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Abstract

A 1D radially self-consistent model in helicon plasmas has been established to investigate the
influence of radial heat conduction on plasma transport and wave propagation. Two kinds of 1D
radial fluid models, with and without considering heat conduction, have been developed to
couple the 1D plasma—wave interaction model, and self-consistent solutions have been obtained.
It is concluded that in the low magnetic field range the radial heat conduction plays a moderate
role in the transport of helicon plasmas and the importance depends on the application of the
helicon source. It influences the local energy balance leading to enhancement of the electron
temperature in the bulk region and a decrease in plasma density. The power deposition in the
plasma is mainly balanced by collisional processes and axial diffusion, whereas it is
compensated by heat conduction in the bulk region and consumed near the boundary. The role of
radial heat conduction in the large magnetic field regime becomes negligible and the two fluid
models show consistency. The local power balance, especially near the wall, is improved when

conductive heat is taken into account.

Keywords: helicon discharge, heat conduction, model coupling, plasma transport

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

1. Introduction

Helicon discharges have been found in recent decades to
produce highly ionized plasmas given an appropriate power
supply [1, 2]. A very high plasma density of 10'*~10%° m >
can be produced and maintained in the laboratory [3, 4]. Due
to this remarkable property, they have been used as plasma
sources in diverse areas, from material processing to space
propulsion [5].

As an excellent plasma source, there are two main physical
processes dominating helicon discharge. Plasma—wave interaction
takes place inside the source leading to the deposition of wave

* Authors to whom any correspondence should be addressed.
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energy into the plasma, and multiple transport phenomena govern
the plasma dynamics [6]. Hence, research on helicon plasmas has
mainly focused on these two aspects. However, establishing a
complete model for studying these two coupled processes has
difficulties and complexities. Researchers tend to investigate each
process separately, based on appropriate assumptions about the
other. Several 1D and 2D plasma—wave interaction models have
been established to investigate the mechanisms of power
deposition and wave propagation in helicon plasmas [7-11]. For
plasma transport processes, the fluid dynamics and transport
properties have also been studied with 1D and 2D fluid models
[12-16].

Note that all these models mentioned above were developed
to study a single process in helicon discharges and based on
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Figure 1. Typical geometry of helicon sources.

strong physical assumptions. In the plasma-wave interaction
model above, the plasma transport is not taken into account
since the profiles of the plasma density and the electron temp-
erature are usually given by the experimental data or assumed
distributions [4]. Conversely, in most fluid models, the electron
temperature is assumed to be uniform [12, 15], and the details of
the plasma—wave interaction are neglected. However, these two
processes are coupled with and influence each other [6]. The
power deposition of wave energy in the plasma plays an
important role in the local energy balance and influences the
non-uniformity of the plasma density and the electron temper-
ature. Hence, it is necessary to implement a complete model
which couples the plasma—wave interaction model to the fluid
model to describe the whole processes. Cho and Lieberman [17]
established a 1D self-consistent model, which couples the 1D
radial plasma—wave interaction model to the 1D radial fluid
model, to investigate the influence of magnetic fields, input
power and plasma density on the power deposition and dis-
tribution of electron temperature. This model assumed that the
influence of heat conduction in the radial direction is trivial and
the variation in conductive heat is neglected. Similarly, Curreli
and Chen [18] also introduced a 1D self-consistent model
without considering conductive losses to investigate helicon
plasmas. They explained the reason for the short-circuit effect
and how it influences the variation of plasma parameters. Bose
et al [19, 20] developed a complete 2D helicon plasma model
considering heat conduction in the energy equation. Similar 2D
self-consistent models were further developed to study helicon
plasmas [21-24]. In addition, Naulin [25] introduced a 3D
global fluid model to simulate a linear helicon device. The
numerical results are well consistent with experiments. A 2D-3V
particles in cells (PIC) model for calculating a helicon source
with a plasma plume was introduced by Takase [26] and Emoto
[27]. The neutral distribution and characteristics of the magnetic
nozzle were investigated by applying this PIC model. More
recently, Zhou et al [28] proposed a 2D coupled model for
transport and wave propagation, where electron heat fluxes are
modeled based on an assumed closure relation.

In helicon plasmas, the influence of heat conduction in the
direction perpendicular to the magnetic field lines is generally

considered to be inessential because of the assumed good
magnetic confinement and relatively low electron temperatures
[12, 18]. However, the confinement depends on the strength of the
magnetic field. Moreover, observing the results obtained by Cho
and Curreli [17, 18], it seems that the electron temperature in the
radial direction changes sharply near the boundary although it
varies slightly in the bulk region. It is suggested that the local
balance of energy would be incomplete without the heat flux term
and it is necessary to discuss the effects of the radial heat con-
duction. Therefore, the motivation of this work is to establish a
coupled 1D fluid model with radial heat conduction and a
plasma—wave interaction model. This 1D self-consistent model is
applied to investigate the effect of heat conduction on steady-state
plasma profiles in a helicon source.

In this paper, simulations with and without heat con-
duction are carried out. The model without radial heat con-
duction can be seen as a specific case of the fluid model with
heat conduction when the perpendicular heat conductivity is
zero. Different boundary conditions for these two fluid
models are applied near the lateral wall to study their influ-
ence. The radial velocity, plasma density and electron temp-
erature are compared and the variation in heat flux is given to
analyze the local equilibrium of energy in helicon sources.

The rest of this paper is organized as follows. Section 2
introduces the proposed model in detail. Section 3 shows the
results and discussion. The conclusions of this work are
gathered in section 4.

2. Model formulation

We consider a cylindrical helicon source of length L and
radius r, in a vacuum chamber with the same length and
radius ry. The plasma is confined by an axially uniform
magnetic field By. The source is surrounded by an antenna of
radius r,, which emits radiofrequency (RF) radiation at
angular frequency w. The neutral gas is ionized by hot elec-
trons, heated by the RF energy and plasma is produced and
energized, moving along with magnetic fields. Figure 1 shows
the typical geometry of helicon sources.
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For the plasma transport processes, a magnetized and
weakly ionized plasma is considered in the helicon source and
neutral depletion is not taken into account [12, 17]. Therefore,
the density of the neutral gas is assumed to be uniform. It
satisfies p, = nyT, with p, the pressure, n, the density and 7,
the temperature of the neutral gas. In addition, quasi-neu-
trality in plasmas is postulated, with density n=n.=mn;
(subscripts e and i represent electrons and ions, respectively).
Therefore, the following steady-state fluid equations are
considered to describe the transport processes for each species

(j=i,e):

V - (nju;) = njvion (1)
V - (minjujuy) = —Vp;, + gni(=V¢ + u; x By) — §;
2
1, 5
V- —meuty + —1¢ |neue | +V - Qe
2 2
=Pabs — Ploss T eneV(b cUe 3)
Q.= k.- VI, 4)

where n; and u; represent the particle density and velocity,
respectively; p; =n;T; is the pressure; and 7; is the temper-
ature. m; and ¢; are the particle mass and the electric charge,
respectively. ¢ is the ambipolar electric potential and has the
relation E,=— V¢, with E; the quasi-electrostatic field
induced by the plasma. In addition, S;=mmu;; is the
momentum loss for the species j due to different collisional
processes, which include ionization and ion—neutral, elec-
tron—neutral and electron—ion collisions, with frequencies
Vions Vins Ven and v, respectively [15].

For energy conservation, the power deposition and energy
transfer in helicon sources are mainly attributed to the interaction
of electrons with the wave fields, and the contribution of ions
can be neglected. Thus, only the energy equation of electrons is
taken into account [20]. In equation (3), p.ys is the power density
absorbed by electrons and p. represents the collisional energy
loss. The expression and discussion of collisional power loss in
this work are given in appendix A. Lastly, Fourier’s law is
applied to define the heat conduction in the electrons in order to
close the equation system. Q. represents the heat flux of elec-
trons and k. is the heat conductivity tensor.

Considering the geometry and physical processes in
helicon sources, basic assumptions are proposed to further
simplify the equation system:

(1) In cylindrical helicon sources, the axially symmetric
geometry leads to the derivative in the azimuthal direction
being zero: 0/06 =0.

(2) It is assumed that the plasma density can be separated as
n(z, r) =f(z)n,(r) in the plasma range due to the variable
separation technique [12, 15]. The normalized function
f(2) tends to have a slight variation in axial length.

(3) As a consequence of quasi-neutrality, it is assumed that
the radial velocities of both ions and electrons satisfy the
ambipolar diffusion [14, 15], with u, = u,. = u,;.

(4) According to the relation between ions and electrons,
with m. < m;, T; < T, electron inertia is neglected and

the influence of magnetic fields on ions is negligible so
the azimuthal velocity of ions ug is not taken into
account [14].

(5) It is assumed that the derivatives of parameters satisfy
the relations: (T, ¢) /07 < I(T, ¢)/Or, O(u,, ug)/
0z < O(uy, ug)/or [15].

Based on these assumptions, the general fluid equations are
reduced to the 1D radial fluid model to investigate the influence
of the radially conductive heat in helicon sources. Two limit
cases, with and without heat conduction, are considered and the
details are introduced in the following sections.

2.1. Fluid model with heat conduction

In this part, the 1D radial fluid model with heat conduction is
established. Considering the basic assumptions above, the
general fluid equations are integrated and averaged in the
axial direction in order to eliminate the axial term [17, 29].
Therefore, equations (1)—(4) are expanded and simplified to

li(rnrl"r) = NylVy S)
rdr
minrur% -k en uge By — min, u, (Vi + Vion)
dr dr
(6)
eu By = meutge (Ve + Vion) @)
d dn, T,
enr—¢ =% 4 enugeBy + men (Ve + Vien)  (8)
dr dr
2nu%+li(y)—_ —
2 " ar rdr ar Pabs = Pe
+lmenr(u3 + Uje) Vien + en, 2., )
2 dr
dT;
q. = —kt (10)
dr

Here, equation (8) is obtained from momentum conservation
for electrons in the radial direction. The energy loss due to the
electron inertia term is neglected in equation (9) considering
its trivial contribution to the whole power loss [15, 28].
According to different collision processes, we define the total
ion collision frequency as v; = 14, and the total electron col-
lision as v, = Ve, + Vej. Vy 18 the effective frequency relating
to the ionization and axial diffusion [14, 15]. p. represents the
collisional energy loss pi.s averaged over z. The expressions
and explanations for the energy loss and collision frequencies
are given in appendix A. Additionally, the averaged power
density p,, is written below:

. fozﬁ do (]Lpabs(r, 0, 2)dz
Pabs = L =
2m j; f(@)dz

Pabs(r)

277 L (v

where the integration fo - f(z)dz is considered to be equal to

fL, with f the average density in the axial direction [17].
Pps(r) is the distribution of power deposition in the r direc-
tion which is obtained from the wave model. Moreover, k|
represents the radial heat conductivity and the expression is
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5 n,Teve

= (12)
T2 (Wee + v2)me

Here, the radially heat conduction is considered to be domi-
nated by classical diffusion and anomalous diffusion is not
taken into account in the heat conductivity due to the presence
of magnetic confinement and relatively low electron temper-
ature [19, 28]. The detailed derivation and discussion of k|
are introduced in appendix B. It is noticed that the heat flux
tends to be zero when the magnetic field is very large. Then,
equations (5)—(10) are combined and derived to the ordinary
differential equation system:

_%me(w%e +v2)

5 ven, Ty

duy

(T — mlurZ) dr = urg, + eBou,ugpe

_Mrﬂ =+ EVW + miurz(Vi + Vion)
r (13)
uge = —2eeltr (14)
(Ve + Vion)
Ldn, vy 1 1dy (15)
n, dr 7 r u, dr
d dT, | T dn,
e_¢ = + Ze Oy + eBouge + meut, (Ve + Vien)  (16)
dr dr n, dr
dg, _ Sneu, dTe g, do
= s — Pe) — ——_+e_nrur
dr (Pavs = P) 2 dr r dr
1
+5menryion(ur2 + Mﬁze) (a7
e 2 me(wg + o) ) (18)

E 5 ven, T,

This equation system can be solved with boundary conditions
to obtain the plasma parameters.

2.2. Fluid model without heat conduction

The 1D fluid model which neglects the heat conduction is
described in this part. This can be seen as a specific case for
the heat model when the perpendicular heat conductivity k| is
zero. The conductive loss of heat in r direction has been ruled
out in equation (9), as d(rg,)/d(r) = 0. Equation (10) about
the heat flux is naturally not taken into account. Therefore, the
energy equation reduces to

5 dT;

—NUy—

1
=Pws — P T+ Emenr(urz + ué)ze)l/ion

+ enri—¢ur (19)

r

Then, equations (5)—(8) and (19) constitute the fluid model
without heat conduction. Similarly, we derive the ordinary
differential equation system to obtain the parameters. The
equations related to the uy., n, and ¢ are the same with
equations (14)—(16) in the heat model and the equations about
u, and T, (equations (13) and (18), respectively) are changed

to

5 Q)du, 2(Pips —P) | 5
ST — mu? | — = RS Tl L eBougeu,
(3 ¢ ' dr 3nr 3 e
5Tau, 5 2
_ 3er + EE’VW —+ Emeurz(ue ~+ Vion)

1
—l-gmeuion(urz + uge) + miut (Vi + Vien)

(20)

2T, dn, 2
+ —eBou
3n, dr 3 0%be

% _ Z(ﬁabs _ pc)
dr

3n,u,

2 1 :
et (v Vion) + EM@E +ul) Q1)

uy
Therefore, equations (14)—(16) and (20), (21) constitute the
ordinary differential equation system of the fluid model
without heat conduction. It is applied to discuss the influence
of radially conductive heat by comparing with the heat fluid
model.

2.3. Boundary conditions

In order to obtain the solution of each fluid model, boundary
conditions are applied to implement the whole equation systems.
The boundary conditions for the two fluid models are similar. To
consider the geometry and characteristics of helicon plasmas,
boundary conditions are applied at the cylinder axis r =0 and at
the wall r = r,.

We first discuss the boundary conditions for the heat fluid
model. At the symmetry axis r = 0, plasma parameters satisfy
[17]

ur=uge = ¢ =q,=0,T. = To, n, = g
Here, the values T,y and no are unknown and can be deter-
mined by the boundary condition at the wall. At r=r,, the
plasma parameters are governed by the Bohm condition and
we have
VTe
mj

U = ¢ = (22)
where ¢, is the Bohm velocity and + is the polytropic index,
with v=1 for the case with heat conduction. Then, the

electron heat flux at the sheath edge is written as [29]
q, = Eyngcs (23)

where ng represents the plasma density at the sheath edge and
the conductive energy deposited at the sheath edge is

m; 1 Me

E, =1, [ln
(24)

This expression of the heat flux g, at the sheath edge is
obtained by the integral of the distribution function of the
velocity to make sure only the conductive energy is taken into
account [30]. The derivation and discussion are given in
appendix B. Therefore, these two conditions at the wall yield
the unique ny and Te.



Plasma Sci. Technol. 25 (2023) 015401

B Tian et al

For the model without heat conduction, the boundary
conditions at r = 0 are the same as for the heat model except
that the heat flux is not taken into account. It is also necessary
to obtain the value of the density and temperature at the axis.
Therefore, the Bohm condition at the wall »=r, is applied.
Here, the polytropic index «is 5/3 for the model without heat
conduction due to the adiabatic approximation [17]. Thus, the
plasma velocity at r=r,, is written as

5T

3mi

Up=cs = (25)
Because the heat conduction is not considered, equation (23) is
not satisfied for the model without heat conduction. Therefore,
the local balance of energy at the axis (r=0) is applied as the
other boundary condition to implement the equation system.
Equation (19) at » =0 can be simplified to [17]
p abs — Pe = 0
For a given profile of power density, the electron temperature 7
can be written as a function of the plasma density 7 by using this
relation. Then, the integration of fluid equations from the origin
to the wall yields the unique ng to satisfy the Bohm condition. It
should be noted that the local equilibrium relation of

equation (26) is not satisfied for the heat model since the deri-
vative of heat flux at the origin is uncertain.

(26)

2.4. Plasma—wave interaction model

The 1D plasma—wave interaction model which is applied to
couple the 1D fluid model has been introduced by numerous
authors [7, 8, 31] and is described here to give a general
framework to explain how it is established and works. It is
assumed that the plasma—wave response varies as exp (—iwr)
and is governed by the Maxwell equations

V x E = iwB
V x B = py(—iwD + j,)

27)
(28)

where E and B represent only the RF-related electromagnetic
field, j, is the external current density and i is the permeability
in a vacuum. Additionally, D = ¢yxE is the electric displace-
ment field, with ¢, the permittivity in a vacuum and x the di-
electric tensor in the medium. Fourier expansion in time has been
applied, and all magnitudes are expressed in complex form. All
parameters of plasmas, such as the plasma density, the temper-
ature and the applied magnetic field, are loaded in the Maxwell
equations by the cold, collisional dielectric tensor x [7].

According to the finite length helicon source and the
reflecting boundary condition at the conducting end wall, all
quantities in the z and 6 directions can be expanded as sin or cos
series for integer modes as (/, m). Hence, applying the new
expressions, the Maxwell equations are rearranged into four
differential equations and two algebraic equations [31]. The set of
equations can be solved numerically as an ordinary differential
problem in radially uniform and non-uniform plasmas and all
electromagnetic (EM) field components can be obtained.

Then, once all fields have been calculated, it is necessary
to consider the power deposition in the plasma. Here, it is
assumed that the antenna is a perfect conductor and there is

no power loss in it [7, 11]. All RF power P, emitted by the
antenna is absorbed by the electrons. Therefore, the total
power Py, deposited in the plasma is equal to the RF power,
as

2r pL e
Bt = Potl = j; j; j; " s (s 0, D)rdrdfdz - (29)

Here, p.ys is the time-averaged power density in the plasma at
a given location (r, 6, z), with

Dabs = %Re(E* -J) = %Re(E* .0 -E) (30)
where o = —iweyr is the plasma conductivity tensor. The
fields E are the sum of all (/, m) modes. The superscript *
represents the conjugation of parameters. The power deposi-
tion in r is written as below:
27 L
Pos) = [ [ pan(r, 0. 200 G
o Jo
Substituting equation (31) into equation (11), it is convenient

to calculate the averaged power density 7,  using the fluid
model.

2.5. Numerical procedures

In this part, the numerical procedures for obtaining solutions
in this work are described. The fluid models and the plasma—
wave interaction model can be solved independently with
appropriate initial conditions if only a single process is con-
cerned. For the fluid models, the equation system has singu-
larity at the origin. In order to carry out the numerical
integration from the axis, it is necessary to use the Taylor
expansion for the variables around r=0 [14, 17]:

1 1

o _ Wee Vw
U, = EVwr, Upe = ———

2 Ve + Vien
T. = Teo.

r, ¢=0,

qr = 07 nr = nO,

Based on these initial values, the shooting method is used and
the equation system is integrated from the axis to the wall to
obtain the complete solutions.

Meanwhile, the iteration process can be carried out to
couple the two models and obtain the self-consistent steady-state
solution. It is noticed that the two fluid models follow the same
iteration process. When the given profiles of n, and T, are
considered to be the initial conditions, the plasma—wave inter-
action model is first solved and the iteration steps are as follows:

Step 1: Applying the profiles of n, and 7. in the wave
model, obtain the solution of EM fields and the power
density Pyps.

Step 2: Applying the distribution of Py, in the fluid model,
solve the fluid equations and update the parameters »n, and T..
Step 3: Comparing the updated profiles of n, and T, with old
profiles, the iterative process is finished if the convergence is
achieved. If not, the iteration returns to step 1 to continue the
iteration.

In addition, the fourth- and fifth-order Runge—Kutta methods,
which are mature methods for solving ordinary differential
problems, are applied in the fluid and wave module to obtain
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Figure 2. Distribution of plasma parameters in the r direction for the uniform power density profile at By = 300 G and P,s = 400 W. The heat
flux g, for the fluid model without heat conduction is estimated by numerically differentiating the temperature profile with equation (10).

qo = noTeoco is the reference of the heat flux, with ¢y = /Too/m; .-

Table 1. Summary of input data for the numerical simulations.

Parameter Value
Plasma and cage axial length L 0.8m
External cage radius r, 0.1 m
Plasma radius r, 0.05 m
Antenna loop radius r, 0.06 m
Antenna axial length L, L/4
Antenna symmetry plane z, L/2
Frequency of the RF emission frr 27 MHz
Pressure of neutral gas p, 10 mTorr

the solution. This self-consistent process has been introduced
theoretically by researchers [17, 32] and the numerical results
have been verified by comparing with experiments [18, 33].

3. Results and discussion

The numerical results are described and discussed in this section.
The simulations are based on a typical helicon source geometry
which is immersed in a cylindrical vacuum chamber shown in
figure 1. The main parameters are summarized in table 1. A
Nagoya III antenna is applied to ionize and heat plasmas with

emitting RF waves of frequency 27 MHz. The input RF power is
400 W. It is assumed that the antenna wire is a perfect conductor
with no resistance. Considering the specific structure of the
Nagoya III antenna, the expression of the current density is
written as a function of the (/, m) modes and only odd modes of
m are effective [7, 8]. The antenna is located in the center of the
chamber and the length is 1/4 of the chamber length. Hence,
due to the non-zero modes and main contribution of the (/, m)
mode, [=2, 4, 6 and m = — 1, 1 modes are taken into account
in the simulations [17]. In the following discussions, we first
present results for the transport model assuming a uniform
power deposition profile, and for the electromagnetic model
assuming different density profiles to obtain non-uniform power
deposition profiles. Then, the self-consistent results of the two
coupled models are discussed.

3.1. Uniform power deposition

In this subsection, the fluid model is solved independently,
assuming a uniform power distribution is given. The iteration
process in this part is not taken into account in order to
observe the effects of conductive heat directly.

Figures 2 and 3 show the distributions of plasma para-
meters in the radial direction for two different cases at
By =300 G and 50 G, respectively. For the model without
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Figure 3. Distribution of plasma parameters in the r direction for the uniform power density profile at By = 50 G and P,; = 400 W. The heat
flux ¢, for the fluid model without heat conduction is estimated by numerically differentiating the temperature profile with equation (10).

qo = noTeoco is the reference of the heat flux, with ¢y = /Too/m;.

heat conduction, the heat flux is not taken into account. In
order to compare with the heat model, we estimate the dis-
tribution of the heat flux g, for the model without heat con-
duction shown in the figures by differentiating the
temperature profile with equation (10). It is shown that the
basic trends of all results obtained by the two models are
consistent and the influence of the heat conduction at low
magnetic fields is moderate.

At By =300 G, the plasma is mainly confined in the bulk
region due to the strong magnetic field strength, so that the radial
velocity u, changes slightly and sharp variation occurs near the
boundary to satisfy the Bohm condition. Moreover, the profiles
of the electron temperature and heat flux show similar trends.
The local peak of electron temperatures occurs near the
boundary. The decrease in T, near the wall is caused by the
temperature difference between the plasma and the lateral wall.
To observe the results of different models, the heat conduction
has a slight influence in terms of the confinement of the
magnetic field. The distributions of u, and n, are nearly the same
in the whole plasma region and the difference is less than 2%.
The main difference appears in the profile of 7, near the
boundary. Because of the effects of heat conduction, the local
peak of the electron temperature near the boundary is lower than
for the model without heat conduction.

In contrast, the influence of heat conduction plays a
relatively important role at By = 50 G. The plasma density n,
obtained by the heat model is lower than for the model
without heat conduction. For the electron temperature T, it is
also higher in the bulk region and sharply decreases near the
boundary. The difference between the plasma density of
the two models at the axis ng is about 8.2% and that of the
electron temperature T, is about 2%. However, the difference
becomes larger near the wall. In particular, for the electron
temperature, it reaches 18%, about 0.5 eV. In addition, the
normalized plasma velocity obtained by the heat model is
higher. This proves that the influence of the radial heat con-
duction in the low magnetic field is moderate. The importance
depends on the application of the helicon source. For plasma
etching and material surface treatment, the performance is
more sensitive for the plasma parameters of the helicon source
and has a very high requirement in parameter control [34].
Therefore, the effects of the radial heat conduction cannot be
neglected. However, for the new concept of space propulsion,
the helicon plasma thruster, the radial heat conduction could
hardly play a significant role if the differences in the central
plasma density and the electron temperature are too low [16].

In figure 3, the heat flux g, keeps consistency with the
estimated value in the bulk region and changes significantly
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Figure 5. Plasma density and electron temperature in the center (» = 0) varying with input power at By = 150 G. 7 represents the ratio of the
term associated with heat conduction to the power deposition as defined in equation (37).

near the wall due to the variation in 7. It is noticed that the
heat flux is negative in the bulk region and varies to be
positive near the wall. This illustrates that the conductive
energy flux flows to the center in the bulk region and to the
wall near the boundary. The energy is carried into two sides
of the local peak. Therefore, the local energy equilibrium is
changed due to heat conduction and leads to a decrease in the
plasma density and the variation in electron temperature.

To further clarify the influence of heat conduction, the
density and electron temperature in the center (+ = 0) varying
with magnetic field and input power are shown in figures 4
and 5. With an increment in magnetic field and input power,
the two models show consistency. The initial plasma density
ny becomes larger and the initial electron temperature Teq
reduces accordingly as the magnetic field increases in
figure 4. It is concluded that increasing the magnetic field is
beneficial for improving the plasma density in helicon sour-
ces, which has been proven in numerous experiments and
simulations [17, 35]. This is a typical principle for discharge
where the plasma is weakly ionized [34]. In figure 5, it is
shown that n increases linearly and T, tends to be constant

with a variation in input power. These results suggest that the
relation between ny and T is determined by the local equi-
librium of energy. For the fluid model without heat conduc-
tion, the local power balance at » = 0 satisfies equation (26).
Substituting equation (A.10) to equation (26), it can be
rewritten as

_ 5 2fu
Pabs = (”O”gZKxEx + ETeOnOVion + Ey ;SLS

no) (32)

This relation shows that the power deposition in the center is
mainly balanced by the collision processes and the axial
diffusion. Considering each term in the right side of
equation (32) given in appendix A, the local balance can be
simplified to

Pabs = 1oH (Teo) (33)

Therefore, it is clearly indicated that the power density in the
center is proportional to the initial plasma density n, and
dependent on a function of the initial electron temperature
T.o. This is consistent with the results shown in figures 4 and
5. In addition, for giving a specific input power in the center,
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plasma density at r = 0 is 1o = 1.3 x 10" m™ and the electron temperature is T.o = 2 eV. The heat flux g, for the fluid model without heat
conduction is estimated by numerically differentiating the temperature profile with equation (10). gg = noTeoco is the reference of the heat

flux, with ¢ = /Too/m; .

larger no implies that more energy is applied to ionize the  the radial direction. This leads to more collisions in the bulk
neutral gas and T yields to diminish correspondingly. As the  region and enhances the ionization of the neutral gas.

magnetic field increases, the confinement of electrons This principle is not only satisfied in the fluid model
becomes stronger and suppresses the diffusion of electrons in ~ without heat conduction but also in the heat model. Considering
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the influence of the heat flux, equation (26) is modified to

dq,
dr

=0
r=0

ﬁabs — D — (34)

Combining equation (10), it is further derived as

d dT;

dr dr

&T,
dr?

Pans — NoH (Teo) + ( 9l ) =0 (35
r=0

Due to the smooth condition of temperature at r=0 as
dT,/dr =0, and the expression of k, given in equation (12), this
relation also can be written as the density ny multiplied by a
function of Ty Hence, the power deposition is balanced by

Pans = MolH (Te0) — Y (T20)] (36)

This equation shows that the power deposition in the center also
has a linear relation with the plasma density and is mainly
consumed by particle collisions and axial diffusion. However, it
is compensated by the heat conduction of electrons in the center.
This is the reason why the higher electron temperatures at r =0
for the heat model are achieved at low magnetic fields. In order
to evaluate the influence of the heat flux, the contribution of the

10

conductive heat to the power deposition is defined as
_ 2o
pabs

Thus, the percentages of the conductive heat 7 for different
magnetic fields and input power have also been given in
figures 4 and 5. It is shown that 7 decreases evidently with
increasing By. The contribution of the conductive heat is higher
than 20% at By = 0 and less than 1% when By, is larger than 200
G. This is because the radial heat conductivity k, is inversely
proportional to wge (Wee > 1) shown in equation (12) and tends
to be zero when By is large. Therefore, the results of g and T,
for the two models in figure 4 becomes consistent when By, is
large. For the variation in the input power, 7 is almost a constant
because of the invariant magnetic field.

In summary, the local power deposition is mainly balanced
by collisional processes and axial diffusion. It is compensated by
the heat conduction in the bulk region and consumed near the
wall. The conductive heat plays a relatively important role in the
local power balance for helicon plasmas when the magnetic field
is small. The power deposition in the center is proportional to ng
and dependent on a function of T, With magnetic fields, the
increasing input power mainly applies in the processes of

(37)
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Figure 9. Self-consistent solutions of plasma parameters in the r direction for the parabolic plasma density profile at By = 75 G and P, = 400
W. The plasma density at r =0 is ng = 5.7 x 10" m™ and the electron temperature is 7o = 2 eV. The heat flux g, for the fluid model
without heat conduction is estimated by numerically differentiating the temperature profile with equation (10). go = n¢Zcoco is the reference

of the heat flux, with ¢y = /Too/m;.

collision to ionize the neutral gas and hardly contributes to
heating electrons.

3.2. Non-uniform power deposition

In this part, different density profiles and uniform electron
temperatures in the radial direction are chosen to be the
initial conditions of the wave model in order to obtain the
non-uniform power depositions, which are applied to the fluid
model as the input data. Still, we are not solving the self-
consistent solutions. A comparison between different fluid
models is carried out to investigate the influence of heat
conduction. Here, the uniform and parabolic density profiles,
which are commonly used in helicon plasma simulations
[7, 17], are considered to be the initial conditions of the wave
model.

The density profiles and power absorptions in the r
direction are shown in figure 6. It is concluded that the
influence of density profiles on the power deposition is evi-
dent and it leads to different power density profiles in the r
direction. Therefore, the fluid model is expected to be affected
by the large difference in power deposition. Figures 7 and 8
show the plasma parameters in the radial direction for dif-
ferent density profiles. It is observed that the trends of

11

parameters using uniform density profile in figure 7 are
similar with previous results from the uniform power density
profile. However, the electron temperature 7, increases gra-
dually in the bulk region due to the increment of power
density and the local peak is narrow. This is because the
electron temperature T, is affected by the power deposition
profile. It is further confirmed by the results obtained from the
parabolic plasma density profile shown in figure 8. The var-
iation in Ty is highly relevant to the power density distribution
and it also influences the density n,. With the fluctuation of
P.s, the electron temperature T, has similar trends and a
wider local peak is achieved. The profile of the heat flux in
the radial direction also reflects the variation in temperature.

In addition, the comparison of the two fluid models is
consistent with the previous analysis. Due to the influence of
heat conduction, the temperature difference causes the heat
flux to move toward the central area in the bulk region, which
makes the central area obtain the compensation of energy.
This leads to variation in the local energy balance and the
density of the heat model is generally lower than the results of
the model without heat conduction. Moreover, the corresp-
onding temperature is higher than that of the model without
heat conduction in the bulk region and the local peak of T, is
generally lower.
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3.3. Self-consistent results

Finally, the self-consistent results for two models coupled
together are compared and discussed. The parabolic plasma
density and uniform electron temperature profiles are used to be
the initial conditions in the wave model and the fluid model is
calculated by applying the results from the wave part. Then, the
iteration process is carried out until convergence is achieved.

Figures 9 and 10 show the self-consistent results for dif-
ferent magnetic fields. It is clearly shown that the strength of
applied magnetic field determines the effect of the radial heat
conduction. At By =75 G, the radial heat conduction plays a
relatively important role in helicon plasmas and influences the
plasma parameters moderately. The plasma density is reduced
and higher normalized plasma velocity is achieved in the heat
model. The electron temperature 7 is raised in the bulk region
and has a lower and wider local peak than that of the model
without heat conduction near the boundary. The local energy
equilibrium is varied if the heat conduction is taken into
account. At By =200 G, the confinement is strengthened and
causes the radial heat conduction to become weaker. The heat
flux g, is much smaller than By =75 G and the results obtained
from the two models are almost consistent except that the local
peak of T, is slightly lower.
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Therefore, the self-consistent results for non-uniform
plasma density profiles further confirm that heat conduction
has a moderate effect in the low magnetic field range. How-
ever, the importance depends on the application. In space
propulsion, the differences in the plasma density and the
electron temperature due to the radial heat conduction for the
helicon plasma thruster are not large enough to clearly
influence the thrust and efficiency [16]. However, plasma
etching and material surface treatment require high uniformity
and precise parameter control [34]. Radial heat conduction
plays a significant role and cannot be neglected in these areas.
Meanwhile, the trends of both the heat model and the model
without heat conduction are consistent when B, is large
enough. However, the model without heat conduction misses
the details of the variation in electron temperature near the
wall and the local energy equilibrium is improved in the heat
model by considering conductive energy variation.

4. Conclusion

A 1D radially self-consistent model, which couples a 1D
radial fluid model to the corresponding plasma—wave inter-
action model, has been established in this paper. Two
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different fluid models, with and without considering con-
ductive heat, have been taken into account to investigate the
influence of the heat conduction. The steady-state profiles of
the plasma properties and the power absorption have been
obtained and discussed for different values of the magnitude
of the applied magnetic field. It is concluded that radial heat
conduction plays an moderate role at low magnetic fields and
the necessity depends on the application of the helicon source.
The power deposition is mainly balanced by collision pro-
cesses and axial diffusion. Heat conduction tends to unify the
electron temperature profile. In practice, this means that it
increases the electron temperature near the axis, and it
decreases the peak that appears in the vicinity of the lateral
wall. The heat losses to the walls are naturally enhanced too.
Therefore, the plasma density is reduced and the electron
temperature becomes smoother accordingly. Furthermore, the
local peak of the electron temperature near the wall is lower
and wider.

With increasing magnetic field, the contribution of the
conductive heat to the energy balance becomes negligible and
the difference between the two models is trivial. It is shown
that two 1D models are both appropriate to describe the radial
variation of helicon plasmas in large magnetic field ranges,
but the local power balance is improved in the heat model by
considering the variation in heat conduction.

In the future, a 2D self-consistent model considering both
the perpendicular and the parallel heat conduction in helicon
sources should be established to investigate the conductive
heat flux in the whole region. The parallel heat conduction
along the magnetic field will strongly influence the energy
transfer in plasma transports and the effects of heat conduc-
tion in the perpendicular direction should be discussed in non-
uniform magnetic fields. In addition, the anomalous transports
perpendicular to the magnetic field and the instability
affecting heat conduction are worth analyzing.

Acknowledgments

This work was supported by National Natural Science
Foundation of China (No. 51907039) and Shenzhen Tech-
nology Project (Nos. JCYJ20190806142603534 and
ZDSYS201707280904031). Mario Merino’s contribution
was supported by the ESPEOS project (No. PID2019-
108034RB-100/AEI/10.13039/501100011033), funded by
the Agencia Estatal de Investigaciéon (Spanish National
Research Agency).

Appendix A. Collision frequency and power loss

The collisional parameters considered in this work are given
in this part. First, the collision frequencies including ioniz-
ation and electron—neutral, ion—neutral and electron—ion col-
lisions are written below, respectively [15, 34]:

8T:
Vion = Ng 7_[_7 Oion €XP
e

_Eion

(A.1)

e
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Table A1. Values of gas-dependent parameters for argon [34, 37].

Parameter Value

3x 10720 m?

m
15 x 10729 m?
1x1072°m?

Cross section for ionization o,
Cross section for e—n collision o,
Cross section for excitation ey

Cross section for metastable creation o, 0.9 x 1072 m?
Cross section for elastic collision o 20 x 10729 m?
Coefficiency of i—n collision k; 1.67x 107 °m
Coefficiency of i—n collision k, 105 x 10 m
Energy loss for ionization Ej,, 15.75eV
Energy loss for excitation E.x 12eV
Energy loss for metastable creation E,. 14.1eV
Energy loss for elastic collision E; 3Tome/m;
8T;
Ven = Ng —° O (A.2)
T
Vin = Nglin (k2 - kl loglo uin)2 (A3)
3
vei =nTe 2In A x 2.9 x 10712 (A4)

where n, represents the density of neutral gas, Ejq, is the first
ionization energy, and oj,, and o, are the collisional cross
sections for ionization and electron—ion collision, respec-
tively. k; and k, are the corresponding coefficients in ion—
neutral collisions. All parameters mentioned above are
dependent on the type of gas and summarized in table Al.
Additionally, u;, = |u; — u,| is the relative velocity between
ions and neutrals. In electron—ion collisions, A is the para-
meter depending on the electron density and temper-

ature [15].
In equation (5), the effective frequency v, which is

related to the ionization and axial diffusion, is applied to
implement the continuity equations. The expression of vy, is
derived as [12, 17]

i atf @u)
L
fo f(2)dz

The second term of the right side of equation represents the
axial diffusion. f is the average density in the z direction and
can be equal to 1 if the variation of the axial density is
assumed to be small. uy = /T, /m; and f; are the velocity and
the normalized density at the axial sheath. In low-pressure gas
discharges, the expression of f; is obtained as [17, 36]

1

2

2f ug

Vw = Vion — = Vion — (A5)

LY
=0.86|3 + — A.6
A ( 2)\1) (A0
where J; is the mean free path of ions.
Next, the power loss due to collisions is discussed to
satisfy the local energy balance of plasmas. According to the
collision processes, it can be written as [34, 37]

Ploss = ngn(KionEion + KexEex + KneEme + Ko Eel)

=ngny K.E, (A7)

where the E series is the energy loss of each electron and the
subscripts represent ionization, excitation, metastable creation
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and elastic collisions, respectively. The K series is the
corresponding rate of collisions and depends on the electron
temperature. The expression is written as [34, 37]

8T, —Ex)

exp| —

T p( 1;

The parameters o, and E, are dependent on the gas type. For
argon, they are shown in table Al. To average pj.ss over z and
consider the energy loss in the diffusion,

1 L 5
Pe = Lif Ploss + —Tenvion
[z h 2

where ¢, is the heat flux in the axial direction. The second
term of integration is obtained from the left side of
equation (3). Substituting equation (A.7) and considering the

K¢ = ox (A.8)

L 99
dz

]dz (A.9)

conductive energy of electrons at the axial sheath,
equation (A.9) can be further simplified to [17]
2f; ug

Pe = nrngszEx + %Ténryion + Ey :;%Z ny (A.10)

where E,, is the conductive energy of the electron flux
deposited at the sheath edge.

Appendix B. Radial heat conduction

Here, we consider the stationary heat transport equation in
collisional plasmas to derive the heat conductivities in the
radial direction. It is given as [30, 38]

%neEVTe +eQ, X By + me1.Q, =0 (B.1)
It is assumed that the derivatives of 7, in the axial and azi-
muthal directions are negligible. Equation (B.1) can be
expanded as

5 dT.
=n,T.—= + eBogqy + meveq, = 0 (B.2)
2 dr

Mmeleqy — eBogq, = 0 (B.3)

Substituting equation (B.3) into equation (B.2), the relation
between ¢, and T, is obtained as

5 dr,

_E(wze + v2)m, dr

n, Teve _ dT;

= —K —

N B4

q, =
Therefore, the radial heat conductivity k, is given in
equation (B.4).

Next, the radial heat flux g, at the sheath edge is dis-
cussed to implement the boundary condition of the fluid
model. In references [17, 29], the heat flux ¢, at the sheath
edge is given as

mi

q, = nsCSI:Tcln + 2Te]

2mme

(B.5)

= NsCs€Ee

where the energy term &, is the total energy of electrons at the
sheath edge. This means that not only conductive energy but
also convective energy is contained in the energy term.
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However, the heat flux ¢, only represents the conductive
energy flux and has to differ from the total energy flux of
electrons. Therefore, we derive the heat flux ¢, at the sheath
edge (r = rp) from the definition [30]

g = 2me [T 00— u gy, (B.6)

2 V%

where v, is the velocity of electrons in the radial component,
u, is the corresponding fluid velocity and Vj is the cut-off
velocity to rule out the electrons absorbed by the wall. g(v,) is
the distribution function of velocities. It is assumed that
electrons satisfy the Maxwellian distribution function

Me m
V) =n exp| —
gv) fsze p(

2T

Vr

: )
Then, the cut-off velocity can be obtained from the electron

velocity at the sheath edge,
s
m;

Substituting equation (B.7) into equation (B.8), V is given as

o)

Applying this relation, equation (B.6) can be integrated into

q, = Ns, £ : I:E:ln
m;

e

(B.7)

U = ¢ = = (B.8)

1 f v,g(v)dv,
nJ-y,

2L 1

ne

mi

V. (B.9)

27mme

1

2

nmj

T, + 2o,

2mme m;

1/2
n iTe 2me In mj
2 m; 2T,
=nscs - Ey, (B.10)

where E,, is the conductive energy of electrons deposited at
the sheath edge. Considering the relation, m; > m,, E,, can be
further simplified to

Therefore, the heat flux ¢, at the sheath edge has been
obtained and separates the conductive energy from the total
energy of electrons. It also can be applied to the axial heat
flux g, at the sheath edge in equation (A.9).

1

2

E, ~ Te(ln M (B.11)

27mme
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