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Abstract

temperature ratio (positive/negative ion to electron) are also
velocity of positive ions at the edge of the sheath. Results are co
ionization-less and absence of electron emission from thegma

to itSapplication to plasma processing technology [1,2],
fusion plasma and lab plasma. To improve the lifetime

researchers. If th ects ORPWI are mitigated then it can improve the thruster parameters
such as total thru ici density and propellent ionization efficiency [9]. In a simplified

all there is the formation of positive space charge adjacent to the wall
while adjacent to the plasma there is the region of presheath which functions
n Bohm criterion. The width of the sheath is in a few Debye radius while of
the presh rmined by the size of plasma container or by the ion mean free path. These two
ifferent characteristics and functions, and hence the plasma boundary problem is solved
in two scales*separately. The electric field is considered zero in the presheath on the sheath scale
considering the presheath region as infinitely large. So, an appropriate boundary condition is required
for modelling the sheath because it affects both the sheath as well as the bulk plasma. For example, in
tokamak the sheath boundary condition is involved in plasma edge transport process phenomenon
[10,11]. In the absence of magnetic field, the minimum required velocity of ions, i.e., the Bohm velocity,
for a weakly collisional plasma has been given by the researchers [12-14] as

kB (Te + YTi)

Uiz = Cs = M.
i



Here C; is the ion acoustic speed, kg is the Boltzmann constant, T, is the electron temperature, T; is
the ion temperature and M; is the mass of ions. y = 1 is taken in the case of isothermal approximation,
otherwise y = 3, 2 and g for one-, two- and three-dimensional adiabatic approximations, respectively.

In presence of an oblique magnetic field, it has been shown numerically by the researchers that the ion
velocity at the sheath edge should be greater than the ion acoustic speed and it also depends on the
incident angle 0 of the magnetic field [15,16] for a weakly collisional plasma sheath. Specifically, the
relation between the ion velocity u;, and the ion acoustic speed C reads

u;, = Cgcos0.

Generally, the effects of ionization and collisions can be neglected in weakly collisional sheath while

that of the electrons. Few researchers [20,21] have considered i perature along
with the collisions and external magnetic field on Bohm criterion AN that the temperature

During the plasma-wall interaction, the emission es place from the wall due to
the bombardment of electrons and ions on the wj havingenergy greater than 30 eV and
the ions having energies greater than 10 keV y electron emission from the wall

[22-26]. In fusion plasmas [27-30], the
container, because of which the thermyj
the plasma and the wall actsas an i i i e wall from the particles and heat transfer.

these emitted electro
investigated by the
is generally exp
distribution
by Tsallis [

eath with emitted electrons has been theoretically
O] considering the Boltzmann distribution of the electrons. But it
5t systems where there is a deviation from this Boltzmann
e systems are known as non-extensive and have been explained
he behavior of sheath has also been found to be influenced by the
3,44]. In the present article, we consider a plasma system having the
mperature, negative ions, collisions, ionization, and electrons with non-
der the effect of external magnetic field. With the inclusion of all these
paramet , Bohm sheath criterion is obtained analytically by applying Sagdeev potential
gely e electrostatic potential is plotted for various parameters to show the general picture
interaction.

2. Theoretical Model

In our model, the positive ions and secondary electrons are described by the fluid equations, i.e.,
continuity and momentum transfer equations. The bulk plasma electrons are described by the non-
extensive distribution while the negative ions are in thermodynamic equilibrium following the
Boltzmann distribution. The magnetic field is applied obliquely to the wall in the x-z plane, while the
electric field is in the z-direction (as shown in Fig. 1). Under the said arrangement, the E x B drift is
only in the y-direction. We have assumed that the wall is infinitely long in the x- & y-directions, which
means that the sheath is homogenous in x-y plane and the physical properties change only in the z-
direction, i.e., normal to the wall. The edge of the sheath is taken to be at z = 0.
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Figure 1. Schematic diagram depicting the magnetic @
from the wall.

The expression of the magnetic field ations for the positive ions under the
said situation read
B = B(co0s0Z + BsinbX (1)
d
E(npvpz) = Vizle (2)
M Lo _ 0 M 3
plpVpz — — =ge1 0s pNpUVpyx — Mpnev;, vy (3)
dv .
Mpn,vp, pzDBgINg — VpXBocose) — Mpnpvvpy — Mpnev;, vy, 4)
M L~ = en — v, Bysin®) — kgTy 22 — M_n_vv,, — M nv;,v (5)
PP Dz - z py ©0 B'p 4z ptpYVpz pteVizVpz
In the u I, and n,, are the density of positive ions and electrons, respectively. vy, v,
and vy, city components of the positive ions along x-, y- and z-directions, respectively. v;,

is the ioniz&gon frequency. v is the collision frequency. By is the magnetic field strength. M, and T,

are respective® the mass and temperature of the positive ions. 7 is the potential inside the sheath with
respect to the edge.

The density distribution of the bulk plasma electrons is given by
(B9-1)

ne =neo (14— D) (6)

Here q is the non- extensivity parameter. ny and T, are respectively the background density and
temperature of the electrons. e is the electronic charge.

The density distribution of the negative ions is given by



en
Ny = Npe€XPp (_ kBTn) (7)
Here n, is the background density of the negative ions and T, is their temperature.

The secondary electrons are governed by the following equations

= (ngvsr) = 0 ®)
mg Vg, Ng d;% = —eBy vsysind 9
mgVg,Ng d;’% = eB(Vvs4C0s0 — v,,sin0) (10)
MgV, Ng % = eB, (— 3—2 —kgT % + VgySind (11)

Here ng is the density of the secondary electrons and vy, vs, &nd v, kpec heir velocity

components along x-, y- and z-directions.

The densities are normalized by the backagr,

. [kgT .
components are normalized by Cg, = % , the distanc mal
p

f—sng:;e and the potential is normalized by
e0

parameters are written below.

erectrons ngq, velocity

d by the Debye length A4. =

e, the ntities in terms of the normalized

A"

—_ _'b —
uP—CSp1 n —
np | nN .
2PNy = i Ng
Ne Neo

0

Ais the io
respectivel
at thegabeath
norma

1 are the normalized densities of the electrons and negative ions,
e normalized densities of the positive and negative ions, respectively
ormalized density of secondary electrons, and usy, usy, and ug, are their
onents. yp,, yn and tg are the temperature ratios.

d
ax (Npum) = 1Ne (12)
dupy 1 Ne

d‘g -~ (upyBcose — AUyl — N—pupxr> (13)
dupy 1 . Ne
d_Ey = (Bsme — UpxBcos® — Aup,r — N—pupyr> (14)

-1 .

Qpz _ (1 _ Yo L db _ Bupysin® o Ne 1 5. Ne

de (1 ulz:)z) (upz dz Upz V! Np uIZJZ Ar Np r) (15)



(3gq-1)

= (1-(q—D¢)ea> (16)
N, = Nypexp (— %) a7
d
d_E (Nsusz) =0 (18)
sx — _BLY ging (19)
dg Usz
dug _
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Poisson’s equation in the normalized form is written as

d2
® = (N, — Ny — Ne — Ng (22)

Npo = 1+ Ny + Ny (23)
The solution of second order differential equatiQj d by using numerical methods [38,45-
48]. Generally for solving this type of couple®§gifferertig we use Runge- Kutta (ODE-45 )
where boundary conditions are also appki6#. Rdhm velocity by using Sagdeev’s potential

approach we multiply the Poisson’s e
it to get

e refers to the derivate) and then integrate

o (24)
where Ys(, upo,) = ¢( — N — Ng)dd is the Sagdeev potential. At the sheath edge
UsQ u ) = 0 and —— LDS(O Upoz) = 0
% L|JS(O, upgy) < O0is imising condition for the Sagdeev potential. Following this method, the
z-co to velﬁty of the positive ions at the edge of sheath i.e., Bohm velocity is calculated,

where the relation of the y-component of the positive ion velocity and the secondary emitted electrons

Upoy = %}Soy is used. Hence, the ion velocity at the edge is given by

upOz

2
—2r + ArN —2r + ArN N 30 —1 p Ngocos 29 N 30—1
T A0 ) (e )y g Nao qz ) = ( Njcos?0 + —2Ly L Ba-D q2 )vp
(bo ¢0 yn (uSXO |.l t. ) yn

N  3q—1) uSNsocos 6
2\—+ > -7
Yn (usxo — usts)

(25)



2.1 Limiting cases

(a) For the normal incidence of the magnetic field, we have 8 = 0° and cos8 — 1 and the above
expression reduces to

upOz
2
(I)O q)O Vi 2 (ugxo - usts) PO Yo P 2 P

2<M+ (3q2— D 2HSNso )
Yo (usxo — usts)

(b) For collision-less and ionization free electropositive plasma without elect

A=0,r=0,N,, =0and Ngy = 0. Then the relation reads

2
> [ —
Upoz = /(3q_1)cose

This result matches with the expression obtained by Safa et al. [

(c) For collision-less and ionization free electronegative S hOoWbelectron emission, A =

0,r=0,and N, = 0. Then the relation reads

, electropositive plasma with cold ions, Boltzmann
trons from the wall we have A = 0,r=0,y, = 0,8 =

>1

This result @fthe sa

3. Results and Discussion

The effe ctric field ¢’ and inclination angle 6 (in degrees) of magnetic field at the sheath
edge on theNg-component of velocity u,, is plotted in Fig. 2. It is found that as 0 increases there is a
reduction in tHe velocity up,,, means the minimum velocity required by the positive ions to enter the
sheath gets reduced. The reason behind this is that the increase of the inclination angle makes the
Lorentz force stronger on the positive ions in the z-direction, leading to smaller velocity the ions. On
the other hand, the value of uy,,, increases with the increasing field ¢’ . Clearly it can be understood
that increase in the electric field at the edge of the sheath means there is more electric field in the pre-
sheath region and this electric field is responsible for enhancing the velocity of positive ions. This result
of dependency of u,,,, on the angle of inclination also matches with the result of [18].



Figure 2. Bohm velocity uy,,, as a function of magnetic in degrees) and electric
field ¢’ at the sheath edge for N,,o = 2, Ngo = 0.008, ug 1864, t; = 0.05,r=0.1,yp =
0.1,y,=0.1,g=05and A = 1.
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Figure 3. Bohm velocity uy,,, as a function of ionization parameter r and non-extensivity g for N, =
1, Ngp = 0.008, ugo = 1500, ts = 0.1, ps = 1864, 6 = 30°, ¢', = 0.8, r = 0.1, yp = 0.001, y,, =
0.05and A = 1.

The non-extensivity and the ionization present inside the plasma play a vital role in the
modification of the Bohm velocity which is evident from Fig. 3; here u,,, gets decreased with the
increasing values of the non-extensivity g. This result matches with the observation of other researchers
[52] where they have considered cold positive ions but, in our case, the velocity is decreased mildly.
For increase in the non-neutrality parameter r, i.e., when ionization increases, the values of uy,,, get



decreased, which may be due to the loss of energy by the ions in the presence of higher ionization in
the plasma.
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Figure 4. Bohm velocity up,, as a function of positivey %n temperature ratio yp and
collisional parameter A for N, = 2, Ngo = 0.008 s =09, =1864,0 =30 ¢', =
0.1,r=0.1,y,=0.1and q = 0.5.

The collisions between the p
required to enter the sheath, i.e., the
of up,,, decrease. This is because
and loss of energy. While in

e collision there is more momentum transfer
to electron temperature ratio yp results in the

crease. This difference in the result is made by the
ission from the wall.

positive ions the Boh
ionization and seco

s increased. While the increase in the temperature ratio of negative ion
clination angle of magnetic field 0° and 30° are also compared and it
ore for 0°(yellow region) than that of 30°(brown region). This is because the

le and hence, the velocity gets reduced though the variation with electronegativity
rature ratio of negative ion remains the same.



Figure 5. Bohm velocity up,, as a function of electronegativ an egatlve ion to electron
temperature ratio y,, for Ng; = 0.008, ugy = 1500, tg =
q=05,A=1,0 = 0°yellowregion) and 6 = 300 gi

04
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Figure 6. m velocity up,, as a function of normalized ionization parameter r for different density
of the seconda®y electrons at the edge of sheath (N,) and magnetic field inclination angle 6 (in degrees)
for Npo = 2, ugo = 1500, tg = 0.1, ps = 1864, ¢, = 0.1, y, = 0.1, y, = 0.1, g =0.5and A = 1.

The Bohm velocity is plotted as a function of the non-neutrality parameter in Fig. 6. The
velocity up,, decreases as non-neutrality parameter is increased. As the density of the secondary

electrons at the edge of sheath (Nj) is increased from 0.001 to 0.09, the values of uy,,, get increased
(evident from the red dashed line and solid line in the figure). On the other hand, the velocity up,, gets
decreased when the magnetic field inclination angle 6 is increased.



(b)

Figure 7. city up,, as a function of non-extensivity and magnetic field inclination angle 6
r (a) collision-less, ionization free, cold ions and zero emission of electrons from the wall

s, ionization free, zero emission of electrons from wall in electronegative warm plasma.

When we neglect the collisions, ionization, negative ions / electronegativity, temperature of the
positive ions and the electron emission from the wall, then it is found that the decrease in the z-
component of the velocity is faster with the increase in the inclination of magnetic field and non-
extensivity parameter (Fig. 7a). While this decrease is slower in the presence of the mentioned
parameters, as shown in Figs. 2 and 3. However, there is insignificant change in uy,,, with the increase
in g value when the electronegativity and temperature of the positive ions are taken into account.
Though up,,, decreases with the inclination angle, as shown in Fig. 7b, but not at the rate as it was for
the case of Fig. 7a.
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49 =60°, ¢', = 0.01,

Figure 8. Normalized electrostatic potential as a function of nor

of the magnetic field for N, = 2, Ngg = 2 ugy = 100, 01,
Yp=01,r=1,up=3,y,=01,q=1landA=1.

Figure 9. malized electrostatic potential as a function of normalized distance for different strength
of the magne® field for N,,o = 2, Ngo = 0.001 ugp = 100, tg = 0.01, ps = 1864, ¢’ , = 0.01, y, =

0.1, yy = 0.1,r=0.1, upo = 3,q = 097, =0.5,and A = 1.

The impact of strength of magnetic field and inclination angle on the electrostatic potential and
sheath thickness is shown in Fig. 8 and Fig. 9, respectively. As the magnitude of the magnetic field is
increased, though the Bohm velocity is not affected (from equation 25) but the slope of the electrostatic
potential gets increased. For example, for the density n = 10%°m™3, electron temperature T, = 2eV
and the ratio of ion cyclotron frequency to the plasma ion frequency B = 0.01, the sheath thickness is
5.2 X 10*m. When B is increased to 0.5 the sheath thickness is decreased to 4.5 x 10~*m. The
magnetic field B is in the units of Tesla. This is due to the reason that on increasing the strength of the
magnetic field there is an enhancement in the net space charge density and hence the electrostatic

11



potential also gets increased and the sheath thickness gets reduced. Also, the sheath thickness gets
decreased from 5.09 x 10™*m to 4.24 x 10~*m when the angle 8 is increased from 0° to 60°, as
shown in Fig. 9. In the end, this will be worth to mention that our results shall play a crucial and
advantageous role in the plasma systems where the magnetic field is externally applied, collisions take
place between the positive ions and neutral atoms, non-extensive plasma electrons exist and there is
secondary electron emission from the wall. It has been observed through our realistic model that the
Bohm velocity at the edge is greatly influenced by the above parameters. To get the desired deposition
rate in the magnetron sputtering processes our results will be beneficial where the thin film deposition
gets affected by the kinetic energy of the positive ions. Also, in the sputtering systems and ion
implantation where the electron emission can take place, our results can give the idea for the optimum
parameters needed to achieve good results.

4. Conclusions
The z-component of ion velocity at the sheath edge (Bohm veIOC|ty)
ionization, angle of magnetic field, non-extensivity, temperature rg
electron), electronegativity, density of secondary electrons and elec
The Bohm velocity is independent of the strength of the applied

the Bohm velocity decreases slowly Wlth the
angle of the magnetlc field. The electros

process which is done in the pres
model which gives idea abo

The author
financially.
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