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Abstract

Investigation of Generalized Bohm 
Sheath Criterion for Collisional, 

Magnetized and RF Plasmas
Nam-Kyun Kim

Department of Energy Systems Engineering

The Graduate School

Seoul National University

    Investigations of generalized Bohm sheath criterion have been carried 

out for collisional, magnetized and RF plasmas. Near the almost every surface 

that faces the quasi-neutral plasma, there forms a plasma sheath in between 

the plasma and the plasma-facing wall. A strong electric field is formed in the 

region in the direction from the plasma to the wall, and the losses of the 

electrons and the ions form a balance to maintain the quasi-neutral plasma 

condition. In order to form the plasma sheath, Bohm suggested a criterion that 

the ion fluid velocity should be larger than ����� = ����� ��⁄ at the sheath 

entrance. The criterion is called the Bohm criterion and it is widely used to 

determine the ion flux toward the wall surface. But the criterion was derived 

under the assumptions of collision-less, singly-ionized, single-ion-species, 

cold ions, and magnetic-field free conditions. In various practical plasmas, 

those assumptions are not applicable. In this study we have generalized the 

Bohm sheath criterion without any artificial approximation on the plasma 

conditions. Collisions between the ions and the neutral species, collision 

between two-different ion species, existence of oblique magnetic fields, and 
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the change of the ion velocity distribution itself have been considered. By 

using a fluid moment approach, the Bohm sheath criterion can be modified to 

more generalized form that considers general ion dynamic characteristic and 

the effect of external magnetic field. To investigate the effect of the above-

mentioned conditions on the generalized Bohm sheath criterion, we observed 

the ion dynamic properties and the electric potential distribution in the ion-

neutral / ion-ion collisional, magnetized and RF plasma, especially near the 

sheath boundary region, which is called the presheath. For the observation of 

the ion motion, a laser-induced-fluorescence method is utilized. The space 

potential distribution is measured by using the emissive probe. From the 

observation we have characterized the ion dynamic properties and the role of 

the presheath potential drop on the formation of the sheath entrance condition.

By considering the ion dynamic characteristics we observed in this thesis, the 

generalized Bohm sheath criterion have been qualitatively analyzed. The 

analysis reveals that in order to form a plasma sheath in a highly collisional, 

strongly magnetized, or highly damped plasma the ion velocity at the sheath 

edge must have modified from the original Bohm velocity.

Keywords: generalized Bohm criterion, plasma sheath, presheath, 
collision, magnetic field, radio-frequency electrostatic wave
Student Number: 2013-30993
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Chapter 1. Introduction

1.1. Bohm criterion for sheath formation

Figure 1.1. Shielding positive sheath in front of a negative wall [1].

    The plasma sheath is a unique and universal structure that is formed between the 

plasma and the plasma-facing wall. Because the mass of an electron, em , is much 

smaller than the mass of an ion, iM , the mobility of the electron is much higher than 

that of the ion. Therefore, the electrons near the plasma-facing wall usually hit the 

plasma-facing wall much faster than the ions and the quasi-neutrality breaks in the 

region between the wall and the plasma. This region where the charge-neutrality is 

broken is called the plasma sheath. After the quasi-neutrality is broken, an electric field is 
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formed in the region in the direction, from the plasma to the wall, and the field retards

the loss of electrons and accelerates the ion loss until the losses of two charged species 

form an equilibrium. For the equilibrium state, Bohm [2] theoretically derived a 

condition that ions should have at the entrance of the sheath region, and the condition is 

called the Bohm sheath criterion for the sheath formation. 

    For a singly-charged, one-ion-species, collision-less, and non-magnetized plasma, 

the Bohm criterion can be derived as follow. For a convenience, normalized quantities 

are introduced as

2
,

,

0

, , ,and 
2

e ii i
e i

e e D

NmV eU z
y n

kT kT N
c x

l
= = - = = . (1.1)

Here, eT is the electron temperature, 0N is the density of charged particle at the 

sheath entrance, U is the space potential, and ( )
1/ 2

2

0 0D e
kT N el e= is the Debye 

length defined at the sheath entrance. Then the governing equations that describe the 

sheath characteristic can be written as follows.

Ion continuity: 1/2 1/2
0=in y y (1.2)

Energy conservation: 0y y c= + (1.3)

Boltzmann relation: ( )expen c= - (1.4)

Poisson
2

2 i e

d
n n

d

c

x
= - (1.5)

With an appropriate boundary condition, c , 0d dc x ® as x ? ? , the spatial 

derivative of the space potential can be obtained by

( ) ( )
1/22

2 3

0

0 0

1
4 1 1 2 1 1

2

d
y e o

d y y
cc c

c c
x

-

殞念 念念 油 判霓÷ç 判÷ 霓= + - + - ? +ç 油 判÷ 霓ç 判÷ç 判霓油曜 曜 曜油薏

. (1.6)
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Since the left-hand side of Eq. (1.6) should be positive, the first term in the right-hand 

side becomes positive and thus 0 1 2y ³ . With dimensional variable, it can be 

expressed as 

1/ 2

e
i Bohm

i

eT
V V

m

念 ÷ç ÷ç낳 ÷ç ÷÷ç曜
. (1.7)

Eq. (1.7) is generally called as the Bohm criterion for the formation of the sheath. It 

means that for the formation of the sheath, the ion velocity should be larger than the 

Bohm velocity VBohm at the sheath entrance. Later [3], the Bohm velocity is found to be 

the boundary condition for the quasi-neutral plasma from the analysis of the dispersion 

relation of ion acoustic waves. The phase velocity of the ion acoustic wave, Cs, equals 

to the Bohm velocity and the notation, Cs, is more widely used in various researches.

    Since the ion velocity should be larger than the Bohm velocity at the sheath edge

as shown in Eq. (1.7), the need of a region between the sheath the plasma was brought 

up, in which the ions could get the kinetic energy that corresponded to the Bohm 

velocity. Because the region should lie before the sheath, the region is called the ‘pre’-

sheath. Under the collision-less limit, the potential drop of the presheath region was

supposed to be 0.5 eT , which is comparable to the kinetic energy of ion at the Bohm 

velocity as

2
,

1
0.5

2k SE i Bohm eE e mV e T= = . (1.8)

By assuming that the potential difference in the presheath region is 0.5Te, the density at 

the sheath edge can also be determined from the Boltzmann relation for the electron 

density in the presheath region as
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( )
0 0exp exp 0.5 0.61

pr
SE e

e

e U
n n n n

kT

念 D ÷ç ÷ç= - = - ?÷ç ÷÷ç曜
. (1.9)

Here, The conditions for the sheath edge, Eq. (1.7) and Eq. (1.9), make up the sheath 

edge criterion used for many practical applications.

1.2. Universal sheath condition on charge density

    The final form of the Bohm sheath criterion shown in Eq. (1.7) defines the 

entrance velocity of ions at the sheath edge for the formation of sheath. It is easily 

considered that the Bohm criterion is a velocity criterion which the ion velocity should 

satisfy. But it is not certain that the ions will have the velocity at any circumstance they 

meet near the plasma boundary, because the assumptions which is considered in the 

Bohm’s original derivation is not practical. The sheath criterion for many practical 

conditions including, for example, the existence of ion-neutral collisions, magnetic 

fields, or the effect of ion temperatures, should be studied. The criterion for the more 

general plasmas is called the generalized Bohm criterion (GBC).

    For the generalization of Bohm sheath criterion, the hidden meaning of the 

original Bohm sheath criterion should be noted. We derived the Bohm criterion from 

the assumption, ( )
2

0d dc x > in Eq. (1.6). Although d dc x can be both positive 

and negative, because the condition 0d dc x < is not physical, the Bohm criterion 

for the sheath formation is re-written as 

0d dc x > . (1.10)
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Eq. (1.10) means that the spatial density gradient of ion is smaller than the spatial 

density gradient of electron. Compare to the original form of the Bohm criterion of Eq.

(1.7), Eq. (1.10) is more general form of the sheath criterion. In other words, the 

Bohm criterion can be expressed as a condition for the charge density that the net 

charge gradient at the starting point of the sheath should positive for the formation of 

the sheath as 

i edn dn

dx dx
< .      (1.11)

From the sheath condition for the space charge density of Eq. (1.11), we can also reach 

the original Bohm criterion. The spatial gradient of the ion density can be obtained 

from the continuity equation, and the spatial gradient of the electron density is obtained 

from the Boltzmann relation and the energy conservation for the ions as follows.

= -i i i

i

dn n dv

dx v dx
           (1.12)

0

f
=e

e

dn e d
n

dx kT dx
(1.13)

f
= - i i im v dvd

dx e dx
(1.14)

By substituting Eqs. (1.12) - (1.14) into Eq. (1.11), the original form of the Bohm 

sheath criterion is obtained as

2 e
i

eT
v

M
> .    (1.15)

Eq. (1.15) is the same to the Bohm criterion on the formation of the sheath. Therefore, 

it can be concluded that the position, where the sheath begins (i.e., the sheath edge), is 
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where the charge-neutrality breaks and the ions enter the Bohm velocity. Therefore, the

charge density condition, Eq. (1.10) or Eq. (1.11), can be called the universal charge 

density condition for the sheath formation.

    Here, a more rigorous derivation on the universal charge density condition for the 

sheath formation will be introduced. It starts from the Poisson’s equation,

2

2
0

r

e

F
= -

d

dx
.                   (1.16)

By multiplying E d dx= - F and integrating the Poisson’s equation for distance, x, 

we can get following relation.
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d d d
dx dx
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Applying the chain-rule on the left-hand side of Eq. (1.17) and the integration over the 

distance from the sheath edge to a certain position x in the sheath region one can get the 

relation regarding the electric field as  
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The integration on the right-hand side of Eq. (1.17) can be simplified by integrating 

over x and expanding the charge density term with respect to the potential difference.

For small potential difference near the sheath edge, one can expand the integrand as
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The net charge density at the sheath edge, SEr , is nearly zero because of the quasi-

neutrality as , , 0SE i i SE e SE
i

q n enr = - »å . Here, the multi-ion-species condition has 
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been assumed. As a result of the above calculation, the integration of Eq. (1.17) yields

Eq.(1.20).

( ) ( )2 2 2 2
0

r
e- F -F » -

F
SE SE

SE

d
E E

d
(1.20)

Because the square of the potential and electric field inside the sheath is much larger 

than those at sheath edge, one can notice that the density gradient with respect to the 

space potential should be negative for the formation of the sheath.That is

,
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s e i SE
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q
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£
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å . (1.21)

Eq. (1.21) is the universal charge density condition for the sheath formation which

can be re-written as

,

0s
s

s e i SE

dn
q

dx=

³å . (1.22)

In the derivation of the Eq. (1.22) we have assumed that the spatial gradient of the 

space potential at the sheath edge is 0d dxF ? .
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1.3. Previous studies on generalization of Bohm criterion

    Riemann [3-5] greatly contributed on the generalization of the Bohm sheath 

criterion from 1970s. Unlike the Bohm’s original form of the sheath criterion, which is 

limited to the single-ion-species, collision-less, magnetic-field-free, and electro-static 

conditions with fluid description, he tried to generalize those constraint conditions. 

Here, we briefly introduce his effort to generalize the Bohm sheath criterion.

    The first try regarding the generalization of the Bohm sheath criterion is for the 

kinetic expansion of the criterion. Since the Bohm’s original derivation [2] considered 

the ion motion in a fluidic view, the ion distribution was assumed as mono-energetic or 

drifting Maxwellian with an extremely small ion temperature. Therefore, a role of 

kinetic effects on the formation of the sheath, which might exist, could not be 

considered in the criterion. The consideration of the kinetic effect starts from the 1-

dimensonal Vlasov equation, which is so called as the collision-less Boltzmann 

equation for charged species, under the magnetic-field-free condition.

¶ ¶
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¶ ¶
0s s s
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s x

f q f
v E

x m v
(1.23)

The universal charge density condition for the sheath formation of Eq. (1.22) can be 

expressed as an integration form as

=

¶
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q d v

x
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By substituting the spatial derivation sf x떰 in Eq. (1.24) to a derivation in the 

velocity space, s xf v떰 using the Vlasov equation, one can obtain the kinetic form 

of the generalized Bohm criterion as
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Eq. (1.25) can be more simplified by applying integration by parts on the left-hand side 

of the equation as
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Eq. (1.26) is the final form of the kinetic form of the generalized Bohm criterion. Here, 

one can find that two constraints of the original Bohm criterion have been generalized; 

that are the existence of multiple-ion-species and the consideration of kinetic 

distribution.

It should be noted that this form does not generalize all the constraints that Bohm 

assumed. i.e., the effect of collisions, magnetic fields and effect of the variation of ion 

velocity distribution are not yet considered.

    Later, however, some authors [6-7] have been mentioned that Eq. (1.25) and Eq. 

(1.26) have some problems. One is the fact that the integrand in Eq. (1.25), 

1v f v- 떰 , is not a differentiable function at 0v = . Thus, the integration by parts 

over the whole velocity plane cannot be applied. Or, the term, 1v f v- 떰 in the

integrand of Eq. (1.25),  should be defined only for 0v > , which cannot be true,

physically. Therefore, it has been pointed out that Eq. (1.25), rather than Eq. (1.26)

should be a kinetic generalized Bohm criterion. The second is that the above forms of 

the criterion place an undue importance on the slow ions from the ion velocity 

distribution. For the drifting Maxwellian distribution of ions, as an example, there are 

always non-zero but very sparse particles at and near 0v = . Physically, their role 

might not have a great importance on the criterion. However, mathematically, their role 
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has a significant importance since the integration over velocity space becomes infinity 

due to the slow ions. 

    Riemann introduced another method to generalize the Bohm sheath criterion. 

From the momentum and continuity equations describing the ion motion in the 

presheath and by assuming Boltzmann distribution for electron density, one can obtain 

the governing equation for the ion density distribution in the presheath region as 

follows.
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As shown in Eq. (1.27), the left-hand side of the equation has as a singularity at 
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unless the right-hand side of Eq. (1.27) equals to zero at the condition of Eq. (1.28). 

The meaning of the singularity is that the quasi-neutrality breaks at the sheath edge 

because en x떰 should be infinite if the condition of Eq. (1.28) satisfies. 

Analogous to the discussion in section 1.2, in which the breaking condition of the

quasi-neutrality is argued as the criterion for the sheath formation, the condition of Eq. 

(1.28) is the Bohm criterion for multiple-ion-species plasmas.

    For a singly-charged, single-ion-species condition, one can observe that Eq. (1.28)

is simplified into 

+
=2 e i

i

i

T T
V

m
, (1.29)
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which is identical to the original Bohm sheath criterion except that the ion temperature

was considered additionally. Because the ion drift velocity starts from a small drift 

velocity at the position far from the sheath entrance in the quasi-neutral plasma, the ion 

fluid velocity is always smaller than ( )e i iT T m+ in the quasi-neutral presheath 

region. This fact that the original Bohm criterion can be obtained again from Eq. (1.28)

confirms that the Bohm sheath criterion can be considered as the breaking condition of 

the quasi-neutrality as we discussed in the section 1.2. For the formation of the sheath,

the ion fluid velocity should be larger than the Bohm velocity (Eq. (1.7)), and the

quasi-neutral condition maintains while the ion fluid velocity is smaller than the Bohm

velocity (Eq. (1.29)).  

    It is quite interesting that the singularity comes from the assumption that the 

electrons satisfies a Boltzmann distribution as ( )expe SE en n e kTf= . On the 

contrary, the ion follows the continuity equation and the ion density varies proportional 

to ( )
1/2

f
-

- , which is much slower variation than the exponential variation of 

electron density. When the quasi-neutrality is treated as

e i
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e q
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떰
=
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å , (1.30)

there must be a position where the ion density cannot make an equilibrium with 

electron density and the effect is represented as a sheath criterion for the ion velocity.

However, whenever we make constraint of the quasi-neutrality between electrons and 

ions by simply assuming the equality between ion continuity and Boltzmann 

distribution for electrons, we lose the property of ion dynamic effect on the sheath 

criterion. In other words, imperfect idealization on the dynamic properties of charged
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particles make us reach a simple but not rigorous condition for the sheath formation. If

we do not simplify the distributions of ions and electrons, we might reach another form

of generalized Bohm sheath criterion.
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1.4. Generalization of Bohm sheath criterion by ion dynamics

    Here, another generalized form of the Bohm sheath criterion that fully considers 

ion and electron dynamic properties will be introduced [6-7]. The main idea is that the

universal charge density condition for the sheath formation of Eq. (1.22) is 

maintained while the kinetic dynamic properties of electrons and ions are fully 

considered by using the Boltzmann equation,
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¶ ¶

åv E v B
r v
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Here, the subscript s denotes the species of the charged particles including electrons 

and ions.

    The process to generalize the Bohm sheath criterion is quite similar to the 

Riemann’s plasma-side approach on the generalization of the Bohm criterion, in which

the singularity condition was obtained (section 1.3). First, the zeroth and first moments 

of Eq. (1.31) can be obtained as 
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Here, the pressure of a charged species is defined as 21

3
s s s s s sp d m w f n T= =ò v , the 

viscosity is defined as 21

3
s s s s s sd m w f

æ ö
= -ç ÷

è ø
òπ v w w I , and the collisional friction 
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term is defined as ( )= òs s s
d m C fR v v . For the next step, the steady-state limit of 

Eq. (1.32) was expanded to obtain 
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(1.34)

and the spatial gradient of the charged species of Eq. (1.34) was substituted into the 

universal charge density condition for the sheath formation of Eq. (1.22) to yield 
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Eq. (1.35) is a universal sheath condition expressed in terms of fluid velocity of 

charged species. 

    The spatial derivation of the fluid velocity in Eq. (1.35) can be obtained from the 

time-independent momentum equation,
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as 

( )( ) ,

,
,

,

,

s xxs
s s x s s s xxs x

s s
s s s x

s x

T
q n E n RV x x

x n T
m n V

V

p¶¶
+ ´ - - +¶ ¶ ¶=

¶ æ ö
-ç ÷ç ÷

è ø

V B
. (1.37)

Finally, by substituting Eq. (1.37) into Eq. (1.35), the generalized Bohm sheath 

criterion, which fully considers the dynamic effects of charged particles regarding the 

effect of collisions, magnetic-fields, and temperature non-homogeneity has been 

obtained as 



１５

( )

( )

,
,

2
, ,

0.

s xxs
s s s s s s s x xx

s
s e i s s x s

SE

T
q n n q n R E

x x
q

m V T

p

=

é ù¶æ ö¶
- + - ´ -ê úç ÷

¶ ¶è øê ú £
ê ú-ë û

å
V B

(1.38)

If the x-direction is defined as an anti-normal direction of the plasma-facing surface and

the magnetic field lies in xy-plane as ( ) ( ), ,0 cos sinx yB B B y y= = , ,0B , the 

Eq. (1.38) can be expressed as 
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Here, the electric field is assumed to be formed along the surface normal direction as

( ),0,0xE=E .

    The generalized form of Eq. (1.38) and Eq. (1.39) is quite different from the 

above-mentioned criterions derived in section 1.1 ~ 1.3. The first thing is that this form 

of generalized sheath criterion includes all the kinetic and magnetic-field-induced

effects that charged particles can have. The seemingly artificial assumption on the 

density distribution of the charged particle, which leads to the singularity, are not 

adopted. The second is that this consists of positive moments of the Boltzmann 

equation thus there is no pole at 0v = . Only the fluidic motions of the charged 

particles are considered. The last is that although this form of the criterion is expressed 

by using fluidic moments, kinetic effects regarding the ion velocity distribution is fully 

integrated in the equation. In addition, when the ion dynamic effects like the spatial 

temperature variation, existence of the magnetic field, or the collisional effects are not 

considered, the above equation is reduced to the original form of the Bohm criterion. 

Therefore, it can be concluded that Eq. (1.38) and Eq. (1.39) can be used to 
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represent the sheath edge condition in the existence of collisions, oblique magnetic 

fields and variation of the velocity distribution.

    Lastly, it should be noted that the potential drop in the presheath of single-ion-

species plasmas can be explained as
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when all the effects of collisions, oblique magnetic fields and variation of the velocity 

distribution. In the derivation of the Eq. (1.40), it is assumed that the average velocity 

of the electron is zero and all the additional dynamic effects on the electrons is 

neglectable. The terms in the right-hand side are the spatial variation of the ion kinetic 

energy, KE x떰 , the drift velocity of the gyrating ions, z yV B , the spatial variation of 

the ion temperature, iT x떰 , the spatial variation of the ion viscosity, 

1
,i i xxn xp- 떰 , and the collisional friction, ,i x iR en .



１７

1.5. Ion dynamics in presheath of collisional, magnetized, and 

RF plasmas

    The generalized Bohm sheath criterion and the generalized presheath potential 

drop are summarized in Eq. (1.41) and Eq. (1.42).

Generalized sheath criterion:
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        Generalized presheath potential drop:
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As shown in those equations, many terms regarding the ion dynamics in the presheath 

were added, which were neglected in the original form of the Bohm criterion. The 

terms and the meaning of the equations are summarized in table 1.1. In order to 

characterization of the generalized Bohm criterion, the characteristic of the ion 

dynamics in the presheath should be investigated. 

    In this thesis, the characteristics of the ion dynamics will be investigated. For the 

collisional friction term, the effects of ion-neutral collisions and the effect of ion-ion 

collisions are considered. Although the effect of ion-neutral collisions on the Bohm 

sheath criterion have been studied in weakly-collisional plasmas, the characteristic of 

the presheath potential in the condition have not yet been clearly understood. The ion-

ion collision in weakly-ionized plasmas is usually very weak, therefore the two-stream-

instability-enhanced collisional friction in the presheath of two-ion-species plasmas 
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will be analyzed. For the investigation of the effect of oblique magnetic fields, we will 

introduce a fluid model that describes the ion motion near a wall-surface, which forms 

an oblique angle with the external magnetic fields. The characteristic of the ion motion 

and the presheath potential distribution under the oblique magnetic fields near the wall-

surface will be analyzed with the consideration of ion-neutral collision. For the 

investigation of the effect of spatial variation of the ion temperature, we will firstly 

observe the intrinsic variation of the spatial variation of the ion velocity distribution in a 

presheath in front of the DC biased target. Then by applying an oscillating bias voltage 

to the electrode with various frequencies in radio-frequency range, we will observe the 

effect of radio-frequency wave on the heating of the ions in the region of presheath. By 

observing those effects on the ion dynamics in the presheath region, we can 

characterize the generalized Bohm sheath criterion of Eq. (1.41).  

Table 1.1. Meaning of ion-dynamic-related modification terms on Bohm criterion

Terms Related Physical Properties

Frictional force, ��,� Collisional friction

Lorentz force, ����(�� × �)� Presence of external B-field

�����/��

Spatial derivative of temperature, 

Variation of ion

velocity distribution

���,��/��

Spatial derivative of viscosity, 
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Chapter 2. Previous studies on ion dynamics in 

collisional, magnetized and RF sheath

2.1. Effect of two-stream-instability-enhanced (TSI) ion-ion 

collision on Bohm sheath criterion

2.1.1. Effect of two-stream-instability on ion motion in presheath

    The speed of ions leaving the plasma boundary, or the sheath edge is a key factor 

in understanding plasma-wall interaction and even the plasma itself, because it 

provides an ion flux on the surface that touches the plasma. For single-ion-species 

plasmas, Bohm [2] predicted that the ions become supersonic at the sheath edge where 

their velocity is given by �� = ����� ��⁄ , which is now referred to as the Bohm 

velocity. For plasmas containing multiple ion species, Riemann [3-5] generalized the 

Bohm criterion as ∑ (����
� ����

�⁄ )� ≤ 1. However, the criterion does not determine 

the specific value of each ion’s drift velocity at the sheath edge, even for the simplest 

two-ion-species condition. Regarding this issue, many researchers [8,9] suggested that 

all ion species exit the plasma boundary with their individual Bohm velocities, in that 

they fall through the same potential difference before they enter the sheath. However, 

some experiments [10-12] have shown that ions do not exit plasma with their 

individual Bohm velocities, but with a velocity closer to a system common sound 

velocity, 2 1/2
1,2{ [ ( / )]}i i es iC c n n== S , in two-ion-species plasmas.
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    Baalrud et al. [13-15] provided a theoretical framework for determining the ion 

speed at the sheath edge in collision-less two-ion-species plasmas. They suggested that 

the mutual interaction between the two-ion species brings about the two-stream-

instability inside the presheath. The instability then causes a brisk momentum transfer 

between the different ion species, forcing the drift speed of each ion species at the 

sheath edge to be closer to the system common sound velocity, which is referred to as 

the modified Bohm velocityand given by,

( )» + D2 2

1 2 2s e s c
V C n c n C V (2.1)

and

( )-» D
2 1 1

2 2

s e s c
V C n c n C V . (2.2)

Here, ��� denotes the critical relative velocity at which the instability onset occurs 

(see reference [14] for more information). A schematic diagram of the ion fluid 

velocity profiles through the presheath region is shown in figure 2.2. It is worth noting 

that this instability occurs when the densities of all ion species are similar as shown in 

figure 2.3. For other conditions, such as �� >> �� or ��<< �� , it has been 

observed that the instability does not occur, and each ion species has its own Bohm 

velocity [16,17].

    In weakly ionized plasmas, however, there always exist some amount of ion-

neutral collisions, and the collision can disturb the instability to occur by interrupting 

the momentum transfer between the different ion species even when the relative ion 

density is close to unity. It agrees with Baalrud’s prediction [18] that there is a pressure 

threshold above which the ion-neutral collisions disrupt the instability. If the 
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occurrence of the instability is disturbed by the ion-neutral collisions, it is expected that 

the fluid velocities of the two-ion-species would be the conventional Bohm velocity at 

the sheath edge. Later in this thesis, we will show an experimental investigation the 

ion-neutral collisional effect on the occurrence of the instability and thus on the ion drift 

velocities at the sheath edge of two-ion-species Ar/Xe mixture plasmas.
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Figure 2.1. Schematic diagram of ion fluid velocity profiles through the presheath. 

When the relative velocity between two-ion-species becomes larger than a critical 

relative velocity, cVD , the instability-enhanced friction modifies the ion motion 

near the sheath edge. Therefore, the ions have a modified Bohm velocity at the 

sheath edge [14].
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Figure 2.2. Modified ion velocity at the sheath edge of Ar/Xe mixture plasmas. As 

the argon and xenon ion densities become comparable, the two-stream-

instability-enhanced-collisional-friction significantly modifies the sheath entrance 

velocity of each ion-species.
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2.1.2. Generalized occurrence condition of two-stream-instability under 

ion-neutral collision 

    The pressure threshold of two-stream-instability can be estimated by solving a 

plasma dispersion relation which is modified to consider the ion-neutral collisional 

effect [19]. For the Maxwellian distributions of electrons and two ion species, the 

dispersion relation of wave fluctuation can be written as follows, 

( )
( )( )

( )

2

2 2 2 2

2 11
, 1 .

1

s sps

s nsD Ts
s

Ts

Z
D k

k k V i Z
kV

x xw
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nl x-

- +
= - -

+
å (2.3)

    In Eq. (2.3), s denotes ion species, ( )s s s n Tsi kVx w n -= - × +k V , 

2Ts B s sV k T M= , 2
psw is ion plasma frequency, and ( )Z x is the plasma 

dispersion function. The frequency, ω, is a complex variable as, R iw w g= - , and the 

wavenumber vector k is real. For simplicity, the ion-neutral collision frequency, 

s n g s n sn Vn s- -= , is calculated as s n g s n sn Cn s- -» . The neutral gas density is 

given as �� = � ����⁄ , and the collision cross section for both Ar+ and Xe+ is 

approximated as 
20 2~1 10 ms -´ , considering the elastic [20] and 

resonant/asymmetric charge exchange collisions [21] between the two ion species and 

the two neutral species. The growth rate of instability, ( )g k , can be obtained by 

solving ( ), 0D k w = .

    By accounting ion-neutral collisions, the complex frequency, w , is modified as 

s niw n -+ . Therefore, the growth rate of instability becomes, s ng n -- , and the 

instability occurs when ( )max s ng n ->k . From this inequality, a pressure threshold for 

the onset of instability is given as
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p ≲
( )max

19

,

3.2 10

B g

s s

k T p

C C

g g

s s
=

´

k
. (2.4)

Here, �� is assumed as room temperature. It is worth noting that Eq. (2.4) should be 

solved iteratively using a numerical method regarding the pressure, because g is also 

a function of pressure. In figure 2.4. the pressure criterion for the onset of the two-

stream-instability is depicted as a solid-red line. The region above the line is a stable 

region where the instability does not occur and the region below the line is the unstable 

region where the instability occurs. For the same electron temperature, the instability 

cannot occur as the neutral pressure becomes higher. For the same pressure, the 

instability cannot occur at low electron temperatures because the critical relative 

velocity cannot be achieved in a weakly-collisional presheath. The relative ion velocity 

is proportional to the potential drop in the presheath, however, the presheath potential 

drop is proportional to the electron temperature, thus enough relative ion velocity 

cannot be achieved in low-Te plasmas.
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Figure 2.3. Pressure threshold of the instability with respect to the electron 

temperature calculated from Eq. (2.4), considering ion-neutral collisions (red-

solid line). The region above the line is a stable region where the instability does 

not occur and the region below the line is the unstable region where the instability 

occurs. Experimental conditions, which are taken in the investigation (chapter 4)

are marked with crosses.
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2.2. Effect of oblique magnetic field on ion motion in sheath 

and presheath

    The ion incident angle on a plasma-facing surface is a key parameter to 

understand the plasma-surface interaction phenomena. The tilt angle of etched patterns 

on a silicon wafer [22], the erosion rate of wall materials of a thermo-nuclear fusion 

reactor [23], and particle reflection on a plasma-facing surface [24] are all relevant to 

the ion incident angle on the plasma-facing surface at the time of impact. For nuclear 

fusion devices, however, some researchers have simply assumed that the ion incident 

angle on a plasma-facing surface would be comparable to the geometrical angle 

between the magnetic field line and the surface because magnetic fields in the devices 

are strong enough to confine ions to their field lines. However, due to strong electric 

fields formed in the plasma-wall boundary region, the ion incident angle can largely 

deviate from the magnetic field line. 

    To understand how much the angle deviates from the magnetic field line, physical 

characteristics of the plasma boundary region and ion motion in the region have been 

investigated. Various researches have been carried out for a few decades, considering 

plasma density, electron and ion temperature, magnetic field angle, ion-neutral 

collisionality, and so on [25-30]. Chodura [25-27] has proposed a 1-D collision-less 

model in which the transition layer between a plasma and a wall consists of a triple 

structure comprising quasi-neutral plasma presheath, magnetic presheath (the Chodura 

layer), and space-charge (Debye) sheath. He has performed a particle-in-cell simulation 

considering electrons and ions. He numerically found the transition condition from the 

plasma presheath to the magnetic presheath, also known as ion drift velocity, should be 
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supersonic along the magnetic field line at the entrance of the magnetic presheath. The 

thickness of the magnetic presheath is postulated as 6 sinmp csrl y= , where 

cs s cir C w= with ( )s B i e iC k T T M= + and ci ieB Mw = . However, the 

collision-less condition is unachievable in practical plasmas. Riemann [28,29] has

included effects of ion-neutral collisions and performed a three-dimensional analysis in 

which the E×B drift motion of ions is considered. With a finite collisionality, his model 

predicted a double structure of the plasma boundary region consisting of presheath and 

space-charge sheath. Unlike Chodura’s model, no special entrance condition of the 

presheath was needed. Ahedo [30] has suggested the first comprehensive model which 

includes both Chodura’s model and Riemann’s model on the plasma-boundary region.

In the collision-less limit, his model recovers the Chodura’s model of a triple structure, 

and naturally covers the entrance condition of the magnetic presheath as a singular 

velocity characteristic at the position between the plasma presheath and the magnetic 

presheath. With a finite ion-neutral collisionality, his model recovers Riemann’s model 

of double structure comprising presheath and space-charge sheath.

    However, these plasma sheath models considering oblique magnetic fields are 

poorly supported by experimental verifications. Contrary to various theoretical 

approaches, experimental investigations on plasma-wall transition with an oblique 

magnetic field, especially on ion incident angle at a surface, have not been actively 

carried out. This might be because density of magnetized plasma is usually too high to 

form a plasma sheath structure of measurable size, making observation of ion motion 

directly inside the plasma-wall transition region difficult. 

    Until now, a few experimental investigations have been reported [31-33]. Kim et 

al. [31] have measured the spatial structure of electric potential in front of a negatively 
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biased target in weakly-magnetized, weakly-collisional plasmas in the presence of 

oblique magnetic fields. They observed that the plasma-wall boundary region consisted

of three distinct regions: a weakly collisional-magnetized presheath, a collisional 

presheath, and a space-charge sheath having ml , cl , and dl as characteristic 

length scale, respectively. Here, ml is the ion gyro-radius, cl is the ion-neutral 

collisional mean-free-path, and dl is the Debye length. The first direct measurement 

of ion motion was carried out by Siddiqui et al. [32-33]. They measured 3-dimensional 

ion velocity distribution by using a laser-induced-fluorescence technique in front of an 

obliquely installed target in a helicon plasma source and demonstrated that the E×B 

motion could affect the ion incidental motion in the presheath, and the drift made ion 

trajectory 3-dimensional. They observed that the E×B motion occurred within a few 

ion Larmor radii of a target surface. Thus, the characteristic length of the region where 

the E×B motion occurred was characterized to be an ion Larmor radii. However, their 

fluid model calculation showed un-neglectable difference with the experimental data 

and because their measurements were only performed inside the presheath, the role of 

3-dimensional motion on the sheath criterion or the effect of sheath electric field on ion 

incident characteristic at the surface could not be identified. Until now, there exists no 

robust description which is fully evaluated by experimental data regarding the ion 

motion in the whole sheath and presheath region under the existence of magnetic fields. 

    In the next subsections, Ahedo’s [30] fluid description of the magnetic sheath will 

be introduced. So far, his model is the only one that includes all the magnetic and 

collisional characteristics regarding the magnetic sheath phenomenon. The model 

includes effects of E×B motion in the plasma boundary region and ion-neutral 

collisional effect on the motion of ions. 
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2.2.1. Fluidic description of ion motion in magnetic sheath and presheath

    Figure 2.5 (a) shows a schematic configuration of the magnetic field and the 

plasma-facing wall. In a Cartesian coordinate xyzO , the surface is placed at Wx x= . 

A perfectly absorbing wall is assumed to be negatively biased with respect to the 

electric potential of the bulk plasma as 0WU U= < . The external magnetic field near 

the surface is assumed to be uniform. The field line forms an angle, y , with the 

surface normal direction. Thus, the magnetic field can be expressed as 

( )cos , sin ,0B y y=B .

Figure 2.4. (a) The reference frame, Oxyz, used in the model and the configuration 

of the magnetic field. The incident angle of the magnetic field is defined as the 

angle between the magnetic field line and the surface normal. (b) A schematic 

configuration of the plasma structure near a wall surface. The origin, O, of the 

reference frame in (a) corresponds to the position, PE (plasma edge), in (b).
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    The motion of ions and the spatial distribution of the electric potential near the 

surface are assumed to be governed by the following four equations: the Poisson 

equation, the Boltzmann relation for electrons, the continuity equation for ions, and the 

momentum equation along the x-direction:

( )
2

2
0

e i

d U e
n n

dx e
= - (2.5)

ln .B e ek T n eU const- = (2.6)

.i xnV const= (2.7)

ˆB i i
i x c i

i

k T dnd dU
mV e e m

dx dx n dx
n

æ ö
= ´ - + -ç ÷

è ø

V
V B x V (2.8)

where n , m , and T are density, mass, and temperature, respectively, and 

( ), ,x y zV V V=V is the drift velocity of ions. Here, we assume that the charge number 

of ions is 1Z = and the collision frequency between the ions and the background 

neutral species, cn , is simply constant.  

    To solve equations without considering detailed plasma parameters, the following 

dimensionless parameters can be introduced as

0 0

,  ,  ,  , and i e e
i e

B e iB i i

n n TeU
N N t

k T n n Tk T m
f = - = = = =

V
v (2.9)

which normalizes the electric potential energy of ions (eU ) with the thermal energy of 

electron ( B ek T ), densities of ions and electrons with charged particle density of the 

bulk plasma ( 0n ), the ion drift velocity with ion thermal velocity ( ,th i B i iV k T m= ), 

and electron temperature with ion temperature, respectively. With these parameters, 

Eqs. (2.5) - (2.8) can be simplified as
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( )2
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cos
:

y yz
x

m c

dv vv
y v

dx

y

l l
= - , (2.14)

and 
cossin

:
yxz z

x

m m c

vvdv v
z v

dx

yy

l l l
= - - . (2.15)

Here, three characteristic lengths are introduced, including collision mean free path of 

ions, ( )
1/2

c B i ci
k T ml n= , ion magnetic gyro-radius, ( )

1/2

m B i ik T m eBl = , and 

Debye length, ( )
1/ 22

0 0d B ek T e nl e= .  By solving Eqs. (2.10) - (2.15), one can 

obtain spatial distribution of the ion drift velocity, densities of electrons and ions, and 

electric potential.

    Further modification of Eqs. (2.13) - (2.15) is achieved by normalizing the 

spatial variable, x , with one of the above three characteristic lengths with respect to 

physical characteristics of a specific region. For Debye sheath, for example, the Debye 

length is appropriate as the characteristic length scale since the electric field is high 

inside the region enough to repel electrons flowing from the plasma which is also 

called Debye shielding. For the presheath, however, the other two characteristic lengths, 

cl and ml , can be candidates that represent the region. For a weakly magnetized 

presheath where the collision mean-free-path, cl , is comparable or smaller than the 
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gyro-radius, ml , cl is appropriate for the characteristic length scale of the region. 

When the collision is very sparse or the magnetic field is high enough, ml is smaller 

than cl and ml would be the characteristic length scale of the region. Depending 

on the value of cm c ml lL = , the presheath can have distinctive characteristics. An 

un-magnetized/collisional presheath ( 0cmL ® ) and a magnetized/collision-less 

presheath ( cmL ® ¥ ) are two extreme cases. 

2.2.2. Magnetized and weakly-collisional presheath

    We considered magnetized but weakly-collisional presheath where cmL was 

finite because the above two extreme cases would not be practical in many plasma 

conditions. Here, we call the presheath as magnetized and weakly-collisional presheath. 

Inside the presheath, it is commonly assumed that the quasi-neutrality is universally 

satisfied, i.e., i eN N» . With Eqs. (2.11) - (2.12) and cxh l= , Eqs. (2.13) -

(2.15)can be further simplified as

2

sins x
x cm z x

x

c dv
v v v

v d
y

h

æ ö
- = -L -ç ÷

è ø
, (2.16)

cos
y

x cm z y

dv
v v v

d
y

h
= L - , (2.17)

and ( )sin cosz
x cm x y z

dv
v v v v

d
y y

h
= L - - . (2.18)

In Eq. (2.16), one can easily notice that it becomes singular at x sv c= where the 

Debye sheath begins. It means that, under the magnetized and weakly-collisional 
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condition, the plasma boundary region consists of two distinct regions: presheath and 

the Debye sheath. 

2.2.3. Debye Sheath

    The model equations that govern the Debye sheath region can be obtained by 

using a normalized variable dxx l= . Thus,  ddx dl x= . The Debye length, dl , 

can be commonly considered much smaller than cl and ml ( , 0d c ml l ® ) in a 

low-pressure, magnetized plasma condition. By substituting dxx l= for x and 

taking the limit , 0d c ml l ® , Eq. (2.10) and Eqs. (2.13) - (2.15) become

( )
2

2 i e

d
N N

d

f

x
= - (2.19)

1
,  0, and 0

yx z
x

x

dvdv dvd
v t

v d d d d

f

x x x x

æ ö
- = = =ç ÷

è ø
. (2.20)

The second and the third equations in Eq. (2.20) show that ions are not accelerated 

along the y - or z - direction. It means that ions are accelerated only along the x -

direction inside the Debye sheath region. Integrating the first equation of Eq. (2.20)

over x gives the relation between xv and f as

( )2 2
1

ln
2

x s x
SE

x

v c v

t t c
f f

- æ ö
= + - ç ÷

è ø
(2.21)

The spatial variation of f and xv can be obtained by solving Eqs. (2.19) - (2.20)

with Eqs. (2.11) - (2.12) and appropriate initial conditions at the edge of the Debye

sheath ( x sv c= , SEf f= ). It can be written as
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exp 2
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2.3. Landau damping of electrostatic wave travelling against 

ion flow

    Radio-frequency power supplies are widely used to generate plasma or to 

accelerate ions toward an electrode in various industrial plasma sources. When a radio-

frequency-biased planar electrode are immersed in the plasma, the voltage oscillation at 

the electrode surface can launches electrostatic wave toward the plasma by making the 

ions or electrons move back and forth following the potential oscillation. In many 

previous studies [34-36] various researchers have focused on the ion motional 

characteristics, especially regarding how the ion energy distribution at the target surface 

forms with respect to the target bias frequencies. For very a low frequency, 

rf piw w= , the ion immediately responds to the potential oscillation, thus the time-

averaged ion energy distribution becomes a double-peaked distribution, of which the 

energy difference between the two peaks correspond to the rfV% on the target surface. 

For a very high frequency, rf piw w? , the ion cannot respond to the potential 

oscillation and only the time-averaged potential effectively acts on the ion motion. 

Thus, the incident ion energy distribution on the electrode becomes a single-peaked 

distribution at the time-averaged or the self-bias potential of the target surface.

    It is interesting that the frequency range of radio-frequency wave, 0.1 ~ 100 MHz, 

forms a similar range of the ion plasma frequency, 2
02 2pi pi if ne mw p e p= = , 
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of typical argon plasmas as shown in figure 2.6. Thus, we have postulated that the 

wave-ion interaction, like the ion-heating phenomenon, can be occurred in the plasma. 

Therefore, we tried to observe the interaction of ion and radio-frequency electrostatic 

waves. 

Figure 2.5. Comparison of the ion density of argon plasma with the ion plasma 

frequency.

    Before the experimental observation, here, we introduce a theoretical background 

on the ion-wave interactions. For an electrostatic wave travelling the plasma medium, 

the wave propagation characteristics can be obtained from the plasma dispersion 

relation,

2 2
0 0

2
0

1
1 0i i e e

i e

q k f v q k f v
dv dv

k m kv m kve w w

æ ö¶ ¶ ¶ ¶
- + =ç ÷

- -è ø
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By solving Eq. (2.23) one can find the relation between the frequency and the 

wavenumber, k . By assuming that the ion velocity distribution forms a 1-dimensional 

drifting Maxwellian in the presheath region with an average velocity, 

( )V vf v dv= ò as 

( )
2

0 0 2

1
expa a

TaTa

v V
f n

vvp

æ ö-
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ç ÷
è ø
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and

( )( )
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0 23
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2 expa
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Eq. (2.23) can be reduced to a more simplified form. Here, the thermal velocity of 

species a is defined as 2
Ta B a a

v k T m= . 

    First, by substituting Eq. (2.25) into the ion contribution term in Eq. (2.23), one 

can obtain,
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Here, 
i

l is defined as 2

0 0i B i i i
k T n ql e= . With, º -w v V , Eq. (2.26) can 

be written as
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Utilizing ( ) p- =ò
2exp ax dx a into Eq. (2.27) yields
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Introducing normalized variables, ( ) Ti
k V va w? and

Ti
w vxº , and the 

plasma dispersion function, 
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The ion contribution on the plasma dispersion relation, Eq. (2.23) is finally reduced as
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Likewise, the electron contribution can be also reduced and the Eq. (2.23) finally re-

written as 
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Chapter 3. Experimental Setup

3.1. Plasma sources

    In this section, two plasma sources that were utilized to investigate the ion dynamic 

effect on sheath criterion will be introduced. Those are a multi-dipole plasma source 

(section 3.1.1) and an electron-cyclotron-resonance plasma source (section 3.1.2). 

3.1.1. Multi-dipole plasma source

    Experiment was carried out in the 40-cm-diameter by 35-cm-length filament 

discharged multi-dipole plasma source. A simplified schematic diagram of the chamber 

is shown in figure 3.1. By a turbo molecular pump connected to a bottom port, the base 

pressure was kept 2×10-6 Torr. Three lines of � 0.43-mm, 8-cm-long thoriated 

tungsten filaments were installed on the one side of the middle plane of the chamber and 

heated to emit energetic electrons to generate plasma. The electron is called the primary 

electron. The emission current of the primary electron was varied ranging from 0.1 to 

0.8 A. The bias voltage of the filament set to - 60 V with respect to the electrically-

grounded wall so that the primary electrons have mono-energy of ~ 60 eV. Argon, 

helium, or xenon gas were injected into the chamber controlled by mass flow controllers. 

Plasma is generated by the impact ionization process of the primary electrons with 

neutral gas atoms. The electron density and temperature of the generated plasma were in 

the range of 1×108 ~ 1×1010 cm-3 and 0.5 ~ 2 eV, which were measured by using the 

Langmuir probe measurement.
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Figure 3.1. A multi-dipole plasma source. Energetic electrons emitted from hot 

filament wires are confined by the magnetic cusp fields around the chamber and 

forms a homogeneous density region. A RF or DC biased target is located at one 

edge of the homogeneous region to form a sheath configuration.
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The cylinder chamber made of stainless-steel were covered by arrays of 

permanent neodymium magnets to confine the primary electrons and plasma itself [37-

40]. The magnets produced a maximum magnetic cusp field of 0.1 T inside the 

chamber wall. Since the ion loss width of a line cusp is proportional to the hybrid 

Larmor radius (��~4�����), the loss area for the charged particle is much smaller than 

the actual area of the chamber, the plasma density can be achieved even for weak 

emission current. Although the cusp field effectively confines charged species, to 

much use of cusp magnet yields larger total leak area and larger plasma volume since 

the penetration length of the magnetic field into the plasma volume becomes shorter 

when the distance between permanent magnets becomes shorter. In this study, we 

experimentally confirmed that the use of 24 arrays of permanent magnets around the 

chamber yielded maximum electron density at the center of the chamber. Total length 

of the cusp was around 900 cm. Because the cusp magnetic field decays exponentially 

inside the chamber and becomes less than 1 gauss at a position 4-cm apart from the 

chamber inner wall, the plasma volume was limited inside the field-penetration region 

of the chamber. Figure 3.2 shows a typical radial distribution of the plasma electron 

and ion. As shown in the figure, there exists a homogeneous or uniform-density region 

at r < 8 cm. A negatively biased target was installed at one end of the uniform region. 

For a investigation of the effect of radio-frequency electrostatic waves on the kinetic 

characteristics of ions, a lab-made RF matching network was connected to the target.
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Figure 3.2. Radial density profile of electron and ions in the multi-dipole chamber. 

The experiment region was assigned to the uniform-density region of r < 8 cm.
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Table 3.1. Summary on the characteristics of multi-dipole plasma source

S
ys

te
m

C
h

ar
ac

te
ri

st
ic

s Chamber Stain-less steel

Volume 38 L (I.D=380 mm, H=330 mm)

Operation Pressure 0.15 ~ 2 mTorr (base: 0.001 mTorr)

Filament 2 % Thoriated Tungsten

P
la

sm
a 

P
ro

p
er

ty

Discharge Mechanism Mono-high energy e-impact

Discharge Gas Argon / Xenon / Helium

Primary Electron Energy ~ 60 eV

Confinement Permanent Magnet Cusp (1 kG)

Electron Density 108 ~ 1010 cm-3

Electron Temperature 0.5 ~ 2 eV
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3.1.2. Electron-cyclotron-resonance plasma source

    To investigate the effect of oblique magnetic field on the 3-dimensional ion motion 

while the ions traversing a presheath and sheath, an electron-cyclotron-resonance (ECR) 

plasma source was utilized. A schematic diagram of the plasma source is shown in 

figure 3.3. A pair of current coils, located at the top side of the plasma chamber, forms a 

magnetic field inside the chamber. A microwave whose frequency is 2.45 GHz is 

injected into the chamber through the upper quartz glass and resonate electrons where 

the magnetic field is 875 gauss. The zone where the resonance occurs is called the ECR 

zone or the resonant surface. The plasma chamber consists of two parts. One is the upper 

source chamber in which the ECR zone exists and the other is the diffusion chamber 

located below the source chamber. Ions and electrons generated inside the source region 

diffuses toward the diffusion region along the magnetic field line. The magnetic field 

line slightly diverges into the diffusion chamber, but the central magnetic field at r < 2 

cm, near the interface between the source chamber and the diffusion chamber, the 

angular divergence of the magnetic field line is less than 2 degree (see figure 3.4). The 

radial density profile shown in figure 3.3 shows that the density inhomogeneity of the 

region, r < 2 cm, is less than 10 %. A graphite target, which formed a sheath structure in 

the uniform plasma region, was installed right below the source chamber. Details of the 

target and the ion incident angle measurement method with using the target will be 

introduced in the section 3.4.The magnetic field at the position was about 600 gauss.
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Figure 3.3. A schematic diagram of electron-cyclotron-resonance (ECR) plasma 

source. A 2.45 GHz microwave is injected through the upper window and makes 

resonance at B = 875 gauss surface. There exists a uniform density region at r < 2 

cm and a 3.5-cm-diameter target holder is located in the region.
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Figure 3.4. A configuration of typical magnetic field line in ECR plasma source.

The geometrical divergence of the central (r < 2 cm) field line is less than 2 degree 

near the source chamber – diffusion chamber interface. 
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    Hydrogen gas was injected into the chamber through the gas feedthrough located at 

the top plate of the source chamber and the operational neutral gas pressure was set to be 

2.5 mTorr (base pressure was below 2×10-6 Torr). Electron density, ne, and electron 

temperature, Te, measured by using a Langmuir probe were 2.1×1017 cm-3 and 5 eV, 

respectively, at a delivered microwave power of 400 W. Hydrogen ions consist of three 

kinds of ion species: +H , +
2H , and +

3H . Concentrations of those ion species were 

calculated using a global balance model [42] for the given chamber geometry and input 

power. It was found that the concentration of +
2H ion dominated at the given 

operational condition. Some important parameters for the above experimental conditions 

are summarized in the table 3.2.

Table 3.2. Plasma parameters of ECR plasma source used in this study

λc λm rcs λd Λcm Λdm

col. MFP ion

gyro-radi.

gyro-radi.

with Cs

Debye

length

λc / λm λd / λm

61

(mm)

0.76

(mm)

5.4

(mm)

43

(μm)

80

Weakly-

collisional

0.057

<< 1

    Four graphite targets were installed in the chamber carried by a target holder made 

of stainless steel (see, figure 3.3). Since, the plasma potential was typically ~ 13 V, the 

target was negatively biased at - 87 V with respect to the ground potential so that ions 

could gain 100 eV at the target surface while traversing the sheath and presheath.

Because the geometrical configuration of the magnetic field line of the plasma source 
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cannot be tilted, the target was tilted in order to change the magnetic field angle on a 

target surface. The geometrical tilt angle of the target, y , which was the angle between 

the surface normal direction of the target n
r

and the magnetic field B
r

, was controlled 

over 0º, 20º, 40º, 60º, 80º, and 85º. The angle, 0y = ° , indicates that the magnetic field 

line is parallel to the surface normal direction and the angle, 85y = ° , indicates a 

grazing configuration of the magnetic field line to the surface tangential. Figure 3.5

shows the oblique tilt angle of 80º to the magnetic field line as an example.

Figure 3.5. A side view and a front view of the target holder. In this figure, the 

magnetic field angle, ψ, is 80° which forms an grazing angle with the tangential 

direction of the target surface.
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    Although the ion flux along the magnetic field, 
/ /B

G , is identical for all tilt angles, 

the depositional ion flux, 
dep

G , which is defined as

/ /
cos

dep B
yG = G ? , (3.1)

varies for each geometrical tilt angle of the target. Because the etch rate of the graphite 

surface is proportional to the depositional ion flux, the irradiation time, irrt , was 

controlled to maintain depositional ion fluence to be constant as

/ / cos const.dep irr B irrt tyG ´ =G ´ ´ = . (3.2)

Therefore, the irradiation time was controlled to be proportional to 1 cosy for each 

geometrical tilt angle of the target. In this study, the irradiation time for 85y = °

(grazing incident) condition is controlled approximately 11 times larger than the 

irradiation time for 0y = ° (vertical incident) condition.
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3.2. Emissive probe for sheath potential measurement

    Although the electron density, temperature and plasma potential can be 

successfully measured by using the Langmuir probes (LPs), the potential distribution 

inside the sheath region cannot be measured by using the Langmuir probe because the 

potential distribution is severely perturbed by the insertion of the Langmuir probe in the 

sheath region. When the Langmuir probe is immersed into the plasma sheath, formed by 

a larger wall as shown in figure 3.6, the electric field of the sheath region is concentrated 

in between the probe tip and the wall, so that the sheath structure is broken. At the same 

time, for the measurement of potential distribution in the presheath region where the 

spatial gradient of the space potential is weak, the Langmuir probe measurement cannot 

also achieve a fine resolution for the space potential distribution because there always 

exists an uncertainty in the reading of space potential from the current-voltage 

characteristic curve that is obtained from the Langmuir probe measurement. 

    In this study, the potential distribution of the sheath structure formed in front of the 

negatively-biased target was measured by using emissive probes (EPs). It has been 

reported that the emissive probe is the only available diagnostic method that can 

measure the space potential distribution in DC plasmas, RF plasmas [44], pulsed 

plasmas [45], magnetized plasmas [31], tokamak plasmas [46], etching/ashing plasmas 

[47,48], and even in the vacuum space [49,50]. It also has been used widely to measure 

the subtle distribution of the sheath potential in numerous researches.

    The emissive probe utilizes the electron emission characteristic from the heated 

tungsten wire (> 2000 K) with respect to the potential difference between the wire and 

the space potential near the probe. The electrons are emitted from the wire when the 
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space potential ( sV ) is higher than the bias potential of wire ( bV ). Then the space 

potential is lower than the bias potential, the electrons are not emitted from the probe. 

Therefore, by scanning the probe bias voltage and measuring the step-wise emission 

current, the space potential can be detected in principle. In reality, on the other hand, it 

is quite difficult to determine space potential. The current signal formed by the 

collection of plasma electrons and ions distorts the emission current signal. The thermal 

energy of emitted electrons ( ~ 0.2 eV) makes the stepwise characteristic of the 

emission current to a continuously-varying characteristic (see, figure 3.7). The potential 

difference between two ends of the electron-emitting filament that forms the heating 

current of the filament also contributes to form an un-stepwise emission current 

characteristic.

Figure 3.6. Equipotential contours near a 0.5-cm-diameter planar Langmuir 

probe biased at 0 V. The probe was positioned 0.6 cm from a plate biased at -50 V. 
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It shields out the sheath electric field of the plate and perturb the potential profile. 

[51]



５４

      

Figure 3.7. Typical I-V (current-voltage) characteristic curve obtained by an 

emissive probe. The curve consists of the collection current, originated from the 

incidental flux of the charged particles in the plasma, and the emission current. 

[55]
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    Two distinctive methods were developed to measure the space potential. The one 

is called the floating-point method (FPM). As shown in figure 3.8, the floating-point 

method utilizes the characteristic that the floating potential of I-V characteristic curve 

goes toward and saturates at the space potential (or plasma potential) as the emission 

current increases (i.e. as the temperature of the filament increases by increasing the 

heating current).

Figure 3.8. Floating-point method for the measurement of space potential. As the 

emission increases, the floating potential of the I-V characteristic curve of the 

emissive probe goes toward and saturates at the space potential. [56] 
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    In the practical use of this method, the emission current is usually fixed to a high 

value enough to the floating potential saturate at the plasma potential and it is used to 

measure the temporal fluctuation of the plasma potential. But because the strong 

emission from the probe changes the local space potential near the probe, this method 

is not proper for the measurement of the spatial potential distribution. The accuracy for 

the potential measurement of this method is known to be as small as ,eeffT e [53,54]. 

The electrical resolution is known to be 0.1 V [55] but physically wT e is appropriate 

[53]

    The other one is the inflection-point method (IPM). As shown in the figure 3.9

and figure 3.10, the space potential near the emissive probe is slightly decreased as the 

emission current from the probe is increased and the inflection point of the I-V 

characteristic curve tend to be decreased. By measuring the potential of the inflection 

point at several different emission currents and fitting those points to a line, one can 

find the plasma potential that is not affect by the emission current at the intersection of 

the x-axis as shown in figure 3.10. Therefore, this method is called as the inflection-

point method operated in the limit of zero emission. Because of this characteristic, the 

inflection-point method is widely used to measure the delicate spatial variation of the 

space potential distribution, especially the spatial potential distribution of plasma sheath 

region. The accuracy and resolution of this method is known to be wT e ~ 0.2 V [53]. 

These characteristics of the floating-point method and the inflection-point method are 

summarized in the table 3.3.
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Figure 3.9. The inflection-point method (IPM) for the determination of the 

plasma potential. The inflection-point of the derivative of the I-V characteristic 

curve tend to decrease as the emission current increases.

Figure 3.10. The inflection-point method operated in the limit of zero-emission 

[55]. As the saturation current of emission current (Ie0) to the saturation current 

of collection current (Ic0) decreases, the inflection point goes toward the plasma 

potential.
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Table 3.3. Characteristics of the floating-point method and inflection-point 

method

Method
Uncertainty

(Resolution)
Characteristics

Inflection

Point

Method

Tw/e ~ 0.2 V

(Tw/e ~ 0.2 V)

* fast (t >
RCt ) measurement

   (time-resolved measurement)

* operation in the limit of large emission

Floating

Point

Method

Few Te,eff/e

(Tw/e ~ 0.2 V)

* accurate measurement

* steady state sheath measurement

* operation in the limit of zero emission

      In this study, we utilized the inflection-point method limited in a zero-emission 

to measure the electric potential distribution in the plasma sheath and presheath region. 

The probe tip was made with a 2 % thoriated tungsten wire of which the diameter is 

about 0.025 mm (1 mil.) and the length is 5 mm. The thoriated tungsten has a small 

work function and it makes the filament emit thermionic electrons at colder wire 

temperature. The emissive probe was installed on a linear motion guide rail and the 

position in front of the negatively biased target was controlled by using the step motor 

(see, figure 3.1). The absolute resolution of the linear motion guide rail was < 100 μm. 

The heating current of the filament was controlled over 6 steps in order to change the 

emission current. The heating current was supplied from a lab-made current supplier, 

shown in figure 3.11, and controlled by the Labview based DAQ software.
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Figure 3.11. Circuit diagram of (lower) the heating current supplier for the 

emissive probe and (upper) the I-V characteristic measurement circuit board. All 

the control of heating current, sweeping voltage and measurement of I-V were 

controlled by a Labview®-based lab-made software. A noise reduction filter was 

used to supply a noise-free power to the operational amplifiers.
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Figure 3.12. Examples of typical dI dV curve obtained by emissive probes. By 

applying a noise reduction circuit to the power supplier for operational amplifier, 

much higher signal-to-noise ratio can be achieved even at lower emission current.
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3.3. Laser-induced-fluorescence ion velocity measurement

    The laser-induced-fluorescence (LIF) method was utilized to measure the ion 

fluid velocity and the ion velocity distribution function itself. Like the emissive probes 

that can measure the distribution of space potential in the sheath region without 

perturbing the potential structure, the laser-induced-fluorescence method is a non-

invasive method that can measure the ion velocity distribution function without 

perturbing the ion dynamic characteristics.

    The LIF method uses a characteristic that an ion excited to an upper level by a 

laser light of wavelength, 1l , is spontaneously decayed into a lower level with 

emitting different wavelength, 2l . For an ion that moves with velocity, v
r

, in the 

direction of laser incidence, k
r

, however, the wavelength of the laser should be shifted 

in order to excite the ion to the upper level. The wavelength shift needed to excite the 

moving ion is determined as following Doppler shift relation.

( )*

1 1 ||*
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2 2 2 c v k vkp n p n n p
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æ ö
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ç ÷
è ø

rr
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In Eq. (3.3), 
1
l and

1
n denote a laser wavelength and frequency to excite ions at 

rest to a upper level and *

1
l and *

1
n denote the Doppler-shifted wavelength and 

frequency to excite moving ions. Therefore, by measuring the fluorescence signal with 

respect to the wavelength of the laser, the ion velocity distribution can be measured.

    Because the laser-induced excitation from the ground state of ion species needs a 

wavelength in ultra-violet range, there have been developed several LIF schemes that 

utilize laser wavelengths in visible-range. They utilize ion species in metastable state. 
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Various laser-induced-fluorescence schemes for argon ion metastables that utilize 

visible wavelengths are summarized in Table 3.4 [57]. 

Table 3.4. Various LIF schemes used for ion velocity measurement [57]

12A ,
23A : absolute spontaneous transmission probability

23b : branching ratio for the fluorescence transition

vD : intrinsic minimum velocity resolution

    The selection of LIF scheme relies on various considerations. The first is 

population of the target metastable state ion. The population is determined by the 

equilibrium between the generation and loss but those may be different for different 

discharge sources. For the DC filament discharged multi-dipole sources, the lifetimes

of argon metastable ions are summarized in Table 3.5. In the table, it can be found that 

the lifetime of the metastable state ions are quite similar to each other, because of 

similar threshold energy between each other. Because the excitation transition to 

metastable states is done by mono-energetic ( ~ 60 eV) primary electrons in multi-

dipole plasma source, small ( < 3 eV) difference in threshold energy can be neglected. 
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       Table 3.5. Lifetime of argon ion metastable state

    The second consideration is the transmission probability, or the Einstein 

coefficient for spontaneous decay, 12A . The suffix 1 denotes the ground level of 

metastable state ions and the suffix 2 denotes the laser-induced excited state from the 

metastable state. Although the coefficient, 12A is for the decay from the upper level, 

the larger the coefficient is, the more possible the laser-induced excitation (reversal 

process) happens. 

    The third consideration are the decay coefficient, 23A , and the branching ratio 

23b . Those determines how many excited ions decay while emitting expected 

fluorescence wavelength in short decaying time. Because there are other branches of 

the decay from the laser-induced excited state, the larger the branching ratio is, the 

better signal-to-noise level of the fluorescence light. When the decay coefficient, 23A

( sec-1), is small (or smaller than target radio-frequency, for example), light emission 

happens quite later than the time when laser-induced excitation happens, and therefore 

the fluorescence signal may be delayed both temporally and spatially (especially for 
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moving ions). Therefore, the larger the decay coefficient, 23A is, the easier the 

spatial/temporal velocity properties can be determined.

    The last consideration is the laser availability. Two tunable laser systems are 

commonly used for LIF ion velocity measurement. One is the dye laser system 

pumped by a pulsed Nd:YAG laser and the other is the tunable diode laser system. The 

two systems have quite different characteristics. The dye laser system utilizes dye 

solution that can lasing various wavelengths. By changing the grating angle between 

laser cavity, one can tune the wavelength. The tuning range for a single dye solution is 

around 10 nm, but the total tuning range of the laser can be achieved upto 500 nm by 

changing the dye. The linewidth of the dye laser, however, is quite large, which is 

around 2 pm. Because the Doppler broadening width of the ion velocity distribution is 

similar to the linewidth of the laser, the LIF signal obtained by using the dye laser 

system shows convoluted characteristic of laser broadening and Doppler broadening. 

On the other hand, the tunable diode laser the laser linewidth is ~ 1/100 times smaller 

than the ion velocity distribution, the LIF signal directly corresponds to the ion velocity 

distribution. The characteristics of the laser systems are summarized in Table 3.6.

Table 3.6. Comparison between dye laser and diode laser  

Operation
Wavelength

selectivity
Tuning range Linewidth

Dye laser

pulsed

Nd:YAG

Pulsed

~ 10 nsec

Selectable

by use of 

different dye

~500 nm (Dye)

~ 30 nm

(grating)

large

~ 2 pm
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Diode laser CW Fixed < 10 nm

Small

~ 0.001 pm

~ 100 kHz

In our experiments, we utilized the tunable dye laser system for the ion fluid 

velocity measurement. Goekner [58,59] showed that if the ion velocity distribution is 

not severely different from the drifting Maxwellian distribution, the fluid velocity can 

be measured from the peak wavelength of the LIF signal. For the investigation of the 

RF field effect on the ion temperature, we utilized the tunable diode laser system.

    The LIF schemes for the argon ion velocity measurement used in our experiments 

are represented in figure 3.13. For the use of dye laser, we tuned laser wavelength near 

611.662 nm and detected the fluorescence light of 461.086 nm. For the use of diode 

laser, we tuned laser wavelength near 668.614 nm and detected the fluorescence light 

of 442.724 nm. The LIF schemes for xenon ion velocity measurement used in our 

experiments are represented in figure 3.14. A laser centered at 605.1 nm excites ion 

metastables to upper level and fluorescence signal of 529.2 nm was detected. By using 

a dye complex of Rhodamine B and Rhodamine 640, which can emit laser light from 

598 nm to 636 nm, velocities of both argon ion and xenon ions can be measured 

without changing dye solution (figure 3.15).
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Figure 3.13. Ar+ ion LIF scheme used in this research.

Figure 3.14. Xe+ LIF scheme used in this research [60].
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Figure 3.15. Efficiency of dye laser with using a combination of Rhodamine B 

and Rhodamine 640 dye solution

    In figure 3.16, detailed experimental setup for tunable diode laser-induced-

fluorescence measurement method is represented. The laser light is emitted from the 

laser head and sampled into wavelength meter by 2 % beam sampler. The main beam 

is expanded by passing through a couple of planar-concave and planar-convex lenses 

in order to enlarge reaction volume in the plasma. The beam expander was installed to 

make a focal point outside the chamber and a pinhole was installed at the focal point in 

order to eliminate peripheral light and to remain the main laser beam. The laser light 

beam after passing through the pinhole was slightly expanded but the expansion angle 

was less than 1°. A window was installed to form an oblique angle to reduce the 

scattered light from the window. Some scattered light from the window, even using the 

angled window, were reduced by using baffle configure. A stack of razor blades was 
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installed at the center of the target to prevent the reflection from the target. The LIF 

signal was detected at the perpendicular direction so the Doppler shift effect of the 

fluorescence light can be neglected. Because the LIF light intensity is extremely weak, 

the light was picked up and converted into an electrical signal by using the photo-

multiplier tube. After the light was picked up by the photo-multiplier tube, the signal to 

noise level was enhanced by using the lock-in-amplifier which was triggered at the 

laser chopper frequency. A viewing dump, consist of a stack of cutter blades was 

installed at the bottom of the chamber to prevent picking up the reflected fluorescence 

light. All control of the wavelength tuning of the laser, moving the detection module, 

and the data acquisition including oscilloscope control was done by lab-made software 

by using Labview ®. In figure 3.17, an experimental setup for laser-induced-

fluorescence by using the pulsed Nd:YAG and dye laser source was represented. The 

apparatus was the same to figure 3.16, except for the use of Nd:YAG and Dye lasers. 

Because the energy of the pulsed laser (Pulsed, ~ mJ per 10 nsec pulse) is much larger 

than that of the diode laser (CW, ~ mW) the LIF signal was averaged over 300 times at 

the oscilloscope (Boxcar-average-relevant). A beam dump was installed behind the 

target to prevent reflection of the laser.
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Figure 3.16. Experimental apparatus for the laser-induced-fluorescence ion velocity measurement by using a 

tunable diode laser. Because of the weak laser power (~ 10 mJ), the laser is modulated to the chopper frequency 

and the modulated LIF signal is amplified by using a lock-in-amplifier.
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Figure 3.17. Experimental apparatus for the laser-induced-fluorescence ion velocity measurement by using a 

tunable dye laser. For the use of a high-power pulsed dye laser the LIF signal was averaged in a oscilloscope to 

achieve high signal-to-noise ratio, which corresponds to the boxcar average method.
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Figure 3.18. Optical detection module used for LIF measurement in our experiment. By using aspheric lenses, 

spatial resolution can be achieved. A slit (0.3 mm × 3 mm) can be used instead of pinhole and it enhances signal-to-

noise ratio without changing 1-dimensional spatial resolution along the target axis.
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The detection module of the LIF measurement can be shown in figure 

3.18. Because the photo-multiplier detector collects total incident light, the 

detection module was configured to be 3-f configuration, in which one end 

of the detector has infinite focal length and the other end has a focal length 

relevant to the position of the detection object. We used 2-inch lens to collect 

fluorescence light and the final size of the collection area was designed to 

become the same size of the entrance window of the photo-multiplier tube. A 

pinhole or a slit was placed at the second focal point between lens #2 and 

lens #3 in the figure 3.18 to make good spatial resolution. The spatial 

resolution of our detector module was calculated as around 1 mm 

theoretically. An optical bandpass filter whose wavelength was centered at 

the wavelength of the fluorescence light and the bandwidth of 0.6 nm was 

installed in front of the photo-multiplier tube in order to reduce background 

light coming from the plasma and ambient.
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3.4. Material probe for ion incident angle measurement

The ion incident angle on a plasma-facing surface was measured by 

analyzing the etching profile on a graphite by incident hydrogen ions. When 

the graphite surface is exposed to hydrogen plasmas, the energetic hydrogen 

ions and neutral hydrogen atoms can etch the surface through a physical and 

chemical reaction [61] while nano-scale tips are formed on the surface as 

seen in Figure 3.19. The mechanism of such tip formation is not fully 

understood yet [62-65]. However, we found that when the graphite surface 

was exposed to the helium plasma instead, nano-scale tips were not formed 

on the surface. This means that these conical tips are formed by reactive ion 

etching mechanism, by which the surface morphological pattern is formed 

along the incidental direction of ions. Therefore, by measuring the inclined 

angle of nano-tips, the ion incident angle can be determined.

Figure 3.19. Scanning electron microscope (SEM) images of the surface 

of (a) pristine, (b) helium ion irradiated, and (c) hydrogen ion irradiated 

graphite targets. Images are taken with the tilt angle of 30° with respect 

to surface normal direction.
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The inclined angle of nano-scaled tips was measured from scanning electron 

microscope (SEM) images. Images were taken with the tilt angle of 30° with 

respect to surface normal direction of the target. The seeming angle (for 

example, seen at Figure 3.19(c)) is not the morphological tilt angle of nano-

tips because nano-tips that are formed along the ion incidental direction have 

3-dimensional shape with respect to the magnetic field line, the surface 

normal direction, and the E×B direction. Therefore, we took SEM images of 

nano-tips in two orthogonal directions as shown in Figure 3.20. The two 

seeming tilt angles of nano-tips, 1q and 2q , were measured to calculate 

the morphological tilt angle of nano-tips, 
tipq . Assuming that the direction 

vector of the nano-tip is ( ), ,a b c , vector elements a and b are related to 1q , 

2q , and 30SEM = °q as

( )1tan cos sinSEM SEMa bq q q+ = (3.4)

and

( )2tan cos sinSEM SEMb aq q q+ = . (3.5)

Here, the third vector element c is set to be unity. By solving Eqs. (3.4) -

(3.5), the two vector elements, a and b, can be obtained and thus the 3-

dimensional tilt angle of nano-tips, tipq , can be obtained as

( )1 2 2tan 1tip a bq -= + + . (3.6)

Tilt angles of nano-tips were measured over hundreds of nano-tips and the 

average angle was used in this paper.
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Figure 3.20. Scanning electron microscope images taken in two 

orthogonal directions. The tilt angle of nano-scaled tips, tipq , can be 

obtained from the seeming tilt angles, 1q and 2q , that are taken at 

two orthogonal imaging directions. 
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3.5. Ion acoustic wave measurement for ion 

concentration

The ion concentration was measured by the ion acoustic wave 

measurement method (using Eq. (3.7)) with a support of a Langmuir probe 

measuring the electron temperature [66-72]. 

2 21 2 1 1
1 2

1 2

1
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For the accurate measurement of �� , the probe tip was allowed to a 

sufficient positive bias voltage inside the plasma to cleanse the collecting 

surface. Then the probe tip surface was exposure to a sufficient amount of 

the electron current and impurities deposited on the tip were baked out. Burst 

wave having a few micro-second pulses with the repetition rate of 1 kHz was 

launched by a 5-cm diameter stainless steel grid (figure. 3.21). The 

amplitude of pulse was about + 8 V from the floating potential and it may

not cause a significant perturbation to the bulk plasma density. The wave 

was monitored by a negatively biased (-45 V) �0.3-mm, 15-mm-long 

tungsten probe. The small perturbation (less than 0.1 %) of ion density could 

be obtained from the voltage difference taken in between both ends of the

sensing resistor 500 kΩ. The signal was averaged over 3000 times to reduce 

the white noise sufficiently. The distance between receiver and launcher was 

varied from 4 cm (outside the presheath) to 8 cm at increments of 0.5 cm and 

ion current profile is shown in figure. 3.22-(a). The ion acoustic wave 

velocity (i.e. the common system sound velocity, ��) is directly measured 

from the slope of distance from the launcher vs. the arrival time of the peak 

signal as shown in figure. 3.22-(b). The �� measured by the ion acoustic 

wave measurement was compared to the Bohm velocity calculated from ��

measured by Langmuir probe in a single-ion-species plasma. Then it has 

been confirmed that the each results agree well before carrying the 

calculation of Eq. (3.7).



77



78

Figure 3.21. A schematic diagram of the multi-dipole plasma source and 

the ion acoustic wave measurement system. The plasma is generated by 

the energetic primary electrons, emitted from negatively biased hot 

filaments. The ion acoustic wave launcher and receiver are installed 

inside the uniform bulk plasma.
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Figure 3.22. Ion acoustic wave measurement. (a) The signal of the ion 

acoustic wave received at various positions near the wave launcher and 

(b) the arrival time of the ion acoustic wave vs. the position of the 

receiver from the wave launcher. Data were obtained from the Ar/Xe (= 

50/50) mixture gas discharged plasma. The arrival time of the ion 

acoustic wave was determined by the arrival time of the peak signal. 

The common system sound velocity is obtained from the slope of the

graph.



80

Chapter 4. Characteristics of ion dynamics in 

presheath of collisional plasmas

4.1. Characteristic of ion dynamics in ion-neutral 

collisional presheath

    Although it has been found that the presheath potential varies about 1

eT within a single ion-neutral collisional mean-free-path, it has not been 

observed yet whether the ion enters the sheath edge with the Bohm velocity

or not [73]. The analysis of the sheath structure relying only on the potential 

structure is quite useful to study the sheath physics but the rack of the 

observation of ion dynamic characteristics in the structure make it hard to 

achieve a comprehensive understanding on the sheath phenomenon. Because 

the original Bohm criterion is defined as the position where the ion velocity 

becomes the Bohm velocity, without observing the spatial distribution of the 

ion velocity the analysis might lack a completeness.

    An example showing a comprehensive sheath characteristic, which is 

formed under the existence of ion-neutral collision, is shown in the figure 

4.1. The spatial profiles of ion velocity measured by using the LIF method 

and the space potential measured by using the EP are shown in the figure. 

Data were obtained in a pure argon plasma. ��, ��, and ��� were 5.8×109 

cm-3, 1.43 eV, and 0.57 mTorr, respectively. The target bias voltage was set 

to be -150 V and it formed the sheath structure in front of the target. At the 

given condition, the theoretical Bohm velocity of Ar+ was 1850 m/s. In the 

figure, hollow-squares represents the ion velocity in front of the target (right 

axis) and the hollow-triangle represents the space potential distribution. In 

the figure it is observed that the ions reach the Bohm velocity at 
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approximately 7.5 mm in front of the target. It can be assumed that the 

position where the ion velocity becomes the Bohm velocity is the sheath 

entrance position. It is postulated in the Bohm’s theoretical model that the 

potential difference of 0.5 eTDF = in presheath is enough to accelerate the 

ions to reach the Bohm velocity. But the observation reveals quite different 

result. The plasma potential, pV , is formed at about 1.2 V. At the position 

where the potential difference is DF = 0.5 eT ~ 0.7 V, the ion velocity 

reaches only ~ 0.5 sC . Additional potential difference of 1.4 eT ~ 2 V is 

needed to accelerate ions to reach the Bohm velocity. Therefore, the total 

potential difference of approximately 1.9 eT is observed to be needed to 

accelerated ions to reach the Bohm velocity. It is quite larger than the 

original Bohm’s model which assumes the collision-less condition, thus the 

sum of total kinetic and potential energy of a species is conserved.
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Figure 4.1. Spatial profile of the ion drift velocity and space potential 

obtained in a pure argon plasma.

    The extra demand on the potential difference might be a result of the 

collisional effect between ion and neutral particles. Because the elastic 

collision between ion and neutral scatters directional kinetic energy of ions 

obtained from the potential difference in presheath toward a perpendicular 

direction of the surface normal direction, more potential energy is required to 

accelerate ions to reach the Bohm velocity in the presheath. The charge-

exchange collisions, by which new ions at rest (or at thermal distribution of 

neutral gas species) are generated, also act as an energy loss source in the 

presheath. Therefore, it is quite reasonable that the potential difference should 

be larger than 0.5 eT . 

    The demand of extra potential difference to accelerate ions to the Bohm 

velocity in the presence of ion-neutral collision can be qualitatively estimated 

from Eq. (1.40) as
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in which the existence of magnetic fields and the spatial variation of ion 

temperature was neglected. For the plasma condition of e iT T? , the left-

hand side of Eq. (4.1) can be reduced to 
pr

DF . The first term on the left-

hand side in Eq. (4.1) is the energy requirement to accelerate ions to the 

Bohm velocity and the integral over the distance of the total presheath region

is comparable to the kinetic energy of ions at Bohm velocity, that is 0.5 eT . 

The second term in the integrand in Eq. (4.1) is the energy loss due to the 

ion-neutral collision over the presheath region. The collisional friction terms, 

,i x
R , can be described by ( ),i x i i g i i

R m n n V Vs= and the Eq. (4.1) is 

reduced to 
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Here, the length of the presheath is proportional to ion-neutral collisional 

mean-free-path, ~ 1i n gnl s- , and the Bohm velocity was inserted to iV

as a characteristic velocity. Result shows that the potential difference in 

presheath should be larger than 0.5 eT in order to compensate the energy 

loss due to the ion-neutral collisions.

    More rigorous calculation can be carried out by using fluid equations as 

follows.
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(4.3)
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Eq. (4.3) is the continuity equation without source or sink term. Eq. (4.4)

is the momentum equation assuming constant collision frequency for ion-

neutral collisions. By using dimensionless variables, 
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Eq. (4.4) can be simplified into 
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and the potential distribution can be obtained from the Boltzmann relation 

and Eq. (4.3) as
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Here, the Bohm velocity is defined as ( )= +2

s B e i i
C k T T m and the ion-

neutral mean-free-path is defined as l n
- -

=
i n Ti i n

V . In the integration of Eq. 

(4.7), the range of integration should be identified. Integration of Eq. (4.7)

over distance yields 
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Here, the integration range is forced to be [ ],i Ti sV V CÎ . The result is 

shown in figure 4.2. The figure shows the variation of ion kinetic energy 

with respect to the potential difference in the presheath region. As the 

potential difference increases, the kinetic energy increases but not 
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conserving the total energy conservation. For ions reaching the Bohm 

velocity, the potential energy demand is found to be 1.96 eT .

Figure 4.2. Normalized potential versus kinetic energy of ions in 

presheath.

    Eq. (4.6), on the other hand, shows an interesting point on the 

characteristic of the potential difference in the ion-neutral collisional 

presheath, which is that the spatial variation of the ion velocity, is uniquely 

defined as a function of normalized length variable, i nxh l -= . Therefore, 

the potential distribution is also uniquely defined as a function of velocity 

following Eq. (4.7). i.e. the potential difference of the presheath region is 

determined regardless of the collisionality between ion and neutral particles. 

This seems contradict to our previous postulation that the energy 

requirement to accelerate ions to the Bohm velocity is larger than 0.5 eT

because of the kinetic energy loss of ions by ion-neutral collision while the 

ions traversing the presheath region. But the truth is quite simple. As the 
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collision between ion and neutral species becomes sparse, the collision 

frequency becomes small while the presheath size whose characteristic 

length is the ion-neutral mean-free-path becomes large, thus the total 

collisional energy loss becomes constant for all pressure conditions. 

    For a plasma source which has a finite size, however, the collisional

mean-free-path can be much longer than the chamber size at a low-pressure 

condition. At the circumstance, the collisional energy loss within the 

chamber would be smaller than the above calculation result. Therefore, it can 

be postulated that if the chamber size is smaller than at least one single ion-

neutral collisional mean-free-path, the potential energy drop in the presheath 

would be smaller. This effect can be called the finite boundary effect 

regarding ion-neutral mean-free-path. At the experimental condition of 0.5 

mTorr, the effect of the ion neutral collision is revealed as the potential drop 

of 2 eT in the presheath region.
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4.2. Characteristic of ion dynamics in ion-ion collisional 

presheath under existence of ion-neutral collision

    To investigate the collisional effect on the instability, the total pressure 

of argon and xenon mixture gas was controlled in the range of 0.5 ~ 2 mTorr 

by mass flow controllers. In figure 2.4, four chosen pressure conditions 

(crosses) are marked with theoretical pressure threshold (solid line) of the 

two-stream-instability which is calculated by Eq. (2.3), considering ion-

neutral collisions. Because Te was different for all our experimental 

conditions, the threshold is obtained as a function of Te, while the ion 

temperature is approximately fixed as 0.038 eV, which was measured by 

using a tunable diode laser induced fluorescence in the same device. Among 

the four pressure conditions, plasmas at 0.52, 0.73, and 1.04 mTorr 

conditions lie in the unstable region and the plasma condition at 2.1 mTorr 

lies in the stable region. For the experiment, the discharge current from 

filaments was controlled in the range of 50 ~ 130 mA, in order to ensure that 

the electron density, ��, would be maintained close to 6×109 cm-3 for all 

pressure conditions. However, the electron temperature,	��, decreased in the 

range of 0.5 ~ 1 eV as the total pressure increased. The density ratio of argon 

ions and xenon ions, n(Ar+)/n(Xe+) was set to be near unity in all pressure 

conditions, at which the growth rate of the instability would be maximum [8-

9]. The details for controlling the ion density ratio in a two-ion-species 

mixture plasma can be found in reference [19]. The experimental conditions 

and plasma parameters are summarized in table 4.1.

Table 4.1. Plasma parameters

No.
ptot pAr pXe ne nAr+/nXe+ Te

[mTorr] [cm-3] [%/%] [eV]
1 0.52 0.37 0.15 6.0×109 50/50 1.04
2 0.73 0.57 0.16 5.8×109 50/50 1.04
3 1.04 0.73 0.31 6.6×109 58/42 0.98
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4 2.10 1.46 0.54 5.6×109 50/50 0.54

    Figure 4.3(a) shows the spatial profiles of the drift velocity of the Ar+

and Xe+, and the space potential in front of the negatively biased target when 

the total pressure is 0.52 mTorr (���= 0.37 mTorr and ���= 0.15 mTorr). ��

and �� are 6.0×109 cm-3 and 1.05 eV, respectively. In the figure, it is 

observed that for Ar+, the measured drift velocity at the sheath edge, 1440 

m/s, is much slower than its theoretical Bohm velocity, CAr = 1580 m/s. 

However, for Xe+, the measured drift velocity is 1060 m/s, which is much 

faster than its theoretical Bohm velocity, CXe = 880 m/s. Rather, the measured 

velocities are similar with the modified Bohm velocities given by Eq. (2), 

which are 1350 m/s for Ar+ and 1100 m/s for Xe+. This result is consistent 

with previous researches [11,12] showing that two-stream-instability 

occurred near the sheath edge of two-ion-mixture plasmas.

    Whether the instability occurred in the given condition or not is 

identified by observing a ‘locking’ of relative ion drift velocity. Once the 

onset condition of the two-stream-instability on relative ion velocity 

( cV VD ³ D ) is reached, the strong momentum transfer between the ion 

species induces the relative velocity to become constant [8]. As shown in 

figure 4.3(b), the relative velocity between Ar+ and Xe+ initially increases as 

the ions are accelerated inside the presheath toward the sheath. Because of 

mass difference, Ar+ gains more speed than Xe+ while traversing the 

presheath. After the relative velocity reaches nearly 300 m/s at 14 mm in 

front of the target, it remains constant from 14 mm to 9 mm where the sheath 

edge locates. If the motion of each ion is governed only by the potential 

difference, the relative velocity should have increased continuously because 

the potential decreased continuously within the region. Besides, the 

experimentally observed critical velocity for the onset of the instability, 300 

m/s, is consistent to the theoretically estimated [8] critical velocity for our 

experimental condition, 	Δ�� = 325 m/s, within the experimental error. 

Because of these features, the constant-relative-velocity region is hereafter 
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termed the ‘instability region’.
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Figure 4.3. Spatial distribution of argon and xenon ions’ velocity and their relative velocity for pressure conditions 

of ((a) and (b)) 0.52 mTorr, ((c) and (d)) 0.73 mTorr, ((e) and (f)) 1.04 mTorr, and ((g) and (h)) 2.1 mTorr.
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      To investigate the ion-neutral collision effect on the instability, the 

above two features (i.e. ion drift velocities at the sheath edge and the locking 

of the relative velocity) are observed with increasing total pressure. The data 

in figures 4.3(b), (d), (f) and (h) show the spatial variation of the ion 

velocities and the relative velocities obtained at 0.73, 1.04, and 2.1 mTorr 

conditions. In figures 4.3(c) and (e), the speed of Ar+ at the sheath edge is 

slower than its own Bohm velocity. At the same time, the speed of Xe+ at the 

sheath edge is faster than its own Bohm velocity. In figures 4.3(d) and (f), 

the constant-relative-velocity region is also observed near the sheath edge. 

At the 2.1 mTorr condition, however, it is observed that the ions exit the 

plasma boundary at almost their individual own Bohm velocity (figure 

4.3(g)), and the relative velocity increases continuously without leaving the 

constant-relative-velocity region (figure 4.3(h)). This means that the two-

stream-instability does not occur above the 2.1 mTorr condition. 

    Figure 4.4 summarizes the measured ion drift velocities at the sheath 

edge. Velocities are normalized by each ion’s own Bohm velocity as 

,

,

SE i

i

s i

V
M

C
= . (4.9)

Drift velocities of Ar+ are plotted as unfilled squares and the velocities of 

Xe+ are plotted as unfilled circles. It is apparent that, under the conditions of 

0.5 ~ 1 mTorr, the drift velocity of Ar+ is slower than its own Bohm velocity 

and the drift velocity of Xe+ is faster than its own Bohm velocity. For the 

condition of 2.1 mTorr, however, the ions exit the plasma boundary with 

their individual own Bohm velocity. This corresponds to our initial 

assumption that the ion-neutral collisions would limit the activation of the 

two-stream-instability, and therefore the ion velocity at the sheath edge 

becomes their individual Bohm velocity, even when the density ratio of two 

ion species is unity.
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Figure 4.4. Drift velocities of argon and xenon ions normalized by 

individual own Bohm velocity.

      Interestingly, the length of the instability region decreases as the 

pressure increases, as shown in figures 4.3-(b), (d), and (f). The measured 

length of the instability region is summarized in figure 6, as unfilled squares. 

As the pressure increases from 0.52 mTorr to 1.04 mTorr, the length of the 

instability region decreases from 5±1 mm to 2±1 mm and it finally vanishes 

at 2.1 mTorr. In the figure 4.5, the characteristic wavelength of the 

instability, instl , which is calculated as 2inst kl p= is plotted together as 

a solid line. Here, k is the wavenumber of the instability at the maximum 
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growth rate, maxg . The characteristic wavelength of the instability when the 

ion-neutral collision is not considered in ( 0i nn - = ), is also drawn as a 

dashed line. It is worth noting that the data follows the solid line rather than 

with the dashed one, especially at the pressures below 1 mTorr. This means 

that the ion-neutral collisions play an important role in determining the 

characteristic wavelength of the instability in real plasmas even when the 

ion-neutral collisions are very rare.

Figure 4.5. Characteristic wavelength of the instability with (solid-red-

line) and without (dotted-blue-line) the consideration of the ion-neutral 

collisions. Unfilled (-black) squares represent the experimental length of 

the instability region.
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4.3. Characteristic of electric potential in collisional 

presheath 

    In this section, the characteristic of the electric potential in the 

collisional presheath will be briefly discussed. The characteristic of the 

electric potential in an ion-neutral collisional presheath has been analyzed in 

section 4.1. The presheath potential under the ion-neutral collision is found 

to be few Te, which corresponds to the summation of the directional ion 

kinetic energy toward the target at the sheath edge (0.5Te) and the energy 

requirement to compensation the energy loss due to the ion-neutral collisions 

(~ Te). It is found that the total potential difference in the presheath is also 

dependent on the size of the chamber compared to the presheath size which 

is comparable to the ion-neutral collisional mean-free-path. For our chamber 

geometry, the potential difference of the ion-neutral collisional presheath 

was approximately 2Te. 

    For all pressure conditions in figure 4.3, it is observed that the potential 

difference of the presheath region is approximately 2Te, which is a similar 

result with the observation in ion-neutral collisional presheaths. Whether the 

two-stream-instability occurs or not, seems not to affect the presheath 

potential structure. It is because the momentum and energy transfer triggered 

by the two-stream-instability between two-ion-species is an energy 

conserving mechanism as
a b b a- -= -R R (4.10)

and

( ) ( )3 2 3 21 1
, , 0

2 2
a a b b b ad v m v C f f d v m v C f f+ =ò ò . (4.11)

Thus, the total energy requirement for the acceleration of ions until the ions 

reach the sheath edge, which corresponds to the total potential drop in the 

presheath region, does not changed from the ion-neutral collision conditions.
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4.4. Summary

    In this chapter, we investigated the pressure condition in terms of 

whether or not the ion-ion two stream instability was activated by observing 

the spatial variation of the ions’ motion near the sheath-presheath boundary.

The pressure is used as an index of ion-neutral collisions. When the 

instability occurs, it triggers a brisk momentum transfer between two ion 

species so that the relative ion drift velocity remains constant and the 

modified Bohm velocities of the ions are at the sheath edge, as originally 

suggested by Baalrud [13-15]. However, the ion-neutral collisions suppress 

the occurrence of instability. This is because the ion-neutral collisions 

disturb the direct field interaction between different ion species. From the 

dispersion relation considering the ion-neutral collisions, we found that some 

pressure conditions exist where the instability cannot occur, even though the 

other conditions are required to activate the instability, such as the ion 

density ratio or the critical relative velocity. Experimentally, two 

distinguishing features on the spatial distribution of the ion velocity were 

used as an indicator to observe whether the instability occurs near the 

sheath-presheath boundary. One of these features is the existence of the 

constant-relative-velocity region and the other is the ions’ drift velocity at 

the sheath edge. Experimental results clearly demonstrate that the instability 

cannot be activated when the pressure is higher than the theoretically 

estimated pressure threshold (Eq. (2.4) in Section 2.1.2). In addition, it is 

demonstrated that, at the condition where the instability cannot increase, the 

ions exit the plasma boundary with their individual Bohm velocities, even in 

a two-ion mixture condition. Form the observation of the presheath potential 

difference, it has been found that the ion-neutral collision governs the 

electrical property of the ion-ion collisional presheath regardless of whether 

the two-stream-instability occurs or not because of the conservative 

interaction between two-ion-species. 
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Chapter 5. Characteristics of ion dynamics in 

presheath of magnetized plasmas

    In this chapter, characteristics of the ion motion in the magnetic plasma 

presheath and the characteristics of the potential difference in the region will 

be analyzed. First, a fluid model introduced in the section 2.2 will be verified 

by comparing the ion incident angle at the wall with the model estimation.

For the experiments, plasma condition was chosen to have cl ~ ml ≫

dl (i.e., weakly-collisional and weakly-magnetized condition) so that 

effects of electric and magnetic fields on ion motion would dominate over 

collisional effects. Experiments were carried out in an electron cyclotron 

resonance (ECR) hydrogen plasma device that had few hundreds gauss of 

static magnetic field. After the verification, the characteristics of the ion 

motion and will be analyzed in various plasma conditions by using the fluid 

model.

5.1. Validation of theoretical magnetic sheath model

    Figure 5.1 shows ion incident angle on a surface with respect to the 

geometrical magnetic field angle between the magnetic field line and the 

surface normal direction. Experimental data were taken from the inclined 

angle of the nano-tips (red-square dots), described in Section 3.4. As shown 

in the figure, the ion incident angle on a surface was much smaller than the 

geometrical magnetic field angle. At a magnetic field angle of 60°, the ion 

incident angle on a surface becomes 8.5 ± 1.5°, meaning that the ion 

trajectory is quite vertical to the wall surface. The larger the angle between 

the magnetic field and the surface normal direction, the larger the incidence 

angle of ions at the time of impact. When the magnetic field angle was 
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increased to 85° (grazing to the surface with a tilt angle of 5°), the ion 

incident angle on a surface became about 17°.

Figure 5.1. Ion incident angle on a target surface with respect to the 

geometrical oblique magnetic field angle between the magnetic field line 

and the surface normal direction. Experimental data are taken from the 

inclined angle of nano-tips (dots). Model-estimated ion incident angle 

(dashed line) is calculated with corresponding plasma parameters used 

in the experiments.

    The solid-black line in the figure 5.1 shows the ions incident angle at 

the plasma-facing wall surface, which was calculated based on the fluid 

model we described in the section 2.2. As shown in the figure, the 

experimental data fit well to the model estimation. Here, the incident angle

was calculated with cmL = 82 and dmL = 0.057 which corresponds to the 

plasma condition of the experiment. This is the first experimental 
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verification of the Ahedo’s [30] fluid model for the magnetic sheath and 

presheath. The fact that the model we introduced in the section 2.2 fits well 

with the experimental data reveals that the ion motion in the presheath has 3-

dimensional property. The ions are accelerated toward the wall surface along 

the electric fields while they drift toward the E×B direction in the presheath 

region. The ion velocity in surface-normal direction becomes the Bohm 

velocity at the sheath edge and the Bohm criterion holds for only 1-

dimensional direction regardless of the velocity component in other 

directions. 

5.2. Characteristic of ion dynamics in magnetic

presheath

    By analyzing the fluid model ion motion in sheath and presheath 

regions can be distinguished. Figure 5.1 also shows how much ions are 

deviated from the magnetic field line while they start to traverse from the 

bulk plasma through presheath and sheath regions to the wall surface. The 

shaded region in the figure corresponds to the presheath region while the un-

shaded region corresponds to the sheath region in the domain of the 

magnetic field - ion incident angle space. The dashed line and the solid line 

represent the sheath-presheath boundary (or the sheath edge) and the wall

surface, respectively. For instance, when the magnetic field angle is 60°, ions 

will enter the presheath with the incident angle same to the magnetic field 

angle. After ions pass through the presheath region, the ion incident angle at 

the sheath-presheath boundary becomes 45° with respect to surface normal 

direction. The ion trajectory becomes much shallower when ions traverse 

through the sheath region while the ion incident angle reaches approximately 

8.5° at the wall surface. This is because the electric fields inside the 

presheath and the sheath deviating the trajectory of ions from the magnetic 
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field line. Electric fields can accelerate ions along the field line and result in 

the formation of E×B drift motion of ions.

Figure 5.2. Variation of ion velocity at the sheath edge and the wall 

surface vs. geometrical magnetic field angle with respect to surface 

normal direction. Ions can only gain energy toward surface normal 

direction inside the sheath region (from the sheath edge to the wall 

surface).

    Figure 5.2 depicts ion motion inside the presheath region with respect 

to the angle between the magnetic field and surface normal direction. Solid 

lines denote vector components of the ion drift velocity which is normalized 
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to Bohm velocity, ( )s B e B i iC k T k T M= + , at the sheath-presheath 

boundary. One can confirm that the normalized velocity in x-direction is 

unity in the figure. This is analogous to the Bohm sheath criterion that the 

sheath-presheath boundary is defined as the position where the ion drift 

velocity in x-direction (i.e., the velocity component vertical to the surface) 

becomes the Bohm velocity.

    It is the presheath electric field, Epre, that accelerates the ion from the 

zero-drift velocity to the Bohm velocity.  The electric field originates from

a small difference in density between ions and electrons due to different 

thermal mobility between them, even though the quasi-neutrality is satisfied 

at the same time. The electric field only forms along the x-direction as 

shown in Figure 2.5(a) due to homogeneity in y- and z-directions in our 

coordinate system. Therefore, the presheath electric field can accelerate ions 

only in x-direction. This non-symmetric acceleration of the electric field is 

one reason that makes the trajectory of ions deviate from the magnetic field 

line.       

    The other effect of the electric field on ion trajectory inside the 

presheath is the E×B drift. In our coordinate system, the z-direction 

represents E×B direction because the presheath electric field, Epre, forms 

along the x-direction while the magnetic field line lies on the x-y plane. As 

shown in the figure, ion drift velocities in z-direction, Vz, are not zero at the 

sheath edge. The velocity gradually increases as the magnetic field angle 

increases. This corresponds to the E×B drift phenomenon. When the electric 

field forms an angle to the magnetic field, the perpendicular vector 

component of the electric field to the magnetic field line makes the gyrating 

center of ions move along the E×B direction (z-direction in figure 2.5(a)) 

with E×B drift velocity, 2
E B B´ = ´V E B . Since the magnitude of the drift 

velocity is proportional to siny , the ion trajectory becomes more deviated 
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from the magnetic field line as the magnetic field forms a grazing angle with 

the surface.

    On the other hand, the velocity in y-direction at the sheath edge shows a 

maximum at y ~ 80°. Since the potential difference inside the whole 

presheath region, i.e., from bulk plasma to sheath-presheath boundary, is 

revealed to be constant for all magnetic field angles (not shown in this paper), 

the increase of the E×B drift velocity in z-direction causes y-directional 

velocity to decrease.
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Figure 5.3. Ion velocity for ψ = 60º and Λcm = 0.01, 0.1, 0.5, 1, 5, 10, 100. 

The velocities are normalized over the Bohm’s velocity, Cs. The sheath 

edge is where Vx/Cs = 1.
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    The variation of the ion velocity components for ψ = 60º and various 

Λcm are shown in figure 5.3. All the velocity components are normalized 

over the Bohm’s velocity, Cs. The sheath edge is where Vx/Cs = 1. In the 

figure, Λcm = ∞ corresponds to the collision-less condition. As shown in the 

figure, it can be postulate that the presheath region can be divided into two 

distinctive regions under the collision-less condition. For Vx/Cs < 0.5, only 

the velocity component in y-direction increases until the ion speed becomes 

the Bohm velocity along the magnetic field line. As the velocity increases, 

Vx/Cs > 0.5, the velocity component in z-direction becomes increased until 

the ion velocity in x-direction reaches the Bohm velocity. This is analogous 

to the Chodura’s [25-27] magnetic sheath model that divide the presheath 

into the plasma presheath and the magnetic presheath. However, Chodura’s 

model is quite idealized since the collision-less condition cannot be achieve 

in practical plasmas. When the collisionality increases (decreasing Λcm), the 

separation between two distinctive region becomes ambiguous and the E×B 

drift velocity continuously increases from the beginning of the presheath due 

to the electric field in the presheath is increased (see section 4.1) when the 

ion-neutral collision becomes severe.

    Figure 5.4 shows the effect of the ion-neutral collisions on the ion 

incident angle at the sheath edge and the wall surface with respect to the 

magnetic field angle, y . In the calculation, parameters other than cmL are 

assumed to be the same as our experimental conditions. As shown in Figure 

5.4(a), the ion incident angle to the surface normal direction becomes small 

(more vertical to the surface) at the sheath edge with decreasing cmL . 

Because the electric field in the sheath accelerates ions only toward the wall 

surface, the angle becomes much smaller at the wall surface (see Figure 

5.4(b)). This is due to the following reason. In Eqs. (2.16) - (2.18), one can 

notice that as cmL diminishes, the term regarding the E×B drift vanishes 

and the dragging effect (terms, -Vx,y,z) dominantly affects the spatial variation 
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of the ion motion. With increasing collisionality, ions can only drift along the 

electric field line that is parallel to the surface normal direction. 
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Figure 5.4. Variation of the ion incident angle vs. geometrical magnetic 

field angle with various Λcm (a) at the sheath edge and (b) at the 

negatively biased wall. As the collisionality increases (smaller Λcm), the 

ion incident angle decreases. (i.e., ions enter the surface following the 

surface normal direction).
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5.3. Characteristics of electric potential of magnetic 

presheath

    Figure 5.5 shows the variation of the potential difference and the length 

of the presheath region with respect to the ion-neutral collisionality, Λcm, for

y = 60?. In the calculation, experimental plasma parameters were assumed to 

be constant under the various pressure condition. Figure 5.5(a) reveals that the 

total potential drop in the whole presheath region is constant over the pressure 

variation. In the figure, each portion on the total potential drop is also 

depicted in the figure based on the following relation originated from Eq. 

(1.40).

sinix
pr i ix i c ix z

dV
e mV m V eV B dx

dx
n yDF » + +ò (5.1)

Each portion of the ion-neutral collision and the E×B drift motion among the 

total potential difference in the presheath seems constant over the pressure 

variation. This fact is analogous to the fact that the total presheath length is 

approximately proportional to the ion-neutral mean free path as shown in 

figure 5.5(b). i.e., the ion-neutral collision determines the major 

characteristics of the magnetized presheath.

    Figure 5.6 shows the variation of the potential difference and lengths of 

the presheath region with respect to the geometrical magnetic field angle for a 

constant pressure condition. As shown in the figure, it is found that as the 

magnetic field angle increases, the total presheath size becomes smaller. This 

is because the collisional portion of the presheath potential drop becomes 

smaller as the E×B effect becomes severe with the increase of the field angle. 

In order to maintain the constant total potential, the total length of the 

presheath size should be decreased with the increase of the magnetic field 

angle. As the effect of the E×B dominates, the shortened presheath length 

makes the collisional effect becomes much weaker and the E×B effect 

dominates much more.
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Figure 5.5. (a) potential drop in presheath for various Λcm. (b) total 

length of the presheath (black-solid line), length of the presheath where 

E×B motion dominates (red-short-dashed line), and the ratio between 

the two lengths (blue-dashed line) versus ion-neutral collisional mean-

free-path
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Figure 5.6. (a) Potential drop in presheath for various magnetic field 

angle, y . (b) Total length of the presheath (black-solid line), length of 

the presheath where E×B motion dominates (red-short-dashed line), and 

the ratio between the two lengths (blue-dashed line) versus magnetic 

field angle, y . Lengths are normalized over the ion-neutral mean free 

path.
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5.5. Summary

    The mechanism regarding how the ion incident angle on a wall surface 

can be changed from the geometrical angle between the magnetic field and 

the surface was investigated in this study. A fluid model for describing ion 

motion inside magnetized and weakly-collisional presheath and the Debye 

sheath was introduced. The model analysis on the ion incident angle at the 

wall surface was verified by comparing with the ion incident angle on an 

oblique target immersed in an electron-cyclotron-resonance plasma source. 

Both results showed good agreement.

    From the model analysis, it can be concluded that the discrepancy 

between the ion incident angle on a surface and the magnetic field angle is 

due to 3-dimensional change of the ion motion which is affected by the 

electric field inside the presheath and the sheath. The electric field inside the 

magnetized presheath caused both E×B drift motion and acceleration toward

the surface. The electric field was found to be inversely proportional to the 

ion-neutral collisional mean-free-path, which reveals that the overall 

characteristic of the magnetized presheath was determined by the collisional 

property of the plasma. Unlike the Chodura’s postulation, the magnetized 

presheath is found to consist of a unified single geometry, in which the E×B 

drift motion occured together.

    Our results regarding the collisionality provided insights into ion 

dynamics inside the magnetized and weakly-collisional presheath. As 

collisionality increased severely, the magnetized character of the plasma 

presheath, i.e., the E×B drift motion, weakened due to the dragging effect on 

ion motion. The ion motion became 1-dimensional with vertical direction to 

the plasma-facing surface. These results provide important information to 

improve interpretation of the plasma-surface interaction phenomena in a 
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thermonuclear fusion device wall while providing valid boundary conditions 

for plasma simulations
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Chapter 6. Characteristics of ion dynamics in 

presheath of RF plasmas

6.1. Variation of IVDF under DC presheath electric field

    Before we investigate the effect of radio-frequency (rf) wave launched 

by a rf-biased electrode on the ion dynamics in the presheath, we first 

observed the characteristics of the spatial variation of ion velocity distribution 

(ivdf) in the presheath region in front of DC-biased target. 

Figure 6.1. Ion velocity distribution in front of DC biased target 

immersed in xenon plasma. p = 0.18 mTorr, ne ~ 3 x 109 cm-3, Te ~ 1.1 eV, 

Cs,Xe ~ 900 m/s, Vbias,DC = - 100 V, Vp ~ 3 V
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    Figure 6.1. shows 1-dimensional xenon ion velocity distributions (vz) at 

different positions in front of a target biased at 100 VbV = - . A multi-dipole 

source operated at a xenon neutral pressure of p = 0.18 mTorr was utilized in 

the experiment. The electron density, ne, was 3×109 cm-3, the electron 

temperature, Te, was 1.1 eV, and the plasma potential, Vp, was 3 V. The Bohm 

velocity at the given plasma condition was Cs,Xe ~ 900 m/s. The position, 

depicted in the fugure, represents a distance from the sheath edge. The sheath 

edge was identified as a position where the ion fluid velocity becomes the 

Bohm velocity. In the figure, it can be observed that the 1-dimensional ion 

velocity distribution varies over the whole region of the presheath.

    The detailed characteristics of the spatial variation of the ion velocity 

distribution are shown in figure 6.2. Figure 6.2-(a). shows the spatial variation 

of the ion fluid velocity. The fluid velocity at 60 mm away from the sheath 

edge was nearly zero. As the ions are accelerated by the presheath electric 

field the ion drift velocity increases, and the ion velocity finally reaches the 

Bohm velocity. Figure 6.2-(b) shows the variation of the longitudinal (axial 

direction) full width at half maximum (FWHM||) in the presheath region. At 

the beginning of the ion acceleration (far away from the sheath edge) the 

FWHM|| increases slightly, meaning that the increase of ion temperature. 

However, as the ion fluid velocity increases further, the FWHM|| decreases 

and reaches a minimum at the sheath edge. 

    The increasing of the FWHM|| is due to the collision between ion and 

neutral particles at low ion velocity regime [Birdsall***]. When the ion 

velocity is low the ion induces a polarization of neutral species and thus 

directional energy can be converted into the thermal energy of ions. By this 

mechanism, the acceleration of the ions by weak presheath electric fields can 

heat the ions. As the velocity of ion increases, on the other hand, the 

polarization of neutral species does not occur and the FWHM|| of ion velocity 

distribution does not increases any more.
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Figure 6.2. Variation of (a) ion drift velocity, (b) FWHM of IVDF in 

longitudinal direction, (c) FWHM of IVDF in perpendicular direction in 

front of DC-biased target
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    The decreasing of FWHM|| at higher velocity is an intrinsic effect of the 

ion acceleration by the presheath electric fields. Eq. (3.1) is a collision-less 

Boltzmann equation (Vlasov equation) for an ion species.
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Here, we neglect the effect of magnetic fields and collisions. By assuming 1-

dimensional variation in x and vz, Eq. (3.1) can be written as 
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As one can see in Eq. (3.2), the spatial variation of the ion velocity 

distribution is inversely proportional to the ion velocity at the position. That 

means that the population increase of higher-velocity-ions is less than the 

population decrease of lower-velocity-ions. This fact corresponds to the fact 

that velocity increase of higher-velocity-ions is smaller than lower-velocity-

ions for the same amount of energy gain from the field. Thus, the acceleration 

by the presheath electric fields can sharpen the ion velocity distribution and 

make FWHM|| smaller. Because this effect is proportional to the intensity of 

the electric fields, as the ions traverse toward the sheath edge, the FWHM||

continuously decreases. This is the intrinsic characteristic of the variation of 

the ion velocity distribution in a presheath. i.e. FWHM|| decreases as ions 

approach the sheath edge in presheath.

    At the same circumstance, the perpendicular (tangential direction of the 

target plane) FWHM^ does not vary in the whole presheath region in front 

of the target. This reveals that the variation of the ion velocity distribution by 

the acceleration of the longitudinal presheath electric fields has adiabatic 

property in 1-dimensional direction. This is a direct result that ends the old 

controversy regarding the ion flow characteristic in the presheath. [*** 



117

Riemann] For a weakly-collisional plasma, the ion flow is 1-dimensionally 

adiabatic, thus γ=3.  

6.2. Variation of longitudinal IVDF by electrostatic wave in presheath

    In section 6.1. we have observed the intrinsic effect of the presheath 

electric field on the evolution of the longitudinal ion velocity distribution 

function. Here, we will introduce the effect of longitudinal electrostatic wave 

on the longitudinal ion velocity distribution function in the presheath region.

Figure 6.3. shows the variation of ion velocity distribution function in a 

presheath formed in front of the radio-frequency biased target. Experiment 

were carried out in an argon plasma generated in a multi-dipole plasma 

source. The operation pressure was p = 0.4 mTorr and the discharge current 

was Id = 150 mA. The plasma density and the temperature were ne ~ 1.1×109

cm-3 and Te ~ 3 eV, respectively and the ion plasma frequency was 

2pi pif w p= = 1.1 MHz at the given plasma condition. The Bohm velocity 

was 2800 m/s. In accordance with the characteristic of the damping rate, 

observed in section 2.3, the bias frequency of the radio-frequency electrode 

was set to 13.56 MHz, which is 11 times larger than the ion plasma 

frequency. At the frequency, the ion contribution on the damping of the 

electrostatic wave dominates. The Doppler-shifted phase velocity of the 

wave was about 500 m/s at the condition.

    The results show how the damping of the electrostatic wave occurs in 

the presheath region. At d = 60 mm from the rf-biased target, shown in 

figure 6.3-(a), the ion velocity distribution is quite symmetrical over the 

velocity space. This means that the damping rate of the electrostatic wave is 

not large at the position. As the ions approach toward the target, at d = 50 

mm from the target (figure 6.3-(b)) the ion velocity distribution at the 

velocity of Doppler-shifted phase velocity becomes flat. It is an obvious 

evidence that the Landau damping effect occurs there. As the ion velocity 
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increases the effect of the Landau damping is clearly distinguished in the ion 

velocity distribution function. Until the ions reach the sheath edge, at d = 16 

mm (figure 6.4), the damping of the wave occurs continuously in the 

presheath.
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Figure 6.3. Variation of IVDF at various positions in a presheath formed 

in front of a rf-biased target. The Landau damping of the electrostatic 

wave changes the IVDF at the phase velocity of the wave. 

Figure 6.4. Spatial variation of the ion velocity distribution in front of 

the radio-frequency biased target.
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    While the Landau damping effectively heats up the ions, the FWHM//

seems to continuously shrink over the whole region of the presheath because 

of the above-mentioned acceleration mechanism described in section 6.1. 

More detailed characteristics on the variation of the FWHM// are shown in 

figure 6.5. Figure 6.5. shows spatial variations of FWHM// in presheaths 

formed in front of DC (black-hollow-square) and RF (blue-hollow-circle) 

biased targets. The experimental conditions for the RF bias were the same to 

the experimental conditions of the figure 6.3 or figure 6.4. The experimental

conditions for the DC bias case were p = 0.4 mTorr, Id = 150 mA, ne ~ 8.4 × 

108 cm-3, Te ~ 1.8 eV, and VDC = -40 V. 

Figure 6.5. Spatial variation of full width at half maximum (FWHM) in 

presheaths formed in front of DC (black-hollow-square) and RF (blue-

hollow-circle) biased targets.
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    The DC case in figure 6.5 shows a similar FWHM// to the variation 

shown in figure 6.2-(b). By the ions approaching the sheath edge, the electric 

field intensity increases and the FWHM// decreases due to the intrinsic 

acceleration effect on the ion velocity distribution function. However, the RF 

case in figure 6.5, FWHM// decreases far away from the sheath edge, but not 

near the sheath edge. Even though the time-averaged electric field becomes 

stronger near the sheath edge, the variation of FWHM// becomes weaker. 

This is an obvious evidence of the Landau damping effect of electrostatic 

wave. Because of the heating mechanism, the decrease of FWHM// in a 

presheath becomes weaker. 

6.3. Characteristic of ion dynamics and electric potential 

in RF presheath

    Figure 6.6. shows the electric potential distribution of the sheath and

presheath in front of a radio-frequency biased target at various frequencies. 

The experiments were carried out in an argon plasma generated in the multi-

dipole plasma source with p = 2 mTorr, Id = 60 mA, ne = 1.7 × 109 cm-3 and

Te = 1.0 eV. The radio-frequency bias voltage was, rfV% = 100 V with a self-

bias voltage, VDC = -100V. For the frequency of 13.56 MHz, the plasma 

density and temperature were slightly different from the other frequency 

conditions as ne = 1.5 × 109 cm-3 and Te = 1.86 eV. The discharge current 

from a hot filament was 80 mA at that condition. The sheath-presheath 

boundary was defined by the position where the ion fluid velocity becomes 

the Bohm velocity. 

    In the figure it is quite interesting that the presheath potential difference

is the same to 2Te for all frequency conditions, which are the same result to 

the ion-neutral collisional presheath condition. It means that the effect of the
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radio-frequency potential oscillation on the presheath does not severely 

change the sheath structure comparing the ion-neutral collisional sheath 

structure.  
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Figure 6.6. Space potential profiles versus distance from the radio-frequency biased target at various bias 

frequencies.
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6.4. Summary

    In this chapter, we have investigated the variation of the ion velocity 

distribution in the presheath formed in front of the DC and RF biased target. 

For the DC condition, an intrinsic variation of the ion velocity distribution 

has been found. As the ions are accelerated toward the biased target 

following the target electric field, the difference in the velocity gain between 

the faster ions and the slower ions lead the ion velocity distribution to

become narrower and higher. Thus, the ion thermal temperature, which is 

represented as FWHM||, decreased while the ions traversing the presheath 

region. For the RF condition, it is found that the electrostatic wave could be 

launched from the target toward the plasma source. The phase velocity of the 

electrostatic wave, of which the frequency was much higher than the ion 

plasma frequency, was comparable to the ion thermal velocity and the wave 

can actively heat the ions by the mechanism of the Landau damping. It 

occurred in the presheath region of the RF plasmas and the decrease of the 

FWHM||, due to the time-averaged DC presheath electric field, was 

compensated near the sheath edge. The potential structure, however, did not 

changed severely from the potential structure of the DC presheath. 2Te of 

potential difference was observed, which was the same potential drop 

observed in the ion-neutral collisional DC presheath of our multi-dipole 

plasma source. This observation is quite an important since the ion velocity 

distribution plays a significant role on determining the ion energy 

distribution at the radio-frequency biased electrode that is widely utilized in 

the semiconductor processing plasma source.
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Chapter 7. Conclusion

    For the characterization of the generalized Bohm sheath criterion derived 

in the section 1.4, we have investigated the characteristics of ion dynamics in 

presheath of collisional, magnetized and RF plasmas. The characteristics 

obtained from the observation of the ion motion and space potential in the 

presheaths of each plasma condition are summarized in table 7.1. 

Table 7.1. Characteristics of ion dynamic, spatial and electric properties 

in presheaths of collisional, magnetized and rf plasmas.

    The new findings in this thesis are as follows. First, the presheath 

potential drop in the presheath in the existence of ion-neutral collisions is 

found to be 2Te. The potential energy is consumed to compensate the kinetic 

loss of ions by the ion-neutral collision and to accelerate ions to reach the 

Bohm velocity at the sheath edge. For the variation of the pressure, however, 

it is found that the potential drop in the ion-neutral collisional presheath is not 
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changed from 2 Te, due to the fact that the ion-neutral collision frequency is 

proportional to the pressure while the total length of the presheath is inversely 

proportional to the pressure, thus the total collisionality is conserved. The 

boundary effects which might be considered when the collisional mean-free-

path is much larger than the chamber dimension was also discussed.

    Second, by generalizing the occurrence condition regarding the two-

stream-instability between two ion species in the presheath with a 

consideration of ion-neutral collisions, we can observe the characteristic 

length scale of the two-stream-instability in the presheath. Because the 

collisional friction between two-ion-species is exponentially proportional to 

the length scale of the two-stream-instability, the instability can greatly 

modify the ion fluid velocities at the sheath edge from the conventional Bohm 

velocities. The total potential drop in the two-ion-species presheath, on the 

other hand, does not severely changed from 2Te, which is the same potential 

difference of the presheath under the existence of ion-neutral collisions. This 

is because the collisional interaction is an energy-conserving interaction that 

happens between two-ion-species. 

    Third, the effect of magnetic field on the 3-dimensional ion motion in the 

presheath region have been analyzed. Before the ions reaches the sheath edge 

with the Bohm velocity in the surface-normal direction, the E×B drift occurs 

in the presheath region and an additional presheath potential is needed to form 

the drift velocity. Unlike the previous studies which classifies the presheath 

region into the two-uniquely defined region, the collisional and magnetic 

presheath, it is found that the presheath cannot be separated into two regions 

but forms a unified region in which the collision and E×B motion co-exist.

    Forth, it is found that the ion velocity distribution can be changed 

actively by the acceleration effect of the presheath electric field. As the ions 

are accelerated by the presheath electric field, the ion velocity distribution 

becomes narrower because of the increase of the velocity per the same 

potential difference is smaller for faster ions than slower ions. In this study, 
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we have firstly observed that the electrostatic waves launched by a radio-

frequency biased target can actively heat ion in the presheath though the 

Landau damping mechanism. Thus, the heating effect by the Landau damping 

of the wave prevents the ion velocity distribution to become much narrower at 

the sheath edge.

    In table 7.2, the scale laws for the characterization of the generalized 

Bohm criterion are summarized. Each term regarding the ion dynamic effect 

are compared to the electric field intensity at the sheath edge. The electric 

field at the sheath edge is assumed to be an order of e DeT l [Godyak ***]. 

On the right column in the table, the ratios are calculated for the plasma 

conditions of each experiment. By the results, only the ion-ion collision 

between two different ion species is revealed to have a considerable effect on 

the sheath edge condition, thus, the ion velocities of each ion species at the 

sheath edge could be modified. 

Table 7.2. Scale laws for characterization of the generalized Bohm 

criterion by ion dynamic properties.
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    From the investigation, the generalized Bohm criterion at the sheath edge, 

which is originate from the breaking condition of the quasi-neutrality can be 

extended to include ion dynamic characteristics in the presheath. This form of 

the generalized Bohm criterion is more robust than the former forms of the 

generalized Bohm criterions in that the ion dynamic effects under the 

magnetic fields and oscillating electric fields are included. The characteristic 

of ion dynamics in presheath were investigated under the existence of ion-

neutral collisions, ion-ion collisions between two different ion species, 

external magnetic field with oblique geometrical angle and the radio-

frequency electric fields. By considering the ion dynamic characteristics, the 

generalized Bohm criterion can be qualitatively analyzed. The analysis reveals 

that for the highly collisional, strongly magnetized, or highly damped plasma 

the ion velocity at the sheath edge must be different from the conventional 

Bohm velocity. The potential drop in the presheath of those plasmas provides 

kinetic energy for ions to satisfy the generalized Bohm sheath criterion at the 

sheath edge. Additional potential energy is found to be needed to compensate 

the ion dynamic effects. Therefore, the presheath potential is found to be the 

summation of the kinetic energy of ions at the sheath edge of ~ 0.5Te and the 

ion-dynamic-governing portion of the specific conditions of ~ few Te. 
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초    록

충돌성, 자화, RF 플라즈마에 대한

일반화된 Bohm 쉬스 경계조건 해석

김 남 균

서울대학교 대학원

에너지 시스템 공학부

  본 연구에서는 충돌성, 자화, RF 플라즈마에서의 일반화된 Bohm 

쉬스 경계조건 해석을 수행한다. 준중성의 플라즈마와 맞닿는 거의

모든 경계면에서는 강한 전기장의 플라즈마 쉬스 공간이 형성된다.

쉬스 내부의 강한 전기장은 플라즈마로부터 벽면 방향으로

형성되며, 전자의 손실을 지연시키고 이온의 유입을 증가시킴으로써

준준성의 플라즈마 물성이 유지되도록 기여한다. 쉬스 공간이

형성되기 위한 조건으로서 Bohm 은 쉬스 경계에서의 이온의

속도가 ����� = ����� ��⁄ 이상이 되어야 함을 주장하였으며, 해당

경계 조건은 플라즈마의 생성 및 소멸과 플라즈마를 활용하는 모든

응용 분야에서 널리 사용되고 있다. 이 쉬스 경계조건을 Bohm 

조건이라 부른다. 그러나 해당 경계조건은 비충돌성, 단일이온 및

단일전하 조건, 자기장이 없는 이상화된 조건에서 유도가 되었다는
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문제점이 있다. 실제로 지구상에서 생성되고 사용되는 거의 모든

플라즈마에 대해서는 위의 이상적 가정이 적용되기가 어렵다는

한계를 가진다. 본 연구에서는 플라즈마 조건에 대한 위의 이상적

가정을 적용하지 않은 일반화된 Bohm 쉬스 경계조건을 얻는다.

이는 이온과 중성기체 종간의 충돌, 서로 다론 이온종 간의 충돌, 

비스듬한 임의의 각도를 가지는 자기장의 존재 및 이온의 속도

분포의 변화 등 기존에 무시되었던 가정들에 대한 일반화를

수행하고 이온 거동에 대하여 일반화된 Bohm 쉬스 경계조건을

구한다. 방법으로는 이온 거동에 관한 일반적 지배 방정식인

Boltzmann 방정식의 fluid moment 방정식을 활용한다. 새로이

구한 쉬스 경계 조건의 특징을 조사하기 위해 이온과 중성종,

이온과 이온의 충돌이 존재하는 경우, 비스듬한 자기장이 존재하는

경우, 및 이온 속도 분포의 변화를 유도할 수 있는 라디오 주파수의

전기장이 주어지는 경우에 대하여 쉬스 경계 근방 프리쉬스

영역에서의 이온 거동 특징 및 이온 거동에 에너지를 공급하는

프리쉬스 영역의 전위 구조 특징을 관찰한다. 이온의 움직임은

레이저-유도-형광 기법을 이용하여 측정하며, 전위 구조는

전자방출 정전탐침을 이용하여 측정한다. 실험 관찰을 통해 밝혀진

이온 거동의 특징과 쉬스 경계의 조건을 만족시키기 위해 이온을

가속하는 프리쉬스 공간의 특징을 활용하여 본 연구에서의

일반화된 Bohm 쉬스 경계조건의 특징을 정성적으로 해석한다. 본

연구의 해석 결과는 고충돌성, 고자화, 고전력의 RF 조건의

플라즈마에서 쉬스가 형성되기 위해서는 쉬스 경계에서의 이온의

속도가 기존 Bohm 속도가 아닌 수정된 Bohm 속도를 가져야 함을

함축한다.

주요어: 일반화된 봄 조건, 플라즈마 쉬스, 프리쉬스, 충돌성, 자화,

라디오주파수 전기장
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