the minor reduction in the jet length
aforementioned.

The streamer propagation speed is calculated according
to the axial position of the peak ionization rate. The tem-
poral evolutions of the streamer propagation speed for the
case without and with the magnetic field are plotted, respec-
tively, in Figs. 9(d) and 9(e). The applied magnetic field has
little impact on the streamer dynamics. In the initial stage
of streamer development, the propagation speed rapidly in-
creases inside the dielectric tube. The maximum propagation
speed of 1.35 × 105 m/s is obtained when the streamer head
reaches the proximity of the tube exit at 85 ns. After that,
the streamer advances forward with a gradually decreasing
speed outside the tube. It should be noted that the same or
similar spatiotemporal evolution of the streamer propagation
was observed in the previous experiment [60]. The initial
increase of the propagation speed inside the tube is due to
the rapid deposition of discharge energy into the gas during
the current pulse that is initiated at the rising edge of the
applied voltage [61]. When the streamer propagates outside
the tube, with increasing the axial position, the energy cou-
pled from the decreasing applied electric field [Fig. 1(c)]
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to the streamer declines, and the energy consumed by the
increasing air mole fraction [Fig. 2(a)] grows [60]. There-
fore, the streamer gradually decelerates until it disappears in
the end.

IV. CONCLUSIONS

Based on the two-dimensional axisymmetric fluid model, a
numerical simulation was carried out to investigate the influ-
ence of an applied parallel magnetic field on the coaxial DBD
plasma jet driven by pulsed-DC voltage at atmospheric pres-
sure. The parallel magnetic field (∼0.3 T on the symmetric
axis) was obtained by stacking two ring magnets downstream
the outer side of the dielectric tube.

The microscopic variations of the atmospheric plasma jet
after applying the parallel magnetic field observed from the
spatiotemporal evolution of electron density are qualitatively
and quantitatively elucidated based on the spatiotemporal evo-
lutions of Hall parameter and E × B field. A slightly thinner
sheath inside the tube is present in the presence of the parallel
magnetic field as a result of the decreased accumulated elec-
trons on the inner surface of dielectric tube. After the streamer
propagates outside the tube, a little more concentrated electron
distribution in the annular wall is observed with the appli-
cation of the parallel magnetic field because of the reduced
electron diffusion in the radial direction and the confinement
effect of the magnetic field on the electrons in the avalanche
heads. The E × B drift of charged particles is the main cause
of the tiny reduction in the jet length with the applied magnetic
field.

A strong electric field is induced in the plasma sheath
inside the tube, where the electron energy and the electron
collision frequency are both high. The electric field, electron
energy, and electron collision frequency in the streamer head
and in the region surrounding the lateral surface of plasma
channel are much higher than those along the plasma channel
behind the streamer head. The spatial distribution of typical
positive ions indicates that the electron impact ionization of
helium and nitrogen atoms is the major ionization reaction in
the streamer head, and Penning ionization dominates along
the channel behind the streamer head. The parallel magnetic
field hardly affects the spatial distribution of the positive ions
and active species.

The peak ionization rate is first increased and then de-
creased outside the tube, which is originated from the
temporal evolution of the off-axis maximum electric field

in the streamer head. The streamer first accelerates inside
the tube, reaching its maximum speed near the tube exit,
and then gradually decelerates. The initial acceleration is due
to the rapid deposition of discharge energy into the gas during
the current pulse that is initiated at the rising edge of the
applied voltage. The subsequent deceleration is attributed to
the reduced energy coupling from the weaker applied electric
field to the streamer and the increased energy consumption by
the higher air mole fraction. The streamer propagation speed
is not impacted by the parallel magnetic field.

These results demonstrate that the parallel magnetic field
has no apparent effect on the dynamics behavior of the plasma
jet and contributes little to the performance improvement of
coaxial DBD. The reason for this little impact of the par-
allel magnetic field on coaxial DBD is further clarified by
comparing with the case of parallel-plate DBD. On the one
hand, the memory effect almost contributes nothing to the
improvement of the free-expanding coaxial DBD plasma jet,
when only one discharge pulse occurs. On the other hand,
the confinement of the magnetic field on surface electrons is
weak because the moving direction of the surface electrons
under the electrostatic repulsion is parallel to the magnetic
field lines. The number of surface electrons is reduced with
the parallel magnetic field preventing the free electrons in the
discharge space from drifting to the tube surface.

These simulation results offer insight into the effect of
magnetic field on plasma jets, but more experiments and
simulations are still needed to further clarify the enhance-
ment effect of the parallel magnetic field on the coaxial DBD
plasma jets. The microscopic variations of the plasma jet
observed in the simulation could be validated experimentally
with the development of plasma diagnostics techniques in
the future. Additionally, instead of the drift-diffusion theory,
other numerical simulation models, including the Monte Carlo
method, could be used to predict some details of the streamer
discharge in the presence of the parallel magnetic field.
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