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Abstract. The functions of the plasma flow such as electrical conductivity, thermal conduction and chemical
reaction can be enhanced by seeding vaporized alkali metal with low ionization potential. In the present
study, numerical simulation is conducted for the radio frequency inductively coupled plasma of which
functions are enhanced by seeding a small amount of vaporized alkali metal. The effects of seeding, injection
flow rate and applied coil frequency on the plasma characteristics are clarified by relating to the flow
structure and electromagnetic effect.

PACS. 52.30.Cv Magnetohydrodynamics (including electron magnetohydrodynamics) –
52.65.Kj Magnetohydrodynamic and fluid equation – 52.80.Pi High-frequency and RF discharges

Nomenclature

A : vector potential (= (Ar, Aθ, Az)) (A Hm−1)
c : mean value of the thermal velocity (m)
Cn : mole fraction
Cp : specific heat at constant pressure (J kg−1 K−1)
D : diffusion coefficient (m2 s−1)
Damb: ambipolar diffusion coefficient (m2 s−1)
e : electron charge (C)
E : electric field vector (= (Er , Eθ, Ez)) (V m−1)
f : frequency (Hz)
F : Lorentz force vector (= (Fr, Fθ, Fz)) (Nm−3)
h : enthalpy (J kg−1)
H : magnetic field vector (= (Hr,Hθ,Hz)) (A m−1)
I : coil current (A)
k : Boltzmann constant (J K−1)
keq : equilibrium constant (m−3)
kion : ionization coefficient (m3 s)
kre : recombination coefficient (m6 s−1)
l : mean free path (m)
m : mass (kg)
n : number density (m−3)
p : pressure (Pa)
P : coil input power (kW)

a e-mail: nishiyama@ifs.tohoku.ac.jp
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Q : flow rate (Sl min−1)
Q : collision cross section (m−2)
Qj : Joule heating (J m−3)
Qr : radiation loss (J m−3)
r : radial coordinate (m)
r1 : carrier gas nozzle radius (m)
r2 : plasma gas nozzle radius (m)
T : temperature (K)
u : velocity component in axial

direction (m s−1)
v : velocity component in radial

direction (m s−1)
w : velocity component in azimuthal

direction (m s−1)
wR: swirl ratio (= w rW /u r)
z : axial coordinate (m)

Greek symbols

ε0 : permittivity in vacuum (Fm−1)
η : viscosity (Pa s)
θ : azimuthal coordinate (m)
λ : thermal conductivity (Wm−1 K−1)
µ0 : permeability in vacuum (H/m)
δ : skin depth (m)
µ : mobility
ρ : density (kg m−3)
σ : electrical conductivity (Sm−1)
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Subscripts

Ar : argon atom
Ar+ : argon ion
s : seed atom
s+ : seed ion
e : electron
h : heavy particles
R : real part
I : imaginary part
C : coil
W : wall
r : radial component
z : axial component
θ : azimuthal component

1 Introduction

Plasma can be regarded as one of the multifunctional flu-
ids [1] since it has high energy density, chemical reactivity
and variable transport properties such as electrical con-
ductivity. Furthermore, plasma can be easily controlled
by applying an electromagnetic field. In the various kinds
of plasma, a radio frequency inductively coupled plasma
(RF-ICP) has advantages of large volume, clean high en-
ergy and chemical reactivity since it is produced with-
out electrodes. Furthermore, the chemical reaction time is
comparatively long due to the low plasma velocity. It has,
therefore, been extensively used in the reactive plasma
spraying, synthesis of ultrafine powders and decomposi-
tion of hazardous substances such as fleon and dioxin, for
example. In these industrial applications, it is very im-
portant to enhance the functions of plasma and control
them precisely [2–5]. It is well known that seeding a small
amount of vaporized alkali metal with low ionization po-
tential into plasma is one of effective methods for the en-
hancement of the functions of plasma such as electrical
conductivity [6]. When a small amount of alkali metals is
seeded to produce many electrons actively, plasma control-
lability can be also enhanced by utilizing Lorentz force and
Joule heating with increase in the electrical and thermal
conductivities. There have, however, been a few theoreti-
cal papers clearing with the enhancement of the functions
of plasma by seeding alkali metals [7,8].

In the present study, it is numerically investigated how
its functions and thermofluid characteristics of the RF
inductively coupled argon plasma are influenced and en-
hanced by seeding vapor potassium or cesium at atmo-
spheric pressure taking into account the ionization, recom-
bination and diffusion of each plasma species. The effects
of gas injection flow rate and applied frequency on the RF
argon plasma with seeding are also clarified to extend the
enhanced ICP in the industrial applications relating to the
flow structure and the electromagnetic effect.

Fig. 1. Schematic illustration of the RF-ICP torch with seed-
ing.

2 Numerical model

2.1 Governing equations

A schematic illustration of the RF-ICP torch is shown in
Figure 1. The inlet portion has three nozzles for carrier
gas, plasma gas and sheath gas respectively. An RF-ICP
is produced and maintained in the torch by the RF induc-
tion coils (3–13.56 MHz, 8 kW). The seed materials are
prevaporized and injected into the plasma gas through the
nozzle 2 as a plasma gas.

The plasma model is proposed on the following as-
sumptions:
– steady, laminar and 2D axisymmetric flow and tem-

perature fields
– 2D axisymmetric induction electromagnetic fields with

negligible displacement currents
– negligible gravitational forces and viscous dissipation
– local thermal equilibrium (LTE) and optically thin
– two-body collision ionization and three-body recombi-

nation
– ambipolar diffusion of ions and electrons.

There are some papers about the deviation of LTE
especially under the low operating pressure or near wall
in the coil region where the temperature gradient is steep
in RF- ICP [9]. But the hypothesis of LTE or close-to-
LTE is considered to be valid for an RF- ICP operated at
atmospheric pressure and at a coil frequency of a few MHz.

The governing equations of continuity, momentum, en-
ergy, and plasma species per unit volume are summarized
in the following general form in cylindrical coordinates:
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Table 1. Transport coefficients and the source terms for the governing equations (1).

Table 1 shows the transport coefficients and the source
terms in the governing equations for the plasma flow.

Since plasma is assumed to be electrically neutral, the
electron number density is written as

ne = nAr+ + ns+ (2)

The governing equation of the induction electromagnetic
fields is expressed as

∂2Aθ

∂z2
+

1
r

∂

∂r

(
r
∂Aθ

∂r

)
− Aθ

r2
= iµ0σωAθ (3)

where i is equal to
√
−1. The induction electromagnetic

fields are represented using the electromagnetic vector po-
tential for solving a 2D induction electromagnetic field
equation to consider the interaction between the applied
electromagnetic field of the coils and the induction elec-
tromagnetic field of the plasma. For a standard induction
plasma torch with the coil geometry shown in Figure 1,
it is reasonable to assume that the electromagnetic field,
and thus the vector potential, has only a azimuthal compo-
nent. Then the induction electromagnetic fields are given
by Maxwell’s equations.

Eθ = −iωAθ (4)

µ0Hz =
1
r

∂(rAθ)
∂r

(5)

µ0Hr = −∂Aθ

∂z
(6)

2.2 Thermodynamic and transport properties

In this paper, it is reasonable that the thermal conductiv-
ity and viscosity are separated into the contribution from

heavy particles and electrons, and written as

λ = λh + λe (7)
η = ηh + ηe (8)

since the increase in electron number density by seeding
alkali metal affects the transport properties considerably.
λh and ηh are calculated from the database of only ar-
gon [11] neglecting the small seed fraction of heavy parti-
cles of alkali metal. λe and ηe are given from the kinetic
theory as [12]

λe =
75π

128
neklece (9)

ηe =
5π

32
menelece (10)

where le and ce are the mean free path and the mean value
of the thermal velocity of electrons respectively.

Since the electrical conductivity is expected to be re-
markably enhanced with increase in electron number den-
sity by seeding a small amount of vaporized alkali metal,
it is given as a function of electron number density.

σ =
e2ne

me(ce/le)
(11)

Diffusion coefficient of the seed atom in argon gas is writ-
ten approximately as

Ds =
η

ρSc
(12)

where Schmidt number Sc is 1.0 here. Ambipolar diffusion
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coefficient of the heavy particle ion is given by

Dh+ amb =
µeDh+ + µh+De

µe + µh+

(
h+ = Ar+, s+

)
(13)

where µe and µh+ are mobilities of electron and heavy
particle ion respectively. On the other hand, diffusion co-
efficients of electron and heavy particle ion are given re-
spectively by

De =
kTe

me(ce/le)
(14)

Dh+ =
kT

mh+(ch+/lh+)
(
h+ = Ar+, s+

)
(15)

where lh+ and ch+ are the mean free path and the mean
value of the thermal velocity of heavy particle ions respec-
tively. To calculate the mean free paths, collision cross sec-
tions are used. Collision cross sections QArAr, QAr+Ar+ ,
QAr+Ar and QeAr are given by the multiple terms ap-
proximation as a function of temperature from the ex-
perimental data [13]; QeK and QeCs are also given from
the data [14]; Coulomb cross section Qeh+ is expressed

Qeh+ = 6π

(
e2

12πε0kTe

)2
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9 (4πε0kTe)

3

4πnee6

} 1
2

(
h+ = Ar+, s+

)
(16)

Since the exact data of the collision cross section between
argon and alkali metal are not available, they can be as-
sumed as follows in the present study corresponding to
Coulomb collisional section effect and the diameters of
the heavy particles respectively.

QAr+s+ = QAr+Ar+ (17)

QArs+ =
Qes

QeAr

QArAr+ (18)

The density, the specific heat at constant pressure and the
radiation loss of the argon-alkali metal mixed plasma are
replaced with those of the argon plasma since the seed
fraction is small in the present study [10,11].

The recombination coefficients kre of argon and alkali
metals are taken from [15–17]. The ionization coefficient
kion is expressed

kion = keq · kre (19)

where the equilibrium coefficient keq is estimated by
Saha’s equation.

2.3 Boundary conditions

The boundary conditions to determine the flow, temper-
ature, concentration and electromagnetic fields are de-
scribed without considering the recombination and the

plasma sheath on the wall since the sheath depth is the
order of Debye length which is considerably smaller com-
pared with plasma diameter [1,3]. Non-slip condition,
thermal conduction and electrical insulation are taken into
account at the inner surface of the tube. For the vector
potential at the wall, the contributions of both the coil
currents and the induced currents in the plasma are taken
into account [18]. Since vector potential Aθ is complex, it
is divided into the real part AR and the imaginary part
AI in the present simulation.
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Table 2. Torch geometry and operating conditions.

Radius of nozzle1 r1 (mm) 5.5
Radius of nozzle2 r2 (mm) 17.0
Torch radius rW (mm) 25.0
Coil radius rC (mm) 33.0
Coil length zC (mm) 20.0
Axial position of coil z1 (mm) 30.0
Torch length z2 (mm) 200.0
Wall thickness W (mm) 5.0
Coil turn number N (turns) 3.0
Inlet temperature Tin (K) 800.0
Coil input power P (kW) 8.0
Coil frequency f (MHz) 3.0, 13.56
Operating pressure p (atm) 1.0
Seed fraction Cns (-) 0.03
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The inlet temperature Tin is set at 800 K, since the seed
materials need to be prevaporized before injection. Tw of
300 K is the outer-surface temperature of the tube. G(lj) is
a function of complete elliptic integrals and C.V. indicates
control volume.

2.4 Numerical procedure

A summary of the torch geometry and the operating con-
ditions in the present calculation is given in Table 2, with

Fig. 2. Flow chart for the computational procedure.

reference to a commercial RF induction coupled plasma
torch. The prevaporized seed materials are injected from
nozzle 2 as mixing with a plasma gas. The swirl ratio wR

is given 5.0 at the nozzle 3.
The operating parameters are shown in Table 3.

Case 1, Case 2 and Case 3 correspond to three cases with-
out seeding, seeding potassium and seeding cesium respec-
tively. In Case 4, the inlet flow rates Q1, Q2 and Q3 are
10.0 Sl/min, 10.0 Sl/min and 25.0 Sl/min respectively and
the seed material is potassium. In Case 5 and Case 6, the
coil frequency f is 13.56 MHz without and with seeding
respectively. The seed material is potassium in Case 6.

The governing equations for the velocity, temperature,
concentration and electromagnetic fields, along with the
boundary conditions, were solved using the SIMPLE algo-
rithm developed by Patankar [19]. The simulations were
performed for a 101 in r-direction by 101 in z-direction
uniform staggered grid system to obtain the converged
solutions easily.

Figure 2 shows the flow chart for the computational
procedure. In the simulations, TDMA (Tri-Diagonal Ma-
trix Algorithm) was used to solve the matrices. The resid-
ual 10−3 for the electromagnetic field, 10−6 for the ther-
mofluid field and 10−4 for the concentration field were set
up as the convergence criteria.

3 Results and discussion

3.1 Influence of seeding alkali metal

Figure 3 shows a comparison of the electron number den-
sity distributions in Cases 1-3. Although the electrons ex-
ist only near the coils in Case 1 without seeding, the elec-
trons are diffused both to the central region and in the
further downstream wider even by seeding a small amount
of vaporized alkali metals such as potassium in Case 2 and
cesium in Case 3.
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Table 3. Operating parameters.

Inlet flow rate
Seed material

Q1(Sl/min) Q2(Sl/min) Q3(Sl/min)
Coil frequency

f (MHz)
Case1 without seed 2.0 2.0 5.0 3.0
Case2 K 2.0 2.0 5.0 3.0
Case3 Cs 2.0 2.0 5.0 3.0
Case4 K 10.0 10.0 25.0 3.0
Case5 without seed 2.0 2.0 5.0 13.56
Case6 K 2.0 2.0 5.0 13.56

Fig. 3. (a)-(c) Electron number density distributions.

Figure 4 shows a comparison of the corresponding ar-
gon ion, potassium ion and cesium ion number densities
distributions in Cases 1-3. It is clearly shown that the
vaporized alkali metals can be ionized easily at the re-
gion of lower temperature compared with argon ioniza-
tion. The difference between the distributions in Case 2
and in Case 3 are caused by the difference of heavy parti-
cle ions diffusion. The electrons and ions diffuse together
and also the cesium ions may be dominated by convection
more than potassium ions since the diffusion coefficient of
cesium ions is smaller than that of potassium ions due to
the large mass.

Figure 5 shows a comparison of the electrical conduc-
tivity distributions in Cases 1-3. The electrical conductiv-
ity, one of the functions of plasma, in seeding alkali metals
increases considerably in the coil just downstream accom-
panied by the increase in electrons as shown in Figure 3.
This means that the electrical conductivity as a function
of plasma is enhanced by seeding vaporized alkali metals
and then the region where is influenced by the applied

Fig. 4. (a)-(e) Ion number density distributions.

electromagnetic fields becomes wider in the downstream.
As the result, that can affect Joule heating and tempera-
ture field.

Figure 6 shows a comparison of the temperature dis-
tribution in Cases 1-3. In Case 2 and Case 3, seeding alkali
metals enhance the function of the plasma and then the
region of temperature 2000–6000 K shifts to the further
downstream compared with that in Case 1.



H. Nishiyama and M. Shigeta: Numerical simulation of the RF-ICP for functional enhancement 131

Fig. 5. (a)-(c) Electrical conductivity distributions.

Fig. 6. (a)-(c) Temperature distributions.

Fig. 7. (a)-(b) Velocity vector distributions.

3.2 Influence of inlet flow rate

Figure 7 shows a comparison of the velocity vector dis-
tributions in Case 2 and Case 4 with potassium seeding.
Circulation is produced by Lorentz force and inlet flow
rate difference. In Case 2, the flow field has a circulat-
ing region near the coil region. This is because the radial
Lorentz force is produced by the induction electromag-
netic fields in the plasma, which pinch the flow field of
the plasma. On the other hand, in Case 4, the circulating
region disappears with the higher inlet flow rate in spite
of the pinch effect of the Lorentz forces since the inertia
force overcomes the Lorentz force with the increase in the
inlet flow rate. When the flow rate is lower compared with
Case 1 or 2, strong vortices are observed near the central
region.

3.3 Influence of coil frequency

Figure 8 shows a comparison of the electrical conductiv-
ity distributions in Case 1, Case 5 and Case 6. When
the applied coil frequency is high, the maximum region of
the electrical conductivity approaches to the wall in both
cases compared with Case 1 due to the skin effect which is
closely related to skin depth defined by δ = (2πµ0σf)−

1
2 .

By seeding potassium in Case 6, the region of the high
electrical conductivity extends to the further downstream
considerably and the electrical conduction is enhanced.

Figure 9 shows a comparison of the Joule heating dis-
tribution in Case 1, Case 5 and Case 6. In both cases, the
high Joule heating regions show the flat distribution near
the wall compared with Case 1 as well as the distributions
of the electrical conductivity in Figure 8 since the skin
depth becomes thinner when the applied coil frequency is
high. The high Joule heating region in Case 6 shows the
thinner distribution near the wall compared with that in
Case 5 because the electrical conduction is enhanced by
seeding potassium as shown Figure 8 and the applied elec-
tromagnetic fields are absorbed in plasma near the wall
more than in Case 5.
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Fig. 8. (a)-(c) Electrical conductivity distributions.

Fig. 9. (a)-(c) Joule heating distributions.

Fig. 10. (a)-(c) Temperature distributions.

Figure 10 shows a comparison of the temperature dis-
tribution in Case 1, Case 5 and Case 6. In both Case 5 and
Case 6, the high temperature regions more than 8000 K
become narrower compared with Case 1 due to the concen-
tration of the Joule heating with the skin effect as shown
in Figure 9. Especially in Case 6, since the electrical con-
duction is enhanced by seeding vaporized alkali metal, the
region of the temperature higher than 8000 K becomes
narrower and closer to the wall than in Case 5. The re-
gion of the temperature 2000–6000 K in Case 6, however,
is relatively wider further downstream compared with that
in Case 5. As the result, it can be shown that it is possible
to control the temperature field of the RF-ICP relatively
and that seeding alkali metal is effective to enhance the
electrical conduction and the controllability of the RF-ICP
for high frequency.

Figure 11 shows a comparison of the velocity vector
distribution in Case 5 and Case 6. Since the Lorentz forces
do not penetrate into the central region of the plasma by
the skin effect for high frequency in both cases, the recir-
culating region, which is seen in Case 2, disappears with
the increase in the applied coil frequency. As the result,
it is possible to produce or eliminate recirculating regions
and control the flow field of the RF-ICP by changing the
applied coil frequency.

The effect of the applied frequency on the thermofluid
field of RF-ICP can be enhanced by seeding even a small
amount of alkali metal vapor.
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Fig. 11. (a)-(c) Velocity vector distributions.

4 Conclusion

It is investigated how functions and thermofluid character-
istics of the RF inductively coupled argon plasma are influ-
enced and enhanced by seeding vapor potassium or cesium
at atmospheric pressure taking the ionization, recombina-
tion and diffusion of the plasma species into account. It
is found that almost the same qualitative tendency can
be shown as the several works using this model [2,7]. The
results obtained by numerical simulation are as follows.

1. The electron number density increases and the elec-
trons are distributed wider in the further downstream
by seeding alkali metals. Then, the high electrical con-
ductivity region extends to the downstream with the
increase in the electrons. The distributions of the elec-
tron number density and the electrical conductivity
in seeding potassium and cesium are different due to
the difference of their diffusion coefficient. The re-
gion of temperature of 2000–6000 K becomes wider in
the downstream. Seeding alkali metals affects locally
the functions such as the electrical conduction and the
temperature field.

2. The flow field has a recirculating region caused by the
radial Lorentz forces. The recirculating region near the
coil region disappears with the high inlet flow rate
which overcomes the Lorentzian pinch effect.

3. When the applied coil frequency increases, the Joule
heating concentrates near the wall by the skin effect.
As the result, the high electrical conductivity region
approaches the wall and the high temperature region
more than 8000 K becomes thinner and closer to the
wall. With the increase of the applied coil frequency,
the Lorentz force also concentrates near the wall and
then vortices disappear in the coil region. It is eas-
ily possible to control the temperature field and the
flow field of the RF-ICP by changing the applied coil
frequency especially under the condition of seeding a
small amount of alkali metal vapor.
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Research (B) from the Japan Society for Promotion of Science
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