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Variation of mean value of velocity of ion with
di↵erent obliqueness of magnetized plasma sheath
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Abstract:

Plasma sheath, which forms between a material wall and incoming plasma, plays an important role in controlling particle and energy fluxes to the wall. The problem of plasma sheath is one of the oldest in plasma and
still draws attention, especially in magnetized plasmas. In this work velocity of ions in a magnetized plasma
sheath has been studied using a kinetic trajectory simulation model for varying obliqueness of the field. Any
change in obliqueness of the field causes the velocities to change. The change in mean value of the component
normal to the wall is comparatively small whereas the other two components of velocity vary sinusoidally,
nearly complementary to each other with nearly equal amplitudes.

Keywords: • Oblique magnetic field • Lorentz force • Plasma sheath • Mean value • Bohm criterionn

1.

Introduction
Variation of mean value of ion velocity is recent field of research in plasma physics. It is obvious that

the plasma interacts with the material surfaces and the proper understanding of this interaction is crucial in
all plasma applications (e.g. plasma confinement for fusion, sputtering, etching, surface treatment, etc) [1–3].
Once the plasma-wall interaction is well understood it will be possible to control heat loading, energy transfer
and particle flow towards the wall and hence the overall bulk plasma behavior [2]. In typical boundary layer
problems a quasi-neutral plasma is shielded from a negative absorbing wall by a “thin” positive space charge
region (“sheath”) with a thickness of several electron Debye lengths

D.

In the usual case,

D

<< L, where L

is the characteristic extension of the plasma boundary layer. A sheath can only be formed, if the Bohm criterion
[4, 5] is fulfilled.
The problem of plasma sheath is one of the oldest in plasma physics [2, 6, 7] and the magnetized plasma
sheath continues to receive a considerable amount of attention [8–12]. The problem of sheath formation at the
plasma boundary is of importance for nearly all applications where a plasma is confined to a finite volume. Plasma
⇤
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sheath has significant influence in charged particles and energy fluxes to the wall, which in turn considerably
modifies the absorption, emission impurities and all other characteristics in the plasma. In this work we have
studied the e↵ect of obliqueness of the applied magnetic field various components of ion velocity in a magnetized
plasma sheath using the kinetic trajectory simulation (KTS) Method.

2.

The KTS Method
Most of the problems in plasma are studied using fluid theory, which is sufficiently accurate to describe

majority of observed phenomena, however, for more accurate calculations, e.g., when sharp gradients are encountered the fluid treatment is inadequate. For these, we need to consider the velocity distribution function for each
species and follow the kinetic treatment. KTS is an iterative method for numerically calculating self consistent,
time independent kinetic plasma states in some given bounded spatial region [3, 12, 13] For given necessary initial
and boundary conditions the distribution functions of the particle species are calculated by solving the related
kinetic equations along the respective trajectories.
In the general case the Boltzmann equation for species-s is given as

df (~x, ~v , t)
@
@
@
=
+ ~v ·
+ ~as ·
f (~x, ~v , t) = C s
dt
@t
@~x
@~v
with ~as (~x, ~v , t) =

qs ~
[E(~x, t)
ms

(1)

~ x, t)] where E(~
~ x, t) and B(~
~ x, t) are the macroscopic (i.e. locally averaged)
+ ~v ⇥ B(~

electromagnetic fields, ~as is the macroscopic acceleration of species-s particles (i.e. it’s acceleration in these fields),
and C s is the species-s collision term. The kinetic Boltzmann equation (1) for collisionless cases takes the well
known from of Vlasov equation:

✓

@
@
@
+ ~v ·
+ ~as ·
@t
@~x
@~v

◆

f (~x, ~v , t) = 0

(2)

i.e., f (~x, ~v , t) = constant. This means that the velocity distribution function is constant for an observer moving
along a collisionless trajectory.

3.

The Plasma Sheath Model
The geometrical model of our magnetized plasma sheath is shown in Figure 1. The simulation region

considered is bounded by two parallel planes situated at x = 0 and x = L and the plasma consists of only
electrons and singly charged ions. The wall is at x = 0 and the imaginary plane at x = L is the “sheath
entrance”, which separates the non-neutral, collisionless sheath region (x < L) from the quasineutral collisional
presheath region (x > L).
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Figure 1.

Geometry of the plasma sheath model

We consider a 1d3v problem, i.e., the variation in plasma parameters is only along perpendicular to the
wall (x-direction) whereas all three components of velocity are taken into account. This assumption is valid for
studying a magnetized plasma sheath and is being used frequently [12]. The magnetic field lies in the x-y plane
where ✓ is the angle made by the oblique magnetic field with the x -axis, such that

~ = B0 [cos ✓x̂ + sin ✓ŷ]
B

(3)

The plasma particles (electrons and ions) enter the simulation region from the sheath entrance with cut-o↵
Maxwellian velocity distribution functions, the wall doesn’t emit any particles and both the boundaries are
perfectly absorbing. Accordingly, the electron velocity distribution function is given by,

e

e

f (x, v) = A exp

where vce (x) =

q

2e[ (x)
me

0]

"

vx2 + vy2 + vz2
e2
vtf

!

#
e (x)
+
⇥ [vce (x)
kT e

vx ]

(4)

is the electron cut-o↵ velocity at x, k is the Boltzmann constant and ⇥ is the

Heaviside step function. The ion velocity distribution function at x = L is given by,

i

i

f (L, v) = A exp

s
where, vtf
=

q

2kT s
ms

"

vx

i
vmL

2

i2
vtf

+ vy2 + vz2

!#

⇣
i
⇥ vcL

vx

⌘

(5)

i
is the species-s (ion and electron) thermal velocity, vmL
is the ion “Maxwellian-maximum”

i
i
velocity at x = L and vcL
vcL
< 0 is the ion cut-o↵ velocity at x = L. In the core plasma the particle distribution

would obviously be Maxwellian, however, in case of sheath formation the ions are accelerated towards the wall so
that they become shifted Maxwellian as given by equation (5). In addition, for the Bohm criterion to be satisfied
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i
by the ions they must have attained certain minimum velocity vcL
at the sheath entrance. As the electrons

are retracted and reflected by the negative potential wall their distribution gets cut-o↵ at the sheath entrance as
given by equation (4).
Di↵erent components of velocity of ions in the plasma sheath have been computed applying Lorentz force
equation
~ = q(~v ⇥ B)
~ + qE
~
F

(6)

For given initial and boundary conditions, we start with an initial guess to the potential profile and solve the
governing equations (equation of motion, Poisson equation, Vlasov equation and Bohm-Chodura condition) iteratively until a self-consistent result is achieved [12, 13]. We consider plasma parameters at the presheath by
satisfying quasi-neutrality condition, the sheath- edge singularity condition, continuity of the first three moments
of each species, and the Bohm- Chodura condition.

4.

Results and Discussion
The variation of mean values of x, y and z -component of velocity with respect to angles at constant magnetic

field of 2.5 mT are shown in Figures 2 to 5. The mean value of x -component of velocity at magnetic field 2.5 mT
is very small but shows the oscillatory nature in the angular range from 0 to 90 . In the plot of mean value of
x -component of velocity with respect to angle in the 5 interval at magnetic field 2.5 mT, Figure 2 shows the
minima at 10 , 20 , 40 , 50 and 75 . Similarly maxima of the velocity are found at 15 , 25 , 45 , 60 and 80 .

Figure 2. Variation of mean values of x -component of velocity with respect to angles at magnetic field 2.5 mT

Figure 3 shows that the mean value of y -component of velocity is much more than that of x - component.
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In the plot of mean value of y -component of velocity, as in Figure 3, the minima is found at angles 15 , 25 , 50
and 75 . Similarly maxima of the velocity are found at 10 , 20 , 30 , 45 , 55 , 70 , 80 and 90 . In the plot of
mean value of z -component of velocity with respect to angles at magnetic field 2.5mT, Figure 4 shows the minima
at 5 , 30 , 40 , 55 , 65 and 90 whereas maxima of the velocity are found at 0 , 10 , 25 , 35 , 45 , 60 , 70
and 85

Figure 3. Variation of mean values of y -component of velocity with respect to angles at magnetic field 2.5 mT

Figure 4. Variation of mean values of z -component of velocity with respect to angles at magnetic field 2.5 mT
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For easier comparison the variation of mean value of all the velocity components at di↵erent obliqueness
are shown in Figure 5, which shows that among the minima the lowest value of mean value of x -component of
velocity is around

44 m/s at 90 whereas the maximum value is 33 m/s at 25 . Similarly the lowest value and

the maximum value of the mean value of y

component of velocity is around

6926 m/s at 15 and 11780 m/s at

20 respectively. Likewise the lowest and maximum value of the mean value of z-component of velocity is around
1949 m/s at 5 and 11710 m/s at 60 respectively.

Figure 5.

5.

Over all variation of mean values of velocity with respect to angles at magnetic field 2.5 mT

Conclusions
Ion velocity at presheath-sheath boundary is greatly a↵ected by obliqueness of the field. As the obliqueness

of the field changes the mean values of three component of the velocity also changes. The mean value of x component of velocity is comparatively small whereas y and z -components of velocity vary sinusoidally, nearly
complementary to each other with nearly equal amplitudes. This work provides a basis for studying all types of
magnetized plasma sheath using kinetic approach and can be important in material processing, plasma etching,
surface treatment, lighting, medicine and for confinement of plasma in fusion devices.
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