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Abstract

This paper develops a theoretical model for formation of multilayers in the magnetized electronegative plasma at the edge of
plasma ion source. The impacts of positive ion temperature and collisions are studied and quantified by obtaining the structure
of the plasma sheath. By adding the negative ions into the discharge, the solutions of Poisson’s equation become oscillatory.
A finite temperature for the positive ions and also the collisions results in a change in the behavior of such oscillatory solu-
tions. Here, it is assumed that the collision frequency depends on the positive ions velocity and thermal positive ions flow is
adiabatic. The spatial distribution of the species density, electric potential, and positive ion velocity is calculated for different
values of positive ion temperature and negative ion concentration for two limiting cases where the collision frequency either
is constant or depends linearly on velocity. In addition, the influence of the plasma parameters such as negative ion density
and temperature and positive ion temperature is investigated on the space charge and positive ion flux as well as parameter
space region. It is also shown that the presence of the negative ion into the plasma ion source influences the extracted posi-

tive ion flux and increases the positive ions intensity.
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Introduction

All of the industrial and laboratory plasmas are confined in a
vessel, and many applications of the plasmas come from the
interaction of the plasma with the surrounding walls. In addi-
tion, the interpretation of results of the active plasma diagnos-
tics such as Langmuir probe immersed in plasma depends on
the interaction of the plasma with the solid walls. Therefore, it
is essential to understand the plasma—solid interaction features.

In addition, to design an ion source for an accelerator, the
properties of the extracted ion have a great influence on the
beam characteristics. In general, the ion sources consist of
two parts: a plasma generator and ion extraction system. At
the extraction region, the plasma is confined to an electrode
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with a hole in the middle where the plasma sheath is formed.
The space charge in the extract region is responsible for
divergence of the positive ion. The ion is accelerated through
the space charge in which the beam of the ion is diverged.
Therefore, it is essential to predict the positive ion flux in the
vicinity of the electrodes as a function of plasma parameters.

The plasma properties such as density and energy of the
plasma particles depend on several parameters such as the
chemical composition of the given plasma. The electronega-
tive gases such as oxygen, chlorine, and fluorocarbons are
used extensively in the industry and laboratory for material
processing, Langmuir probe diagnostics, and plasma sheath
lenses with focusing effects on the charged particle beams. The
presence of the negative ions can change the main structure of
the plasma sheath transition region where for some ranges of
plasma parameters, the multilayers form which separate the two
distinct regions of ion—ion core and ion—electron priority [1-8].

Adding the electronegative ions into the discharge, the
plasma reveals the new features which depend on the elec-
tronegativity condition. Investigations in recent decades
on electronegative plasma have shown for some ranges
of the electronegativity, the Bohm’s criterion becomes
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multivalued, and before the sheath formation, the profiles of
the plasma parameters such as density and electric potential
become oscillatory [9, 10].

In addition, in many situations such as magnetic confine-
ment fusion and material processing, the impact of the mag-
netic field on the plasma—wall interaction should be consid-
ered. The magnetic field leads to a change in the structure of
the sheath and presheath. For example, in Refs. [11-13], it is
shown that the magnetization leads to a decrease in the positive
ion flux and saturation current collected by negative electrode
and positive ions deviates from the perpendicular to the wall.

It is to be noted that, in many cases of interest such as plasma
fusion devices, plasma spray, and plasma-assisted chemical
vapor deposition, the temperature of positive ions in the vicinity
of the walls should be considered and it should be included in
the governing equations. References [14—16] consider a transi-
tion layer by adding the ion temperature and obtain the space
charge characteristics in the sheath—presheath region.

The present paper is an extension of an earlier article [16],
in which the influence of the adiabatic thermal flow of positive
ions instead of the isothermal flow of them is studied in mag-
netized electronegative plasma in two special cases of collision
cross sections. One of the advantages of the presence study with
respect to our previous paper [16] is that it takes into account
the general cross section for the neutral—positive ions collision.
It will be shown that the governing model of the thermal flow
of the positive ion changes the general features of the plasma
sheath structure such as parameter space region and space
charge profiles. The space parameter region shows the ranges
of concentration and temperature of negative ions in which the
plasma potential at the sheath edge becomes multivalued.

To generalize the influence of the collisions on the mag-
netized electronegative presheath, we have assumed that the
collision cross section depends on the velocity and transition
region has been treated in two special cases of collision cross
section. In Sect. 2, we present the model equations using
the set of hydrodynamic equations and proper assumptions.
In Sect. 3, we solve the equations for different parameters
and compare the results with conclusions of the cold and
isothermal plasmas. In Sect. 4, we conclude the paper with
a brief summary of the results.

Model equation

The dynamics of the positive ions in the electronega-
tive plasma sheath can be described by the continuity and
momentum transfer equations.

V., V) = Zn,, ()
mn(V.VV) +mnp, V; = en(E + V,xB) — mZn,V; — VP,.
)
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Here, B is the intensity of the applied magnetic field, E is
the electric field, e is the elementary charge, m; and V, are
the positive ions mass and velocity, respectively, P; is the
positive ions pressure, n, and n; are the electron and nega-
tive ion densities in the sheath region, respectively, v, is the
elastic collision frequency, and Z is the ionization frequency.
The negative ions and electrons are described by the
Boltzmann distributions of their own temperatures [14].

ep
n, = n,)exp <ﬁ>’ (3)

eQ
n = g exp <ﬁ> 4

where n_ is the negative ion density in the sheath, & is the
Boltzmann’s constant, 7, and 7_ are the electron and negative
ion temperature, respectively, n,, and n_, are the electron
and negative ion density in the quasi-neutral plasma, respec-
tively, and @ is the electric potential. The magnetic field B
is embedded in x —y plane as B= B, cos(0)i + B, sin(9);,
where B, is the magnitude of applied magnetic field and 6
is the angle between magnetic field and x-axis. Here, it is
assumed that the x-axis is the normal to the wall coordinate.

The electric potential is determined self-consistently
and is given by the Poisson’s equation.

e
Vip=—"(n.—-n,—n s
0= (n; —n, —n_) Q)
where g is the vacuum permittivity constant. Here, we have
considered a 1D sheath from sheath edge to wall. Also, it is
assumed that the collision frequency depends on the positive
ion velocity as

v, =n,cV, (6)
where n,, is the neutral gas density and ¢ is the collision cross

section that has a power law dependence on the ion velocity
of the form.

Vi P
o= <C—> : @)

For an isotropic medium, the characteristics features
of the medium are same in all directions and therefore the
collision cross section depends on the magnitude of the
velocity (speed). However, in the presence of the magnetic
field, the properties of the plasma along the applied mag-
netic field are different from the perpendicular direction
and the plasma medium behaves such as an anisotropic
medium. Therefore, we assume that the cross section is
a function of the positive ion velocity [17]. The quan-
tity p is the dimensionless parameter ranging from — 1 to
0. ¢, is the ion acoustic velocity and o is the collisional
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cross section measured at ion acoustic velocity. p = —1 and 1 _ _

et Y- P ’1// — —(N— e n_ ae 7’7)' (12)
p = 0 correspond to the constant collision frequency and q>

constant mean free path.

We assume that the thermal ion flow is adiabatic. This is a
convenient assumption for the present study where we treat the
positive ions dynamics by the fluid model in a planar sheath
[18]. The positive ion partial pressure is related to its density
as P = Cnf, where k = 3, 2, 3 for unidimensional, bidimen-
sional, or tridimensional adiabatic flow, respectively [15].
Therefore, the partial pressure for the positive ion is related to

its density as P = kTi:—;.
i0
We normalize the variables using the following dimension-

less quantities:

= —@ B3 u. = E u. = E
kT, " ¢, Y ¢ Y ¢
X C eB n
5 = § = _59 ﬂ = ) i = _17
s Z m;Z Ny
n n n_ T
N,=—%, N =—, az_o’ T=-L
e0 Ny Ny Te
T, ApZ kT, n,0,C,
Y == q = ) c_g = ) 5 = - s
T_ c, m; V4
on gokT,

In a steady-state condition, the plasma adjacent to the
wall can be separated into two regions: semi-quasi-neutral
presheath and non-neutral positive space charge sheath. The
presheath adopts the length scale according to the presheath
mechanism or equivalently the dimension of the vessel confin-
ing the plasma while for the sheath region; its length is scaled
to the electron Debye length. Here, as we are going to inves-
tigate the presheath region in which the ionization is the main
mechanism, we scale our equations to the ionization length,
based on the Riemann’s work [19].

Hence, the governing equations for collisional adiabatic
positive ion flux in dimensionless form can be written as:

(N = e, ®)
N?
(Na2) = Nie — N;fu, sin(0) — N,gul* — 3Tmzvl/ ,
)
(Naueu,) = Nifu, cos(9) — Nisul*?, (10)

(Naugu,) = Nipu, sin(@) — N,fu,cos(d) — N,ou’*?, (11)

To solve the equations via the initial value problem (IVP),
the above set of equations should be transformed into a sys-
tem of first-order differential equations as follows:

T w a3)
! 1 Uy -n 3
. = N N;e —u,e™ — Nu_f sin(0)
ius— =
roer i (14)
R A ———
x (14 a)u,
dny _ 1 N, 0 N — Nsul*?
- N,-ux[ . c0s(0) — u,e™ — Nioul ] (15)
du, 1 . _
Pl [N, B sin(6) — Nu, B cos(6) — u.e™" — N;su],
X
(16)
d*n 1
@ = ?(Ni -N,—-N_). (17)

Results and discussion

As mentioned in “Introduction” section, in the electronega-
tive plasmas, there is a range that the plasma presheath has
an oscillatory behavior and the velocity and the Bohm’s cri-
terion becomes multivalued. Therefore, we have to solve the
governing equations via the initial value problem instead of
boundary value problem (BVP). Therefore, we have to spec-
ify the initial values of unknown variables of the governing
equations. We summarize the set of initial values of density,
velocity, and potential as # =0, j—g =0, and U, =u, = 0,
respectively, at the sheath edge for a constant magnetic field
angle of 0 = z /3.

In semi-quasi-neutral presheath, the density of positive
ions is slightly greater than negative species. From the set
of Egs. 13—17, it can be shown that the initial value of the
positive ion density at the sheath edge is

2¢% + nydq® + n(z)qzﬂ2 sin® 0 = (no)z(no -1- a). (18)

For small values of non-neutrality g, one can see that
nyg=1+a.

It is to be noted that, for cold ions and in the absence of
the ionization collisions, an analytical solution can be found
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with relatively small difficulties. However, in the presence of
thermal positive ions and ionization collisions, no continu-
ous solution can be found in the plasma sheath [20].
However, as can be seen from Eqgs. 13 and 14, the initial
value for the positive ion velocity in the sheath direction

2
should satisfy the inequality of u)zc > ?:]Z)Z to avoid the sin-

(
gularities in the equations.

In comparison with isothermal presheath [16], it can be
seen that for adiabatic thermal flow, the positive ions have
the greater velocity to enter the non-neutral presheath.

Here, we are going to investigate the influence of the
external factors such as applied magnetic field on the plasma

parameters such as density, velocity, and electric potential.
Figure 1 shows the density of the cold positive ions, elec-
trons, and negative species (N;, N,, and N_, respectively),
in the absence of the collisions for an intermediate magnetic
field p =15,y =30,and a = 1.5.

This figure shows the usual feature of the plasma sheath
in which the surrounding wall repels the negative species
and near the wall, there would be a positive space charge
region. Furthermore, the negative ions which have the lower
temperature with respect to the electrons cannot follow the
electrons and therefore, near the plasma wall, the sheath is
electropositive.
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Fig.2 The profile of the species density for collisionless warm positive ions (7' = 0.005) for § = 1.5, y =30, a = 1.5
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Keeping the same parameters, by an increase in the
positive ion temperature and for 7 = 0.005, the influence
of the temperature on the density profiles is investigated.
As shown in Fig. 2, some oscillations appear in the positive
ion density. These oscillations are the main feature of the
formation of the multilayers and are the consequences of
multivaluation of the electric potential at the plasma sheath
edge. In addition, increasing the positive ion temperature
leads to contraction of plasma sheath thickness. It is to be
noted that in the positive space charge sheath region where
the ion flux density is an invariant quantity and there are no
ionization collisions, increasing the ion temperature leads to

increasing the sheath thickness [21]. However, in the sheath
region where the ionization collisions take place (presheath
region), the sheath thickness is a decreasing function of the
positive ion temperature [2, 16].

By further increase in the positive ion temperature, the
oscillations disappear and the transition region leaves the
multilayer regime as shown in Fig. 3. The same results were
obtained in Ref. [16] where the positive ions are in isother-
mal equilibrium. But it can be concluded that for adiabatic
thermal flow, the oscillatory behavior takes place in lower
values of the positive ion temperature.
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Fig.4 The profile of the positive ion velocity and electric potential for collisionless warm positive ions (7 = 0.005, y = 30) for magnetized and

non-magnetized discharges
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To investigate the influence of the magnetic field on
the stratified multiple transition layer, the profiles of the
electric potential and positive ion velocity are obtained for
two values of magnetic field when T = 0.005. As shown in
Fig. 4, in both profiles, there are some oscillations which
are the results of the formation of multilayers. The mag-
netic field leads to decreasing the sheath thickness, but has
no influence on the oscillations wavelength. However, in
the presence of the magnetic field, for positive ions attains

the required velocity (Bohm’s criterion) in shorter distance
to enter the non-neutral positive space charge sheath.
One of the consequences of applying the magnetic
field on the plasma is the formation of the drift velocity
perpendicular to sheath axis which causes flux in E X B
direction. Therefore, it is useful to obtain the positive ion
velocity parallel (V|)) and perpendicular (V) to applied mag-
netic field direction. In Fig. 5, the profiles of density and
also the parallel and perpendicular velocity are shown for
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p=3,a=1,y =35 and T = 0.01 in a collisionless condi-
tion. In the middle of the plasma presheath region, the com-
ponents of the parallel and perpendicular of velocity diverge
from each other. But the oscillatory behavior takes place in
two directions.

However, the collisions change the values of the drift
velocity across the sheath axis. In Fig. 6, the profiles of the
density and parallel and perpendicular positive ion veloc-
ity are presented for f =3, =1,y = 35 when 6 =4 for
constant collision frequency and constant collision cross
section.

By comparison of Fig. 5 with Fig. 6, it can be concluded
that the presence of the collision leads to the attenuation of
the E X B drift flow and collisions attenuate the influence of
the magnetic field. In addition, by comparison of constant
collision cross section with constant collision frequency, it
can be seen that when the collision frequency is constant, the
influence of the collisions is more pronounced.

As we are investigating the presheath region and we have
scaled the sheath region to the ionization length, the sheath
edge is located where the electric potential becomes infi-
nite. Therefore, one can conclude that when p = —1, the
presheath length decreases and positive ions can reach the
plasma wall in lower distance which is the consequence of
the formation of higher self-consistent electric potential.
According to Ref. [11], the external magnetic field and col-
lisions might have similar influences on the discharge struc-
ture. By variation of the magnetic field, the structure of the
discharge change and switch from the uniform to multilayers
for moderate magnetic field strength and for stronger mag-
netic field discharge might leave this regime. These are the

results of the deceleration of positive ion along the sheath
axis.

In addition, as mentioned before, the collisions also cause
the contraction of the sheath. Furthermore, the influence of
the collisions far from the sheath edge is more pronounced
with respect to the near the edge.

To focus on the influence of the positive ion temperature
on the collisional magnetized sheath, the density and veloc-
ity of the positive ions are shown in Figs. 7 and 8 for two
special cases of constant collision cross section and constant
collision frequency. From these figures, it can be seen that
the density and velocity have the mirror symmetry approx-
imately and by an increase in the temperature the sheath
thickness and number of oscillations decrease. Moreover, the
influence of the collisions on the positive ion acceleration is
more pronounced for constant collision frequency.

In the presheath region, the flux of the positive ions
increases and reaches a constant value at the beginning of
the sheath edge where in the sheath region, due to the lack
of the ionization, the flux is invariant. But, in the presence
of the magnetic field, the positive ions deflect from the
presheath—sheath axis. In Fig. 9, the influence of the nega-
tive ion, positive ion temperature on the flux in sheath axis
(I,), and also parallel to the magnetic field (I ”) is shown.
By adding the negative ions, the positive ion flux increases
which is in agreement with the results of Ref. [11]. It is
interesting that in cold plasma, the flux along the x-axis
increases and in the middle of the presheath attenuates.
In addition, the temperature of the positive ion leads to an
increase in the parallel flux.

Fig.7 The profile of the positive ion velocity and density for f = 1.5,y = 35, a = 1.5, p = 0 for two values of T = 0.01 and T = 0.005
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Fig. 9 The profile of flux profile in collisionless case when y = 35 in parallel and perpendicular directions

As mentioned in “Introduction,” the space charge region
influences the energy and the dose of the accelerated positive
ions through sheath. The formation of the space charge has
a great influence on the result of Langmuir probe and the
extracted ion beam from the plasma ion source. According to
Fig. 10, adding the negative ions and applying the magnetic
field lead to moving the space charge peak to the sheath
edge. However, the presence of the thermal positive ions
leads to appearance of some oscillations related to the for-
mation of multilayer structure. The collisions and the model

@ Springer

of the collision cross section have no influence on the oscil-
lation, and discharge cannot leave multilayer structure. In
addition, it can be seen that the temperature of the positive
ions is responsible for oscillations and the magnetic field has
no influence on the appearance of such behavior.
However, it is important to find the plasma parame-
ters in which the transition region becomes multilayer. In
Figs. 11 and 12, the @ — y spaces representing the ranges
of electronegativity and negative ion temperature in which
sheath becomes multilayer are shown. The lower and upper
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Fig. 11 The collisionless parameter space region for two values of positive ions temperature when g = 1.5

branches determine the minimum and maximum values of
the electronegativity in which the sheath has the oscilla-
tory behavior. In Fig. 11, the parameter space regions are
obtained for T = 0.005 and T = 0.01 for moderate mag-
netic field strength of f# = 1.5. As shown in Fig. 9, by the
increase in the temperature, the parameter space region
starts in higher values of y and the interior of the param-
eter space region occupies lower values of a. To investi-
gate how the magnetic field influences the parameter space

region of a thermalized sheath, these spaces are sketched
for low and high magnetic field strengths in Fig. 12. From
Fig. 12, it can be observed that magnetic field leads to
multilayer stratified structure starting at lower values of y.
In addition, the magnetic field leads to shifting the space
region branches up to the higher values of electronegativ-
ity. By comparison of these results with Ref. [16], it can
be deduced that for adiabatic positive ion flux, the mul-
tilayer starts for lower values of positive ion temperature
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Fig. 12 The collisionless parameter space region for two values of magnetic field when 7 = 0.01

and by slightly increasing the temperature, the oscillatory
behaviors take place.

Conclusions

The behavior of collisional magnetized electronegative
plasma ion source near the confining plasma walls is inves-
tigated in the presence of the adiabatic thermal positive ion.
A power law dependency for the collision cross section is
assumed, and the semi-quasi-neutral sheath is studied for
constant collision frequency and constant collision cross
section.

Using the fluid equations for positive ion dynamic and the
Boltzmann distributions for negative species, the profiles of
the density and velocity of positive ions for different values
of temperature, magnetic field, and collision frequency are
obtained. In addition, the @ — y space regions representing
the range of the negative ion temperature and electronegativ-
ity in which the plasma sheath structure becomes multilayer
stratified are obtained. The influence of magnetic field and
temperature on parameter space region is investigated and
compared with the isothermal positive ions.

It is shown that for adiabatic positive ion flux, the lower
value of the positive ion temperature is needed for the forma-
tion of stratified multilayer structure. Because of the pres-
ence of the E X B drift, the positive ions can fulfill Bohm’s
criterion in smaller distance from the presheath edge with
respect to the non-magnetized plasma sheath.

The influence of the positive ion temperature and colli-
sions on acceleration and broadening of transition region
is similar to the magnetic field and leads to decreasing the

@ Springer

presheath thickness. The magnetic field does not have the
influence on the amplitude of oscillations of the density and
just results in contraction of those oscillations. In addition,
the positive ion temperature leads to shifting the branches of
parameter space region down to the lower values of electron-
egativity while the magnetic field leads to shifting up. The
fluid model also shows that by adding the electronegative
gas into the plasma ion sources and increasing the positive
ion temperature, the flux of the extracted positive ion along
the plasma sheath can be amplified.
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